Functional connectivity in recovery of
touch sensation after stroke

Submitted by
Louise Bannister, BA, BSc (Hons)

A thesis submitted in partial fulfilment of the requirements for the degree of
Doctor of Clinical Neuropsychology

School of Psychological Science
Faculty of Science, Technology and Engineering
La Trobe University
Bundoora, Victoria 3086
Australia

October 2011

ii

iii
Table of Contents
Table of Contents ..............................................................................................................iii	
  
List of Tables ...................................................................................................................... x	
  
List of Figures ..................................................................................................................xii	
  
List of Abbreviations in Text .......................................................................................... xv	
  
Glossary of Terms..........................................................................................................xvii	
  
Summary .......................................................................................................................xxiii	
  
Statement of Authorship .............................................................................................. xxiv	
  
Acknowledgements ........................................................................................................ xxv	
  
Publications, Presentations, and Awards ................................................................... xxvi	
  
CHAPTER 1	
   Introduction and thesis overview........................................................... 1	
  
1.1	
   Introduction and thesis overview..................................................................................... 2	
  

CHAPTER 2	
   Literature review..................................................................................... 9	
  
Part A A role for attention networks in somatosensory recovery after stroke .......... 11	
  
2.1	
   Abstract............................................................................................................................ 12	
  
2.2	
   A role for attention networks in somatosensory recovery after stroke...................... 13	
  
2.2.1	
   Stroke: Background and introduction........................................................................ 13	
  
2.2.1.1	
   Pathophysiology of stroke.................................................................................................13	
  
2.2.1.2	
   Common consequences of stroke......................................................................................15	
  
2.2.1.2.1	
   Somatosensory loss. ..................................................................................................15	
  
2.2.1.2.2	
   Cognitive and psychological consequences of stroke. ..............................................16	
  
2.2.1.3	
   Stroke “recovery”..............................................................................................................17	
  
2.2.1.4	
   Neural plasticity and learning as a basis for rehabilitation. ..............................................18	
  

2.2.2	
   The multifaceted nature of somatosensory perception .............................................. 23	
  
2.2.2.1	
   Somatosensory pathways. .................................................................................................26	
  
2.2.2.2	
   Attention and somatosensory perception. .........................................................................27	
  
2.2.2.3	
   Purposeful somatosensory processing: Perception and action..........................................29	
  
2.2.2.4	
   Object recognition, learning, and memory. ......................................................................30	
  
2.2.2.5	
   Somatosensation for action. ..............................................................................................31	
  
2.2.2.6	
   Vision and multisensory integration. ................................................................................33	
  
2.2.2.7	
   Emotion and motivation....................................................................................................36	
  

2.2.3	
   Neural correlates of somatosensory recovery after stroke......................................... 37	
  
2.2.4	
   Attention and motivation in rehabilitation................................................................. 40	
  
2.2.5	
   Beyond the lesion: Brain networks in recovery after stroke...................................... 43	
  
2.2.6	
   Summary and conclusion........................................................................................... 44	
  

iv
Part B Resting-state functional connectivity analysis: Insights into brain networks
and their relationship to behaviour................................................................................ 47	
  
2.3	
   Preface ..............................................................................................................................48	
  
2.4	
   Abstract ............................................................................................................................49	
  
2.5	
   Resting-state functional connectivity analysis: Insights into brain networks and
their relationship to behaviour ................................................................................................50	
  
2.5.1	
   How do we measure brain networks? ........................................................................50	
  
2.5.1.1	
   Spontaneous brain activity: “The life of the brain”.......................................................... 52	
  
2.5.1.2	
   Defining “rest”.................................................................................................................. 55	
  

2.5.2	
   Interpretation of resting-state functional connectivity: Just “mind-wandering”? ......56	
  
2.5.2.1	
   Noise or neurons? ............................................................................................................. 57	
  
2.5.2.2	
   Overlap with structural connectivity. ............................................................................... 58	
  
2.5.2.3	
   Causality. .......................................................................................................................... 59	
  

2.5.3	
   Functional connectivity networks and behaviour.......................................................60	
  
2.5.3.1	
   The “Default Mode” network (DMN) and behaviour. ..................................................... 60	
  
2.5.3.2	
   The predictive power of intrinsic brain activity. .............................................................. 62	
  
2.5.3.3	
   Intrinsic brain activity responds to experience. ................................................................ 63	
  
2.5.3.4	
   The effects of age and disease on functional networks. ................................................... 64	
  

2.5.4	
   A network-based approach to stroke using functional connectivity ..........................65	
  
2.5.4.1	
   Functional networks are disrupted in stroke patients. ...................................................... 67	
  
2.5.4.2	
   Functional network changes are associated with behaviour............................................. 67	
  
2.5.4.3	
   Stroke recovery and reorganisation of brain networks..................................................... 68	
  

2.5.5	
   Reliability of resting-state networks ..........................................................................70	
  
2.5.6	
   Issues in measuring resting-state functional connectivity..........................................73	
  
2.5.6.1	
   Data acquisition. ............................................................................................................... 73	
  
2.5.6.2	
   Preprocessing strategies.................................................................................................... 74	
  
2.5.6.3	
   Global signal correction and “anticorrelated networks”................................................... 76	
  
2.5.6.4	
   Methods of network identification. .................................................................................. 77	
  

2.5.7	
   Summary and future directions ..................................................................................82	
  

CHAPTER 3	
   Test-retest reliability of functional connectivity somatosensory
networks in healthy controls over six months ............................................................... 85	
  
3.1	
   Preface ..............................................................................................................................86	
  
3.2	
   Abstract ............................................................................................................................87	
  
3.3	
   Introduction .....................................................................................................................88	
  
3.3.1	
   Somatosensory networks in healthy adults ................................................................88	
  
3.3.2	
   Test-retest reproducibility of functional connectivity measures ................................91	
  
3.4	
   Method ..............................................................................................................................94	
  
3.4.1	
   Participants .................................................................................................................94	
  
3.4.2	
   Quantification of touch sensation...............................................................................95	
  

v
3.4.3	
   Image acquisition....................................................................................................... 97	
  
3.4.3.1	
   Functional imaging sequences. .........................................................................................97	
  
3.4.3.2	
   Structural imaging sequences. ..........................................................................................97	
  

3.4.4	
   Data analysis.............................................................................................................. 98	
  
3.4.4.1	
   Preprocessing of fMRI data. .............................................................................................98	
  
3.4.4.2	
   Preprocessing for connectivity analysis............................................................................98	
  
3.4.4.3	
   Construction of seed regions of interest (ROIs). ..............................................................98	
  
3.4.4.4	
   fcMRI correlation analysis..............................................................................................101	
  
3.4.4.5	
   Second level imaging analysis. .......................................................................................102	
  
3.4.4.6	
   Reliability analysis..........................................................................................................102	
  

3.5	
   Results ............................................................................................................................ 103	
  
3.5.1	
   Demographic and clinical data ................................................................................ 103	
  
3.5.2	
   Group resting-state functional connectivity results ................................................. 103	
  
3.5.3	
   Reproducibility of functional connectivity networks over time .............................. 106	
  
3.5.3.1	
   Group-level test-retest reliability. ...................................................................................106	
  
3.5.3.1.1	
   Statistically significant differences between group-level functional connectivity
maps at both time points. ...........................................................................................................106	
  
3.5.3.1.2	
   Overlap of group-level functional connectivity maps at both time points..............107	
  
3.5.3.2	
   Reliability estimates........................................................................................................109	
  
3.5.3.3	
   Individual level test-retest reliability. .............................................................................110	
  

3.6	
   Discussion....................................................................................................................... 112	
  
3.6.1	
   Functional connectivity of somatosensory networks............................................... 112	
  
3.6.2	
   Reproducibility of functional connectivity measures .............................................. 115	
  
3.6.3	
   Limitations............................................................................................................... 117	
  
3.6.4	
   Summary and implications ...................................................................................... 118	
  

CHAPTER 4	
   Impaired touch sensation is associated with altered somatosensory
networks at one month after stroke ............................................................................. 121	
  
4.1	
   Preface............................................................................................................................ 122	
  
4.2	
   Abstract.......................................................................................................................... 123	
  
4.3	
   Introduction ................................................................................................................... 124	
  
4.3.1	
   Brain correlates of somatosensory impairment poststroke...................................... 124	
  
4.3.2	
   Resting-state functional connectivity and stroke..................................................... 125	
  
4.3.3	
   Heterogeneity of lesion site in stroke neuroimaging research................................. 126	
  
4.3.4	
   Purpose of study ...................................................................................................... 128	
  
4.4	
   Method ........................................................................................................................... 129	
  
4.4.1	
   Participants .............................................................................................................. 129	
  
4.4.2	
   Demographic and clinical profile ............................................................................ 130	
  
4.4.2.1	
   Severity of somatosensory impairment...........................................................................132	
  

4.4.3	
   Image acquisition: Functional and structural imaging sequences. .......................... 135	
  

vi
4.4.4	
   Data analysis ............................................................................................................135	
  
4.4.4.1	
   Analysis of clinical data. ................................................................................................ 135	
  
4.4.4.2	
   Preprocessing of fMRI data............................................................................................ 135	
  
4.4.4.3	
   Preprocessing for connectivity analysis. ........................................................................ 136	
  
4.4.4.4	
   Seed regions of interest (ROIs). ..................................................................................... 136	
  
4.4.4.5	
   fcMRI correlation analysis. ............................................................................................ 136	
  
4.4.4.6	
   Second level imaging analysis........................................................................................ 137	
  
4.4.4.7	
   Image flipping. ............................................................................................................... 138	
  

4.5	
   Results.............................................................................................................................138	
  
4.5.1	
   Demographic and clinical data .................................................................................138	
  
4.5.2	
   Functional connectivity during the resting state ......................................................145	
  
4.5.2.1	
   Functional connectivity networks in healthy controls.................................................... 145	
  
4.5.2.1.1	
   Primary somatosensory cortex (SI). ....................................................................... 148	
  
4.5.2.1.2	
   Secondary somatosensory cortex (SII). .................................................................. 148	
  
4.5.2.1.3	
   Thalamus................................................................................................................. 148	
  
4.5.2.2	
   Consistency of results with “flipped” and “nonflipped” data......................................... 148	
  
4.5.2.3	
   Functional connectivity networks in stroke patients. ..................................................... 149	
  
4.5.2.3.1	
   Primary somatosensory cortex (SI). ....................................................................... 151	
  
4.5.2.3.2	
   Secondary somatosensory cortex (SII). .................................................................. 154	
  
4.5.2.3.3	
   Thalamus................................................................................................................. 157	
  
4.5.2.4	
   Relationship between functional connectivity and clinical scores. ................................ 160	
  

4.6	
   Discussion .......................................................................................................................167	
  
4.6.1	
   Core somatosensory functional connections are robust to midsagittal flipping.......167	
  
4.6.2	
   Disrupted interhemispheric functional connectivity in stroke patients ....................168	
  
4.6.3	
   Greater connections to frontoparietal regions in stroke patients..............................169	
  
4.6.4	
   Default Mode Network (DMN) connectivity and behaviour ...................................170	
  
4.6.5	
   Intrahemispheric connectivity and behavioural performance ..................................171	
  
4.6.6	
   Limitations ...............................................................................................................171	
  
4.6.7	
   Implications and future directions............................................................................172	
  

CHAPTER 5	
   Behavioural improvement of touch sensation during nonspecific
rehabilitation from one to six months poststroke is associated with resting functional
connectivity changes ...................................................................................................... 173	
  
5.1	
   Preface ............................................................................................................................174	
  
5.2	
   Abstract ..........................................................................................................................175	
  
5.3	
   Introduction ...................................................................................................................176	
  
5.4	
   Method ............................................................................................................................180	
  
5.4.1	
   Participants ...............................................................................................................180	
  
5.4.2	
   Demographic and clinical profile .............................................................................181	
  
5.4.3	
   Image acquisition: Functional and structural imaging sequences. ...........................181	
  

vii
5.4.4	
   Data analysis............................................................................................................ 181	
  
5.4.4.1	
   Analysis of clinical data..................................................................................................181	
  
5.4.4.2	
   Preprocessing of fMRI data. ...........................................................................................181	
  
5.4.4.3	
   Seed regions of interest (ROIs).......................................................................................181	
  
5.4.4.4	
   fcMRI correlation analysis..............................................................................................182	
  
5.4.4.5	
   Second level imaging analysis. .......................................................................................182	
  

5.5	
   Results ............................................................................................................................ 183	
  
5.5.1	
   Demographic and clinical data ................................................................................ 183	
  
5.5.2	
   Functional connectivity during the resting state...................................................... 188	
  
5.5.2.1	
   Functional connectivity of stroke patients compared to healthy controls.......................188	
  
5.5.2.1.1	
   SI seeds....................................................................................................................194	
  
5.5.2.1.2	
   SII seeds. .................................................................................................................195	
  
5.5.2.1.3	
   Thalamus seeds. ......................................................................................................196	
  
5.5.2.2	
   Longitudinal functional connectivity changes in the stroke group. ................................196	
  
5.5.2.2.1	
   Statistically significant changes in functional connectivity between one and six
months poststroke. .....................................................................................................................196	
  
5.5.2.2.2	
   Overlap of individual connectivity maps. ...............................................................199	
  
5.5.2.3	
   Functional connectivity changes associated with somatosensory improvement. ...........200	
  

5.6	
   Discussion....................................................................................................................... 204	
  
5.6.1	
   Interhemispheric functional connectivity is disrupted at one month after stroke and
shows some recovery towards normal levels after six months ............................................ 204	
  
5.6.2	
   Less functional connectivity with occipital visual areas at one month poststroke,
compared to six months poststroke and to healthy controls ................................................ 205	
  
5.6.3	
   Functional connections to frontoparietal attention regions ..................................... 206	
  
5.6.4	
   Changes in cortical-cerebellar and thalamus-cerebellum functional connectivity over
time were associated with clinical improvement ................................................................. 207	
  
5.6.5	
   Limitations............................................................................................................... 207	
  
5.6.6	
   Implications and future directions ........................................................................... 208	
  

CHAPTER 6	
   Training-facilitated somatosensory improvement is associated with
changes in functional connectivity ............................................................................... 209	
  
6.1	
   Preface............................................................................................................................ 210	
  
6.2	
   Abstract.......................................................................................................................... 211	
  
6.3	
   Introduction ................................................................................................................... 212	
  
6.4	
   Method ........................................................................................................................... 215	
  
6.4.1	
   Participants .............................................................................................................. 215	
  
6.4.2	
   Demographic and clinical profile ............................................................................ 215	
  
6.4.3	
   Sensory training ....................................................................................................... 215	
  
6.4.4	
   Image acquisition: Functional and structural imaging sequences. .......................... 216	
  
6.4.5	
   Data analysis............................................................................................................ 216	
  

viii
6.4.5.1	
   Analysis of clinical data. ................................................................................................ 216	
  
6.4.5.2	
   Preprocessing of fMRI data............................................................................................ 217	
  
6.4.5.3	
   Seed regions of interest (ROIs). ..................................................................................... 217	
  
6.4.5.4	
   fcMRI correlation analysis. ............................................................................................ 217	
  
6.4.5.5	
   Second level imaging analysis........................................................................................ 217	
  

6.5	
   Results.............................................................................................................................218	
  
6.5.1	
   Demographic and clinical data .................................................................................218	
  
6.5.2	
   Functional connectivity during the resting state ......................................................227	
  
6.5.2.1	
   Functional connectivity of stroke patients compared to healthy controls. ..................... 227	
  
6.5.2.1.1	
   SI seeds. .................................................................................................................. 232	
  
6.5.2.1.2	
   SII seeds.................................................................................................................. 233	
  
6.5.2.1.3	
   Thalamus seeds. ...................................................................................................... 234	
  
6.5.2.2	
   Longitudinal functional connectivity changes in the stroke group................................. 234	
  
6.5.2.2.1	
   Statistically significant changes in functional connectivity after training.............. 234	
  
6.5.2.2.2	
   Overlap of individual connectivity maps................................................................ 238	
  
6.5.2.3	
   Functional connectivity changes associated with somatosensory improvement............ 238	
  

6.6	
   Discussion .......................................................................................................................241	
  
6.6.1	
   Functional connections with frontoparietal attention regions after training ............241	
  
6.6.2	
   Altered functional connectivity with visual areas associated with improvement ....242	
  
6.6.3	
   Less interhemispheric connectivity after training ....................................................243	
  
6.6.4	
   Thalamocortical connectivity was greater following training..................................245	
  
6.6.5	
   Changes in cerebellar involvement after training ....................................................245	
  
6.6.6	
   Limitations and future directions .............................................................................246	
  
6.6.7	
   Summary ..................................................................................................................247	
  

CHAPTER 7	
   General discussion............................................................................... 249	
  
7.1	
   Summary and overview.................................................................................................250	
  
7.2	
   Limitations .....................................................................................................................251	
  
7.2.1	
   Limitations of rs-fcMRI and the analysis approach used.........................................251	
  
7.2.1.1	
   Seed selection. ................................................................................................................ 252	
  

7.2.2	
   File flipping: A limitation of stroke research ...........................................................253	
  
7.2.3	
   Other methodological limitations.............................................................................255	
  
7.3	
   Major findings and their implications .........................................................................256	
  
7.3.1	
   Functional connectivity of the human somatosensory system .................................256	
  
7.3.2	
   Reliability of functional connectivity networks in healthy controls ........................257	
  
7.3.3	
   Interhemispheric interactions and somatosensory recovery.....................................257	
  
7.3.4	
   A role for frontoparietal attention networks in somatosensory recovery.................258	
  
7.3.4.1	
   Somatosensory retraining and connections with frontoparietal areas. ........................... 260	
  

7.3.5	
   A shift from contralesional to ipsilesional involvement after training?...................261	
  
7.3.6	
   Visual occipital connections and somatosensory retraining. ...................................261	
  

ix
7.3.7	
   The “Default Mode Network”, perception, and stroke recovery............................. 262	
  
7.3.8	
   Somatosensory retraining: Behavioural experience, plasticity, and functional
connectivity .......................................................................................................................... 263	
  
7.4	
   Implications for future research and clinical practice .............................................. 264	
  
7.4.1	
   The future of functional connectivity analysis in stroke research ........................... 264	
  
7.4.2	
   A multi-method approach to studying stroke “recovery”........................................ 266	
  
7.5	
   Final conclusions ........................................................................................................... 268	
  

Appendix A: Tactile Discrimination Test (TDT) ........................................................ 271	
  
Appendix B: Edinburgh Handedness Inventory ........................................................ 272	
  
Appendix C: Neglect screening – line bisection and shape cancellation................... 273	
  
Appendix D: National Institutes of Health Stroke Scale (NIHSS) ............................ 275	
  
Appendix E: Action Research Arm Test (ARAT) ...................................................... 283	
  
Appendix F: Weinstein Enhanced Sensory Test (WEST).......................................... 285	
  
Appendix G: Functional Test of Tactual Object Recognition (fTORT)................... 286	
  
Appendix H: Temperature Discrimination Test......................................................... 288	
  
Appendix I: Wrist Position Sense Test (WPST) ......................................................... 289	
  
Appendix J: Chapter 5 supplementary tables............................................................. 291	
  
Appendix K: Chapter 6 supplementary tables ........................................................... 297	
  
References....................................................................................................................... 301	
  

x
List of Tables
Table 2.1. Papers investigating functional connectivity (FC) after stroke........................ 66	
  
Table 2.2. Studies examining intra- and inter-subject reliability of resting-state fcMRI.. 72	
  
Table 2.3. Characterisation of functional connectivity networks using data-driven
methods ...................................................................................................................... 80	
  
Table 3.1. MNI coordinates, anatomical location and voxel size of each of the six seed
regions ..................................................................................................................... 100	
  
Table 3.2. Background characteristics and somatosensory thresholds of healthy
volunteers................................................................................................................. 103	
  
Table 3.3. Functional connectivity results for the healthy controls at the initial time point
(N = 11) ................................................................................................................... 105	
  
Table 3.4. Test-retest statistics for the six healthy controls............................................. 107	
  
Table 3.5. Anatomical regions showing significant functional connections with each seed
at both time points ................................................................................................... 109	
  
Table 3.6. Reliability of functional connections over time for each ROI pair................. 110	
  
Table 4.1. Background and clinical characteristics of stroke patients (N = 11) ............ 139	
  
Table 4.2. Lesion details for stroke patients.................................................................... 140	
  
Table 4.3. Scores on somatosensory and hand function tests in the stroke group (N = 11)
................................................................................................................................. 143	
  
Table 4.4. Background characteristics and clinical scores for healthy controls (N = 11)
................................................................................................................................. 145	
  
Table 4.5. Functional connectivity results for the matched healthy control group at the
initial time point....................................................................................................... 146	
  
Table 4.6. Functional connectivity results for the stroke patient group.......................... 150	
  
Table 4.7. Functional connections significantly associated with Tactile Discrimination
Test (TDT) scores for the stroke group.................................................................... 161	
  
Table 5.1. Background and clinical characteristics of stroke patients (N = 10) at the onemonth and six-month time points ............................................................................. 183	
  
Table 5.2. Scores on somatosensory and hand function tests in the stroke group (N = 10)
................................................................................................................................. 185	
  
Table 5.3. Statistically significant differences in functional connectivity between the
healthy and stroke groups at each time point .......................................................... 192	
  
Table 5.4. Functional connectivity changes in the stroke group between the one and six
month time points..................................................................................................... 197	
  

xi
Table 5.5. Functional connectivity changes associated with improvement in TDT scores
................................................................................................................................. 201	
  
Table 6.1. Background and clinical characteristics of stroke patients (N = 8) .............. 219	
  
Table 6.2. Lesion details for stroke patients.................................................................... 220	
  
Table 6.3. Scores on somatosensory and hand function tests in the stroke group pre- and
post-training (N = 8) ............................................................................................... 224	
  
Table 6.4. Background characteristics and clinical scores of healthy controls (N = 8). 227	
  
Table 6.5. Statistically significant differences in functional connectivity between the
healthy and stroke groups before and after training ............................................... 229	
  
Table 6.6. Stroke group: changes in functional connectivity after training .................... 235	
  
Table 6.7. Functional connectivity changes associated with improvement in TDT scores
................................................................................................................................. 239	
  

xii
List of Figures
Figure 2.1. Functional hierarchies of connections within the somatosensory cortex........ 24	
  
Figure 2.2. Brodmann’s areas (BA) in the human brain. .................................................. 25	
  
Figure 2.3. A simplified network-based model of somatosensory function: major
connections across somatosensory, attention and related networks within a single
hemisphere. ................................................................................................................ 26	
  
Figure 2.4. A simplified diagram of the cortical motor systems of the brain. .................. 32	
  
Figure 2.5. An example of seeded functional connectivity analysis within the human
somatosensory system. .............................................................................................. 54	
  
Figure 3.1. Example of the texture grids used in the Tactile Discrimination Test (TDT)
(Carey et al., 1997). ................................................................................................... 96	
  
Figure 3.2. The six seed locations in primary somatosensory cortex (SI), secondary
somatosensory cortex (SII) and thalamus in both hemispheres............................... 100	
  
Figure 3.3. Group-level (N = 11) functional connectivity (FC) networks associated with
seed regions in left and right primary somatosensory cortex (SI), secondary
somatosensory cortex (SII), and thalamus............................................................... 104	
  
Figure 3.4. Overlap of group-level results for the two time points (N = 6 participants).108	
  
Figure 3.5. Overlaps of seed correlation maps over time (intrasubject) and between
individuals (intersubject). ........................................................................................ 112	
  
Figure 4.1. The functional Tactile Object Recognition Test (fTORT) (Carey, 2006). ... 133	
  
Figure 4.2. Infarct locations for each individual participant. .......................................... 141	
  
Figure 4.3. Overlap of infarct locations for the stroke group.......................................... 142	
  
Figure 4.4. Group level results for the healthy controls (N = 11) at the initial time point.
................................................................................................................................. 147	
  
Figure 4.5. Functional connectivity (FC) networks associated with the ipsilesional and
contralesional primary somatosensory (SI) seed regions in the healthy control and
stroke groups............................................................................................................ 152	
  
Figure 4.6. Overlap of individual functional connectivity maps based on the primary
somatosensory cortex (SI) seeds in healthy controls and stroke patients, grouped by
lesion location (predominantly cortical or subcortical somatosensory structures).. 153	
  
Figure 4.7. Functional connectivity (FC) networks associated with the ipsilesional and
contralesional secondary somatosensory (SII) seed regions in the healthy control and
stroke groups............................................................................................................ 155	
  

xiii
Figure 4.8. Overlap of individual functional connectivity maps based on the secondary
somatosensory cortex (SII) seeds in healthy controls and stroke patients, grouped by
lesion location (predominantly cortical or subcortical somatosensory structures).. 156	
  
Figure 4.9. Functional connectivity (FC) networks associated with the ipsilesional and
contralesional thalamus seed regions in the healthy control and stroke groups. ..... 158	
  
Figure 4.10. Overlap of individual functional connectivity maps based on the thalamus
seeds in healthy controls and stroke patients, grouped by lesion location
(predominantly cortical or subcortical somatosensory structures). ......................... 159	
  
Figure 4.11. Positive correlations between functional connectivity strength and Tactile
Discrimination Test (TDT) scores using the affected hand..................................... 163	
  
Figure 4.12. Negative correlations between functional connectivity strength and TDT
scores using the affected hand. ................................................................................ 164	
  
Figure 4.13. Positive correlations between functional connectivity strength and TDT
scores using the unaffected hand. ............................................................................ 165	
  
Figure 4.14. Negative correlations between functional connectivity strength and TDT
scores using the unaffected hand. ............................................................................ 166	
  
Figure 5.1. Tactile Discrimination Test (TDT) scores for the healthy and stroke groups at
the one- and six-month time points. ........................................................................ 186	
  
Figure 5.2. Functional connectivity (FC) maps for the healthy control group and for the
stroke group at the one- and six-month time points................................................. 190	
  
Figure 5.3. Overlaps of seed correlation maps over time (intrasubject) and between
individuals (intersubject). ........................................................................................ 191	
  
Figure 5.4. Functional connectivity differences between the healthy and stroke groups at
both time points. ...................................................................................................... 194	
  
Figure 5.5. Significant functional connectivity differences between the one- and sixmonth time points in the stroke group. .................................................................... 199	
  
Figure 5.6. Functional connectivity differences between one and six months poststroke
associated with changes in TDT scores. .................................................................. 203	
  
Figure 6.1. Infarct locations for each individual participant. .......................................... 221	
  
Figure 6.2. Overlap of infarct locations for the stroke group.......................................... 222	
  
Figure 6.3. Tactile Discrimination Test (TDT) scores for the healthy group at the early
and late time points, and for the stroke group before and after training.................. 225	
  
Figure 6.4. Group-level functional connectivity maps for the healthy control group and
for the stroke group before and after training. ......................................................... 228	
  

xiv
Figure 6.5. Functional connectivity differences between the healthy and stroke groups
before and after training........................................................................................... 231	
  
Figure 6.6. Overlaps of seed correlation maps over time (intrasubject) and between
individuals (intersubject). ........................................................................................ 232	
  
Figure 6.7. Regions showing significant functional connectivity differences between the
pre- and post-training time points in the stroke group............................................. 237	
  
Figure 6.8. Functional connectivity differences before and after training associated with
changes in TDT scores............................................................................................. 240	
  

xv
List of Abbreviations in Text
ACC

Anterior cingulate cortex

ARAT

Action research arm test

BA

Brodmann’s area

BOLD

Blood oxygenation level dependent

CSF

Cerebrospinal fluid

DMN

Default mode network

DMPFC

Dorsomedial prefrontal cortex

EEG

Electroencephalography

ERP

Event-related potential

FC

Functional connectivity

fcMRI

Functional connectivity analysis of magnetic resonance imaging data

FDR

False discovery rate

fMRI

Functional magnetic resonance imaging

fTORT

Functional tactile object recognition test

ICA

Independent component analysis

ICN

Intrinsic connectivity network

IPS

Intraparietal sulcus

LFP

Local field potential

LPFC

Lateral prefrontal cortex

MEG

Magnetoencephalography

MI

Primary motor cortex

MNI

Montreal Neurological Institute

NIHSS

National Institute of Health Stroke Scale

OP

Parietal operculum

PCC

Posterior cingulate cortex

PET

Positron emission tomography

xvi
PPC

Posterior parietal cortex

ROI

Region of interest

rs-fcMRI

Resting-state functional connectivity analysis of magnetic resonance
imaging data

RSN

Resting-state network

SI

Primary somatosensory cortex

SII

Secondary somatosensory cortex

SMA

Supplementary motor area

SPM

Statistical parametric mapping

TDT

Tactile discrimination test

TMS

Transcranial magnetic stimulation

TPJ

Temporoparietal junction

VMPFC

Ventromedial prefrontal cortex

WEST

Weinstein Enhanced Sensory Test

WM

White matter

WPST

Wrist Position Sense Test

xvii
Glossary of Terms
Anatomical connectivity: see Structural connectivity
Attention: an essential cognitive function that allows humans and other animals to
continuously and dynamically select particularly relevant stimuli from all the available
information present in the external or internal environment, to the exclusion of other less
salient stimuli, so that greater neural resources can be devoted to their processing.
Attention is also manifest at a physiological level, such as in the increased firing rates of
single neurons and networks of neurons, the release of different neurotransmitters, and
changes in glucose and oxygen uptake as can be measured using the blood oxygen level
dependent (BOLD) signal
Blood oxygen level dependent (BOLD) signal: a change in magnetic susceptibility due
to a variation in the concentration of oxygenated blood resulting from local alterations in
blood flow, blood volume, and oxygen consumption. This signal can be detected using
magnetic resonance imaging (MRI)
Bottom-up: a form of stimulus-driven (see Stimulus-driven) selection that is mainly
driven by information derived directly from external sensory receptors
Brain network (neural network): a “network” is a system comprising multiple elements
interacting with each other to shape its behaviour. The human brain can be seen as a
network of interconnected components whose architecture supports the emergence of
behaviour and cognition. Brain networks can be conceptualised at the level of individual
neurons, or at larger scales, in terms of functional areas and connections
Brodmann’s areas (BA): a region of the cerebral cortex defined based its
cytoarchitecture, or structure and organisation of cells
Connectivity: in the brain, connectivity refers to connections among brain elements (such
as neurons or anatomical regions). In the context of this thesis, connectivity may be
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described as structural, functional or effective (see definitions), and does not imply
direction of information flow
Default Mode Network (DMN): a network of brain regions that consistently show
relative deactivation during stimulus- or task-induced activity, and relative activation at
rest. Areas comprising the DMN include ventromedial prefrontal cortex (VMPFC),
dorsomedial prefrontal cortex (DMPFC), anterior cingulate cortex (ACC), posterior
cingulate cortex (PCC), and precuneus, along with lateral parietal cortex and
hippocampus
Diaschisis: functional changes in brain areas remote from the lesion site that result in
clinical deficits poststroke, and may be revealed as neurophysiological observations of
lowered activity, or depressed metabolic function, within undamaged brain areas
anatomically distant from but connected to the lesion area
Diffusion-based tractography: a class of noninvasive magnetic resonance imaging
techniques that takes advantage of the restricted diffusion of water through myelinated
nerve fibres (white matter tracts) in the brain in order to infer the anatomical connectivity
between brain areas
Effective connectivity (EC): directed or causal relationships between neural elements
Electroencephalography (EEG): a technique used to measure electrical signals from the
brain, usually through electrodes placed on the scalp
Endogenous activity: see Resting-state activity (RSA)
Event-related potentials (ERPs): recordings of the brain’s electrical activity that are
linked to the occurrence of an event
Functional connectivity (FC): the temporal coherence or correlation between
measurements of neurophysiological activity in different brain areas
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Functional connectivity analysis of functional magnetic resonance imaging data
(fcMRI): correlated low frequency fluctuations over time of the blood oxygen level
dependent (BOLD) signal in spatially separate brain regions
Functional magnetic resonance imaging (fMRI): a noninvasive neuroimaging method
that uses magnetic resonance imaging (MRI) to detect relative blood oxygenation level
changes in the living brain to indirectly measure where activity occurs in the brain as a
result of various experiences
Hertz (Hz): the number of cycles per second of a periodical phenomenon
Independent component analysis (ICA): a data-driven analysis approach aimed at
decomposing multivariate data into maximally (temporally or spatially) independent
components
Intrinsic activity: see Resting-state activity (RSA)
Intrinsic connectivity network (ICN): see Resting-state network
Long-term potentiation (LTP): a stable and enduring increase in synaptic efficacy
Magnetic resonance imaging (MRI): a safe and noninvasive imaging technique that
relies on electromagnetic radiation to provide highly precise anatomical images of the
living body. The images can be tuned to different substances, such as water or fat, to
emphasize different regions of brain or body tissue
Magnetoencephalography (MEG): a noninvasive method of measuring brain activity by
detecting small changes in the magnetic field on the surface of the scalp. The changes in
the magnetic field are generated by the electrical activity of neuronal populations
Model-free activity: see Resting-state activity (RSA)
Mind wandering: thoughts that occur independently or without apparent relation to
specified external stimuli

xx
Multisensory integration: generally refers to the set of processes by which information
arriving from the individual sensory modalities (e.g. vision, audition, touch) interacts and
influences processing in other sensory modalities, including how these sensory inputs are
combined together to yield a unified perceptual experience of multisensory events
Neural network: see Brain network
Neural plasticity (plasticity, neuroplasticity): the ability of the nervous system to
change its structure, function, and connections in response to experience or the
environment
Neuroplasticity: see Neural plasticity
Oedema (cerebral): extracellular fluid accumulation in the brain
Perceptual learning: specific and relatively long-lasting changes to performance of
perceptual (visual, auditory, tactile, olfactory, or taste) tasks as a result of sensory
experience. It encompasses learning processes that may be independent from conscious
forms of learning, and involve structural and/or functional changes in primary sensory
cortices
Plasticity: see Neural plasticity
Positron emission tomography (PET): a brain imaging technique for measuring
regional metabolic activity following injection of radioactive glucose-based substances
and measurement of differentiated uptake in different brain areas
Proprioception: information about the position and movement of the body that is sent to
the brain from all muscles to enable control of movements of the eyes and limbs
Recovery: improvement over time of behavioural and/or biological measures
Resting state: a cognitive state in which a participant is quietly awake and alert but not
performing any specified task or responding to any nominated external stimuli

xxi
Resting-state functional connectivity: a brain imaging technique assessing functional
connectivity analysis of data collected during a resting state
Resting-state activity (RSA) (endogenous, spontaneous, intrinsic, model-free, steady
state, task-independent fluctuations): neurophysiological activity that occurs in the
absence of nominated external stimuli arising from outside the brain itself
Resting-state network (RSN) (intrinsic connectivity network, ICN; spontaneous
network): a highly organised and large-scale (distributed) low frequency spatiotemporal
pattern of spontaneous brain activity forming a network that is present at rest or
independent of a specified external task or sensory input, and even during sleep and under
anaesthesia
Seed-based correlation analysis (SCA): see Seed-based functional connectivity analysis
Seed-based functional connectivity analysis (seed-based correlation analysis, SCA):
the correlation between activity in an a priori defined region-of-interest (ROI), or “seed
region”, and activity in all other voxels in the brain
Somatosensory function: the ability to perceive bodily sensations including touch, limb
position, pain, temperature, and itch
Somatosensory impairment: difficulties with touch, pain, pressure, and proprioceptive
perception
Spontaneous activity: see Resting-state activity (RSA)
Steady state activity: see Resting-state activity (RSA)
Stimulus-driven: a process is stimulus driven if it is triggered or dominated by current
sensory input; stimulus-driven mechanisms are a defining feature of bottom-up
processing (see Bottom-up)
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Stroke: a sudden neurological deficit of cerebrovascular origin that persists beyond 24
hours or is interrupted by death within 24 hours
Stroke rehabilitation: any aspect of stroke care (generally nonsurgical,
nonpharmaceutical interventions) that aims to improve natural recovery and reduce
disability and handicap (promote activity and participation in activities of daily living)
Structural (or anatomical) connectivity: the presence of anatomical or physical links
that directly connect different areas of the brain. Structural connections can be individual
synapses between single neurons, or axonal projections or fibre pathways between neural
populations or brain regions
Task-independent fluctuations: see Resting-state activity (RSA). Can include
connectivity studies where there is a task, but researchers try to remove all task-related
signal changes and study connectivity of the remaining signal
Top-down: a mode of attentional orienting whereby processing resources are allocated
according to internal goals or states of the observer. It is often used to refer to selective
processing and attentional orienting directed in a voluntary fashion
Transcranial magnetic stimulation (TMS): a noninvasive method of modulating brain
activity in a localised area by using pulsating magnetic fields on the scalp to interfere with
the normal electrical activity of neurons in the brain. In repetitive TMS (rTMS), this focal
magnetic stimulation of the brain is cycled several times per second
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Summary
Stroke is a leading cause of disability, with loss of touch sensation a relatively
unexplored area in rehabilitation research. Functional connectivity analysis of low
frequency resting-state functional magnetic resonance imaging data (fcMRI) is a method
that can be used to study brain networks during undirected behaviour, and has been used
in this thesis to examine longitudinal changes in the somatosensory and related networks
in healthy older adults and patients with somatosensory loss poststroke. Healthy adults
demonstrated reproducible connections within the somatosensory network over a fivemonth interval, involving consistent interhemispheric and intrahemispheric connections,
whereas stroke patients demonstrated early disruption in these networks. Brain network
differences between one and six months after stroke were associated with clinical
improvement and were characterised by increases in interhemispheric connectivity
between cortical somatosensory areas and enhanced connections with parietal-frontal
attention regions. Resting-state connectivity was also examined before and after six
weeks of touch discrimination training based on the principles of guided attention,
anticipation, calibration, and learning of perceptual discrimination. Again fcMRI
demonstrated increases in connectivity with frontoparietal attention areas, particularly
within the stroke-affected hemisphere, and changes in connections with occipital visual
areas, that were accompanied by improved performance. The results suggest that patterns
of resting-state fcMRI mirror known anatomical connections, and that fcMRI is a
potentially useful assessment tool for patients undergoing rehabilitation after brain injury.
In stroke research and clinical practice particularly, use of rehabilitation methods that
draw on understanding of the extensive and interacting somatomotor and attention
networks of the brain, including frontoparietal attention networks, is needed to promote
access to higher order cognitive processes and utilisation of alternate behavioural
strategies.
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CHAPTER 1
Introduction and thesis overview

2
1.1

Introduction and thesis overview

A stroke has traditionally been defined as a sudden persistent neurological deficit
of cerebrovascular origin that persists beyond 24 hours or is interrupted by death within
24 hours (World Health Organization, 1992). Stroke is a leading cause of disability
(Lloyd-Jones et al., 2009; Mathers, Vos, & Stevenson, 1999; Paul et al., 2005a; Thrift,
Dewey, Macdonell, McNeil, & Donnan, 2000), with an estimated 62 million stroke
survivors worldwide (Strong, Mathers, & Bonita, 2007). Of these stroke survivors, many,
if not most, are left with some form of long-term disability, such as physical impairment,
language difficulties, sensory loss, mood disorder, or cognitive changes. The proportion
of disabled stroke survivors is increasing with advances in treatment and medication
(Carandang et al., 2006). These ongoing impairments have serious implications for
quality of life for the patient and for their families and friends (Abegunde, Mathers,
Adam, Ortegon, & Strong, 2007; Mathers et al., 1999; Paul et al., 2005a), and come with
significant social and financial cost (Thrift et al., 2000). Fortunately, many survivors do
benefit from rehabilitation (Barnes, Dobkin, & Bogousslavsky, 2005; Binkofski et al.,
2001; Kwakkel, Kollen, van der Grond, & Prevo, 2003). Rehabilitation approaches are
increasingly being informed by neuroscience research and principles (Floel & Cohen,
2006a), such as the potential for long-term improvement through behaviourally driven
neuroplasticity associated with learning (Kolb & Teskey, 2010; Merzenich et al., 2002).
Somatosensory function is the ability to interpret body sensations, including touch
perception, knowing where one’s limbs are in space, and sensing temperature, pain, and
itch (Puce & Carey, 2010). Somatosensory impairment is common after stroke, reported
to occur in around 50-85% of stroke survivors (Carey, 1995; Connell, Lincoln, &
Radford, 2008; Kim & Choi-Kwon, 1996). Somatosensation is important for day-to-day
tasks including safety, motor function, environmental exploration, and social interaction,
so its impairment can have an ongoing negative effect on patients’ quality of life and
ability to interact safely with the environment (Carey, 2006).
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In humans, understanding of the brain changes underlying behavioural
improvement after a stroke has been greatly informed by use of functional neuroimaging
techniques (Butefisch, Kleiser, & Seitz, 2006; Calautti & Baron, 2003; Carey & Seitz,
2007). These techniques allow researchers to study the brain changes associated with a
lesion, and to identify parts of the system that can still be activated. Particular patterns of
brain activation have been shown to be associated with impairment severity and may
predict an individual’s potential to benefit from targeted interventions (Carey & Seitz,
2007; Price, Seghier, & Leff, 2010; Ward & Cohen, 2004). Brain activation can
demonstrate whether a relevant network is accessible and sufficiently intact to benefit
from training (Dong, Dobkin, Cen, Wu, & Winstein, 2006). Studies of the neural
correlates of impairment and recovery after stroke have tended to focus on movement
(Ward, 2006), language (Saur et al., 2006), and spatial attention (Corbetta, Kincade,
Lewis, Snyder, & Sapir, 2005), with relatively few investigations of somatosensory
impairment (Carey, Abbott, et al., 2011; Staines, Black, Graham, & McIlroy, 2002).
Task-based functional activation studies in stroke are commonly performed using
functional magnetic resonance imaging (fMRI): a noninvasive neuroimaging technique
that detects changes in the concentration of oxygenated blood in regions of the living
brain, in order to indirectly measure where activity occurs as a result of experience
(Bressler & Menon, 2010; Bullmore & Sporns, 2009). Functional MRI relies on the blood
oxygen level dependent (BOLD) signal – a change in magnetic susceptibility due to a
variation in the concentration of oxygenated blood resulting from local alterations in
blood flow, blood volume, and oxygen consumption (Pan, Epstein, Silbersweig, & Stern,
2011).
Although traditional functional neuroimaging experiments may indicate where
behavioural conditions cause different levels of brain activity in particular regions, they
do not directly indicate how a particular brain area interacts with other areas (Grefkes &
Fink, 2011; Johansen-Berg, 2007; Mesulam, 2000; Stephan et al., 2007). Today most
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researchers accept that regions of the brain do not act in isolation, but instead operate as
part of dynamic, widely interconnected brain networks: systems of interconnected brain
regions that work together to produce behaviour and cognition (Felleman & Van Essen,
1991; Goldman-Rakic, 1988; He, Snyder, et al., 2007; Mesulam, 2000; Newman, 2003;
Posner, Petersen, Fox, & Raichle, 1988; Sporns, Tononi, & Edelman, 2000). A network
approach is important in understanding disease effects in the brain, because pathology can
be seen to lead to disruptions or compensations across a wide network of brain regions
(Della-Maggiore et al., 2000; Grefkes & Fink, 2011; Greicius, Srivastava, Reiss, &
Menon, 2004; Rowe, 2010). Even a focal brain injury such as stroke must affect all areas
linking to the lesion site and to fibres of passage through the area (He, Shulman, Snyder,
& Corbetta, 2007; Honey & Sporns, 2008). Within this framework, behavioural
impairments after stroke may be viewed as the result of disruption to brain networks, and
conversely, improvement may be mediated by restitution of connections within one of
many of the affected networks, or by recruitment of alternate networks to perform a task.
This conscious use of alternative strategies to achieve successful task performance,
mediated by use of different, less efficient, network connections, could be one factor
contributing to commonly reported poststroke fatigue (Celnik & Hillis, 2009).
The connectivity of the human brain, in other words the connections between brain
elements (neurons or brain regions), can be measured using three main methods:
structural, functional, or effective connectivity. Structural connectivity refers to
anatomical or physical links that directly connect different areas of the brain (Bullmore &
Sporns, 2009; Rykhlevskaia, Gratton, & Fabiani, 2008). Effective connectivity describes
directed or causal relationships between brain elements (Bullmore & Sporns, 2009;
Friston, 1994; Sporns, 2010). Finally, functional connectivity describes statistical
associations between low frequency fluctuations of measurements of brain activity in
different areas, without inferring the direction of the relationship (Bullmore & Sporns,
2009; Deco, Jirsa, & McIntosh, 2011; Friston, 1994; Friston, Frith, Liddle, & Frackowiak,
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1993; Sporns, 2010). Functional connectivity analyses can be performed on data acquired
using a variety of imaging techniques, but to date have most commonly been performed
with fMRI data, to measure correlated low-frequency fluctuations over time of the BOLD
signal between different brain regions (Buckner, 2010; Fox & Raichle, 2007).
Data for functional connectivity studies are often obtained during a “resting
state”: a cognitive state in which a participant is quietly awake and alert but not
performing any specified task or responding to any nominated external stimuli (Bullmore
& Sporns, 2009; Fox & Raichle, 2007). This approach is considered to enable reliable
characterisation of functionally important brain networks without requiring a participant
to perform a specified task (Biswal, Yetkin, Haughton, & Hyde, 1995; Cole, Smith, &
Beckmann, 2010; Damoiseaux et al., 2006; Van Dijk et al., 2010). Not requiring task
performance has been suggested to be useful for stroke patients (Carter et al., 2010; He,
Snyder, et al., 2007), who due to motor or cognitive impairments may have difficulty
performing a task (Carey & Seitz, 2007; Fornito & Bullmore, 2010; Price & Friston,
2002). Another issue with task-based fMRI in stroke populations is that patients show
altered hemodynamic responses (blood flow patterns) to tasks, confounding interpretation
of task-based activation responses compared to control subjects (Mazzetto-Betti et al.,
2010; Pineiro, Pendlebury, Johansen-Berg, & Matthews, 2002). Because correlations of
the BOLD signal for functional connectivity are calculated within one individual, and are
based on slow fluctuations, they are less vulnerable to these altered hemodynamic
responses (Friston, 2011).
The current thesis involved analysis of data collected as part of a larger
longitudinal project, the Imaging Neuroplasticity of Touch (IN_Touch) project, which
had the primary aim of locating and comparing areas of brain activation associated with
recovery of touch sensation following stroke, both during a period of nonspecific
rehabilitation, and after patients underwent a six-week somatosensory retraining program.
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For this thesis, functional connectivity analysis of resting-state fMRI data has
been used to investigate the neural basis of improvement of somatosensory function
following stroke. A number of research questions were identified:
•

Is resting-state functional connectivity analysis a reliable and valid
technique for use in healthy controls and stroke patients?

•

If so, what is the nature and extent of connectivity between functionally
important regions within the somatosensory system, and related systems
(such as attention networks), in healthy individuals and stroke patients?

•

In stroke patients, how do these networks change over time in the months
following stroke?

Further questions relate to the associations between functional connectivity
measures and behaviour, for example:
•

How is the nature and degree of somatosensory impairment associated
with patterns of functional connectivity?

•

How does clinical improvement, following either nonspecific or targeted
rehabilitation, relate to changes in connectivity patterns over time?

Part A of Chapter 2 of the present thesis provides a comprehensive literature
review and development of a model of the brain networks hypothesised to be involved in
the processing of tactile information. This section overviews some of the broader issues
relevant to improvement of somatosensory function after stroke. Many of these issues are
equally relevant to the rehabilitation of any function after stroke or other acquired brain
injury. Issues discussed include the role of broader brain networks in recovery from brain
injury, the critical role of attention, and common consequences of stroke including
depression and cognitive impairment, which can have a significant impact on an
individual’s capacity for improvement after stroke. In Part B of Chapter 2, further
consideration is given to the technique of resting-state functional connectivity, with a
discussion regarding the advantages of resting-state functional connectivity analysis,
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along with current debates surrounding interpretation, limitations, and methodological
issues. Together these chapters provide a theoretical and methodological background for
the empirical chapters, Chapters 3 through 6.
The empirical studies of the present thesis utilised functional connectivity analysis
of resting-state fMRI data to investigate the functional brain networks involved in tactile
discrimination in stroke survivors with somatosensory impairment. The aim of the study
in Chapter 3 was to establish the reliability of this approach in healthy controls, as well as
to characterise functional resting-state connectivity of somatosensory networks in healthy
controls. In Chapter 4, characterisation of resting-state functional connectivity of the
somatosensory system in stroke patients approximately one month after their first episode
stroke is reported. The two main aims of this chapter were to characterise functional
resting-state connectivity of somatosensory networks in stroke patients, and to investigate
the relationship between severity of somatosensory impairment and functional network
connectivity in these patients. In the next two empirical chapters, Chapters 5 and 6,
longitudinal designs were used to investigate changes in functional resting-state
connections over time and how these changes were associated with nonspecific (Chapter
5) and training-facilitated (Chapter 6) functional improvement in stroke patients. In
Chapter 5, changes from the one- to six-month time points were examined, in order to
characterise changes in functional connectivity associated with recovery during a period
of nonspecific rehabilitation. The final empirical chapter, Chapter 6, reports longitudinal
changes in resting-state functional connectivity before and after participants underwent a
six-week targeted somatosensory retraining program. Finally in Chapter 7 the key results
are discussed with regards to theoretical implications, practical and clinical applications,
limitations and future research directions.
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CHAPTER 2
Literature review
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Part A
A role for attention networks in somatosensory recovery after stroke
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2.1

Abstract

Stroke is a leading cause of disability, for which rehabilitation can be effective. For
example, touch sensation is frequently impaired after stroke and can show improvement
following somatosensory retraining founded on neuroscience and perceptual learning
principles. Any long-term improvement following stroke must be, at least in part, based
on reorganisation of brain networks. Attention and motivation are instrumental in driving
the neuroplastic changes that underlie functional improvement after stroke. Here we
review the key principles behind neural plasticity and relearning after stroke. We propose
a theoretical model of the somatosensory network and its interconnections with other
networks involved in attention and related multisensory and motor processing. Networkbased models are needed to better understand alterations in brain networks that underlie
impairment after stroke, and to propose how therapy may help to re-establish connections
or target new networks.
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2.2
2.2.1

A role for attention networks in somatosensory recovery after stroke

Stroke: Background and introduction
A stroke is a sudden neurological deficit of cerebrovascular origin that persists

beyond 24 hours or is interrupted by death within 24 hours (World Health Organization,
1992). The majority of stroke patients survive the initial illness and are left with longterm neurological impairment and residual disabilities (Mathers et al., 1999; Paul et al.,
2005a), such as somatosensory impairment (Carey, 1995), motor deficits (Liberato &
Krakauer, 2007), and cognitive changes (Lesniak, Bak, Czepiel, Seniow, & Czlonkowska,
2008). There is potential for motor, sensory, and cognitive improvement in the months
after stroke (Barnes et al., 2005; Binkofski et al., 2001; Kwakkel et al., 2003). Better
understanding of impairment and recovery after stroke, at both behavioural and brain
levels, is a crucial focus for ongoing research to develop effective rehabilitation methods.
This chapter provides an overview of key concepts in stroke rehabilitation, the
somatosensory system, and somatosensory impairment and recovery poststroke. It is
becoming increasingly apparent that brain networks beyond the immediate lesion site,
particularly those implicated in attention and alternate behaviours, are involved in stroke
recovery.
2.2.1.1 Pathophysiology of stroke.
A stroke is caused by either a thrombus (a blood clot) or an embolus (blockage)
within an artery supplying the brain, or a haemorrhage (a leaking blood vessel) in or on
the surface of the brain (Ropper & Brown, 2005; World Health Organization, 1992).
Thrombotic and embolic strokes fall under the umbrella of ischemic stroke, and account
for more than two thirds of all strokes (Bronner, Kanter, & Manson, 1995). A cascade of
cellular and molecular changes takes place in the seconds, minutes, hours and days after
injury. A stroke initially results in ischemia (reduced oxygen supply) of brain tissue. In
the first seconds to minutes after a stroke, this lack of oxygen in the affected cells alters
the ionic balance of the region (Liberato & Krakauer, 2007; Ropper & Brown, 2005).
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Calcium channels remain open for extended periods, allowing calcium to flood into the
cell and resulting in cell death (Kolb & Teskey, 2010). Hypoxia and hypoglycaemia in the
area supplied by the affected artery lead to inability to pump sodium out of the cell,
resulting in cerebral oedema (extracellular fluid accumulation), disintegration of cell
membranes, cell death, and release of toxic amounts of excitotoxic neurotransmitters
(Liberato & Krakauer, 2007; Ropper & Brown, 2005). In the following days, there is
reduced metabolism and glucose utilisation in the ischemic tissue (Liberato & Krakauer,
2007; Ropper & Brown, 2005). Brain regions that received synaptic input from the
lesioned region experience loss of excitation or inhibition, which can result in further loss
of function and secondary cell death (Kolb & Teskey, 2010).
Cell death and breakdown leads to a neuroinflammatory response characterised by
the release of key proinflammatory mediators (cytokines, chemokines and inflammatory
cells) (Chapman et al., 2009; Denes, Thornton, Rothwell, & Allan, 2010; McColl, Allan,
& Rothwell, 2007; Pascoe, Crewther, Carey, & Crewther, 2011; Tedgui & Mallat, 2006).
This neuroinflammatory response results in a constellation of nonspecific behavioural
symptoms such as weakness, sleepiness, inability to concentrate, lethargy, and
depression, collectively termed sickness behaviour (Anisman, Merali, & Hayley, 2008;
Dantzer, 2004; Dantzer, O’Connor, Freund, & Kelley, 2008; Hart, 1988). It has been
argued that depression is the clinical expression of processes including inflammation,
activation of stress pathways, microglial activation, decreased neurogenesis, and
increased apoptosis; processes that also occur across a broad range of inflammatory and
degenerative neurological and medical disorders (Maes, Kubera, Obuchowiczwa,
Goehler, & Brzeszcz, 2011). Ischemia and major depression show similar pathological
profiles, such as increased inflammation and greater rates of central nervous system cell
death (Pascoe et al., 2011).
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2.2.1.2 Common consequences of stroke.
A stroke usually produces ongoing disability due to persisting sensory, physical,
language, cognitive, and emotional changes (Bogousslavsky & Caplan, 1995; Lezak,
Howieson, & Loring, 2004; Ropper & Brown, 2005). At least 50% of long-term stroke
survivors regard their recovery from stroke as incomplete (Bonita, Solomon, & Broad,
1997). Even patients with what is classified as a “mild” stroke (National Institutes of
Health Stroke Scale [NIHSS] score ≤ 5) report residual stroke-related changes, such as
depression and cognitive changes (Edwards, Hahn, Baum, & Dromerick, 2006).
Persistent changes in language and motor abilities after stroke have been welldocumented and addressed in rehabilitation research (Selzer, Clarke, Cohen, Duncan, &
Gage, 2006). Other changes, such as somatosensory loss, cognitive changes, and the
emotional consequences of stroke, have historically received less attention.
2.2.1.2.1 Somatosensory loss.
Bodily sensations such as touch and proprioceptive discrimination are commonly
impaired after stroke (Carey, 1995; Connell et al., 2008; Kim & Choi-Kwon, 1996).
Impairment can vary from selective involvement of one somatosensory modality, such as
tactile discrimination or proprioception, to impairment of all somatosensory modalities,
depending on the site and extent of the lesion (Carey, 1995; Connell et al., 2008). Loss of
discriminative abilities is perhaps most characteristic (Bassetti, Bogousslavsky, & Regli,
1993; Carey, 1995; Kim & Choi-Kwon, 1996). Total loss of one or more somatosensory
submodalities, hyposensitivity (reduced ability to perceive sensations), or hypersensitivity
(non-noxious stimuli become irritating), are all common symptoms (Carey, 2006). The
loss is typically contralateral to the injury, although ipsilateral deficits have been reported
(Carey, 1995; Kim & Choi-Kwon, 1996).
Somatosensory loss has ongoing impact for individuals within their daily lives,
affecting personal exploration of the environment, safety, social interaction and quality of
life (Carey, 2006; Phillips et al., 2007). Feedback about tactile and proprioceptive
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information is important for aspects of motor output including sensorimotor integration
(Dobkin, 2004), movement coordination (Smania, Montagnana, Faccioli, Fiaschi, &
Aglioti, 2003), and monitoring and adjusting grip force (Blennerhassett, Matyas, &
Carey, 2007; Westling & Johansson, 1984). As such, somatosensory loss can contribute
to these aspects of motor impairment poststroke, and impact on their recovery (Floel &
Cohen, 2006b; Schaechter, Moore, Connell, Rosen, & Dijkhuizen, 2006; Weiller, 1998;
Yekutiel, 2000). Despite the obvious impact of somatosensory impairment on day-to-day
functioning, rehabilitation research to date has focused mostly on impairment and
recovery of motor function, language, and visual hemineglect (Mattingley, 2002; Price et
al., 2010; Robertson, 1999a; Ward, 2006). The neural changes that underpin
somatosensory impairment and recovery after stroke remain relatively unexplored (Carey,
2005; Schaechter et al., 2006).
2.2.1.2.2 Cognitive and psychological consequences of stroke.
Cognitive impairment is another common consequence of stroke. Using brief
cognitive screens (Lesniak et al., 2008; Tatemichi et al., 1994), and more comprehensive
neuropsychological evaluation (Nys et al., 2005), cognitive difficulties have been found
to be present in at least a third (Nys et al., 2005; Tatemichi et al., 1994), and in one study
over 75%, of stroke patients (Lesniak et al., 2008). In particular, attention skills, including
divided attention, sustained attention, selective attention, and speed of information
processing are commonly impaired (Ballard et al., 2003; Fisk, Owsley, & Mennemeier,
2002; Hochstenbach, Mulder, van Limbeek, Donders, & Schoonderwaldt, 1998; Lesniak
et al., 2008; Stapleton, Ashburn, & Stack, 2001; Tatemichi et al., 1994). These subtle
cognitive deficits can persist long-term, even after supposedly good clinical motor
recovery (Edwards et al., 2006; Mori, Sadoshima, Ibayashi, Lino, & Fujishima, 1994).
Attention skills are vital for the effective performance of all motor actions and cognitive
tasks such as learning, so their impairment can have a major impact on a patient’s
response to rehabilitation (Lezak et al., 2004).
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Mood disorders such as depression are increasingly being recognised as common
sequelae of stroke. Clinically diagnosed poststroke depression has been estimated to
affect one to two thirds of stroke patients at some point (Eslinger, Parkinson, & Shamay,
2002; Hackett & Anderson, 2005; Linden, Blomstrand, & Skoog, 2007; Robinson &
Starkstein, 2002), typically within the first two years after stroke (Linden et al., 2007).
Symptoms of depression such as fatigue, reduced motivation, and loss of confidence can
negatively affect an individual’s ability to benefit from rehabilitation (American
Psychiatric Association, 2000). This symptom profile is very similar to the profile of
sickness behaviour typically seen after any brain injury including stroke (Anisman et al.,
2008; Dantzer, 2004; Dantzer et al., 2008; Hart, 1988), and as mentioned earlier,
depression and ischemic stroke have been said to share common pathological profiles
(Maes et al., 2011; Pascoe et al., 2011). Depression and anxiety are characterised by
attention and concentration difficulties (Barker-Collo, 2007; Kauhanen et al., 1999; Lezak
et al., 2004), so would further exacerbate other cognitive dysfunction. Overall, mood
disorders can significantly affect intervention and outcome after stroke, but have not
always been considered in stroke rehabilitation research.
2.2.1.3 Stroke “recovery”.
Although stroke rehabilitation research is an important and growing field,
“recovery” from stroke remains a poorly defined concept. “Recovery” could imply
anything from the complete return of function and elimination of the cognitive, sensory
and motor impairments following brain injury, to very mild improvement in any of the
associated motor or sickness behaviours (Kolb, Teskey, & Gibb, 2010; Levin, Kleim, &
Wolf, 2009; Stein, 2000). Depending on how “successful recovery” is defined, the
proportion of patients classified as “recovered” in stroke outcome studies can vary
markedly (Duncan, Lai, & Keighley, 2000).
As has long been known, loss of a cerebral function could reflect one or more of
several different mechanisms, and may in turn require different rehabilitation efforts
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(Lashley, 1938). Improvement after stroke occurs at different levels, from behavioural
performance on different tasks, to changes in biological and molecular outcomes such as
blood flow and synaptic activity. Furthermore, use of the term “recovery” does not
necessarily provide an explanation of how functional improvement takes place, both
behaviourally (such as relearning, behavioural compensation, or environmental
adaptation) and biologically (for example through restoration of blood flow, reduction of
oedema, or recruitment of alternative neural pathways) (Levin et al., 2009; Murray,
Fischer, Smeraski, Tessler, & Giszter, 2004; Stein, 2000; York & Steinberg, 1995).
Consequently, “recovery” could be best thought of as improvements across a profile of
outcomes, beginning with biological and neurological changes, and appearing as
improvements on performance and activity-based behavioural measures. Better
understanding of how any particular treatment works will mean researchers and clinicians
will be better able to identify specific targets to improve and develop new and more
effective treatments.
2.2.1.4 Neural plasticity and learning as a basis for rehabilitation.
Behavioural improvement after stroke occurs via multiple cellular and molecular
events. In the hours after stroke, functional improvement may be mediated by restoration
of blood flow (Lezak et al., 2004; Ropper & Brown, 2005; Rossini, Caluatti, Pauri, &
Baron, 2003; Seitz, Butefisch, Kleiser, & Homberg, 2004). From three days to around
four weeks after stroke, clinical improvement, for example measured in terms of motor
function, is largely due to the spontaneous regression of brain oedema (Katsman, Zheng,
Spinelli, & Carmichael, 2003; Seitz et al., 2004; Wei, Erinjeri, Rovainen, & Woolsey,
2001). Slower, more sustained functional improvement in outcomes such as motor
performance continues in the following months (Binkofski et al., 2001; Carey & Seitz,
2007; Kwakkel et al., 2003; Wade, Wood, & Langton Hewer, 1985).
Stroke rehabilitation has been broadly defined as any aspect of stroke care
(generally nonsurgical and nonpharmaceutical) that aims to reduce disability and
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handicap, or in other words promote activity and participation in everyday activities
(Langhorne & Legg, 2003). Its objective is to improve function and/or prevent
deterioration of function, and to bring about the highest possible level of independence—
physically, psychologically, socially and financially—within the limits of the persisting
stroke impairment (Dewey, Sherry, & Collier, 2007; National Stroke Foundation, 2005;
The Consensus Panel on the Stroke Rehabilitation System, 2007). Rehabilitation can be
behaviourally beneficial for many stroke survivors, leading to greater independence in
activities of daily living, and improved functional capacity (Barnes et al., 2005; Dobkin,
2004; Hodics, Cohen, & Cramer, 2006; Legg, Drummond, & Langhorne, 2006;
Outpatient Service Trialists, 2003). For example, training programs for rehabilitation of
touch sensation poststroke can be effective in improving somatosensory discrimination
for at least six months after training (Byl et al., 2003; Carey, Macdonell, & Matyas, 2011;
Carey & Matyas, 2005; Carey, Matyas, & Oke, 1993; Carey, Wade, Macdonnel, &
Matyas, 2010; Smania et al., 2003; Yekutiel & Guttman, 1993). Rehabilitation
approaches include restoration or restitution (retraining parts of the central nervous
system to engage lost functions, or restoring the function of damaged brain tissue),
compensation or substitution (behavioural adaptation to loss of function without changing
the impairment, or reorganisation of partly-spared brain pathways to relearn lost
functions), and environmental modification (Cheeran et al., 2009; Dewey et al., 2007;
Kwakkel, Kollen, & Lindeman, 2004).
Long-term success with restorative approaches to rehabilitation is founded on the
potential for and evidence of neuroplastic changes in the brain (Azari & Seitz, 2000; Kolb
& Whishaw, 1998; Mateer & Kerns, 2000; McEwen, 2004; Nudo, 2003; Selzer et al.,
2006). Neural plasticity refers to the ability of the nervous system to change its structure,
function, and connections in response to experience or the environment (Cramer et al.,
2011; Greenwood & Parasuraman, 2010; Held, 1965; Hubel & Wiesel, 1968; Kolb, 1996;
Merzenich et al., 2002; Ward, 2005). More broadly, the term “plasticity”, may be used to
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refer to any changes at different levels of the nervous system, ranging from molecular
events, to cellular events such as growth of new neurons (neurogenesis) and synapses
(synaptogenesis), to behaviour (Cramer et al., 2011; Shaw & McEachern, 2001). Humans
and animal have the capacity to adapt their behaviour in reaction to the environment, and
these behavioural changes are associated with permanent structural changes in the brain
(Gazzaniga, 2004; Kolb et al., 2010; Mateer & Kerns, 2000). Perceptual learning
describes specific and relatively long-lasting changes to perception and behaviour
following sensory experience (Fahle & Poggio, 2002; Goldstone, 1998). Although there
are critical periods during which neural networks are more receptive to synaptic change
and development (Daw, 2005), changes associated with neural reorganisation continue
throughout the lifespan (Nudo, 2007; Steward, 2006), as evident in the ability of humans
to continue to learn new information throughout life.
Seminal research by Merzenich and colleagues, using electrophysiological
methods with primates, has demonstrated the potential for plasticity in the somatosensory
system of healthy adult animals. For example, increased cortical representations of
trained skin sites were observed after behaviourally controlled tactile stimulation in
monkeys (Jenkins, Merzenich, Ochs, Allard, & Guic-Robles, 1990; Recanzone,
Merzenich, & Jenkins, 1992; Recanzone, Merzenich, Jenkins, Grajski, & Dinse, 1992;
Wang, Merzenich, Sameshima, & Jenkins, 1995). In humans too, there is much
behavioural and electrophysiological evidence supporting plastic changes in the healthy
adult brain as a result of experience (Gaser & Schlaug, 2003; Groussard et al., 2010;
Pascual-Leone & Torres, 1993). Functional and structural imaging studies have revealed
changes in the brains of musicians (Gaser & Schlaug, 2003; Groussard et al., 2010) and
blind Braille readers compared to healthy controls (Burton et al., 2002; Pascual-Leone &
Torres, 1993). A well-known study supporting the capacity for local plastic change in the
structure of the healthy adult human brain in response to environmental demands was that
by Maguire et al. (2000), who found that London taxi drivers had significantly larger
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posterior hippocampal volumes and smaller anterior hippocampal volumes compared to
control subjects, and that these volumes correlated with the amount of time spent as a taxi
driver. A few longitudinal structural magnetic resonance imaging studies have also
revealed changes in both gray (Draganski et al., 2004; Ilg et al., 2008) and white matter
(Scholz, Klein, Behrens, & Johansen-Berg, 2009) following learning of a novel task such
as juggling (Draganski et al., 2004; Scholz et al., 2009) or mirror reading (Ilg et al.,
2008).
Any behavioural improvement following a stroke, particularly more than two
years afterwards, is likely to be underpinned by the extensive and long-term
neuroanatomical and neurophysiological changes that occur during any learning and
behavioural change (Carey & Seitz, 2007; Kolb & Whishaw, 1998; Rossini et al., 2003;
Seitz et al., 2004; Selzer et al., 2006). Poststroke molecular and cellular processes of
neural plasticity have been demonstrated in animal models to take place in both
perilesional and remote brain regions (Carmichael, 2003; Dancause et al., 2005; Kolb,
2003; Schallert, Leasure, & Kolb, 2000). For example, increased expression of
developmental proteins such as vascular endothelial growth factor (VEGF) has been
shown in animal models in the hours and days after stroke, both in the infarct and periinfarct regions, and in more remote cortical areas (Carmichael et al., 2005; Stowe et al.,
2007). These proteins are involved in neuronal growth, apoptosis, angiogenesis, and
cellular differentiation (Carmichael et al., 2005; Stowe et al., 2007). Structural changes,
such as increased dendritic branching (Jones & Schallert, 1992) and synaptogenesis –
increases in the number of synapses per neuron and the volume and membrane surface
area of dendritic processes per neuron – (Jones, Kleim, & Greenough, 1996) have been
found to occur in contralateral motor cortex of adult rats several weeks after
experimentally induced stroke. There is evidence of increased hyperexcitability in
perilesional and contralateral cortex after focal lesions in the sensory area in rats
(Buchkremer-Ratzmann, August, Hagemann, & Witte, 1996).
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Importantly, these neuroplastic changes can be modified by behavioural
experiences such as skill training (Jones et al., 2009; Nudo, 2007). Environmental
enrichment (Dahlqvist et al., 2003; Johansson & Belichenko, 2002; Komitova, Perfilieva,
Mattsson, Eriksson, & Johansson, 2002) and social interaction (Dahlqvist et al., 2003)
have been shown to produce improved behavioural outcomes and measurable
neuroanatomical changes in rat models of stroke. Examples of such changes include
increased dendritic spine density in pyramidal neurons contralateral to a cortical infarct
(Johansson & Belichenko, 2002) and increased ipsilateral production of astrocytes
(Komitova et al., 2002), following postischemic exposure to an enriched environment.
Task-specific rehabilitative therapy, in the form of daily skilled-reach training, has been
shown in a rat model of stroke to result in behavioural improvement as well as enhanced
dendritic complexity and length in the undamaged motor cortex, in rats who underwent
training compared to those who received standard intervention (Biernaskie & Corbett,
2001). These studies support the rationale that rehabilitation can work after brain injury,
and that there are identifiable biological mechanisms that can account for its effects.
However, animal models of stroke recovery have typically been carried out on healthy
young animals with few of the vascular risk factors such as high cholesterol, high blood
pressure, and diabetes that are common in older stroke victims – thus limiting their
applicability to humans, and leading to problems in translation from the lab to the clinic
(Kolb et al., 2010).
In humans, a growing body of evidence from functional imaging studies indicates
that behavioural manipulations in the form of rehabilitation can lead to changes in the
brain after stroke that are associated with improved outcomes (Carey & Seitz, 2007;
Hodics et al., 2006; Richards, Stewart, Woodbury, Senesac, & Cauraugh, 2008; Stinear,
Barber, Coxon, Fleming, & Byblow, 2008). Some of the main findings from functional
imaging studies of motor and somatosensory recovery are discussed later in section 2.2.3,
p. 37. Preliminary evidence using structural imaging in long term stroke survivors has
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shown increased cortical thickness in the same areas that showed functional plasticity
(Gauthier et al., 2008; Schaechter et al., 2006). Further work is needed to better
characterise the exact mechanisms underlying this relationship, and these results need to
be more widely replicated in larger samples. Nonetheless, they provide early evidence of
changes in the human brain that might underlie behavioural improvement after brain
injury.
2.2.2

The multifaceted nature of somatosensory perception
Somatosensory processing—the ability to interpret bodily sensations (Puce &

Carey, 2010)—is involved in many aspects of behaviour, such as characterising and
localising touch and pain, object recognition, and motor action (Dijkerman & de Haan,
2007). Somatosensation incorporates a number of submodalities, including touch, limb
position or proprioception, temperature, pain, and itch (Gardner & Kandel, 2000). Even
“touch” can be further subdivided into characteristics such as pressure, vibration, and
tickle (Carey, 2006). Somatosensory information is detected by different specialised
peripheral somatosensory receptors and is processed in the brain by a network of regions
that feature modality-specific lines of communication, specific columnar organisation and
submodality-specific neurons in SI and SII (Darian-Smith & Darian-Smith, 1993; Kaas,
Nelson, Sur, Dykes, & Merzenich, 1984; Mountcastle, 1957; Mountcastle, 1984). Some
of the specific subdivisions of the somatosensory system are illustrated in Figure 2.1. A
map of the location of Brodmann’s areas in the brain is shown in Figure 2.2. A simplified
model of the brain networks involved in somatosensory processing is presented in Figure
2.3. A more specific description of the brain systems involved in somatosensory
processing is beyond the scope of this chapter and is provided in seminal texts such as
Kandel, Schwartz, and Jessell (2000). The model presented includes connections within
the somatosensory system, and broader connections with networks involved in
multisensory integration, attention, motivation, and motor output.
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Figure 2.1. Functional hierarchies of connections within the somatosensory cortex. Inputs
from the ventral posterior nucleus of the thalamus terminate in areas 3a, 3b, 1, and 2, with
the greatest density of projections in area 3b. Area 3b in turn projects heavily to areas 1
and 2, and the functions of these areas are dependent on the activity of area 3b. All
subdivisions of primary somatosensory cortex project to secondary somatosensory cortex,
and the functions of SII are dependent on the activity of SI (adapted from Purves et al.,
2008).

25

Figure 2.2. Brodmann’s areas (BA) in the human brain. 1, 2, 3 = primary sensory cortex;
4 = motor cortex; 5, 7 = secondary sensory cortex; 6 = supplementary motor area (medial)
and premotor cortex (lateral); 8 = frontal eye fields; 9/46 = dorsolateral prefrontal cortex;
10 = frontopolar cortex; 11, 12 = orbitofrontal areas; 17 = primary visual cortex; 18, 19,
20, 21, 37 = secondary visual cortex; 24, 32 = anterior cingulate cortex; 41 = primary
auditory cortex; 22, 42 = secondary auditory cortex; 39 = angular gyrus, part of
Wernicke's area; 40 = supramarginal gyrus, part of Wernicke's area; 44/45 = Broca's
Area; 47 = ventrolateral prefrontal cortex; (13, 14, 15, 16, 27, 49, 50, 51 - monkey only)
(Grahn, 2010).

26

Figure 2.3. A simplified network-based model of somatosensory function: major
connections across somatosensory, attention and related networks within a single
hemisphere. Strength of connections is indicated by relative line thickness. SI = primary
somatosensory cortex; SII = secondary somatosensory cortex; ACC = anterior cingulate
cortex; IPS = intraparietal sulcus; PPC = posterior parietal cortex; TPJ = temporoparietal
junction; RAS = reticular activating system. Note: not all possible pathways are included,
for reasons of clarity.
2.2.2.1 Somatosensory pathways.
As summarised in Figure 2.3, it has been well established in the animal literature
that unilateral tactile sensory information from peripheral sensory receptors is transferred
through the ventroposterior thalamus to contralateral primary (SI) and secondary (SII)
somatosensory cortices (Bear, Connors, & Paradiso, 2007; Carlson, 2008; Gardner &
Kandel, 2000; Jones, 1986; Jones & Powell, 1970b; Wall & Dubner, 1972). SI
(Brodmann’s areas, BA, 1, 2, 3a, and 3b; posterior to the central fissure; see Figure 2.2)
contains several somatotopic maps of the contralateral half of the body (Kaas, Nelson,
Sur, Lin, & Merzenich, 1979). Processing here remains somewhat modality-specific:
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BA3b and 1 receive information from the skin receptors regarding texture, size and shape
of objects, and BA 3a and 2 receive input from different receptors regarding body
position (Bear et al., 2007; Friedman, Chen, & Roe, 2004; Kandel et al., 2000). The first
stages of object recognition begin in BA 2, with the coordination of tactile and
proprioceptive information (Kandel et al., 2000).
SI and SII are connected with one another in a reciprocal, organised manner
(Burton, 1986; Gardner & Kandel, 2000; Jones, 1986; Jones & Powell, 1969a; Pons &
Kaas, 1986). Anatomical and electrophysiological evidence has revealed the presence of
interhemispheric connections between homologous areas in SI and SII via the corpus
callosum (Blatow, Nennig, Durst, Sartor, & Stippich, 2007; Disbrow, Roberts, Poeppel,
& Krubitzer, 2001; Jones, 1986; Jones & Powell, 1969b). Results from mammalian
studies including nonhuman primates indicate the presence of direct thalamocortical
projections to SII (Murray et al., 1992; Zhang et al., 2001). Interhemispheric connections
between bilateral thalami via the reticular nucleus have also been demonstrated
(Battaglia, Lizier, Colacitti, Princivalle, & Spreafico, 1994; Chen, Raos, & Bentivoglio,
1992; Raos & Bentivoglio, 1993). Small projections have also been shown to exist
between the thalamus to the posterior parietal and insular cortices (Jones, Wise, &
Coulter, 1979).
2.2.2.2 Attention and somatosensory perception.
It has long been recognised that attention is crucial for perception. In 1890
William James defined attention as “the taking possession by the mind, in clear and vivid
form, of one out of what seem several simultaneously possible objects or trains of
thought... It implies withdrawal from some things in order to deal effectively with others”
(James, 1890, pp. 403-404). Over a century later, the accepted definition of attention has
changed very little, with a recent paper describing it as “a set of mechanisms that
determine how particular sensory input, perceptual objects, trains of thought, or courses
of action are selected for further processing from an array of concurrent possible stimuli,
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objects, thoughts and action” (Talsma, Senkowski, Soto-Faraco, & Woldorff, 2010, p.
400). The simplicity of these definitions belies the fact that attention is a complex and
multifaceted cognitive construct that is manifest at the levels of behaviour, brain systems,
and right down to single-neuron responses. Attention is essential and fundamental to any
cognitive or behavioural process—including perception.
Perceptual awareness has been reported to occur through the coordinated action of
specialised sensory cortices and two partially segregated attention networks (Goldberg,
Harel, & Malach, 2006; Rees, Kreiman, & Koch, 2002). The first, a frontoparietal dorsal
attention network (DAN), comprising primary visual regions, intraparietal sulcus (IPS),
superior parietal lobule (SPL), frontal eye fields (FEF) and superior frontal cortex, is
primarily involved in higher order “top-down”, goal-driven attention (Corbetta, Patel, &
Shulman, 2008; Corbetta & Shulman, 2002; Woldorff et al., 2004; Yantis & Serences,
2003). The second, the ventral attention network (VAN), comprises the temporoparietal
junction (TPJ), supramarginal gyrus, and middle and inferior prefrontal cortex, largely
lateralized to the right hemisphere, and is primarily involved in “bottom-up” or stimulusdriven attention, in other words the detection of behaviourally relevant stimuli (Corbetta
et al., 2008; Corbetta & Shulman, 2002; Moore, Armstrong, & Fallah, 2003; Woldorff et
al., 2004; Yantis & Serences, 2003).
Attention is central to successful somatosensory perception (Boly et al., 2007;
Meyer et al., 1991). Rather than being linear and unidirectional, somatosensory
perception involves constant top-down feedback communication. For example, tactile
attention has been shown to improve accuracy (Sathian & Burton, 1991) and speed of
somatosensory perception (Spence, Pavani, & Driver, 2000). The strongest effects of
attention on somatosensory perception occur in secondary somatosensory and association
areas (Burton et al., 1999; Hamalainen, Hiltunen, & Titievskaja, 2002; Hsiao,
O'Shaughnessy, & Johnson, 1993; Hyvarinen, Poranen, & Jokinen, 1980; Johansen-Berg
& Lloyd, 2000), with neuronal responses in SII shown to vary depending on behavioural
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context or motivational state (Kandel et al., 2000). Single cell recordings from monkeys,
and human functional imaging studies have shown that neural activity can be affected by
attention at early stages of somatosensory perception. Effects of attention have been
observed at the level of SI (Buchner et al., 1999; Johansen-Berg & Lloyd, 2000; Kastrup
et al., 2008; Meyer et al., 1991; Staines, Graham, Black, & McIlroy, 2002; Sterr, Shen,
Zaman, Roberts, & Szameitat, 2007), and even thalamus (Burton et al., 1999; CastroAlamancos, 2002). Thalamic involvement in attentive somatosensory perception may be
mediated by increased arousal induced by the reticular activating system (Crick, 1984;
Crick & Koch, 2003; Portas et al., 1998) and through ongoing communication with
thalamocortical feedback loops (Crick, 1984; Guillery, Feig, & Lozsadi, 1998; Portas et
al., 1998; Theyel, Llano, & Sherman, 2010; Zikopoulos & Barbas, 2007). Stimulus-driven
attention seems to operate in concert with rapid subcortical networks that include superior
colliculus, and project to frontal eye fields and frontal cortex (Corbetta & Shulman, 2002;
Kim et al., 1999).
Attention is central to multisensory integration, in a bottom-up fashion when there
is low competition between stimuli, and through top-down modulation during high
competition between stimuli (Talsma et al., 2010). At a neural level, temporally and
spatially aligned sensory inputs across different modalities have a higher chance of
capturing an individual’s attention and undergoing further processing, than do nonaligned
stimuli – indicating that attention tends to orient more easily towards multisensory inputs
(Talsma et al., 2010). As well as having a role in multisensory integration, it has been
proposed that the posterior parietal cortex acts as a cross-modal focus for attention and as
an organizer of top-down inputs (Buchel et al., 1998), capable of mediating attention to
signal streams from several modalities relevant to salient behaviour (Andersen, 1997).
2.2.2.3 Purposeful somatosensory processing: Perception and action.
Arguably, the organisation of the somatosensory system is best thought about in
terms of the eventual use of the information, rather than the detail of stimulus
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characteristics (Dijkerman & de Haan, 2007). Echoing the distinction originally described
in the visual system (Goodale & Milner, 1992), it has been proposed that somatosensory
processing in the brain is organised into partially distinct functional streams (Dijkerman
& de Haan, 2007). A dorsal stream primarily processes somatosensory information
directed to the purpose of action (guidance of movements) and avoidance of pain, and a
ventral stream primarily processes somatosensory information related to object
recognition and perception (Dijkerman & de Haan, 2007). Dijkerman and de Haan
(Dijkerman & de Haan, 2007) suggested that the system responsible for somatosensory
processing for action guidance is subserved by a pathway from SI, either directly or via
SII, to the parietal cortex including posterior parietal cortex (PPC). This area is
subsequently involved in crossmodal integration and movement preparation. In
comparison, somatosensory processing for conscious perception and memory is
performed by a system culminating in the insula (Dijkerman & de Haan, 2007).
2.2.2.4 Object recognition, learning, and memory.
Somatosensory processing beyond SI occurs in several cortical regions, including
the secondary somatosensory cortex (SII, BA 43; parietal operculum and supramarginal
gyrus), the insula, and the posterior parietal cortex (PPC) (Dijkerman & de Haan, 2007).
Neurons in SII have greater stimulus selectivity, larger receptive fields, and reduced
modality specificity compared to those in SI, and respond to both ipsilateral and
contralateral stimulation (Ruben et al., 2001). SII has been implicated in texture
discrimination (Garcha & Ettlinger, 1980; Mishkin, 1979) and tactile object recognition,
based on results from lesion studies (Caselli, 1993; Platz, 1996; Reed, Caselli, & Farah,
1996). SII has also been considered to be specialised for tactile learning (Kandel et al.,
2000; Mishkin, 1979), based on its connections with parietal and insula cortex and
parahippocampal cortex in the temporal lobe (Friedman, Murray, O'Neill, & Mishkin,
1986; Mishkin, 1979), and the fact that monkeys with damage to SII exhibit impaired
tactile discrimination learning (Garcha & Ettlinger, 1980). In addition, part of SII
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(parietal operculum, OP 1) has also been suggested to subserve tactile working memory
(Burton, Sinclair, & McLaren, 2008; Burton, Sinclair, Wingert, & Dierker, 2008; Pleger
et al., 2003; Romo, Hernandez, Zainos, Lemus, & Brody, 2002). Activation in the insula
and central opercular region of SII has been reported during tactile short-term and longterm memory tasks in humans (Burton & Sinclair, 2000). The posterior parietal cortex
receives projections from SI and SII (Disbrow, Litinas, Recanzone, Padberg, & Krubitzer,
2003; Friedman et al., 1986; Pons & Kaas, 1986), and thalamic nuclei (Friedman &
Murray, 1986). PPC in turn projects back to SII, premotor cortex, the limbic cortex, and
the superior temporal sulcus (Kaas, 2004).
2.2.2.5 Somatosensation for action.
Somatosensory information is used to guide ongoing behaviour and action, and
therefore is closely linked to the brain’s motor output systems (Darian-Smith, Galea, &
Darian-Smith, 1996). A simplified diagram of the cortical motor systems of the brain is
presented in Figure 2.4.
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Figure 2.4. A simplified diagram of the cortical motor systems of the brain. The motor
system comprises primary motor cortex (MI, Brodmann’s area, BA 4), and BA 6, which
lies rostrally to BA 4 and is divided into the premotor area (or premotor cortex) and the
supplementary motor area. The posterior parietal cortex, made up of Areas 5 and 7, plays
a role in voluntary movements, by receiving sensory inputs and using them to produce
internal models of movement. The parietal lobes are closely interconnected with
prefrontal areas, where decisions are made about what action to take (Dubuc, 2005) .

At an anatomical level, various interconnections have been demonstrated between
somatosensory and motor regions. For example, SII has been shown to project to
premotor cortex (Disbrow et al., 2003; Friedman et al., 1986). At the level of cortex, SI
and SII are connected with primary motor cortex (MI; BA 4) in a reciprocal, organised
manner, and each has a further projection to ipsilateral supplementary motor area (SMA)
(Jones & Powell, 1969a). Functional activation studies have commonly revealed
activation in motor areas (BA 4a, 4p, and 6) during performance of tactile tasks (Carey,
Abbott, Egan, & Donnan, 2008; Deuchert et al., 2002; Francis et al., 2000; McGlone et
al., 2002). At a behavioural level, recognising objects by touch is not passive, but
typically involves active exploration using finger and hand movements (Gibson, 1962).
The PPC, which has already been discussed in terms of its roles in object
recognition and attention, has also been identified as a key node for integrating
multisensory information to guide motor actions (Clower et al., 1996; Dijkerman & de
Haan, 2007; Kalaska, Scott, Cisek, & Sergio, 1997). There is considerable evidence that
the PPC is involved in the transformation of visual signals into motor commands
(Jeannerod, Arbib, Rizzolatti, & Sakata, 1995; Kalaska et al., 1997), and it is likely that it
also performs integration of information about limb movements with sensory information
about a target (Dijkerman & de Haan, 2007). The anterior intraparietal area (AIP) seems
to be involved in both perceptual object representation and exploratory finger movements,
so may act as an interface between perceptual and motor processes (Dijkerman & de
Haan, 2007).
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The cerebellum receives feedback from primary and nonprimary motor cortex and
has a well-established role in modulating motor output, largely via the thalamus
(Breedlove, Watson, & Rosenzweig, 2010). It is also now well accepted that the
cerebellum also participates in a variety of cognitive functions (Ivry, 2000; Molinari,
Filippini, & Leggio, 2002). Cerebellar nuclei have connections with prefrontal, parietal,
and sensory cortex as well as motor and premotor cortex (Krienen & Buckner, 2009;
O'Reilly, Beckmann, Tomassini, Ramnani, & Johansen-Berg, 2010). Evidence from
neurophysiological and neuropsychological lesion studies has highlighted comparison of
temporal and spatial information for sequence detection as a key feature of cerebellar
functioning (Molinari et al., 2008). Other suggested roles of the cerebellum include motor
learning and sensory processing (Breedlove et al., 2010; Molinari et al., 2002; Rizzolatti
& Wolpert, 2005; Wolpert, Miall, & Kawato, 1998). The cerebellum has also been linked
to somatosensory processing, for example Tesche and Karhu (2000) showed that the
cerebellum in humans is activated in anticipation of somatosensory events, even when
these events do not require overt motor responses. Somatosensory signals are important
for modifying postural reflexes and maintaining body stability, and this process involves
specific cerebellar regions (Manzoni, 2005). The cerebellum receives inputs from the
somatosensory system and guides movement by inhibiting excitatory neurons (Breedlove
et al., 2010). The cerebellum also receives afferents from the muscles, and it has been
suggested that this input may be used for computing predictive information about the
sensory consequences of action (Wolpert et al., 1998).
2.2.2.6 Vision and multisensory integration.
A critical stage of sensory perception is multisensory integration, the integration
of information from different senses (Sathian, 2006; Shimojo & Shams, 2001). During
multisensory integration, pieces of information arriving from the individual sensory
modalities (e.g. vision, audition, and touch) interact, influence processing in other sensory
modalities, and combine together to produce a unified experience of multisensory events
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(Talsma et al., 2010). Regions can be defined as “multisensory” if they receive afferent
connections from more than one sensory cortical area (Cappe & Barone, 2005; Jones &
Powell, 1970a), or if neural activation in the area is enhanced when cross-modal stimuli
are presented (Calvert, 2001). Multisensory processing involves extensive networks of
cortical and subcortical regions at early and late stages of processing, as has been shown
using neurophysiology, neuroimaging, and neuroanatomical techniques including eventrelated potentials (ERPs), fMRI, positron emission tomography (PET), single-cell
recordings, lesion studies, and retrograde tracing (McIntosh, Cabeza, & Lobaugh, 1998).
Key subcortical regions implicated in multisensory integration include the
thalamus (Cappe, Morel, Barone, & Rouiller, 2009; Crick, 1984) and superior colliculus
(May, 2006). The superior colliculus (SC) is a multilayered structure with visual,
auditory, and motor layers, that connects to motor regions to drive attention to actions
(Wallace, 2004). Superior colliculus has been shown to contain multisensory neurons
(Gordon, 1973; Stein & Meredith, 1993; Wallace, Wilkinson, & Stein, 1996), and is
involved in reflexive orienting of attention towards salient stimuli (Talsma et al., 2010).
At a cortical level, complex integration of somatosensory information from SI
with information from other senses, particularly vision has been shown to take place in
the posterior parietal cortex (PPC) (BA 5 & 7) (Bear et al., 2007; Burton et al., 1999;
Eimer & Forster, 2003; Johansen-Berg & Lloyd, 2000; Puce & Carey, 2010). The
intraparietal sulcus (IPS) has also been implicated in the attentional aspects of
multisensory integration (Calvert, 2001; Schroeder et al., 2003). Superior temporal sulcus
and gyrus have also been implicated, because neurons here are responsive to auditory,
visual, and somatosensory input (Hikosaka, Iwai, Saito, & Tanaka, 1988; Schroeder et al.,
2003). In addition the temporoparietal junction (TPJ) has been proposed as a site of
multisensory integration of visuospatial, vestibular and body-related signal – the
alignment of these signals generates and helps maintain an individual’s sense of bodily
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self (Blanke & Arzy, 2005). Multisensory learning also involves the prefrontal cortex
(Fuster, Bodner, & Kroger, 2000).
Multisensory processing is not simply hierarchical, and can show early influences
in primary sensory areas (Driver & Noesselt, 2008). For example, combined event-related
potential (ERP) and fMRI studies have indicated multisensory integration at early
processing between the tactile and visual (Amedi, Jacobson, Hendler, Malach, & Zohary,
2002), and somatosensory and auditory domains (Foxe et al., 2000). Secondary
processing areas within other modalities involve multisensory integration, for example
neurons in macaque secondary auditory cortex have also been shown to be responsive to
somatosensory stimulation (Fu et al., 2003).
Vision is intimately involved with somatosensory perception. The cortical visual
system is necessary for normal tactile perception and is active during neural processing of
tactile information (Blake, Sobel, & James, 2004; Ciganek, 1967; Macaluso, Frith, &
Driver, 2000; Pascual-Leone & Torres, 1993; Prather, Votaw, & Sathian, 2004; Reed,
Shoham, & Halgren, 2004; Sathian, 2005; Sathian, Zangaladze, Hoffman, & Grafton,
1997; Zangaladze, Epstein, Grafton, & Sathian, 1999). Visual regions that are active
during particular visual tasks have also been shown to be active during performance of
equivalent somatosensory tasks: for example, touching a rotating object, even when not
looking at it, reliably activated the middle temporal visual area, a brain region involved in
identifying structural information from motion (Blake et al., 2004). Similar findings have
been obtained with tasks involving perception of spatial location (Macaluso et al., 2000),
texture (Prather et al., 2004), the direction of symmetrical stimuli (gratings) (Sathian et
al., 1997), and object recognition (Reed et al., 2004). Behavioural evidence is also
consistent with cross-modal interaction between vision and touch; for example, a sudden
touch on one hand is reported to improve vision near that hand (Spence, Nicholls,
Gillespie, & Driver, 1998). Alternatively, focusing vision to a target hand or arm
enhances somatosensory perception (Fiorio & Haggard, 2005) not due to spatial orienting
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(Kennett, Taylor-Clarke, & Haggard, 2001) or attention alone (Taylor-Clarke, Kennett, &
Haggard, 2002). There may be some fundamental differences between the visual and
somatosensory systems. Whereas visual input enables simultaneous processing of
different stimuli and stimulus features, tactile exploration of stimuli occurs in a more
sequential manner (Saetti, De Renzi, & Comper, 1999).
2.2.2.7 Emotion and motivation.
Motivational, emotional and affective factors are important in somatosensory
perception. Such a concept has previously not been sufficiently addressed in the context
of recovery and rehabilitation poststroke – despite the fact that, as discussed earlier, mood
disorders are common after stroke (Linden et al., 2007; Pascoe et al., 2011; Robinson &
Starkstein, 2002). A distributed network of cortical and subcortical regions have been said
to be involved in emotional processes (Heller, 2004; LeDoux, 1996). In particular, the
amygdala is involved in processing physical responses to emotional stimuli (Damasio,
1996). Specifically, it has been shown to receive emotionally salient information from
multisensory nuclei in the thalamus (Smiley & Falchier, 2009), and may play a key role
in monitoring, updating and integrating sensory signals (Schaefer et al., 2006; Schaefer &
Gray, 2007). Thus the amygdala may be critical in integrating emotional and motivational
factors with the perception of sensory signals.
The anterior cingulate cortex (ACC), amygdala, and orbitofrontal cortex have
been proposed as key regions linking attention, emotion, and motivation (Raymond,
2009). The ACC may also play an important role in the regulation of bodily states of
arousal, to meet concurrent behavioural demands (Raymond, 2009). The ACC also
appears to be one of the most important brain mediators between sympathetic information
and brain activity (Iacovella & Hasson, 2011). The insula has been linked to subjective
awareness and affective processing of bodily signals (Craig, 2002), and has been found to
show correlated activity with high-frequency heart power, suggesting that it could be
involved in the representation of afferent information from the autonomic nervous system
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towards the cortex (Iacovella & Hasson, 2011). It has also been suggested to be a critical
node for the relay of somatosensory information from the parietal cortex to the amygdala
and hippocampus (Smiley & Falchier, 2009). Overall, it seems that these key regions –
the amygdala, ACC, orbitofrontal cortex, and insula – likely play a key role in assigning
emotional value to sensory information in order to guide behaviour (Damasio, 1996;
LeDoux, 1996; Raymond, 2009).
2.2.3

Neural correlates of somatosensory recovery after stroke
Brain imaging allows characterisation of the effects of a stroke on brain

functioning, how these changes correlate with behaviour, and how brain functioning
changes over the course of recovery. An ultimate aim is to predict which individuals will
benefit from rehabilitation and to target strategies accordingly. Many studies investigating
task-related changes in patients after stroke have used fMRI. Other commonly used
noninvasive techniques include electroencephalography (EEG) (a measure of electrical
signals from the brain, usually through electrodes placed on the scalp),
magnetoencephalography (MEG) (a measure of small changes in the magnetic field on
the surface of the scalp, resulting from the electrical activity of neuronal populations), and
transcranial magnetic stimulation (TMS) (a method of modulating brain activity in a
localised area by using pulsating magnetic fields on the scalp to interfere with the normal
electrical activity of neurons) (Carey & Seitz, 2007; Ward, 2007). Studies using these
techniques have demonstrated that functionally relevant brain reorganisation occurs in
stroke patients (Butefisch et al., 2006; Carey et al., 2002; Loubinoux et al., 2003; Tecchio
et al., 2007; Ward, 2006; Ward, Brown, Thompson, & Frackowiak, 2003a).
To date neuroimaging research of stroke recovery has largely focused on motor
recovery. A comprehensive review of developments in this area is well beyond the scope
of this thesis and has been provided by other authors (Calautti & Baron, 2003; JohansenBerg, 2007; Seitz et al., 2004; Ward, 2007). However, several consistent findings have
emerged. Firstly, stroke patients tend to show local reorganisation of primary motor

38
cortex (MI) (Carey & Seitz, 2007; Johansen-Berg, 2007; Rossini et al., 2007). Similarly, a
greater degree of recovery has typically been shown to be associated with a return
towards “normal” patterns of activation (Calautti, Leroy, Guincestre, & Baron, 2001;
Carey et al., 2006; Marshall et al., 2000; Ward et al., 2003a). In contrast, patients who
show a lesser degree of recovery more commonly show more atypical brain activity
patterns, such as recruitment of the contralesional hemisphere (Johansen-Berg,
Rushworth, et al., 2002; Schaechter & Perdue, 2008; Turton, Wroe, Trepte, Fraser, &
Lemon, 1996; Ward et al., 2003a). Several studies have shown that motor impairment and
recovery appear to involve increased activity in more distributed regions such as
secondary sensorimotor areas, the opposite hemisphere to the lesion (contralesional
hemisphere), and distributed networks (Carey et al., 2006; Carey & Seitz, 2007;
Johansen-Berg, 2007; Rossini et al., 2007; Ward, Brown, Thompson, & Frackowiak,
2003b). For example, parietal areas such as inferior parietal cortex (IPC), and premotor
cortex have been found to show increased activation with motor recovery (JohansenBerg, Dawes, et al., 2002; Loubinoux et al., 2003; Nelles, Jentzen, Jueptner, Muller, &
Diener, 2001; Nelles et al., 1999; Tombari et al., 2004).
By comparison, less is known about somatosensory recovery after stroke, with
neuroimaging studies mostly limited to case reports or small samples, typically of patients
with thalamic lesions (Carey et al., 2002; Remy et al., 1999; Staines, Black, et al., 2002;
Taskin et al., 2006; Weder et al., 1994). Only a few studies have investigated changes
over time (Carey et al., 2002; Staines, Black, et al., 2002; Wikstrom et al., 2000). A few
studies have reported that recovery of somatosensory function is associated with patterns
of activation in primary somatosensory areas that resemble those seen in healthy controls.
For example, activation in ipsilesional primary somatosensory cortex (SI) has been
reported to be relatively spared in patients with mild impairment (Remy et al., 1999;
Staines, Black, et al., 2002). In longitudinal studies, return of ipsilesional SI activation
has been shown to be associated with improved somatosensory perception (Carey et al.,
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2002; Staines, Black, et al., 2002; Wikstrom et al., 2000). For example, a return of
activation within the ipsilesional primary somatosensory (SI) and bilateral secondary
somatosensory (SII) cortices was noted in a patient with an infarct involving the lateral
left thalamus, who showed good somatosensory recovery (Carey et al., 2002). Staines,
Black, et al. (2002) used fMRI to study four patients with thalamocortical strokes, and
found that enhanced primary somatosensory cortex activation in the stroke-affected
hemisphere occurred in conjunction with improved tactile detection. Likewise, Wikstrom
et al. (2000) reported that increased amplitude of early somatosensory evoked fields
(SEFs) at the contralateral SI in response to median nerve simulation was associated with
recovery of two-point discrimination (the ability to discern that two nearby objects
touching the skin are truly two distinct points, not one) in stroke patients.
Whilst relative “normalisation” of brain activity in somatosensory networks (SI
and SII) in both hemispheres seems to underlie good clinical recovery, patients with more
severe impairments have been shown to recruit atypical attentional and multisensory
brain regions to accomplish successful task performance (Carey, Abbott, et al., 2011;
Carey et al., 2002; Taskin et al., 2006; Tecchio et al., 2006; Weder et al., 1994). In a
small early PET study of five patients after subcortical stroke, Weder et al. (1994)
reported activation across bilateral sensorimotor cortex and more distributed regions such
as premotor cortex and cerebellum, with poor task performance found to correlate with
bilateral sensorimotor cortex activation. Tecchio et al. (2006) used MEG to study 18
patients at the acute (5 days) and post-acute (6 months) stages after stroke, and reported
that excessive inter-hemispheric asymmetry correlated with a greater degree of clinical
improvement over time in those patients who showed partial recovery. Taskin et al.
(2006) reported reduced activation of ipsilesional SI with preserved responsiveness of
secondary somatosensory cortex (SII) in six patients who had suffered thalamic strokes.
More recently, a study into the relationship between touch impairment and cortical and
subcortical stroke in somatosensory areas revealed that the neural correlates of touch
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impairment in patients with subcortical stroke involved a distributed network of
ipsilesional SI and SII, contralesional thalamus, and frontal attention networks (Carey,
Abbott, et al., 2011).
2.2.4

Attention and motivation in rehabilitation
Attention is essential for learning. Attention modulates neural plasticity and is

necessarily involved in new learning and laying down new memory traces (Ahissar,
Abeles, Ahissar, Haidarliu, & Vaadia, 1998; Goldstone, 1998; Jagadeesh, 2006; Mukai et
al., 2007; Ngezahayo, Schachner, & Artola, 2000; Noppeney, Waberski, Gobbele, &
Buchner, 1999; Polley, Steinberg, & Merzenich, 2006; Sathian & Burton, 1991). During
perceptual learning, variables such as task complexity (Ahissar & Hochstein, 1997),
novelty (Straube, Korz, & Frey, 2003), and motivation and reward (Blake, Heiser,
Caywood, & Merzenich, 2006) have been shown to influence the nature and degree of
learning that occurs. Attention is also key to successful perception of sensory information
(Sathian & Burton, 1991).
At a neural level, attention selectively enhances the single cell responses
conveying information about relevant sensory attributes (Burton & Sinclair, 2000)
through enhanced neuronal responses to relevant stimuli (Lamme, 2000; Mountcastle,
Andersen, & Motter, 1981), suppressed responses to distracting stimuli (Burton &
Sinclair, 2000), and enhanced synchronization of activity (Alonso, Usrey, & Reid, 1996;
Azouz & Gray, 2000; Fries, Reynolds, Rorie, & Desimone, 2001; Larkum, Zhu, &
Sakmann, 1999; Usrey, Alonso, & Reid, 2000). The reticular nucleus of the thalamus
receives inhibitory inputs from novelty-activated ascending cholinergic brainstem
pathways, and it has been suggested that during periods of arousal, the suppression of the
reticular nucleus would enhance cortical plasticity (Kaas & Ebner, 1998; Kaas, 1999).
Attention is also associated with the activation of modulatory neurotransmitters such as
acetylcholine (Bear & Singer, 1986). Overall, the changes in brain activity associated
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with arousal and attention create an environment in which permanent learning can best
occur.
The brain’s attention systems are vital in compensating for the impairment of
function-specific brain areas due to ageing or injury (Ferdon & Murphy, 2003; Madden,
Whiting, Provenzale, & Huettel, 2004; Maruishi, Miyatani, Nakao, & Muranaka, 2007;
Minati, Grisoli, & Bruzzone, 2007). For example in healthy older adults, performance of
novel cognitive and motor tasks is associated with increased activation in areas related to
sensory perception and integration, such as the anterior insula, frontal operculum,
superior temporal gyrus, supramarginal gyrus, and prefrontal cortex, compared to
younger controls (Grady, 1996; Grady, McIntosh, & Craik, 2005; Heuninckx, Wenderoth,
& Swinnen, 2008; Ward & Frackowiak, 2003). It has been claimed that this heightened
activation represents compensation for age-related changes such as shrinkage of gray
matter volume, white matter loss, and cholinergic and dopaminergic declines (ReuterLorenz & Lustig, 2005; Wingfield & Grossman, 2006). Similarly in a study of patients
with diffuse axonal injury, Maruishi et al. (2007) reported that patients showed greater
activation of the right prefrontal area when carrying out a working memory task at similar
performance levels to controls, presumably because more attentional resources were
required to maintain the same standard of performance. In stroke patients, it is well
established that increased attention is required for previously simple tasks such as
walking (Bowen et al., 2001; Haggard, Cockburn, Cock, Fordham, & Wade, 2000;
Jueptner et al., 1997; Rowe, Friston, Frackowiak, & Passingham, 2002). Hence it is likely
that better rehabilitation will be seen after training with techniques that endeavour to
utilise and enhance this essential feature of learning.
Given that attention abilities are critical for new learning and memory (Goldstone,
1998; Mukai et al., 2007; Polley et al., 2006), and that attention networks and greater
blood flow may need to be recruited to compensate for reduced function in specific brain
areas (Ferdon & Murphy, 2003; Madden et al., 2004; Minati et al., 2007), it is not
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surprising that attention skills have been shown to predict outcome after stroke.
Specifically, retained attentional abilities such as sustained concentration (Robertson,
Ridgeway, Greenfield, & Parr, 1997), ability to shift attention between several salient
stimuli (McDowd, Filion, Pohl, Richards, & Stiers, 2003), and working memory capacity
(Malouin, Belleville, Richards, Desrosiers, & Doyon, 2004) strongly predict patients’
potential to benefit from rehabilitation and their long-term functional improvement on
physical and social outcomes (McDowd et al., 2003; Nys et al., 2005; Robertson et al.,
1997). Conversely, deficits in executive skills such as initiation, abstract thinking, setshifting and idea generation, identified using a clinical screening battery 1-2 weeks
poststroke, have been found to predict poor functional outcome a year after stroke
(Lesniak et al., 2008). Motivation is the process that makes an organism work to obtain a
reward or avoid punishment, and is another important aspect of stroke recovery.
Emotional and motivational factors have been reported to improve perception and
enhance the perceptual benefits of attention (Mesulam, 1998; Pessoa, 2008; Phelps, Ling,
& Carrasco, 2006; Raymond, 2009).
In line with these findings, attention, emotional factors, and motivation and goals
are critical components of many stroke rehabilitation training programs (Carey, 2006;
Shaughnessy & Resnick, 2009; Yekutiel, 2000), although perhaps have not been explored
as well as possible. With regards to somatosensory retraining after stroke, attentive
exploration of stimuli, deliberate use of attention and anticipation, use of motivating and
meaningful tasks, use of stimulus discriminations ranging from easy to difficult, and
provision of feedback are key components of training of perceptual discrimination (Byl et
al., 2003; Carey & Matyas, 2005; Carey et al., 1993; Yekutiel, 2000; Yekutiel &
Guttman, 1993). These features have been shown under controlled and quasiexperimental conditions to be central to successful retraining of somatosensory
discrimination (Carey, 2006).
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2.2.5

Beyond the lesion: Brain networks in recovery after stroke
Over the past century, study of the human brain has been characterised by two

seemingly opposite, yet complementary, views of human brain functioning. The first is
that of localisation, or functional specialisation: the idea that cognition can be divided
into biologically separable components, with focus on mapping the neural “location” of
various psychological functions (Banich & Weissman, 2000; Lashley, 1929). Examples
of functional specialisation include the identification of localised areas such as those used
for motion detection or face recognition (Cabeza & Nyberg, 2000). This approach has its
roots in the lesion analysis studies of the early twentieth century, and has gained
momentum in recent decades with the advent of functional brain imaging. The second
view, and one that is now well recognised, is that the brain operates through the action of
widely distributed and highly parallel functional brain networks (Banich & Weissman,
2000; He, Shulman, et al., 2007; Mesulam, 2000). For example, distributed brain
networks are involved in the various aspects of attention and working memory (Corbetta,
1998; Corbetta & Shulman, 2002; Fan, McCandliss, Fossella, Flombaum, & Posner,
2005), as well as the successful perception and integration of sensory information
(Mesulam, 1998). Knowledge of the interconnected nature of brain functioning is now
well integrated into theoretical models of brain functioning and to some degree into
neuroimaging studies of recovery after brain injury.
In stroke patients, knowledge of lesion site alone is often not adequate to allow
reliable predictions about how distributed brain networks may have been interrupted by a
lesion, and what the generalised functional effects of this interruption might be (Carey &
Seitz, 2007; He, Snyder, et al., 2007). This idea is reflected in the term diaschisis, first
coined by von Monakow in 1914, which refers to clinical deficits related to functional
changes in an area remote from the lesion site (Finger, Koehler, & Jagella, 2004; von
Monakow, 1914). More recently, this term has also been invoked to describe
neurophysiological observations of lowered activity, or depressed metabolic function,
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within undamaged brain areas anatomically distant from but functionally connected to the
lesion area (Baron, Bousser, Comar, & Castaigne, 1980; Brodtmann, Puce, Darby, &
Donnan, 2007; Feeney & Baron, 1986; Mountz, 2007; Nomura et al., 2010). The impact
of a stroke on brain functioning and behaviour can only be fully understood by taking a
broader view beyond the immediate lesion site.
Understanding the residual capacity of distributed brain networks is critical to
understanding long-term improvement after stroke (He, Shulman, et al., 2007; Seitz,
Azari, et al., 1999; Seitz et al., 2004). Brain functioning is best understood as the result of
coordinated activity across multiple brain regions and networks (Felleman & Van Essen,
1991; Goldman-Rakic, 1988; McIntosh, 2000; Mesulam, 2000). The use of imaging
methods to study connections in the living human brain has increased rapidly in recent
years as relevant techniques have become more widely available. Simplified network
models of recovery of motor function (Carey & Seitz, 2007; Ward & Cohen, 2004) and
neglect (Corbetta et al., 2005) have been proposed based on neuroimaging and
neurophysiological studies of stroke patients. These models identify interruption to brain
networks that underlie impairment, and propose how therapy may help to re-establish
connections or target new networks. The overview of the somatosensory system provided
earlier in this chapter could allow similar predictions about the brain networks that might
be involved in somatosensory impairment and recovery of somatosensory processing for
action and object recognition after stroke.
2.2.6

Summary and conclusion
In summary, poststroke recovery is likely mediated by learning and neural

reorganisation (Azari & Seitz, 2000; Nudo, 2003) within distributed brain networks
(Carey & Seitz, 2007; He, Snyder, et al., 2007; Seitz et al., 2004). Models of network
connectivity such as the one proposed here for the somatosensory system (see Figure 2.3)
could be applied to predict potential targets for somatosensory recovery. These models
integrate understanding about the role of related functions, such as visually driven
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attention, multisensory integration, learning, and emotion and motivation, in
somatosensory recovery. Potentially, the integrity of somatosensory and attention
networks, and their connections with multisensory pathways and circuits involved in
attention and motivation may predict a person’s level of impairment and capacity to
benefit from rehabilitation of touch sensation. Further research is needed to better
describe the role of distributed brain networks in the recovery of touch sensation.
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Part B
Resting-state functional connectivity analysis: Insights into brain networks
and their relationship to behaviour
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2.3

Preface

As discussed in Section A of this chapter, rehabilitation can be effective to some
degree after stroke and is likely mediated by the mechanisms of neural organisation and
eventual plasticity that underlie any permanent learning and behavioural change. A stroke
usually causes widespread disruption to an area, the fibres of passage and associated
functional brain networks. Network models of stroke recovery can help guide predictions
about potential routes for recovery and rehabilitation, such as by identifying viable
connections. A simplified model for the somatosensory system was outlined in Section A
of Chapter 2, which incorporated current understanding of the role of visually driven
attention, multisensory integration, learning, and emotion and motivation, in
somatosensory recovery. It is hypothesised that the integrity of connections within the
somatosensory system, and with multisensory pathways and circuits involved in attention
and motivation, will predict a person’s level of impairment and capacity to benefit from
rehabilitation of touch sensation. Further research is needed to better understand the role
of distributed brain networks in the recovery of touch sensation. In the following chapter,
functional connectivity analysis, a method that is commonly used to study networks in the
living human brain, and will be used in the experimental chapters of this thesis, is
reviewed.

49
2.4

Abstract

A thorough understanding of behavioural recovery after brain injury such as stroke
requires a network-based understanding of brain function. This can be investigated using
functional connectivity analysis of functional magnetic resonance imaging data (fcMRI).
fcMRI is the investigation of spontaneous correlated low frequency fluctuations of the
BOLD signal over time in various distributed brain areas. The method has been used to
identify well-known networks of brain regions, such as those related to attention and
motor skills. These functional connectivity networks are reported to be related to
behavioural performance, and to show changes associated with learning, development,
and disease. Functional connectivity analysis of data obtained during a task-free or
“resting” state (rs-fcMRI) is increasingly being used with patient groups such as in
diagnosis, characterising disease effects, and prognostic predictions, and has been said to
have potential for identification and monitoring of diseases. However, many questions
and issues remain unanswered. For example, how are the terms “resting state” and
“resting-state networks” defined? Is this technique reliable across individuals and over
time, and how might it be influenced by methodological differences? What aspect of
brain function does resting-state functional connectivity actually measure? This section
considers the advantages and limitations of resting-state functional connectivity analysis.
It is concluded that resting state functional connectivity analysis represents a potentially
valuable method for characterisation of brain networks in patient populations, but issues
relating to methods and interpretation remain active areas of research.
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2.5

Resting-state functional connectivity analysis: Insights into brain networks
and their relationship to behaviour

2.5.1

How do we measure brain networks?
Understanding the biological basis of neurological and psychiatric illnesses is an

important research focus (Murray et al., 2004; Stein, 2000). The brain works through the
complex communication of many networks (Banich & Weissman, 2000; Mesulam, 2000),
and understanding how changes in these networks are associated with the development of
and recovery from illness may help in the design of interventions. For example, some
rehabilitation techniques target alternative, intact brain networks. The past decade has
seen an explosion in the availability and use of brain imaging techniques to indirectly
measure connectivity (connections among brain elements) in the living human brain.
Functional connectivity analysis of functional magnetic resonance imaging data (fcMRI)
is one such example gaining favour as a useful research tool. In this chapter the potential
of this technique as an outcome measure in neurological and psychiatric diseases,
particularly stroke, is reviewed.
The three main types of connectivity in the brain have been classed as anatomical,
functional, and effective connectivity – all of which can be measured using a number of
different methods (Sporns, 2010). Anatomical, or structural connectivity refers to the
presence of anatomical or physical links that directly connect different areas of the brain.
Anatomical connections can be individual synapses between single neurons, or axonal
projections or fibre pathways between neural populations or brain regions (Sporns, 2010).
Traditionally, anatomical connections in the brain have been studied using histological
tract-tracing techniques with animals such as the macaque (Felleman & Van Essen, 1991;
Jones & Powell, 1970a; Kotter, 2004) and in postmortem human brains (Tardif & Clarke,
2001). More recently, anatomical connectivity has also begun to be measured using
neuroimaging techniques called diffusion-based tractography. These techniques take
advantage of the restricted diffusion of water through myelinated nerve fibres (white
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matter tracts) in the brain to noninvasively infer the anatomical connectivity between
brain areas (Bressler & Menon, 2010; Johansen-Berg, Scholz, & Stagg, 2010;
Rykhlevskaia et al., 2008). The most widely used analysis approach is the diffusion tensor
model, but this method only captures a single diffusion direction per voxel, so cannot
account for crossing fibres (Behrens, Woolrich, et al., 2003; Pan et al., 2011). More
advanced acquisition and reconstruction algorithms to model the diffusion process have
been developed. These algorithms allow better resolution of the problem of multiple
diffusion directions within a voxel, such as high angular resolution diffusion imaging
(Tuch et al., 2002), q-ball imaging (Tuch, 2004), diffusion spectrum imaging (Wedeen,
Hagmann, Tseng, Reese, & Weisskoff, 2005), and spherical deconvolution (Tournier,
Calamante, & Connelley, 2007).
Use of diffusion-based tractography techniques has led to confirmatory advances
such as the division of the human thalamus on the basis of its connections to the cortex
(Behrens, Johansen-Berg, et al., 2003), and creation of a probabilistic atlas of the human
thalamus based on these cortical connectivity divisions (Johansen-Berg et al., 2005). The
potential clinical applications of diffusion-based tractography have been reviewed
elsewhere in more detail (Ciccarelli, Catani, Johansen-Berg, Clark, & Thompson, 2008;
Yamada, Sakai, Akazawa, Yuen, & Nishimura, 2009). In stroke research, diffusion-based
tractography has been used to identify regions of Wallerian degeneration along pathways
downstream from the stroke-affected region (Pierpaoli et al., 2001), to relate tract
involvement to clinical outcomes (Konishi et al., 2005), and to explain symptoms by
identifying which pathways have been interrupted (Bird et al., 2006; Catani, Jones, &
Ffytche, 2005).
Anatomical connectivity imaging methods can also be informed by the functional
connectivity methods that will be the focus of this review. Functional connectivity
analysis measures correlated low temporal frequency fluctuations in activity over time in
different parts of the brain, and can be performed on data collected using various
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techniques such as electroencephalography (EEG), positron emission tomography (PET),
and functional magnetic resonance imaging (fMRI) (Friston, 1994; Horwitz, 2003)
(example in Figure 2.5). In the case of fMRI, functional connectivity measures
spontaneous, low frequency (0.01-0.08 Hz) correlated fluctuations in the blood
oxygenation level dependent (BOLD) signal among spatially distributed brain regions
(Buchel & Friston, 1997; Friston et al., 1993; Meyer-Lindenberg et al., 2001; Patel,
Bowman, & Rilling, 2006). Functional connectivity is commonly assessed by identifying
a seed region or regions of interest (ROI) in the brain, and correlating the timecourse of
activity in that region with the activity in the rest of the brain (see example in Figure 2.5).
Functional connectivity can be measured during task performance to identify activated
networks (Sun, Miller, & D’Esposito, 2004), or during a “resting state”, when a subject is
not performing any particular nominated task arising from outside of the brain itself. A
related technique is effective connectivity, which is said to measure the influence one
neural system exerts over another either directly or indirectly (Buchel & Friston, 2001;
Friston et al., 1993; Patel et al., 2006; Peltier et al., 2007). The following discussion will
focus largely on functional connectivity of MRI data (fcMRI), which is the most widely
used technique.
2.5.1.1 Spontaneous brain activity: “The life of the brain”.
It was suggested almost a century ago that the brain’s operations are mainly
intrinsic (or “spontaneous”, “endogenous”), originating from within the brain and
occurring even in the absence of overt behaviour or external stimuli (Brown, 1914;
Raichle, 2011). As has been pointed out by Raichle and colleagues, the greatest part of
the brain’s energy consumption is expended on its intrinsic activity, such as cell
metabolism and base firing rates of neurons (Raichle, 2006; Raichle & Gusnard, 2002).
This spontaneous activity has been said to represent “the life of the brain” (Kinsbourne,
2000, p. 14).
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Rather than being random, this spontaneous activity exhibits organised,
synchronised patterns (Deco et al., 2011). This spontaneous, synchronised brain activity
was first described using EEG earlier in the 20th century (Gloor, 1969), and it has been
shown that there are a number of intrinsic rhythms of alpha, beta, gamma and delta
frequencies (Salek-Haddadi, Friston, Lemieux, & Fish, 2003). This finding has since been
repeatedly confirmed using a variety of techniques including electrophysiology, PET, and
fMRI (Arieli, Sterkin, Grinvald, & Aertsen, 1996; Biswal et al., 1995; Buzsaki &
Draguhn, 2004; Edelman, 2003; Fries, Nikolic, & Singer, 2007; Fries et al., 2001; Friston
et al., 1993; Llinas, 1988; Lorincz, Geall, Bao, Crunelli, & Hughes, 2009; Lowe, Mock,
& Sorenson, 1998; Peters, Barnhardt, & O'Donnell, 2004; Raichle et al., 2001; Shulman
et al., 1997). An example of resting-state functional connectivity of the somatosensory
system revealed using fMRI is shown in Figure 2.5.

54

Figure 2.5. An example of seeded functional connectivity analysis within the human
somatosensory system. A: A task-based activation study using a somatosensory task.
Results are those obtained for one individual subject. Activation (increased BOLD signal
relative to baseline condition) in the left hemisphere primary somatosensory cortex (SI) is
seen to occur during attended tactile stimulation of the right hand fingertips (from Carey,
Abbott, Egan, et al., 2008). These results are used to define the seed region for functional
connectivity analysis. B: Functional connectivity analysis of data obtained during a
resting state, for a single individual. The average timecourse of the low frequency BOLD
signal fluctuations in the left SI seed region is extracted and correlated with the
timecourses of all other voxels in the brain. The network on the right illustrates all voxels
whose activity was significantly correlated with the left SI seed (from Chapter 3).
As can be seen in Figure 2.5, brain areas that are active at the same time during
performance of a particular task tend to show correlated activity over time even in the
absence of task performance (Corbetta et al., 2008). Functional connections have now
been identified that reflect relationships between regions known to be involved in a broad
range of different tasks, including perception (Gavrilescu et al., 2010; Nir, Hasson, Levy,
Yeshurun, & Malach, 2006) (see also Figure 2.5), attention (Dosenbach et al., 2007),
language (Waites, Briellmann, Saling, Abbott, & Jackson, 2006), and motor output
(Biswal et al., 1995). Task-induced activation analysis only identifies the responses from
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specific brain areas active during performance of the task of interest (Fornito & Bullmore,
2010), whereas functional connectivity can detect relationships between the networks
connected to a specific brain region, or from many networks (Arfanakis et al., 2000;
Beckmann, De Luca, Devlin, & Smith, 2005). This approach allows the characterisation
of what have variously been termed intrinsic connectivity networks, or resting-state
networks: functional connectivity networks that are identifiable even in the absence of
overt task performance (Greicius, Krasnow, Reiss, & Menon, 2003; Raichle & Snyder,
2007). In this chapter the term functional connectivity networks will be used to describe
the patterns of connectivity between regions of interest (ROIs) within spatially distributed
brain networks, either at “rest” or during a given task.
2.5.1.2 Defining “rest”.
A “resting state” typically describes a situation in which a participant is awake
but not performing any specified task or responding to overt stimuli. Other terms used to
describe a similar state include spontaneous, intrinsic, model-free, task-independent and
steady state (Fox & Raichle, 2007; Newton, Morgan, Rogers, & Gore, 2010; Rogers,
Morgan, Newton, & Gore, 2007). An obvious benefit of acquiring data during a resting
state with patient populations is that brain networks can be characterised even in
individuals who may be unable to perform a particular task. Not relying on a particular
task may also help control for potential confounds between patient and control groups,
such as heightened arousal levels in stroke patients during task performance (Price &
Friston, 2002).
However, “rest” is difficult to define. Realistically it is not possible to fully
control the wide variety of cognitive and sensory events that may take place during such a
condition (Christoff, Gordon, Smallwood, Smith, & Schooler, 2009; Mason et al., 2007).
In addition, many reports of “resting-state” analysis have actually been collected in
studies incorporating passive visual stimulation, instructed or self-initiated changes in
mental state or focus, or occurring immediately following some other experimental
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manipulation (Cole et al., 2010). These factors can influence the results obtained (Albert,
Robertson, & Miall, 2009; Lewis, Baldassarre, Committeri, Romani, & Corbetta, 2009).
As such the use of phrases such as “resting state” is problematic, and black and white
distinctions between “task-related” and “resting” states may be too simplistic.
2.5.2

Interpretation of resting-state functional connectivity: Just “mindwandering”?
One suggested interpretation of resting-state functional connectivity networks is

that they reflect activity associated with internally directed cognitive operations or
transient psychological states such as “mind wandering”—thoughts that occur
independently of specified external stimuli (Deco et al., 2011; Mason et al., 2007). This
interpretation is based in part on the finding that functional connectivity networks are not
static, but instead show changes associated with conscious state (Boly et al., 2009;
Horovitz et al., 2009; Martuzzi, Ramani, Qiu, Rajeevan, & Constable, 2010;
Vanhaudenhuyse et al., 2010; Vincent et al., 2007) and behavioural performance (Albert
et al., 2009; Lewis et al., 2009). In addition, stronger functional connections have
typically been observed during an alert, awake state compared to correlated fluctuations
observed during sleep or sedation (Greicius et al., 2008; Horovitz et al., 2008).
Nevertheless, these networks do show broadly the same patterns of connections
across different states of consciousness ranging from active task performance (Eckert et
al., 2009; Fair et al., 2007; Golland et al., 2007), to light non-REM sleep (Fukunaga et al.,
2006; Horovitz et al., 2008; Larson-Prior et al., 2009), to light sedation (Greicius et al.,
2008) and coma-like vegetative states (Boly et al., 2009). Functional networks have even
been demonstrated in the brains of anaesthetised monkeys at levels of general anaesthesia
known to induce profound loss of consciousness (Vincent et al., 2007). The continued
presence of the majority of these networks during states of profound unconsciousness
suggests that functional connectivity networks cannot solely reflect “mind wandering”
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(Deco et al., 2011; Mason et al., 2007), and must also to some degree reflect a
fundamental physiological property of the brain.
2.5.2.1 Noise or neurons?
An early criticism concerning the validity of resting-state functional connectivity
was that the spontaneous fluctuations of brain activity might be related to “non-neuronal”
fluctuations—changes in blood oxygen due to fluctuations in cardiac rate, respiration, and
CO2 levels, rather than the action of specific neural populations (Birn, Diamond, Smith,
& Bandettini, 2006; Fornito & Bullmore, 2010; Obrig et al., 2000; Wise, Ide, Poulin, &
Tracey, 2004). However, the large-scale structure of functional connectivity networks
remains intact after correcting for these physiological signals (Birn et al., 2006; Birn,
Murphy, & Bandettini, 2008; Chang & Glover, 2009a). Also, spontaneous BOLD
correlations mainly occur at lower frequencies (around 0.01-0.08Hz), with minimal
contribution from higher frequency cardiac and respiratory oscillations (Cordes et al.,
2001; Cordes et al., 2000). Thus resting-state functional connectivity cannot be attributed
to physiological noise or signal artefacts alone (Cordes et al., 2001; De Luca, Beckmann,
De Stefano, Matthews, & Smith, 2006).
The question remains: what does functional connectivity represent? There is
growing evidence that the fMRI BOLD signal is correlated with local field potentials
(LFPs): electric potentials generated by a local population of neurons, resulting from the
flow of current in the extracellular space in the pre- and postsynaptic terminals (Khader,
Schicke, Roder, & Rosler, 2008; Logothetis, 2008; Raichle & Mintun, 2006). In
monkeys, variations in LFPs have been found to display large low-frequency fluctuations
(below the 0.1Hz range) (Leopold, Murayama, & Logothetis, 2003). This is the same
frequency domain containing greatest power in the resting-state functional connectivity
signal (Cordes et al., 2001). In work directly correlating spontaneous BOLD signal
fluctuations with neurophysiological measures, BOLD fluctuations demonstrated a strong
correlation with simultaneously measured fluctuations in neuronal spiking rates, multiunit
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activity, and LFPs (Shmuel & Leopold, 2008; Shmuel et al., 2002). Evidence from
humans provides further support for the correlation between BOLD fluctuations and
neuronal activity. Using electrocorticography (ECoG) (direct electrophysiological
measurements from the brain’s surface), Nir et al. (2008) found strong correlations
between spiking activity and LFP fluctuations of electrodes placed in left and right
auditory cortex. This pattern is highly similar to the strong functional connectivity
observed between interhemispheric homologues in resting-state functional connectivity
analysis (Stark et al., 2008). Similarly He, Snyder, Zempel, Smyth, and Raichle (2008)
found that slow cortical potentials recorded using ECoG had a correlation structure
similar to that of spontaneous BOLD fluctuations, across different conscious states
(wakefulness, slow-wave sleep, and rapid-eye-movement sleep). Measurements using
magnetoencephalography (MEG), a technique whose signals are known to be of known
neural origin, have also shown slow (<2 Hz) spontaneous correlated fluctuations over
time within distributed functional networks that resemble known fMRI functional
connectivity networks, although only in one hemisphere (de Pasquale et al., 2010).
Together these findings support the argument that functional connectivity networks are
fundamentally a neuronal, rather than vascular, phenomenon (He et al., 2008; Meltzer,
Negishi, Mayes, & Constable, 2007; Nir et al., 2007; Shmuel & Leopold, 2008; Shmueli
et al., 2007; Xiong, Parsons, Gao, & Fox, 1999).
2.5.2.2 Overlap with structural connectivity.
Functional connectivity networks appear to overlap with known structural
connections in the brain. Strong associations between anatomical and functional
connections have been revealed using combined resting-state functional connectivity and
tract tracing techniques with monkeys (Vincent et al., 2007). Likewise, combined restingstate functional connectivity and diffusion-imaging based anatomical connectivity
techniques with humans have shown a good degree of overlap between anatomical and
functional connections (Damoiseaux & Greicius, 2009; Greicius, Supekar, Menon, &
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Dougherty, 2009; Hagmann et al., 2008; Honey et al., 2009; Koch, Norris, & HundGeorgiadis, 2002; Skudlarski et al., 2008; van den Heuvel, Mandl, Luigjes, & Hulshoff
Pol, 2008; van den Heuvel, Mandl, Kahn, & Hulshoff Pol, 2009; Zalesky & Fornito,
2009). However, the relationship is not one-to-one, with functional connectivity often
revealing connections between regions sharing little or no known direct structural
connection (Damoiseaux & Greicius, 2009; Fransson & Marrelec, 2008; Greicius et al.,
2009; Honey et al., 2009; Vincent et al., 2007; Zhang et al., 2008), such as between left
and right primary visual cortices (Vincent et al., 2007) and between the thalamus and
contralateral cortical regions (Zhang et al., 2008). Some authors have suggested that as
well as monosynaptic pathways, functional connectivity reflects indirect structural
connections mediated by polysynaptic pathways (Buckner, 2010; Honey et al., 2009).
Perhaps the best explanation at this stage is that anatomical connections enable functional
connections to emerge, but a number of possible functional connectivity patterns can be
expressed around the same anatomical skeleton (Deco et al., 2011). As such, resting-state
functional connectivity analysis may be sensitive to functional connections mediated by
indirect structural connections, but it is difficult to make absolute predictions about
functional connections based purely on anatomy.
2.5.2.3 Causality.
One difficulty in interpreting functional connectivity is that it does not permit
interpretations about the direction of communication between brain areas. Because
functional connectivity is a correlational measure, there is no capability to reveal the
direction of neuronal projections, and whether they are direct or indirect (Arfanakis et al.,
2000). Several alternative analysis techniques encompassed by effective connectivity do
provide some ways to infer causal connections in networks, such as Dynamic Causal
Modelling (Friston, Harrison, & Penny, 2003) and Bayesian Network modelling (Ramsey
et al., 2010). A review of these different techniques is beyond the scope of this chapter
and can be found in other publications (Friston, 2011; Rowe, 2010). Effective
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connectivity measures typically pose more analytical challenges than do functional
connectivity measures, and require a more detailed model of network connections that
specify the direction of relationships. Much of the brain’s information processing is
dynamic, reciprocal, and can occur in multiple directions (Kinsbourne, 2000), making it
difficult to specify the direction of interactions between brain regions. In many cases
functional connectivity is a sufficient and more straight-forward approach to generate or
test hypotheses that do not specify the direction of connections (Rowe, 2010). Functional
connectivity can be particularly useful if a system is relatively unknown, and requires an
exploratory approach (Grefkes & Fink, 2011; Stephan, 2004).
2.5.3

Functional connectivity networks and behaviour
Although resting-state functional connectivity networks are typically observed in

the absence of specified tasks or stimuli, they are closely tied to task performance, and
have been shown to be associated with, predictive of, and able to be modified by
behavioural performance (Fox, Snyder, Vincent, & Raichle, 2007; Hampson, Tokoglu, et
al., 2006; Waites, Stanislavsky, Abbott, & Jackson, 2005). A consensus seems to be
emerging that the brain’s spontaneous, self-organising activity may well reflect the
acquisition and maintenance of information for interpreting, responding to, and predicting
environmental demands (Bar, 2011; Brown, 1914; Buckner, 2010; Raichle, 2011).
2.5.3.1 The “Default Mode” network (DMN) and behaviour.
Some regions of the brain, particularly frontal and parietal cortical regions
(Corbetta & Shulman, 2002), routinely increase activity during performance of various
attention-demanding cognitive tasks, forming a “task positive” network (Fox et al., 2005).
These regions have been shown to be involved in environmentally-directed processes
relating to perception and action (Corbetta et al., 2008). As discussed in Section A of this
chapter, regions of this network include primary visual regions, intraparietal sulcus (IPS),
superior parietal lobule (SPL), frontal eye fields (FEF), and superior frontal cortex
(together making up the dorsal attention network, DAN), and temporoparietal junction
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(TPJ), supramarginal gyrus, and middle and inferior prefrontal cortex, largely lateralized
to the right hemisphere (together making up the ventral attention network, VAN)
(Corbetta et al., 2008; Corbetta & Shulman, 2002; Woldorff et al., 2004; Yantis &
Serences, 2003). Another network of brain regions consistently shows deactivation during
stimulus presentation or task performance (Buckner, Andrews-Hanna, & Schacter, 2008;
Raichle et al., 2001). This network has variously been termed a “task negative” or
“Default Mode” network (DMN). The DMN has been said to be involved in selfreferential, internally directed processes such as memory, introspection, and selfmonitoring (Buckner et al., 2008; Corbetta et al., 2008; Deco et al., 2011; Raichle &
Snyder, 2007). Regions comprising the DMN include ventromedial prefrontal cortex
(VMPFC), dorsomedial prefrontal cortex (DMPFC), anterior cingulate cortex (ACC),
posterior cingulate cortex (PCC), and precuneus, along with lateral parietal cortex and
hippocampus (Buckner et al., 2008; Greicius et al., 2003; Gusnard & Raichle, 2001;
Mazoyer et al., 2001; Raichle & Snyder, 2007; Shulman et al., 1997).
Both task positive and task negative Default Mode networks have been reliably
identified during the resting state (Binder et al., 1999; Mazoyer et al., 2001; Shulman et
al., 1997), and have been found to be negatively correlated with each other during the
resting state (Fox et al., 2005; Fransson, 2005). Several studies have illustrated the
relevance of the DMN for behaviour. For example, the strength of negative correlation
between the DMN and a task-positive attention network was shown to be associated with
less variable behavioural performance on an attention task (Kelly, Uddin, Biswal,
Castellanos, & Milham, 2008). Hampson, Driesen, Skudlarski, Gore, & Constable (2006)
found that stronger connectivity between regions of the DMN (posterior cingular cortex
and medial frontal regions) was positively correlated with better working memory
performance. Similarly, reduced DMN connectivity was found by Damoiseaux et al.
(2008) to be associated with less effective executive functioning, and slower processing
speed. Greicius and Menon (2004) found that the greater the degree of “deactivation” of
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the DMN during stimulus presentation, the greater that subject’s activation in response to
visual and auditory stimuli. In other words, these results support the idea that connectivity
between regions of the DMN is related to task performance.
2.5.3.2 The predictive power of intrinsic brain activity.
Spontaneous brain activity, particularly within regions of the DMN, has been
shown to be predictive of subsequent behavioural output and perception (Boly et al.,
2007; Fox et al., 2007; Hesselmann, Kell, Eger, & Kleinschmidt, 2008; Sadaghiani,
Hesselmann, & Kleinschmidt, 2009; Treserras et al., 2009). For example, activity
variations in attention networks comprising dorsal parietal, visual extrastriate and
prefrontal cortex, as elicited by a preceding cue, were associated with subsequent
variability in accuracy and reaction times in visual discrimination tasks (Sapir, d'Avossa,
McAvoy, Shulman, & Corbetta, 2005). Similarly, reduced activity in the ACC and lateral
prefrontal cortex (LPFC) before stimulus presentation predicted slow reaction times in a
visual attention task (Weissman, Roberts, Visscher, & Woldorff, 2006). Boly et al. (2007)
reported similar results using a somatosensory perception task: decreased spontaneous
activity in task-negative regions of the DMN (PCC, precuneus, temporal parietal junction,
and parahippocampal region), and increased activity in task-positive regions (LPFC,
ACC, and medial thalamus), predicted subsequent perception of low intensity
somatosensory stimuli. This heightened prestimulus activity could represent enhanced
arousal levels that facilitate subsequent stimulus perception or task performance. Such
findings support the hypothesis that baseline brain activity maintains information for
anticipating and responding to environmental demands (Boly et al., 2007; Raichle, 2006,
2010). Within this understanding, the brain can be seen as a predictive device (Bar, 2011;
Buzsaki, 2006; Raichle, 2011), within which attentional bias and anticipation, in the form
of organised fluctuations in cortical excitability (He & Raichle, 2009; Khader et al., 2008;
Raichle, 2011), tune the brain to task-relevant stimulus patterns (Besle et al., 2011). It
follows that after brain injury such as stroke, the functional integrity of networks involved
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in preparing for and reacting to environmental stimuli may correlate with a patient’s
behavioural performance and potential for improvement.
2.5.3.3 Intrinsic brain activity responds to experience.
As well as predicting behaviour and stimulus perception, spontaneous brain
activity can be modified by behavioural experience. In the short term, external task
factors such as attention and working memory demands (Hasson, Nusbaum, & Small,
2009; Pyka et al., 2009), and the task performed prior to the resting-state scan, have been
shown to affect spontaneous brain activity (Stevens, Buckner, & Schacter, 2010; Waites
et al., 2005). Changes in spontaneous brain activity and connections to related networks
have been observed after cognitive activities such as language and memory tasks (Hasson
et al., 2009; Waites et al., 2005), and sad mood induction (Harrison et al., 2008). In one
study, changes were observed in a frontoparietal resting network after participants
completed a short period of sensorimotor learning (Albert et al., 2009). Tambini, Ketz,
and Davachi (2010) showed that the strength of resting-state functional connectivity
between the hippocampus and the lateral occipital complex after an associative encoding
task was related to later associative memory performance. These results echo findings
from animal studies, in which “replay” sequences were observed in the hippocampus of
rodents during waking and sleep states following recent learning paradigms (Foster &
Wilson, 2006; Louie & Wilson, 2001). Spontaneous brain activity has been suggested to
show longer-term changes after learning and practice. Lewis et al. (2009) collected
resting fMRI data from healthy participants before and after they underwent several days
of training in a visual perception task. After training, visual cortex and frontoparietal
attention areas that were previously independent showed negatively correlated activity
fluctuations. Greater negative correlation was associated with improved perceptual
learning (Lewis et al., 2009).
Overall, learning and behavioural experience has been shown to be accompanied
by measurable changes in spontaneous brain activity (Albert et al., 2009; Lewis et al.,
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2009; Tambini et al., 2010). Together these findings suggest that spontaneous brain
activity during a resting state could be important for consolidating memory for recent
experience (Albert et al., 2009; Buckner, 2010), as has long been suggested in the field of
sleep research (Walker & Stickgold, 2006). Monitoring resting-state connectivity patterns
over time may therefore provide a useful measure of the long-term neuroplastic changes
associated with evidence of learning that underlie behavioural improvement after
neurological injury (Gauthier et al., 2008; Schaechter et al., 2006). However, these studies
examined quite different types of learning, ranging from recent performance of a task in a
single session, to several days of training (Albert et al., 2009; Lewis et al., 2009; Tambini
et al., 2010). It is not yet known to what extent these changes reflect transient changes in
functional connectivity, versus more permanent changes due to learning. Quantitative
research into longitudinal reliability of resting-state functional connectivity measures will
be important in clarifying this issue.
2.5.3.4 The effects of age and disease on functional networks.
The brain’s functional networks change throughout the lifespan. Some longdistance functional connections develop in children after the age of eight, with younger
children tending to show functional connectivity between anatomically close regions (Fair
et al., 2010; Fair et al., 2008; Fair et al., 2009; Power, Fair, Schlaggar, & Petersen, 2010).
In contrast with older age (from around the sixth decade of life), a disruption of networks
is seen, in the form of marked reductions in normally present functional connections
within higher-order brain systems, particularly the DMN (Andrews-Hanna et al., 2007;
Grady et al., 2010; Meunier, Achard, Morcom, & Bullmore, 2009). These developmental
differences are an important consideration when using functional connectivity analysis
with patient populations, because clinical studies often involve older adults.
A network-based approach is particularly relevant in clinical and ageing
populations, because pathology or degeneration may lead to disruptions or compensations
across wide networks of brain regions (Della-Maggiore et al., 2000; Grefkes & Fink,
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2011; Greicius et al., 2004; Rowe, 2010). Altered functional connectivity networks have
now been identified in a range of neurological and psychiatric conditions, such as
Alzheimer’s disease (Fleisher et al., 2009; Greicius et al., 2004; Koch et al., 2010),
epilepsy (Waites et al., 2006; Zhang et al., 2009), schizophrenia (Bluhm et al., 2007;
Garrity et al., 2007; Gavrilescu et al., 2010), and depression (Bluhm et al., 2009; Greicius
et al., 2007). Disruptions within the DMN have been consistently reported across
different conditions (Bluhm et al., 2007; Bluhm et al., 2009; Castellanos et al., 2008;
Greicius et al., 2004), and network changes have been shown to be associated with
behavioural performance (Zhang et al., 2009). Research is now moving beyond simply
characterising disease effects, to potential diagnostic applications. For example, two
recent studies had some success using resting-state functional connectivity patterns to
categorise participants as depressed or non-depressed (Craddock, Holtzheimer, Hu, &
Mayberg, 2009; James, Kelley, et al., 2009). The technique has also been used to
distinguish between different Alzheimer’s risk groups (Fleisher et al., 2009). As will be
discussed below, this application could also be useful in stroke rehabilitation research.
2.5.4

A network-based approach to stroke using functional connectivity
To date a number of studies have investigated functional and effective

connectivity changes after stroke, in relation to visual neglect and spatial attention (He,
Snyder, et al., 2007), language (Saur et al., 2006; Sharp, Turkheimer, Bose, Scott, &
Wise, 2009; Warren, Crinion, Lambon Ralph, & Wise, 2009), and motor function (Carter
et al., 2010; Grefkes et al., 2010; James, Lu, et al., 2009; Wang et al., 2010). Those that
specifically used functional connectivity analysis are summarised in Table 2.1.
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Table 2.1
Papers investigating functional connectivity (FC) after stroke
Paper
van Meer
et al.
(2010)

Carter et
al. (2010)

Park et al.
(2011)

He et al.
(2007)

Wang et
al. (2010)

Sharp et
al. (2009)

Warren et
al. (2009)

Method
Key findings and implications
Functional connectivity analysis of resting-state fMRI data: Animal studies
Population: Rats with right
Loss of FC between ipsilesional and contralesional primary
middle cerebral artery
sensorimotor regions occurred alongside sensorimotor performance
(MCA) stroke
deficits in the days after stroke. Interhemispheric FC restored in
Task: Sensorimotor
following weeks but remained reduced. Intrahemispheric FC
Design: 2 days before and 3, between primary somatosensory and motor areas was preserved in
7, 21 and 70 days after
the lesion border zone and moderately enhanced contralesionally. FC
stroke
changes correlated with changes in sensorimotor function.
Functional connectivity analysis of resting-state fMRI data: Human participants
Population: 23 stroke
FC between homologous regions of the dorsal attention network
patients
(DAN) was correlated with performance on measures of attention and
Task: Attention and motor
motor function. Interhemispheric homologous functional connectivity
in the arm component of the motor network predicted motor
Design: One time point: ≤ 4
performance.
weeks since stroke onset
Population: 12 stroke
Patients demonstrated stronger FC with ipsilesional frontal and
patients
parietal cortices, bilateral thalamus, and cerebellum, and decreased
Task: Motor
FC with contralesional primary motor (MI) and occipital cortices. FC
Design: Longitudinal:
between ipsilesional and contralesional MI showed the most
shortly after stroke onset and asymmetry 1 month after stroke to the ipsilesional side. FC of
then 1, 3, and 6 months after ipsilesional MI with contralesional thalamus, supplementary motor
onset
area, and middle frontal gyrus at onset was positively correlated with
motor recovery 6 months poststroke.
Population: 11 patients with Connectivity of the directly lesioned ventral attention network
visuospatial neglect, and 24
(VAN) was diffusely disrupted and showed no recovery. In the
healthy controls (12 young,
structurally intact dorsal attention network (DAN), interhemispheric
12 older)
connectivity in posterior parietal cortex was acutely disrupted but
Task: Visuospatial attention
fully recovered over six months. Disrupted interhemispheric
Design: Longitudinal:
connectivity between homologous posterior intraparietal sulcus
“acute” (30 days poststroke) (pIPS) and supramarginal gyrus (SMG) regions at the acute stage
and "chronic" stages (> 6
(one month poststroke) was associated with behavioural impairment
months poststroke)
on attention tasks such as reorienting and disengagement. Over 6
months, most patients showed improvements in interhemispheric
pIPS FC and behavioural performance. Three patients showed
persisting impairments on both measures, and there was a significant
group correlation between these measures.
Population: 10 patients with The motor execution network gradually shifted towards a random
subcortical infarctions
mode during recovery. Increased regional centralities (a measure of
Task: Motor
the efficiency of network organisation) were observed in the
Design: 5 time points in a
ipsilesional primary motor area and contralesional cerebellum,
year
whereas the ipsilesional cerebellum showed decreased regional
centrality. These measures correlated with clinical performance.
Functional connectivity analysis of task-based PET data: Human participants
Population: 9 right-handed
Increased frontoparietal integration during language processing,
aphasic patient and 18
implying a need for heightened attention to achieve successful
controls
behavioural performance.
Task: Language
Design: Mean 45 months
poststroke
Population: 16 leftAphasic stroke patients with receptive language impairment showed
hemisphere aphasic stroke
a selective loss of functional connectivity between left and right
patients & 11 controls
auditory cortex (anterior superior temporal cortex, STC) during
Task: Language
narrative speech comprehension. Other left anterolateral STC
Design: Mean 28 months
connections were unaffected during the same task.
poststroke
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2.5.4.1 Functional networks are disrupted in stroke patients.
As can be seen in Table 2.1, disruptions in functional connectivity networks have
been shown in stroke patients even in regions well beyond the immediate infarct zone
(Carter et al., 2010; He, Snyder, et al., 2007; Park et al., 2011; Wang et al., 2010). This
finding is consistent with the abnormal brain activation observed in supposedly
structurally intact regions in patients with spatial neglect (Corbetta et al., 2005).
Similarly, changes in effective connectivity in a cortical motor network were reported in a
group of patients with purely subcortical infarcts (Grefkes et al., 2008). A number of
studies using computational modelling techniques to test the impact of a lesion on
computer models of brain networks have provided further confirmation that lesions can
result in disruptions in networks beyond the immediate site of injury (Alstott, Breakspear,
Hagmann, Cammoun, & Sporns, 2009; Honey & Sporns, 2008; Jirsa, Sporns, Breakspear,
Deco, & McIntosh, 2010).
2.5.4.2 Functional network changes are associated with behaviour.
As alluded to earlier, altered patterns of activity in functional networks in stroke
patients have been shown to be associated with neurological and behavioural deficits (He,
Shulman, et al., 2007). For example, disrupted connectivity in the ventral attention
network was shown by He, Snyder, et al. (2007) to be strongly correlated with attention
difficulties in patients with spatial neglect. Similarly, the degree of disruption of left-right
anterolateral superior temporal cortical connectivity was found to correlate with language
comprehension deficits in aphasic patients (Warren et al., 2009). These results show that
the link between functional networks and behaviour described earlier also extends to
clinical populations such as stroke patients.
One consistent finding to emerge from functional connectivity studies with stroke
patients is the importance of interhemispheric connectivity. Several studies using
functional connectivity have shown acute disruption and subsequent restoration of
interhemispheric functional connectivity in the months after stroke (Carter et al., 2010;
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He, Snyder, et al., 2007; Park et al., 2011; van Meer et al., 2010). Interhemispheric
functional connectivity between homologous regions has been shown to be associated
with behavioural performance in rats (van Meer et al., 2010) and humans (Carter et al.,
2010; He, Snyder, et al., 2007).
Another common finding is that of increased functional connections with
frontoparietal attention networks after stroke. Again, these changes have been shown to
be related to behavioural performance and recovery over time. For example, functional
connectivity between attention areas in both hemispheres during a resting state was found
to be related to behaviour on tasks performed outside the scanner (Carter et al., 2010; He,
Snyder, et al., 2007). Stroke patients have been shown to exhibit enhanced connectivity
with frontoparietal attention networks (Park et al., 2011), and this increased frontoparietal
integration after brain injury has been shown to be associated with the recovery of
cognitive function (Sharp et al., 2009). Presumably, greater frontoparietal integration
reflects the need for greater attention and cognitive control in behavioural performance
after stroke, as discussed in Section A of Chapter 2.
2.5.4.3 Stroke recovery and reorganisation of brain networks.
As mentioned earlier, changes in functional networks are seen following
behavioural experience and learning (Albert et al., 2009; Lewis et al., 2009). Improved
function after stroke requires ongoing learning of compensatory strategies, and this
learning would likely be reflected in the reorganization of brain networks (Robertson,
1999b; Ween, 2008). This improvement could occur by restoring networks to a normal
state, or enabling a new state in which functions are performed using alternative, less
optimal connections (He, Shulman, et al., 2007).
Several studies have now shown that changes in functional networks over time are
associated with clinical improvement in stroke patients. In He, Snyder, et al.’s (2007)
study of patients with spatial neglect, disrupted connectivity in both dorsal and ventral
attention pathways was observed 30 days after stroke. Around eight months later, ventral

69
pathway connectivity had returned to levels typically seen in controls, but the dorsal
pathway had not, and this disrupted connectivity strongly correlated with impaired
performance on an attention task (He, Snyder, et al.). In the motor domain, studies using
effective and functional connectivity techniques have shown changes in motor networks
after rehabilitation and in association with behavioural improvement (Chouinard,
Leonard, & Paus, 2006; James, Lu, et al., 2009; Park et al., 2011). James et al. (2009)
found evidence of increased influence of the ipsilesional premotor cortex upon the
contralesional premotor region (see Figure 2.4) following behavioural improvement
associated with therapy. Chouinard, Leonard, and Paus (2006) reported changes in
effective connectivity between bilateral MI regions, and between both MI regions and
subcortical motor areas, after patients underwent three weeks of constraint-induced
movement therapy (a form of rehabilitation for motor function). Finally Park et al. (2011)
observed that functional connectivity of ipsilesional MI with contralesional thalamus,
supplementary motor area, and middle frontal gyrus at onset was positively correlated
with motor recovery six months after stroke. Although several studies have now
investigated how functional and effective connectivity relates to behavioural
improvement after stroke, none have yet investigated the functional connectivity changes
associated with the impairment and recovery of somatosensory function.
In future it may be possible to use functional connectivity measures to identify
which patients will show good or poor recovery, or what type of treatment a particular
patient might respond to best. However to date, this technique has only been applied to
group-level data, and more work is needed before resting-state functional connectivity
analysis can be used to provide clinical diagnostics at a single-subject level (Cole et al.,
2010; Greicius, 2008). There is also a lack of studies directly comparing resting-state
functional connectivity to other biomarkers (Habeck & Moeller, 2011). Because
functional connectivity involves multiple processing steps, it is likely to include more
variance, and to thus be less ideal than other imaging analysis approaches, in classifying
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participant or patient groups (Friston, 2011; Habeck & Moeller, 2011). In addition, issues
surrounding the interpretation, reliability, and methods of functional connectivity analysis
remain active areas of research.
2.5.5

Reliability of resting-state networks
Before any measure enters mainstream clinical use it is important to establish its

reliability and validity. To date, studies assessing the reliability of resting-state functional
connectivity methods have lagged behind those applying the technique to clinical
populations. Evidence does suggest that functional connectivity measures are broadly
consistent across analysis approaches (Van Dijk et al., 2010), participants (Damoiseaux et
al., 2006; De Luca et al., 2006), scans (Amann, Hirsch, & Gass, 2009; Damoiseaux et al.,
2006; De Luca et al., 2006; Meindl et al., 2010; Shehzad et al., 2009; van de Ven,
Formisano, Prvulovic, Roeder, & Linden, 2004; Van Dijk et al., 2010; Zuo et al., 2010),
and datasets (Buckner et al., 2009). Reliable results have also been demonstrated from a
single participant after single scans of 5-15 minutes duration (He, Shulman, et al., 2007;
Van Dijk et al., 2010).
Recently efforts have begun to characterise the human “connectome” – a
comprehensive database (or databases) of known functional and structural connectivity
patterns within the human brain (Biswal et al., 2010; Pinel et al., 2007; Sporns, 2011;
Sporns, Tononi, & Kotter, 2005). For the “1000 Functional Connectomes Project”,
researchers have successfully pooled functional connectivity data from over 1000 subjects
across 35 sites, and made this data freely available online (Biswal et al., 2010). The
National Institutes of Health (NIH)-funded “Human Connectome Project” is a project that
will involve acquisition of functional and structural connectivity data plus other
neuroimaging, behavioural, and genetic data from 1200 healthy adults (Marcus et al.,
2011). These databases have potential to establish normative profiles for comparison with
clinical samples such as stroke patients.
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However, these large pooled datasets do not provide information about the
reliability of functional connectivity networks over time. It is important to establish the
reliability of networks over time in healthy samples to provide a baseline for comparison
to longitudinal studies of patient populations. Quantitative published studies of the
reliability of resting-state functional connectivity analysis are summarised in Table 2.2.
As summarised in Table 2.2, studies have reported variable reliability of resting state
functional connectivity. Estimates within individual subjects over time have ranged from
low to moderate (Honey et al., 2009), to moderate to high (Liu, Stufflebeam, Sepulcre,
Hedden, & Buckner, 2009; Shehzad et al., 2009; Van Dijk et al., 2010). One reason for
the suboptimal reliability of resting-state functional connectivity could be that it is a
fundamentally variable phenomenon due to differences in arousal and emotional and
cognitive state of individuals at each scanning session. Differences between studies in
terms of the length of time between scans, and the network or networks being studied,
could also explain some of the different findings. Variable reliability could also be due to
a number of methodological issues relating to the acquisition and analysis of resting-state
data.
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Table 2.2
Studies examining intra- and inter-subject reliability of resting-state fcMRI
Paper

Study design

Data acquisition and
Sample
Key findings
analysis
Data-driven methods including Independent Component Analysis (ICA)
Chen et al.
5 fMRI scan
Subjects told to “rest and
N = 14
Components showed good
(2008)
sessions
think of nothing in
30±6 yrs consistency across sessions
across 16 days particular”, 3 min. scan
(correlations from 0.5 to 0.93).
Components with the obvious
physiological relevance (such as
sensory and motor networks)
were most consistent
De Luca et
One time point Subjects told to “relax with N = 10
A consistent set of five
al. (2006)
their eyes closed, without
22±51
spatiotemporally distinct patterns
falling asleep”, 11 min.
yrs
was identified for all 10 subjects
scan
Damoiseaux Two sessions, Subjects told to “lie with
N = 10
Found 10 patterns with potential
et al. (2006) averaging 8.7
their eyes closed, think of
22.8±2.3 functional relevance, 9 were
days (5-14
nothing in particular, and
yrs
found in both data sets. Each
days) apart
not fall asleep”, 9.5 minute
analysis also yielded an additional
scan
component
Zuo, Kelly,
Three scans:
Subjects told to “relax and N = 26
Moderate-to-high short- and longet al. (2010) 45 minutes
remain still with their eyes 20.5±4.8 term test-retest reliability for
and 5–16
open”, 6.5 minute scan
yrs
intrinsic connectivity networks
months apart
(ICNs). Exceptions limited to
physiological- and imagingrelated artefacts
Seed-based methods
Shehzad et
Three scans:
Subjects told to “relax and N = 26
Modest to high reliability across
al. (2009)
45 minutes
remain still with their eyes 20.5±4.8 connections, dependent upon: 1)
(Used the
and 5–16
open”, 6.5 minute scan.
yrs
correlation significance
same data
months apart
Seeds from “task-positive”
(significantly nonzero >
as Zuo et
and “task-negative”
nonsignificant), 2) correlation
al., as
networks, and parcellation
valence (positive > negative), and
above)
of each hemisphere into 56
3) network membership (default
anatomical ROIs
mode > task positive network)
Van Dijk et
8 runs on two
Task: fixation, 5 minute
N=6
High reliability for all data (41
al. (2010)
separate days
scan. Seeds: default,
24.2±3.2 min 20 s rest data). Moderate to
(7.7 ± 5.5 days attention, and reference
yrs
high reliability for a single run (5
apart)
networks
min and 10-s rest data).
48 subjects
Task: fixation, 6 minute
N = 48
Maps highly similar across
divided
scan. Seeds: motor, visual, 22.3±3.0 datasets of different participants.
randomly into default, and attention
yrs
Average percent map overlap for
4 independent networks
any pair of datasets: 97% for
groups of 12
motor, 87% for visual, 90% for
default, and 98% for attention.
Moderate to high correlations for
default and attention networks,
and low correlation for reference
regions
Honey et al. Two separate
Subjects told to “keep their N = 5
For individuals, reliability across
(2009)
days
eyes closed and to remain
29.4±3.4 scans ranged from r = 0.38 to r =
alert”, scan 1 = 20 min,
yrs
0.69, and reliability across two
scan 2 = 15 min, FC maps
10-min windows within the first
based on correlations
scan ranged from r = 0.39 to r =
between all possible pairs
0.61
of 998 regions
Note. ICNs = intrinsic connectivity networks. ROIs = regions of interest. FC = functional connectivity.
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2.5.6

Issues in measuring resting-state functional connectivity

2.5.6.1 Data acquisition.
Aspects of data acquisition that may affect functional connectivity analysis results
include scan duration, temporal resolution (TR; the time taken to acquire one whole-brain
volume), whether participants’ eyes are open or closed, and instructions given to
participants (Shehzad et al., 2009). Longer scan times may provide more power to detect
smaller correlations and provide more precise estimates of the strength of correlations
(Van Dijk et al., 2010). However, scan durations are limited by the capacity of patients to
tolerate longer scanning times, functional connectivity networks can be estimated from as
little as 4-5 minutes of data (Van Dijk et al., 2010). Slower TRs, or acquisition times for
fMRI resting-state data, of around 2-3 seconds per scan, can cause high frequency
respiratory and cardiac oscillations to be aliased back into lower resting-state frequencies
(0.01-0.1 Hz) (van den Heuvel & Hulshoff Pol, 2010a). This issue can be addressed by
using a shorter TR, but this approach requires using a lower resolution (larger voxels) or
only scanning part of the brain. Another solution is to use preprocessing strategies as
discussed below.
Having eyes open or closed can make a difference to functional connectivity
patterns, but studies comparing the effects of these different conditions have revealed
conflicting results (Bianciardi et al., 2009; McAvoy et al., 2008; Van Dijk et al., 2010;
Yan et al., 2009; Zou et al., 2009). Some researchers have reported reduced amplitude
and coherence of spontaneous activity in visual areas in fixation conditions relative to the
eyes-closed condition (Bianciardi et al., 2009), and significantly decreased functional
connectivity strength between thalamus and visual cortex in eyes-open compared to eyesclosed conditions (Zou et al., 2009). Similarly, McAvoy et al. (2008) reported greater
spontaneous BOLD oscillations in eyes-closed than in eyes-open or fixation conditions,
within visual, sensorimotor, and auditory areas. In contrast, others have reported
significantly higher functional connectivity in the default mode and attention networks in
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eyes-open and fixation conditions compared to eyes-closed conditions (Van Dijk et al.,
2010; Yan et al., 2009). Together these results suggest that the effect of task (eyes open
versus eyes closed) on functional connectivity results depends on the network of interest,
with functional connectivity estimates of sensory networks stronger in eyes closed
conditions (Bianciardi et al., 2009; McAvoy et al., 2008; Zou et al., 2009), and estimates
of default mode and attention networks stronger in eyes-open conditions (Van Dijk et al.,
2010; Yan et al., 2009). These differences could reflect the distinct attentional demands of
each of the tasks.
Instructions given to participants can also alter the results. In one study
participants were given one of three instructions: 1) relax and be still, 2) attend to scanner
background noise (SBN), or 3) ignore SBN. The dorsomedial PFC (dmPFC) showed
greater activity when specific instructions (to attend or ignore SBN) were given,
compared to nonspecific instructions (Benjamin et al., 2010). Condition-related
connectivity differences were also observed between regions of the dmPFC and inferior
parietal and posterior superior temporal cortex (Benjamin et al., 2010). It was previously
shown that scanner background noise could alter the default mode network (Gaab,
Gabrieli, & Glover, 2007): under nonspecific instructions some participants may actively
attend to scanner background noise, whereas others might ignore it. These different
approaches may alter demands on arousal levels and default mode network activity.
Differences in how groups behave during the resting state are likely to occur in certain
patient populations, due to factors such as anxiety and arousal levels (Benjamin et al.,
2010). In the case of stroke, common group level differences such as depression, fatigue,
and reduced arousal in stroke patients could potentially introduce systematic differences
in resting-state functional connectivity results.
2.5.6.2 Preprocessing strategies.
A major source of variation between functional connectivity studies is that of
differences in data preprocessing prior to connectivity analysis (Gavrilescu et al., 2008).

75
Raw BOLD signal time-courses are noisy due to scanner artefacts, participant motion,
and physiological sources such as cardiac pulsations and respiration-induced modulations
of the main magnetic field (Dagli, Ingeholm, & Haxby, 1999; Glover, Li, & Ress, 2000;
Hu, Le, Parrish, & Erhard, 1995; Kruger & Glover, 2001). Resting BOLD data benefit
from the preprocessing steps routinely applied to task-related BOLD data, such as motion
correction (correction for participant movement during scanning), slice-timing correction
(correction for differences in the time when individual slices are recorded), and spatial
smoothing (a kind of “blurring” of the data by averaging it with the surrounding voxels, in
order to improve signal to noise ratio and normalise the error distribution) (Beckmann et
al., 2005; Birn et al., 2006). In addition, further preprocessing is needed to isolate the
lower frequencies (about 0.01-0.08 Hz) of the temporal signal that are most relevant to
functional connectivity analysis, and to remove signal contributions from motion and
physiological noise (Achard, Salvador, Whitcher, Suckling, & Bullmor, 2006; Cordes et
al., 2001; Cordes et al., 2000; Lowe, Dzemidzic, Lurito, Mathews, & Phillips, 2000;
Xiong et al., 1999). Therefore a standard preprocessing step in functional connectivity
analysis is the use of a low-pass filter to remove high frequency fluctuations (Cordes et
al., 2001).
Many artefactual signals, such as cerebral vascular and respiratory artefacts, can
be aliased by fMRI temporal sampling into the low frequency range typically used for
resting-state functional connectivity analysis (Birn et al., 2008). These non-neuronal
signals may interfere with interpretations of resting BOLD data (Birn et al., 2006). Any of
these variations can also greatly impact on temporal signal-to-noise ratio, and reduce the
reliability and reproducibility of connectivity measures (Golestani & Goodyear, 2011).
Preprocessing methods can be used to reduce the influence of non-neuronal signals on the
resting-state signal (Birn et al., 2008; Chang & Glover, 2009a; van Buuren et al., 2009).
One method to remove noise from the resting-state signal is to record cardiac and
respiratory signals simultaneously during scanning and include these signals as regressors
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of no interest in subsequent analyses (Chang & Glover, 2009b; Weissenbacher et al.,
2009). A simpler approach is to use postprocessing strategies to factor out signals from
regions that are more susceptible than grey matter to noise caused by the cardiac and
respiratory cycles (Dagli et al., 1999; Lund, Madsen, Sidaros, Luo, & Nichols, 2006),
such as the white matter and cerebrospinal fluid (CSF) (Fox et al., 2005; Tohka et al.,
2008). This step is typically performed by including time series from regions in the white
matter and CSF, and the average whole-brain signal, as nuisance covariates (Cole et al.,
2010; Fox et al., 2005). This regression of nuisance signals from white matter and
ventricles has been consistently found to minimise noise and has been recommended as a
standard preprocessing strategy in functional connectivity analysis (Van Dijk et al., 2010;
Weissenbacher et al., 2009).
2.5.6.3 Global signal correction and “anticorrelated networks”.
Another common preprocessing strategy is global signal correction: correction for
BOLD signal variations across the whole brain, in order to control for physiological
cardiac and respiratory signals (Birn et al., 2006; Fox et al., 2005; Hampson, Driesen, et
al., 2006). This method is based on the assumption that physiological sources will cause
the same pattern of activity over time in affected voxels of the brain (Macey, Macey,
Kumar, & Harper, 2004). However, it has been argued that this approach may introduce
anticorrelations (negative correlations) that are not meaningful or valid (Skudlarski et al.,
2008). Specifically, whole-brain normalisation shifts the correlation distribution to have a
mean near zero, thereby guaranteeing negative correlations even if no such correlations
are initially present in the data (Aguirre, Zarahn, & D'Esposito, 1998; Birn et al., 2008;
Murphy, Birn, Handwerker, Jones, & Bandettini, 2009; Weissenbacher et al., 2009).
Indeed one recent study found reliable anticorrelations between networks only after
preprocessing (Van Dijk et al., 2010). Similarly, significant positive correlations have
been shown to be more reproducible than significant negative correlations: for example,
two studies found a reduction in the strength of negative correlations, but not positive
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correlations, when global normalisation was not performed (Fransson, 2005; Uddin,
Kelly, Biswal, Castellanos, & Milham, 2009). On the other hand, Shehzad et al. (2009), in
assessing reliability of functional connectivity, found that consistency across scans for
individuals was highest when positive and negative correlations were compared, rather
than just positive correlations. In addition, the presence of at least two networks with
anticorrelated temporal dynamics have been confirmed in models of functional
connectivity networks based on known neuroanatomical connections, so anticorrelations
probably do not represent analytic artefacts alone (Deco et al., 2011). In addition,
anticorrelated temporal relationships between “task-positive” and “task-negative”
networks may be functionally relevant (Fox et al., 2005; Fransson, 2005; Kelly et al.,
2008). Currently it seems that although investigating anticorrelations may be theoretically
valid in some cases, their interpretation is difficult when global signal correction is used.
It has therefore been suggested that global mean removal can maximise the specificity of
positive resting-state correlations (Weissenbacher et al., 2009), but should be employed
only in cases where it does not create interpretive confounds (Iacovella & Hasson, 2011).
2.5.6.4 Methods of network identification.
There are two main approaches to functional connectivity analysis. The first,
model-driven seed-based correlation analysis (SCA), involves selecting a brain region or
regions of interest, and identifying which other voxels in the brain show activity
fluctuations that correlate significantly with those in the region of interest (Biswal et al.,
1995; Greicius et al., 2003). The second approach, that of data-driven multivariate
decomposition techniques such as independent component analysis (ICA) and principal
component analysis (PCA) involves identifying all functional networks or “components”
in the brain (Beckmann et al., 2005; Kiviniemi, Kantola, Jauhiainen, Hyvarinen, &
Tervonen, 2003; McKeown, Makeig, & Brown, 1998).
Use of a seed-based cross-correlation approach can identify clusters of voxels
showing highly synchronised activity over time, as long as the reference time course is
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well-selected (Kiviniemi, Kantola, Jauhiainen, & Tervonen, 2004). SCA requires a priori
selection of a voxel, cluster, or atlas region from which to extract time series data. These
data are then used as a regressor in subsequent analyses. This step allows the calculation
of functional connectivity maps across the brain showing voxels whose activity shows
fluctuations over time that correlate with those of the seed region. The key advantage of
SCA over other methods is that it provides a direct answer to a direct question, by
identifying the network of regions showing the strongest functional connections with the
brain region of interest (Cole et al., 2010).
There are several considerations in the use of SCA. One issue is that of seed
selection. Using slightly different seeds can result in significantly different spatial
patterns of functional connectivity networks (Buckner et al., 2008). One way to define
seeds is to use task-based activation results, although there is still a lack of consensus on
the specific method used to select a region of interest from these results—such as whether
to use the voxel with the highest activation or the voxel nearest the centre of a cluster
(Arfanakis et al., 2000; Waites et al., 2006). Seeds can be selected based on previously
published research relating to theoretically relevant regions or networks (Fox et al., 2005;
Gavrilescu et al., 2008; He, Snyder, et al., 2007). However, use of atlas-based regions of
interest can be problematic because a small error in defining the location of the region can
lead to a mixing of time courses and lead to poor network estimation (Smith et al., 2011).
Thus it is important to select seeds carefully, ideally using task-based activation results
rather than atlas-based ROIs (Cole et al., 2010).
One limitation inherent in the approach of correlating the time series of a single
voxel with those of every other voxel in a brain image is that it disregards the richness of
information available within the statistical relationships between many data points (Cole
et al., 2010). In contrast, use of data-driven approaches such as ICA and PCA allows
determination of all significant correlations between brain regions (Damoiseaux et al.,
2006; van de Ven et al., 2004). Data-driven ICA has been used to identify resting-state
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functional connectivity networks very similar to networks known to be involved in
sensation and cognition (Cole et al., 2010), and has tended to produce a good degree of
consistency between datasets (Beckmann et al., 2005; Damoiseaux et al., 2006; De Luca
et al., 2006; Smith et al., 2009). Functional connectivity networks identified by ICA are
more resistant to artefactual effects from noise than are networks identified by SCA, as
the method can account for the existence of systematic noise (Birn et al., 2008; Cole et
al., 2010; Murphy et al., 2009).
However, data-driven approaches do have their limitations. For one, some of the
analysis steps, such as dimensionality reduction and model order selection, can be
subjective. Altering the model order dimensionality estimation in ICA has been shown to
have a significant influence on the spatial characteristics of the functional connectivity
networks identified (Kiviniemi et al., 2009; Smith et al., 2009), and the results can differ
between analysis runs even on the same data (Cole et al., 2010). Furthermore, the
estimation of large numbers of components using data-driven approaches can be difficult
to identify and classify (Tohka et al., 2008). Networks derived using data decomposition
are typically interpreted post hoc, and supporting evidence such as behavioural,
demographic, or diagnostic correlates of the network activity is often absent (Habeck &
Moeller, 2011). Also, ICA decomposition of a given dataset may hide the fact that any
given brain region may, over time, share varying connectivity patterns with many
networks, and networks are unlikely to break out neatly into mutually orthogonal or
independent components (Cole et al., 2010; Habeck & Moeller, 2011). Finally, session
lengths for data-driven analysis typically need to be longer than those used to acquire data
for seed-based analysis, with 10 minutes recommended as a minimum for data-driven
analysis (Smith et al., 2011). Scan duration is an important consideration with patients
who may be unable to tolerate longer sessions that may last over an hour.
Further difficulties arise when attempts are made to determine the exact number of
functional connectivity networks that can be defined using data-driven methods (Meunier,
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Lambiotte, Fornito, Ersche, & Bullmore, 2009). Attempts to quantify the “absolute”
number of functional connectivity networks have varied widely, ranging from 5 to 16 or
more distinct anatomically meaningful networks (see Table 2.3) (Beckmann et al., 2005;
Benjaminsson, Fransson, & Lansner, 2010; Chen et al., 2008; Damoiseaux et al., 2006;
De Luca et al., 2006; He et al., 2009; Smith et al., 2009; van den Heuvel et al., 2009; Zuo
et al., 2010).

Table 2.3
Characterisation of functional connectivity networks using data-driven methods
Paper

No.
components

DMN

Visual

Sensorimotor

Memory /
language /
auditory

Frontoparietal

Other

√

√
(sensorimotor &
auditory
= one component)

√

Dorsal & ventral
pathways

√

√
(sensorimotor &
auditory
= one component)

√

Limbic &
subcortical

√√

√

√

√

Visuospatial; L &
R dorsal pathways

√

√√

√

√√√

9

√

√√

√

Chen et al. (2008)

9

√

√√

√

Smith et al. (2009)

10

√√√

Benjaminsson et al. (2010)

12

√√

Zuo et al. (2010)

16

√√√

De Luca et al. (2006)

5

He et al. (2009)

5

Beckmann et al. (2005)

8

Damoiseaux et al. (2006)

9

van den Heuvel et al. (2009)

√

Dorsal & ventral
pathways
√√

Insula & ACC;
medial frontal;
posterior precuneus

√

√√√

Cerebellum

√

√

√

√√√

√

√

√√√√

Cerebellum

√√

√√√√
(sensorimotor &
auditory
= combined)

√√√√

Cerebellum;
brainstem

Visuospatial; L &
R dorsal pathway;
cerebellum

Note. DMN = Default Mode network; ACC = anterior cingulate cortex; L = left; R = right.

As can be seen in Table 2.3, several networks have been revealed consistently
across studies, such as the visual and sensorimotor networks, although the visual network
has often been further subdivided such as into its medial and lateral components
(Beckmann et al., 2005; Chen et al., 2008; Damoiseaux et al., 2006; Smith et al., 2009),
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and the sensorimotor system has at times been found to be combined with temporal and
primary auditory cortex regions (De Luca et al., 2006; He et al., 2009; Zuo et al., 2010).
The Default Mode and frontoparietal attention networks have been identified in most, but
not all, studies (Beckmann et al., 2005; Benjaminsson et al., 2010; Chen et al., 2008;
Damoiseaux et al., 2006; De Luca et al., 2006; He et al., 2009; Smith et al., 2009; van den
Heuvel et al., 2009; Zuo et al., 2010). Other networks, such as the dorsal and ventral
visual processing streams (Beckmann et al., 2005; Damoiseaux et al., 2006; De Luca et
al., 2006; Smith et al., 2009), and cerebellum (Benjaminsson et al., 2010; Chen et al.,
2008; Smith et al., 2009; Zuo et al., 2010), have been identified as separate components
less consistently. The reality is that the number of networks defined will depend on the
analysis approach, such as whether there is emphasis on similarity or distinctness of local
variations in ongoing activity (Varoquaux et al., 2010), or what level of brain organisation
is of interest (i.e. global versus local) (Margulies et al., 2010). For example, even local
areas of the brain have been further subdivided, such as into the somatotopic divisions of
the motor network (van den Heuvel & Hulshoff Pol, 2010b).
Overall, direct comparisons of seed-based and ICA techniques have found that
both techniques yield similar functional networks (Van Dijk et al., 2010). Wellestablished functional networks such as the DMN and primary motor network have been
consistently revealed using both analysis approaches (Beckmann et al., 2005; Biswal et
al., 1995; Damoiseaux et al., 2006; Greicius et al., 2003). The decision about whether to
use a seed-based (SCA) or data-driven analysis approach ultimately depends on the
research question. In some applications there may be a specific region or network of
interest, and therefore a strong argument for using a hypothesis-driven seed-based
approach. For example, a seed-based approach may be more appropriate for investigating
the consequences of focal neurological injury such as sensory impairment after stroke
(He, Snyder, et al., 2007). In other cases, a data-driven, many-networks approach may be
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more useful. Work is ongoing to establish the most reliable methods for SCA and datadriven analysis, and to establish consistent analysis approaches across studies.
2.5.7

Summary and future directions
The integrity of brain networks, and changes in these networks over time after a

stroke, can be studied using neuroimaging techniques. An important and increasingly
frequently used technique is functional connectivity analysis, which measures correlated
activity between sometimes spatially distant brain areas, either during task performance
or at rest. Use of this technique is based on the assumptions that the spontaneous patterns
of correlated activity within functional MRI data reflect neuronal activity (Leopold et al.,
2003; Shmuel & Leopold, 2008; Shmuel et al., 2002), are constrained by known
anatomical connections (Damoiseaux & Greicius, 2009; Honey et al., 2009; Skudlarski et
al., 2008; van den Heuvel et al., 2009; Vincent et al., 2007), and relate to behaviour (Fox
et al., 2007; Hampson, Tokoglu, et al., 2006; Waites et al., 2005).
Resting-state functional connectivity analysis could be particularly useful with
patients who have difficulty performing a given task. In stroke populations it can reveal
disruptions in brain networks as well as the residual integrity of functional connections
(Carter et al., 2010). Changes in functional networks have been shown to be associated
with behavioural impairment and improvement over time in stroke populations (He,
Snyder, et al., 2007). It has been suggested that these changes could reflect the
recruitment or formation of novel networks to achieve optimal behavioural output
(Corbetta, 2010). Research is moving towards applying these techniques to disease
prediction and treatment monitoring in neurological and psychiatric populations
(Craddock et al., 2009). In future, resting-state functional connectivity measures may
provide clinicians with information about the integrity of residual functional networks to
aid in treatment planning and prognosis, for example in stroke rehabilitation.
At the same time it is important to be mindful of factors specific to stroke
samples, including age, structural pathology, and the increased prevalence of depression
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after stroke, as well as and co-occurring attention and arousal deficits. It is also essential
to establish the longitudinal reliability and validity of resting-state functional connectivity
measures in healthy samples to enable comparison with clinical groups. Work towards
establishing a consensus regarding definitions of key terms, methodological processes
such as data collection and analysis, and interpretation of results is still ongoing. As long
as researchers are mindful of these issues, resting-state functional connectivity analysis
may well prove to be a valuable method for characterising behaviourally relevant brain
networks in healthy individuals and in patient populations.
It is expected that longitudinal studies will reveal that the degree of behavioural
recovery over time after stroke is associated with changes in functional connectivity. In
the following chapters this hypothesis is explored in a longitudinal pilot study of stroke
survivors with somatosensory impairment.
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CHAPTER 3
Test-retest reliability of functional connectivity
somatosensory networks in healthy controls over six
months
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3.1

Preface

As discussed in the previous chapter, it is expected that any measurable
behavioural improvement after stroke should be associated, at least in part, with
reorganisation of brain networks. Somatosensory impairment is common after stroke, and
can show improvement following targeted retraining. This improvement is likely to
involve connections within the somatosensory system and with related attention and
multisensory networks. One way to investigate networks in the living human brain is with
functional connectivity analysis of functional magnetic resonance imaging data (fcMRI).
fcMRI measures correlated fluctuations of the BOLD signal over time in distributed brain
areas. However, before using fcMRI in longitudinal stroke recovery studies, it is
important to establish its reliability over time in healthy control subjects. In the following
chapter, the reliability of somatosensory networks over a six-month measured using
resting-state functional connectivity is investigated period in healthy controls.

87
3.2

Abstract

Few studies have characterised reliability of resting-state functional connectivity
over longer periods of time in any system, including the somatosensory system. In
this chapter resting-state functional networks in the somatosensory system of
healthy adults, and their reproducibility over six months, were investigated. In a
pilot study, initial functional resting state measurements were obtained from 11
healthy controls, with follow-up measurements completed six months later in six of
the original 11 individuals. Characterisation of resting-state functional connectivity
networks seeded in primary somatosensory cortex (SI), secondary somatosensory
cortex (SII) and thalamus regions in both hemispheres revealed interhemispheric
connections between homologous regions in each hemisphere. Other functional
connections were found between SI regions and primary motor and supplementary
motor areas (MI and SMA), and between SII regions and bilateral SMA and right
SI. The thalamus seed regions both exhibited significant functional connections
with bilateral cerebellum, ipsilateral amygdala, and ipsilateral inferior parietal
cortex. The basic functional connections within the somatosensory networks of the
group were reliable over time, although significant differences in functional
connectivity with small clusters in frontal and motor regions (Brodmann’s areas 45,
4, 6, and 7a) were observed over time. Overall, functional connectivity patterns
within the somatosensory system were consistent with expectation and were
reproducible over a six-month period, whereas functional connections with other
related networks seemed to be more variable.
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3.3

Introduction

It is now well understood that different areas of the brain do not work in isolation,
but instead respond to sensory stimuli and produce actions through the coordinated action
of single cells in single regions and via connected networks (Kinsbourne, 2000; Mesulam,
2000; Sporns, 2010). A technique increasingly being used to investigate brain networks
with healthy and patient populations is functional connectivity analysis of functional MRI
data (fcMRI). This technique measures correlated low-frequency fluctuations of the
BOLD signal over time across different parts of the brain (Biswal et al., 1995; Friston,
1994; Horwitz, 2003). Few published studies have investigated functional connectivity of
somatosensory networks, and the reliability of these networks over time has not been
established, especially in predominantly older adults. Establishing this reliability is
important, given evidence that functional connectivity networks show changes in
association with conscious state (Boly et al., 2009; Horovitz et al., 2009;
Vanhaudenhuyse et al., 2010) and behavioural performance (Albert et al., 2009; Hasson
et al., 2009; Pyka et al., 2009; Stevens et al., 2010; Waites et al., 2005).
3.3.1

Somatosensory networks in healthy adults
Predictions about likely functional connections within the somatosensory network

can be made based on knowledge of anatomical connections in the somatosensory
system. Evidence from animal studies in particular has been described in more detail in
Chapter 2. Anatomical connections within the somatosensory system include those
between thalami and ipsilateral SI (Wall & Dubner, 1972), thalamus and ipsilateral SII
(Murray et al., 1992; Zhang et al., 2001), and SI and SII within each hemisphere (Burton,
1986; Gardner & Kandel, 2000; Jones, 1986). SI and SII are known to be connected to
their counterparts in the opposite hemisphere by fibres crossing the corpus callosum
(Blatow et al., 2007; Jones, 1986; Jones & Powell, 1969b), and bilateral thalami have
been shown to be anatomically connected via the reticular nucleus (Battaglia et al., 1994;
Chen et al., 1992; Raos & Bentivoglio, 1993). Although functional connectivity cannot be
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definitively inferred from anatomical connectivity, these known anatomical connections
represent likely functional connections (Honey et al., 2009).
Predictions about possible functional connections within the somatosensory
system can also be derived from functional connectivity studies of other brain systems.
Such studies have shown evidence of strong interhemispheric functional connectivity
within the visual (Nir et al., 2006; Nir et al., 2008), auditory (Cordes et al., 2000;
Gavrilescu et al., 2010), and motor systems (Biswal et al., 1995). Therefore it would be
expected to see similar patterns of interhemispheric connectivity between homologous
regions of the somatosensory system.
To date, only a few studies have investigated functional connections of the
somatosensory system specifically, and most of these results have been consistent with
what is known about the anatomy and functional architecture of the somatosensory
system (Burton, Dixit, Litkowski, & Wingert, 2009; Hua et al., 2008). In a study by Hua
et al. (2008) involving 12 healthy, young volunteers, regions of interest were identified
based on activation data obtained during a tactile stimulation task involving pleasant,
neutral and unpleasant touch to the lower leg. Functional connectivity analysis was then
used to examine the degree of connectedness of different regions, or nodes, in the
network. Brain regions related to perception of pleasant, neutral, and unpleasant textures
were shown to have significant functional connectivity during the resting state. Regions
with the highest connectivity with other areas included dorsal anterior cingulate cortex
(dACC), primary somatosensory cortex (SI), middle insular cortex, posterior parietal
cortex (PPC) and premotor cortex (Hua et al., 2008). The high degree of connectivity of
these regions, several of which are known components of the default mode network
(Buckner et al., 2008), suggested that they are important “hubs” that are involved in
communicating with other networks (Bullmore & Sporns, 2009). However, the authors
did not report the specific functional connections observed between regions of interest,
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only the average degree of connectedness of different regions. As such, the present study
aimed to characterise the nature of connections between somatosensory seed regions.
One study that did specifically characterise the nature of connections within the
somatosensory system was that by Burton et al. (2009). As a basis for comparison to
patients with spastic diplegia, these authors examined resting-state functional connectivity
based on somatosensory regions in 11 young healthy adults. Data were acquired during an
eyes-closed resting-state condition, and seed regions were defined based on taskactivation results from a tactile discrimination task performed with the right index finger.
The network associated with a left SI seed (located in Brodmann’s area, BA, 1) in the
healthy individuals included bilateral areas in the pre and postcentral gyri, part of the left
parietal operculum (likely SII region), and part of the left frontal premotor cortex. The
network associated with a left SII seed (located in parietal operculum, OP 1) involved
bilateral parietal operculum (SII), adjoining temporal operculum and insula, inferior
supramarginal gyrus, and patches along the left postcentral gyrus (Burton et al., 2009).
The connections associated with the other seed regions were not fully described, and
potential subcortical seed regions, namely somatosensory thalamus, were not
investigated, and so were addressed in the current study.
Specific areas of the somatosensory thalamus, namely the ventral posterior
nucleus, have been shown to exhibit strong positive functional connections with regions
in cortical somatosensory areas (Zhang et al., 2008). Several studies have now
demonstrated spatially distinct BOLD correlations between specific subregions of the
thalamus and specific cortical subdivisions, such as the motor cortex (Fair et al., 2010;
Zhang, Snyder, Shimony, Fox, & Raichle, 2010). These findings are highly consistent
with known thalamocortical connectivity in primates (Jones, 2007) and connections
revealed using diffusion-based tractography in humans (Behrens, Johansen-Berg, et al.,
2003; Zhang et al., 2010). However, at least one study has shown negative correlations
between the thalamus (the whole thalamus, as well as its three largest nuclei – bilateral
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mediodorsal, ventrolateral, and pulvinar nuclei) and the visual system (Zou et al., 2009).
Interestingly for other studies (Fair et al., 2010; Mizuno, Villalobos, Davies, Dahl, &
Muller, 2006), results suggest that thalamocortical functional connectivity cannot always
be assumed, and may be altered in conjunction with ageing and disease. The ventral
posterior thalamus is the key relay nucleus between somatosensory receptors and the
somatosensory cortex, but to date has not been considered as a seed region in studies
investigating functional connectivity of the somatosensory system (Burton et al., 2009;
Hua et al., 2008). Therefore the ventral posterior thalamus was used as a seed region of
interest in this study.
3.3.2

Test-retest reproducibility of functional connectivity measures
The value of neuroimaging and in particular functional connectivity analysis

depends on reproducible measures. Variations in fcMRI measures have been reported in
clinical groups (Greicius, 2008; He, Snyder, et al., 2007) and in association with
interindividual differences in behavioural performance (Fox et al., 2007; Hampson,
Driesen, et al., 2006; Kelly et al., 2008). Use of this technique with stroke patients has
reported differences between stroke patients and healthy controls in functional
connectivity patterns (He, Snyder, et al., 2007; Sharma, Baron, & Rowe, 2009).
Furthermore, it has been argued that functional connectivity patterns in stroke patients are
related to and can predict behavioural performance (Carter et al., 2010; Sharma et al.,
2009; Warren et al., 2009), and that connectivity patterns show changes over an
approximately eight-month course of recovery in stroke patients (He, Snyder, et al., 2007;
James, Lu, et al., 2009). A critical assumption underlying interpretation of these findings
is that functional connectivity networks are reliable over time in healthy controls.
Establishing the reliability of functional connectivity measures is essential for
investigating between-group differences and changes over time, particularly in patient
groups.

92
Only a few formal tests of reliability of fcMRI measures over time—particularly
using seed-based analysis approaches—have been carried out (Honey et al., 2009;
Shehzad et al., 2009; Van Dijk et al., 2010). Qualitatively, patterns of functional
connectivity networks in different studies appear to be stable and consistent to some
degree across studies (Damoiseaux et al., 2006). Two recent quantitative studies reported
moderate to high test-retest reliability across sessions ranging from 45 minutes to 5-16
months apart (Shehzad et al., 2009; Van Dijk et al., 2010). In Van Dijk et al.’s study, six
young adults (mean age = 24.2, SD = 3.2 years) were tested around a week apart. Testretest reliability, as measured by correlations between functional connectivity estimates at
the two time points, was reported as moderate to high (r = .71, p < .01) for a single run of
five minutes of rest data obtained during an eyes-open fixation task. Functional
connectivity maps based on a posterior cingulate seed region showed an average overlap
of 45% across sessions. In Shehzad et al.’s study, 26 young adults (mean age = 20.5, SD
= 8.4 years) were studied across scans within a session (45 minutes apart) and over a
period of months (5-16 months apart). For each scan, 6.5 minutes of rest data were
collected during an eyes-open fixation task. Moderate to high test-retest reliability across
connections was reported, both for intrasession and intersession comparisons, although
intrasession intraclass correlation coefficients (ICCs) were significantly higher on average
than intersession ICCs.
A third study by Honey and colleagues (Honey et al., 2009) provided a more
conservative estimate of test-retest reliability of resting-state functional connectivity. In
this study five young adults (mean age = 29.4, SD = 3.4 years) underwent two restingstate scans (eyes-closed rest) of 20 minutes (scan 1) and 15 minutes (scan 2), conducted
several days apart. Correlation strengths for large numbers of region pairs between
multiple data sets within the same subject showed only low to moderate within-subject
reliability. In summary, the reliability over time of resting-state networks measured using
seed-based functional connectivity analysis has not yet been clearly established, and the
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studies that have been conducted have only examined reliability in healthy young adults.
Test-retest reliability of these measures in samples including older adults needs to be
determined, given that many of the patient populations investigated in resting-state
functional connectivity studies include middle-aged or elderly subjects.
A number of factors have been shown to influence the reliability of measures of
functional connectivity. Firstly in the studies described above, methodological factors
such as sample size, task during scanning (eyes closed, open, or open and fixating),
acquisition procedure, seed selection methods, and the index of reliability used may
account for the disparate results (Cole et al., 2010; Van Dijk et al., 2010). Secondly, not
surprisingly, functional networks that are consistent with known structural or anatomical
connections tend to be more reproducible than patterns of functional connectivity
associated with irrelevant noise assumed to be associated with physiological and scannerrelated artefacts (Chen et al., 2008; Honey et al., 2009; Zuo et al., 2010). For example,
Zuo et al. (2010) used an independent component analysis (ICA) approach and found that
components associated with sensory, motor, higher order cognitive function and the
“default-mode” network all exhibited moderate to high test-retest reliability. In contrast,
components that were consistent with scanner and physiological artefacts, such as head
motion and signals from cerebrospinal fluid and white matter, mostly showed low
reliability (Zuo et al., 2010). Similarly Chen et al. (2008) found that components that
could be attributed to known anatomical networks were the most consistent, and Honey et
al. (2009) reported that reliability of functional connectivity was stronger between regions
that also showed structural connectivity (Honey et al., 2009).
A continuing area of debate in functional connectivity research relates to the
validity and reliability of studying anticorrelations, or negative correlations between
regions and networks. As discussed in Chapter 2, the commonly used preprocessing
strategy of global signal correction can introduce negative correlations that are not
meaningful or valid (Aguirre et al., 1998; Birn et al., 2008; Murphy et al., 2009;
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Skudlarski et al., 2008; Weissenbacher et al., 2009). Van Dijk et al. (2010) reported that
anticorrelations were reliable only after preprocessing, and two other studies observed a
reduction in the strength of negative, but not positive, correlations when global
normalisation was not performed (Fransson, 2005; Uddin et al., 2009). In their reliability
study, Shehzad et al. (2009) found that positive correlations were more reliable than
negative correlations. Thus given that negative correlations have been shown to be less
reliable than positive correlations, and that many negative correlations may simply
represent an analytic artefact of preprocessing, only positive functional correlations were
investigated in this study.
In summary, research investigating somatosensory functional networks in healthy
adults, as well as the reliability of these networks over time and between individuals, has
been lacking. Such research is needed before investigating functional connectivity
changes in somatosensory networks in clinical populations, such as stroke patients. The
aims of this study were to characterise resting-state functional networks in the
somatosensory system in healthy adults, mostly of older age, and to determine the
reproducibility of these patterns over a six-month interval, both at group and individual
levels. Determining the reliability of the functional connectivity approach was aimed at
establishing a baseline for comparison to stroke patients with somatosensory loss. It was
predicted that seeded functional connectivity analysis of data collected during a resting
state would reveal correlations of low frequency BOLD fluctuations within the
somatosensory system, and that these measurements would be consistent over time and
across individuals.
3.4
3.4.1

Method

Participants
Eleven healthy volunteers (5 male, aged 23-79, M = 60.0, SD = 16.9 years) with

no history of neurological, psychiatric or sensory impairment participated in the study.
These participants were a subset of healthy control participants involved in the IN_Touch
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(Imaging Neuroplasticity of Touch) study (Carey, Abbott, et al., 2011). All participants
underwent scanning and behavioural testing at the initial time point, and a subgroup of six
subjects (2 male, aged 23-76, M = 50.8, SD = 17.8 years) underwent a second scanning
session six months after the initial scan. This six-month time period was chosen because
the results from the healthy subjects were intended for use as a baseline for comparison to
a sample of stroke patients who were studied over the same time period. All participants
were right hand dominant with a median laterality quotient of 100 (Oldfield, 1971),
showed sensory thresholds within the normal range for both hands for the Tactile
Discrimination Test (TDT) (Carey, Oke, & Matyas, 1997), and had normal structural
magnetic resonance (MR) brain images as reported by a clinical radiologist. The relevant
university and hospital human ethics committees approved the study and written informed
consent was obtained from all participants.
3.4.2

Quantification of touch sensation
Touch discrimination ability was assessed using the Tactile Discrimination Test

(TDT) (Carey et al., 1997), a psychophysical measure of touch discrimination of the
fingertips, shown in Figure 3.1 (see also Appendix A: Tactile Discrimination Test (TDT),
p. 271).
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Figure 3.1. Example of the texture grids used in the Tactile Discrimination Test (TDT)
(Carey et al., 1997). The TDT is a psychophysical measure of touch discrimination, and
the primary clinical measure used throughout these studies.

The TDT requires participants to discriminate differences in finely graded plastic
texture surfaces marked by ridges at set spatial intervals, using the method of constant
stimuli and a three-alternative forced choice design. Differences in surfaces range from
those that can just be discriminated by healthy participants through to very large
differences. Five surface sets that span the range of textures are each presented 10 times
with vision occluded, in a predetermined random order. The test score is the probability
of correct discrimination response across all stimuli presented (n = 50) and represents the
area that subtends the psychometric function after accounting for the probability of an
accurate response due to chance (Carey & Matyas, 2011). A score of 100 represents
errorless performance, and the criterion of abnormality is defined as an area under the
curve score of less than 66.1 (Carey & Matyas, 2011). Scores for the dominant and nondominant hands have been shown not to differ significantly in healthy controls (Carey et
al., 1997). The TDT has high test-retest reliability, age-appropriate normative standards
and excellent discriminative properties (Carey et al., 1997). The ecological validity of the
stimuli and method of testing are supported by previous psychophysical (Darian-Smith &
Oke, 1980; Morley, Goodwin, & Darian-Smith, 1983) and neurophysiological studies that
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employed similar stimuli, active methods of exploration, and the forced-choice design
(Carey, 1995).
3.4.3

Image acquisition

3.4.3.1 Functional imaging sequences.
Whole brain fMRI studies were performed using a 3 Tesla GE Horizon LX Sigma
MRI scanner with quadrature head coil (GE Medical Systems, WN, USA). Five minutes
of resting-state data (100 volumes) were acquired for all participants with the following
parameters: repetition time (TR) = 3000 ms; echo time (TE) = 40 ms; flip angle = 75
degrees; field of view (FOV) = 240 mm; 128 x 128 matrix; slice thickness = 4 mm;
interslice gap = 1mm; in-plane voxel size = 1.95 x 1.95 mm; bandwidth 100. The
participants were instructed to close their eyes and perform no particular task.
Participants’ arms rested comfortably on their chest, but not touching each other or
anything else. The data were collected immediately after performing an in-scanner
somatosensory task involving perception of a plastic texture grating, the results of which
have been reported elsewhere (Carey, Abbott, Egan, et al., 2008; Carey, Abbott, Harvey,
Puce, & Seitz, 2008). The participants were monitored during the scanning session to
ensure they were awake and alert. They were debriefed after resting-state data collection
and none of them reported falling asleep.
3.4.3.2 Structural imaging sequences.
Whole brain anatomic and angiographic images were acquired at the same session
and included: high-resolution anatomical image (ultrafast gradient echo 3D [3D FSPGR]
sequence; preparation time = 500 ms; TE = 2.7 ms; flip angle = 20°; FOV = 240 mm; 512
x 224 matrix); 2D T1-weighted series in identical imaging plane to echo planar image
(EPI) (T1 spin-echo, TE = 14 ms; TR = 700 ms; 256 x 256 matrix); axial 2D T2-weighted
image (TE = 80 ms; TR = 3400 ms; number of echoes [ETL] = 10 ms; fast spin echo
[FSE] 384 x 256 matrix; number of excitations [NEX] 2.00; bandwidth 31.25) in same
imaging plane as EPI scan; and 2D angiographic images (spoiled gradient echo [SPGR];

98
TE 6.9 ms; TR = 20 ms; flip = 30°; 256 x 192 matrix; same slice thickness and spacing as
EPIs).
3.4.4

Data analysis

3.4.4.1 Preprocessing of fMRI data.
Preprocessing for each participant’s data included image conversion, slice timing
correction, determination of optimum realignment target (median centre-of-within-brainintensity), motion detection and realignment (rigid body with six degrees-of-freedom),
normalisation to a customised EPI brain template (described below), Gaussian smoothing
(8mm FWHM), and automated creation of within-brain mask of normalised images, using
Statistical Parametric Mapping, SPM2 (www.fil.ion.ucl.ac.uk) and iBrain™ software
(Abbott & Jackson, 2001). Motion parameters were included as covariates of no interest.
Data from each imaging run were scaled to a grand mean of 100. The statistical analysis
of the resting-state data employed an Autoregressive AR(1) model to account for
temporal autocorrelation in the data.
For group analyses, fMRI data were brought into standard space. The spatial
normalisation target used was a custom template, approximating the EPI template in
Montreal Neurological Institute (MNI) space. The custom template was created in an
iterative fashion from the group of participants (N = 33) involved in the IN_Touch study.
3.4.4.2 Preprocessing for connectivity analysis.
Several processing steps were used to optimally prepare the functional data for
analysis of voxel-based correlations. Data were high pass filtered (using SPM8)
(www.fil.ion.ucl.ac.uk) with a high pass cut-off of 0.01 Hz (Lund et al., 2006) and low
pass filtered in iBrain™ (Abbott & Jackson, 2001) using a finite impulse response filter to
remove the effect of high-frequency noise (f < 0.08 Hz) (Cordes et al., 2001).
3.4.4.3 Construction of seed regions of interest (ROIs).
To measure interregional functional connectivity of the somatosensory system, we
identified functionally and anatomically defined regions of interest (ROIs) representing
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nodes in the somatosensory system. These ROIs for functional connectivity analysis were
determined by identifying regions of maximal activation (Greicius et al., 2003) from
somatosensory fMRI brain activation data in healthy controls involved in the IN_Touch
study (at initial and six-month time points) (Carey, Abbott, Harvey, et al., 2008). ROIs
were defined based on a probabilistic (population group) location, rather than a localiser
task to define areas on a subject-by-subject basis, in order to ensure that the same location
was tested between sessions, and because it is not always possible to define an area
functionally or anatomically on a subject-by-subject basis if it is damaged (such as after a
stroke).
Significant activation clusters were further restricted to the a priori cortical
regions of interest, the hand regions of SI and SII, using cytoarchitectonic maps (Eickhoff
et al., 2005). The thalamic clusters were further restricted to regions of the thalamus
previously reported to show high probability of connectivity to somatosensory cortex,
based on the thalamic connectivity atlas reported in the literature (Johansen-Berg et al.,
2005).
Six seeds were selected, and comprised clusters in the left and right primary (SI)
and secondary (SII) somatosensory cortices and left and right somatosensory
ventroposterior lateral thalami. The six seed regions are shown in Figure 3.2 with MNI
coordinates, size, and anatomical location based on cytoarchitectonic maps, as reported in
Table 3.1.
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Figure 3.2. The six seed locations in primary somatosensory cortex (SI), secondary
somatosensory cortex (SII) and thalamus in both hemispheres. Images are displayed in
neurological convention (subject’s left is displayed on image left). Slice numbers
represent axial slice position in Montreal Neurological Institute (MNI) space.

Table 3.1
MNI coordinates, anatomical location and voxel size of each of the six seed regions
Seed region

MNI
coordinates
x
y
z

Size
(voxels)

Seed anatomical location

SI
Left

-46

-35

51

99

Right

44

-24

50

99

-49

-22

17

100

Right

47

-21

16

100

Thalamus
Left
Right

-17
17

-27
-22

8
4

141
168

SII
Left

90.2% in BA 2, 6.3% in BA 1,
1.9% in IPC, 1.1% in hIP3
42.3% in BA 3b, 28.9% in BA
2, 21.8% in BA 1, 3.9% in BA
4a
89.8% in OP 1, 3.8% in TE 1.0,
3.5% in OP 3, 3.0% in OP 4
73.8% in OP 1, 9.4% in OP 3,
8.1% in TE 1.0, 5.5% in TE 1.1
Left thalamus
Right thalamus

Note. Anatomical definitions are based on the anatomy toolbox in SPM8, which is based on probabilistic
cytoarchitectonic maps (Eickhoff et al., 2005). MNI = Montreal Neurological Institute; SI = primary
somatosensory cortex; SII = secondary somatosensory cortex; BA = Brodmann’s area; IPC = inferior
parietal cortex; hIP = anterior intraparietal sulcus; OP = parietal operculum; TE 1.0, 1.1, 1.2 = primary
auditory cortex.

Each cortical seed ROI was approximately 100 voxels in size (voxels were 1.95 x
1.95 x 4 mm in size). Thus the cortical seed regions were constructed to make the ROIs
relatively uniform in size and anatomically verified. As the thalamic seeds were based on
the thalamic atlas (Johansen-Berg et al., 2005), the size was determined by that template
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(141 and 168 voxels). These six regions were used to extract time-courses from restingstate data in each participant.
To first establish the consistency of the signals within each of the seed regions,
BOLD signal timecourses were extracted from each voxel in each seed region for each
individual. For each seed, these timecourses were correlated against the timecourses of all
other voxels within the seed region. The signals were standardized to have a mean of 0
and were preprocessed following the steps described previously and below. Signals for
physiological noise (cerebrospinal fluid, CSF and white matter, WM), motion, and the
global brain signal were included as regressors of no interest. The mean consistency
values for all of the seeds were well within acceptable levels, all falling above 0.5 (left SI:
M = 0.63, SD = 0.12; right SI: M = 0.69, SD = 0.08; left SII: M = 0.55, SD = 0.09; right
SII: M = 0.61, SD = 0.09; left thalamus: M = 0.57, SD = 0.06; right thalamus: M = 0.56,
SD = 0.08).
3.4.4.4 fcMRI correlation analysis.
The first step in all fcMRI analyses was to extract BOLD signal time courses from
each ROI (six ROIs defined as described above) by averaging timecourses over voxels
within each region for each individual at each time point. To compute functional
connectivity maps corresponding to a selected seed ROI, the average BOLD signal
timecourse of the voxels within the ROI was correlated against all other voxels within the
brain as originally described by Biswal et al (Biswal et al., 1995). Six functional
connectivity maps were thus generated for each participant at each time point. Several
potential sources of spurious variance along with their temporal derivatives were included
in the design matrix as confounds: 1) six parameters obtained by rigid body correction of
head motion; 2) the average whole-brain signal; 3) signal from a ventricular cerebrospinal
fluid (CSF) region of interest; and 4) signal from a region centred in the white matter
(Fox et al., 2005). Regions in the CSF and white matter were identified manually using
MRIcro software (Rorden & Brett, 2000). The regression of these factors as variables of
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no interest was aimed at removing fluctuations unlikely to be involved in specific
regional correlations. The analysis was performed using Statistical Parametric Mapping,
SPM8 (www.fil.ion.ucl.ac.uk), with the individual functional connectivity maps
thresholded at p value less than .001 (uncorrected) at the voxel level. Only clusters with p
values less than .05 (False Discovery Rate, FDR, corrected) are reported as significant.
3.4.4.5 Second level imaging analysis.
In the group analysis, the contrast (con*.img) images from the individual analyses
of each individual participant were combined in a second level, random-effects model
(Holmes & Friston, 1998). To examine changes over time, paired t tests were used. Only
clusters with p values less than .05 (FDR corrected) are reported as significant.
Anatomical localisation of significant clusters was defined using the anatomy toolbox in
SPM8, which is based on probabilistic cytoarchitectonic maps (Eickhoff et al., 2005).
3.4.4.6 Reliability analysis.
Reproducibility of group-level functional connectivity maps over time was
examined in two ways: 1) a direct statistical comparison of differences in activation
between sessions (random effects General Linear Model, GLM), and 2) by a
“reproducibility” map in which the initial and six-month connectivity maps were overlaid
on each other to display regions of common connectivity. Within-group differences
between connectivity maps at the two time points were analysed by entering the contrast
images into the design matrix for each participant in initial and six-month pairs
separately, followed by a paired t-test of differences.
Test-retest reliability of individual functional connectivity results over time was
also investigated. To investigate individual-level reproducibility and enable comparison
with Van Dijk et al.’s (2010) study, the percentage of overlap between the two sessions
was calculated by dividing the number of voxels above threshold in both sessions by the
number of voxels above threshold for either session, and multiplying this number by 100.
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This approach allowed for a quantitative measure of longitudinal reliability within a small
sample.
3.5
3.5.1

Results

Demographic and clinical data
Participant background details and clinical test scores are reported in Table 3.2.

Table 3.2
Background characteristics and somatosensory thresholds of healthy volunteers
ID

Gender

Age

TDT score
Initial

H04
H05
H06
H07
H08
H09
H10
H11
H12
H13
H14
Median
(IQR)
25th-75th

M
F
M
M
F
F
F
F
F
M
M
5M, 6F

75
65
79
71
65
76
42
50
23
60
54
65
(5273)

Right
76.85
84.98
71.18
73.15
75.62
73.40
86.70
86.45
84.48
73.65
75.12
75.62
(73.5384.73)

Left
96.31
86.21
69.95
84.98
90.64
73.65
83.99
76.85
78.57
81.77
79.56
81.77
(77.7185.60)

Six months
Right
Left

80.54
83.00
80.54
82.76
82.02
78.57
81.28
(80.5482.58)

87.44
83.00
84.73
92.86
89.65
85.96
86.70
(85.0489.10)

Note. Subjects H04 to H08 only underwent resting-state scans at one time point, so test-retest data for the
TDT are not presented for these individuals. ID = subject identification number; TDT = Tactile
Discrimination Test (Carey et al., 1997), score is percentage correct area under the curve, with a score less
than 66.1 defined as abnormal (Carey & Matyas, 2011); M = male; F = female; SD = standard deviation;
IQR = interquartile range.

3.5.2

Group resting-state functional connectivity results
Random effects group analysis was applied to resting-state functional connectivity

maps based on seed regions in SI, SII and thalamus for all 11 participants, with results
shown in Figure 3.3 and Table 3.3.
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Figure 3.3. Group-level (N = 11) functional connectivity (FC) networks associated with
seed regions in left and right primary somatosensory cortex (SI), secondary
somatosensory cortex (SII), and thalamus. Interhemispheric functional connections
between homologous regions can be seen for all six seeds. The seed region is indicated in
green. Images are displayed in neurological convention (subject’s left is displayed on
image left). Colour scale represents Z-values of group functional connectivity maps. Slice
numbers represent axial slice position in Montreal Neurological Institute (MNI) space.
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Table 3.3
Functional connectivity results for the healthy controls at the initial time point (N = 11)
Seed region
Left SI

Cluster size (voxels)

Z value

2975

5.39

1714
190
127
323
79
2649
618
215
157
140
113

4.96
4.39
4
4
3.81
4.8
4.48
4.13
4.55
3.85
3.9

MNI maxima
(x, y, z)
-42 -36 38
-34 -34 38
-56 -24 26
40 -46 46
14 -12 38
-26 -6 44
8 -32 56
58 -22 18
44 -20 50
-46 -20 26
-32 0 46
16 -6 46
-12 -36 58
-10 -24 44

Cluster anatomical location
Left BA 2, IPC, and hIP

Right BA 2, 6, and 4p; SPL
Left BA 6, 4a, and 3a; right BA 4a
Right BA 6 and SPL
Left BA 4p, 6, and 4a
Right OP 1 and IPC
Right SI
Right BA 2, 3b, 6, and 4p
Left BA 2 and 1; left IPC and hIP
Left BA 6 and 4a
Right BA 6; left BA 6
Left BA 4a, 3a, 4p; left SPL
Left BA 6 and 4a; left SPL; right BA
4a
87
3.85
20 -60 -10
Right hOC3v (V3), cerebellum lobule
VI, hOC4v (V4), & BA 18
75
4.07
24 -76 24
Right superior occipital gyrus
66
3.62
-10 -12 60
Left BA 6 and 4a
Left SII
3034
5.4
-50 -20 14
Left OP 1, 3, and 4; left IPC
2901
4.99
32 -24 8
Right OP 1 and 3; right TE 1.0 and IPC
200
4.15
4 8 42
Right BA 6; left BA 6
180
4.28
-6 -8 38
Left BA 6; right BA 6
45
3.88
48 -10 50
Right BA 6, 4a, 1, and 3b
39
3.85
40 36 -4
Right inferior frontal gyrus (p.
Orbitalis and p. Triangularis)
Right SII
3633
5.2
56 -6 2
Right OP 1 and 4; right BA 3b and 2
1253
5.25
-50 2 12
Left OP 1, 4, and 3; left BA 44
187
5.51
0 6 40
Right BA 6; left BA 6
149
3.86
-6 6 54
Left BA 6; right BA 6
65
3.97
54 -40 26
Right IPC
Left
2163
6.41
-10 -24 -2
Left insula, TE 1.1, amygdala, &
thalamus
thalamus; right thalamus
200
4.47
-60 -28 30
Left IPC
81
4.05
32 -24 18
Right insula, OP 2, and TE 1.1
70
3.63
0 -48 -18
Right cerebellum lobule V and lobules
I-IV; left cerebellum lobules I-IV
Right
2553
5.14
20 -10 10
Right IPC, insula, amygdala, OP 1, and
thalamus
thalamus; left thalamus
96
4.11
-16 -78 -24
Right cerebellum lobule V; left
cerebellum lobule VI and lobule VIIa
52
5.05
4 10 50
Right BA 6; left BA 6
49
4.53
-22 -30 36
Left BA 6 and 3a, left SPL
Note. Anatomical definitions are based on the anatomy toolbox in SPM8, which is based on probabilistic
cytoarchitectonic maps (Eickhoff et al., 2005). MNI = Montreal Neurological Institute; SI = primary
somatosensory cortex; BA = Brodmann’s area; IPC = inferior parietal cortex; hIP = anterior intraparietal
sulcus; SPL = superior parietal lobule; OP = parietal operculum; TE 1.0, 1.1, 1.2 = primary auditory
cortex.

As shown in Figure 3.3 and Table 3.3, both of the SI seeds showed significant
functional connectivity with clusters in bilateral SI (BA 2, 3a, and 3b), primary motor
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area (MI) (BA 4a and 4p), supplementary motor area (SMA) (BA 6), and inferior parietal
areas. In addition, the left SI seed showed significant functional connectivity with right
superior parietal lobule and right SII (parietal operculum, OP 1, 3, and 4). The right SI
seed showed additional significant functional connectivity with the right cerebellum and
right visual occipital areas (V3, V4, BA 18, and superior occipital gyrus).
Both of the SII seeds showed significant functional connectivity with clusters in
SII and SMA of both hemispheres, and right SI. Other clusters showing functional
connections with left SII were bilateral inferior parietal cortex, right MI, and right inferior
frontal gyrus. The right SII seed was also functionally connected with bilateral middle
cingulate cortex and right inferior parietal cortex.
Clusters significantly correlated with both thalamus seed regions included
bilateral thalamus and cerebellum, right SII, and ipsilateral amygdala and inferior parietal
cortex. The left thalamus was also functionally connected with bilateral insula and
bilateral primary auditory cortex (TE 1.1), and the right thalamus showed functional
connections with clusters in bilateral SMA, left SI, and right insula.
3.5.3

Reproducibility of functional connectivity networks over time

3.5.3.1 Group-level test-retest reliability.
3.5.3.1.1 Statistically significant differences between group-level functional
connectivity maps at both time points.
A between-groups random effects analysis to identify differences between
connectivity maps at the two time points was applied to the data for the six participants
who underwent follow-up testing at six months. These results are shown in Table 3.4.
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Table 3.4
Test-retest statistics for the six healthy controls
Seed
region

Cluster size
(voxels)

Z
value

MNI maxima
(x, y, z)
Greater at initial

Cluster anatomical location

SI
Left
Right

No significant differences
No significant differences

SII
Left
Right
Thalamus
Left
Right

17
4.15
34 36 8
No significant differences

Right inferior frontal lobe

20
3.87
46 26 24
Left BA 45
17
3.84
4 -18 60
Right BA 6
No significant differences
Greater at six months

SI
Left
Right

16

4.63

-6 -62 34
-10 -58 42
No significant differences

Left SPL (7A)

16
16

4.27
3.69

Left posterior cingulate & precuneus
Left middle frontal & precentral gyri

SII
Left

-6 -52 32
-36 4 54
-38 2 46
-30 -14 54
34 -76 8

13
4.14
Left BA 4p, 6
Right 20
4.15
Right occipital lobe
Thalamus
Left
No significant differences
Right 15
3.92
22 46 14
Right middle frontal gyrus
Note. Anatomical definitions are based on the anatomy toolbox in SPM8, which is based on probabilistic
cytoarchitectonic maps (Eickhoff et al., 2005). MNI = Montreal Neurological Institute; SI = primary
somatosensory cortex; SII = secondary somatosensory cortex; SPL = superior parietal lobule; BA =
Brodmann’s area.

As can be seen in Table 3.4, no significant differences between functional
connections within core somatosensory regions were found between the two time points.
The random effects analysis identified some statistically significant differences in
functional correlations with small clusters outside the core somatosensory regions (none
were greater than 20 voxels).
3.5.3.1.2 Overlap of group-level functional connectivity maps at both time points.
Reproducibility of group-level functional connectivity maps over time was also
examined by creating a “reproducibility” map in which the initial and six-month
connectivity maps were overlaid on each other to display common regions of
connectivity. These results for the retested group (n = 6) at the initial and six-month time
points are shown in Figure 3.4.
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Figure 3.4. Overlap of group-level results for the two time points (N = 6 participants).
Interhemispheric functional connections can be seen for all seeds at one or both time
points. Due to the small sample size, group-level maps show fairly small areas of extent,
resulting in small areas of overlap between time points. Images are displayed in
neurological convention (subject’s left is displayed on image left). Colour scale represents
Z-values of group functional connectivity maps. Slice numbers represent axial slice
position in Montreal Neurological Institute (MNI) space. SI = primary somatosensory
cortex seed; SII = secondary somatosensory cortex seed.
The anatomical regions showing functional connectivity at each time point were
identified. Regions showing significant functional connections with each seed at both
time points are listed in Table 3.5.
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Table 3.5
Anatomical regions showing significant functional connections with each seed at both
time points
Seed
Regions functionally connected at both time points
SI
Left
Bilateral hIP and BA 2
Left IPC, OP 1 and BA 1 and 3b
Right SPL
Right
Bilateral SPL, IPC, and BA 2, 3a, and 4p
Right BA 4a and hIP
SII
Left
Bilateral BA 6
Left OP 1 and 3, TE 1.0, IPC, insula, and BA 2 and 3a
Right
Bilateral OP 1, 2, and 4, and BA 6
Right IPC, TE 1.0 and 1.2, BA 2, 3b, 4p and 44, and hIP
Left OP 3 and BA 4a
Thalamus
Left
Left thalamus and insula
Right
Right thalamus and insula
Note. Anatomical definitions are based on the anatomy toolbox in SPM8, which is based on probabilistic
cytoarchitectonic maps (Eickhoff et al., 2005). SI = primary somatosensory cortex; SII = secondary
somatosensory cortex; hIP = anterior intraparietal sulcus; BA = Brodmann’s area; IPC = inferior parietal
cortex; OP = parietal operculum; SPL = superior parietal lobule; TE 1.0 and 1.2 = primary auditory cortex.

As shown in Table 3.5, many of the same anatomical regions were identified at
both time points. For example, both SI seed regions showed low frequency correlated
fluctuations with bilateral SI regions at both time points, both SII seed regions were
functionally connected with bilateral SMA (BA 6) at both time points, but not with
bilateral SII, and both thalamus seeds were functionally connected with thalamus and
insula within the same hemisphere at both time points, but not with cortical
somatosensory regions.
3.5.3.2 Reliability estimates.
Test-retest reliability of individual functional connectivity results over time was
investigated by calculating the correlation between functional connectivity estimates for
each ROI pair in each individual across time points (Honey et al., 2009; Van Dijk et al.,
2010). Test-retest reliability for each ROI pair, calculated as the correlation between FC
estimates for the pair at each time point across individuals, are reported in Table 3.6.
Test-retest reliability estimates for interhemispheric functional connections were weak to
moderate, ranging from r = .34 (SI to SI) to r = .49 (thalamus to thalamus). Reliability of
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functional correlations between ipsilateral SI and SII was relatively high for the left
hemisphere (r = 0.60) but not for the right hemisphere (r = 0.12). The same pattern was
seen for connections between ipsilateral thalamus and SI (r = 0.80 for the left
hemisphere, r = 0.18 for the right hemisphere). Connections between the thalamus seed
regions and contralateral cortical somatosensory regions were the least reliable.

Table 3.6
Reliability of functional connections over time for each ROI pair
ROI pair

Test-retest correlation

SI-SI
0.34
SII-SII
0.49
Thal-Thal
0.39
SI-SII
Left
0.60
Right
0.12
Thal-SI
Left
0.80
Right
0.18
Thal-SII
Left
0.43
Right
0.24
Left SI-Right SII
0.01
Right SI-Left SII
0.71
Left thal-Right SI 0.46
Right thal-Left SI -0.34
Left thal-Right SII -0.40
Right thal-Left SII -0.05
Note. ROI = region of interest; FC = functional connectivity; SI = primary somatosensory
cortex; SII = secondary somatosensory cortex; Thal = thalamus.

3.5.3.3 Individual level test-retest reliability.
Overlaps of functional connectivity maps for all the seed regions, within and
between subjects, are shown in Figure 3.5.
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Figure 3.5. Overlaps of seed correlation maps over time (intrasubject) and between
individuals (intersubject). Left six columns: Overlap of seed correlation maps for each
subject across the two sessions (Intrasubject). Most individuals showed significant
interhemispheric functional connectivity between homologous regions for all of the seed
areas. Some degree of inter-individual variability is apparent. Blue = Session 1; Green =
Session 2; Red = Overlap. Right two columns: Overlap of seed correlation maps across
subjects at each scanning time point. Again, interhemispheric functional connectivity
between homologous regions is apparent for the majority of individuals for all seed
regions, as is connectivity between SI regions and supplementary motor area (SMA).
Colour scale indicates number of participants showing functional connectivity at a
particular voxel. Images are displayed in neurological convention (subject’s left is
displayed on image left). Slice numbers represent axial slice position in Montreal
Neurological Institute (MNI) space. SI = primary somatosensory cortex seed; SII =
secondary somatosensory cortex seed; thal. = thalamus seed.

As can be seen in Figure 3.5, there was some variation in the specific voxels
showing overlap, but overall similar patterns of connectivity were revealed consistently
across participants and time points. Most individuals showed significant interhemispheric
functional connectivity between homologous regions for all of the seed areas at each time
point. Some degree of inter-individual variability was apparent.
To investigate individual-level reproducibility in this small sample, and to enable
direct comparison with previous research (Van Dijk et al., 2010), the percentage overlap
between the two sessions was calculated by dividing the number of voxels above
threshold in both sessions by the number of voxels above threshold for either session
(Van Dijk et al., 2010). The average percent overlap values across sessions varied across
the seed regions, and were highest for the SI seeds (left SI: M = 26.58, SD = 12.66, right
SI: M = 27.56, SD = 14.25), followed by the SII seeds (left SII: M = 22.51, SD = 14.09,
right SII: M = 17.31, SD = 11.54) and finally the thalamus seeds (left thalamus: M =
10.66, SD = 4.37, right thalamus: M = 10.85, SD = 4.69).
3.6
3.6.1

Discussion

Functional connectivity of somatosensory networks
As expected, characterisation of functional connectivity networks associated with

regions in SI, SII and thalamus in the 11 healthy participants at the initial time point
revealed consistent interhemispheric connections between homologous anatomical
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regions in each hemisphere. The results were in line with known anatomical connections
within the somatosensory system, particularly interhemispheric connections between SISI and SII-SII via the corpus callosum (Blatow et al., 2007; Disbrow et al., 2001; Jones,
1986; Jones & Powell, 1969b). This finding is also consistent with previous functional
connectivity studies that demonstrated interhemispheric connectivity between
homologous sensory regions within the auditory (Cordes et al., 2000; Gavrilescu et al.,
2010), visual (Nir et al., 2008), and motor systems (Biswal et al., 1995), as well as
evidence of robust interhemispheric connectivity between other regions such as posterior
parietal cortex (He, Snyder, et al., 2007).
Overall the current findings are consistent with those of Burton et al. (Burton et
al., 2009), who reported that the network associated with a left SI seed included regions in
bilateral pre- and post-central gyri, left SII, and left premotor cortex. They found that the
network associated with a left SII seed involved bilateral SII and insula, inferior
supramarginal gyrus, and areas of the left postcentral gyrus. Burton et al. only reported
functional connectivity results based on left hemisphere seeds, but it appears from the
results of our current study that there may be some hemispheric differences in terms of
functional connectivity of somatosensory networks of the left and right hemispheres.
These differences are not surprising, given that only right-handed individuals were
studied, and evidence of hemispheric asymmetries in somatosensory activation paradigms
(Carey, Abbott, Egan, et al., 2008), and known asymmetries in brain anatomy (Toga &
Thompson, 2003).
We did not find evidence of significant functional connectivity between thalamic
and cortical somatosensory regions in healthy controls, despite the fact that anatomical
connections between these areas are known to exist (Murray et al., 1992; Zhang et al.,
2001). Although some studies have reported significant functional connectivity between
the thalamus and cortical somatosensory regions in younger individuals (Fair et al., 2010;
Zhang et al., 2010), it has also been shown that functional connectivity between these
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regions is reduced in older age groups (Fair et al., 2010). Therefore the absence of
consistent thalamocortical functional connections with somatosensory regions could be
due to the predominantly older age of our sample.
We also found only inconsistent evidence of SI to SII connectivity, again despite
existence of anatomical connections between these regions (Burton, 1986; Gardner &
Kandel, 2000; Jones, 1986). However, as has been revealed by studies combining
structural and functional connectivity imaging approaches, the relationship between
anatomical and functional connectivity is known not to be one-to-one, so functional
connections cannot be assumed even when direct anatomical connections are known to
exist (Damoiseaux & Greicius, 2009; Fransson & Marrelec, 2008; Greicius et al., 2009;
Honey et al., 2009; Vincent et al., 2007; Zhang et al., 2008).
Connections with motor regions were a consistent finding. Both of the SI regions
also showed significant functional connections with bilateral primary and supplementary
motor areas (MI and SMA), the SII regions both exhibited significant functional
connections with bilateral SMA, and both of the thalamus seed regions exhibited
significant functional connections with bilateral cerebellum. These findings are not
surprising given the obvious biological and evolutionary function of somatosensory
information to inform action (Dijkerman & de Haan, 2007), behavioural evidence for the
importance of somatosensation for motor function (Blennerhassett, Carey, & Matyas,
2006; Smania et al., 2003), known anatomical connections between these areas (Disbrow
et al., 2003; Friedman et al., 1986; Jones & Powell, 1969a), and neuroimaging studies
reporting activation of motor regions during performance of somatosensory tasks in the
absence of movement (Carey, Abbott, Egan, et al., 2008; Deuchert et al., 2002; Francis et
al., 2000; McGlone et al., 2002). These functional connections confirm that the grouping
together of motor and somatosensory networks as ‘somatomotor’ networks in previous
studies (Biswal et al., 1995) is valid and meaningful, and are consistent with the datadriven studies reviewed in Chapter 2B (Table 2.3, p. 80), which have typically found that

115
the somatosensory and motor regions to form one independent network or component
(Beckmann et al., 2005; Benjaminsson et al., 2010; Chen et al., 2008; Damoiseaux et al.,
2006; De Luca et al., 2006; He et al., 2009; Smith et al., 2009; van den Heuvel et al.,
2009; Zuo et al., 2010).
Connections with parietal regions were also observed for some seeds. These areas,
such as posterior parietal cortex (PPC) (Deuchert et al., 2002; Francis et al., 2000;
McGlone et al., 2002) and intraparietal sulcus (IPS) (Schroeder et al., 2003) play an
important role in active multisensory integration and spatial attention. The results here
imply that somatosensory regions may maintain some functional connectivity with
multisensory integration and attention networks even in the absence of directed task
performance. It could be speculated, given these consistent functional connections
between somatosensory areas and areas involved in attention, multisensory processing,
and motor output, that the functional connectivity of the somatosensory system is
primarily important for maintaining preparation for action in response to sensory input
(Boly et al., 2007; Treserras et al., 2009).
3.6.2

Reproducibility of functional connectivity measures
Statistical comparison of the group-level results at the two time points revealed

some significant areas of difference, but these were all small clusters that fell outside core
somatosensory regions. Identification of regions showing significant functional
connections with each seed at both time points further confirmed that these key
connections within the somatosensory system, including between bilateral SI regions, and
between SII and bilateral SMA regions, were found consistently at a group level, even
with a small sample size (n = 6). This result confirms that the main functional correlations
within the cortical somatosensory system appear to be robust and reliable over time in
healthy controls.
Nonetheless, the group-level results should be interpreted with some caution. The
sample size was small (n = 6), reducing the power to find significant group-level results
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and differences. Given these limitations, reproducibility of functional connectivity over
time was also examined at an individual level. The correlations between functional
connectivity estimates for each ROI pair across time points revealed moderate to strong
test-retest reliability within individuals, ranging from r = .43 to r = .97. This result is
broadly consistent with previous research (Honey et al., 2009; Shehzad et al., 2009; Van
Dijk et al., 2010). Reliability of specific ROI pairs was more variable, but tended to be
stronger for more robust and anatomically plausible connections, such as
interhemispheric connections between homologous regions, as has previously been
reported (Shehzad et al., 2009).
The average percent overlap values across sessions for each participant were
somewhat lower than those found in a previous study investigating the overlap in
functional connectivity maps based on a posterior cingulate seed over a week in young
adults (Van Dijk et al., 2010). Several possible reasons could account for this difference.
The first is the threshold level used, as discussed above. Second, the network investigated
in Van Dijk et al.’s study—the posterior cingulate seed and the associated default mode
network (DMN)—has been found to be one of the most reproducible functional
connectivity networks (Shehzad et al., 2009). It is possible that the functional
connectivity of the somatosensory network is simply more variable than that in the DMN.
Third, Van Dijk et al. compared scans collected a week apart, whereas in this study the
scans were separated by six months. This difference could account for the different
results, as functional connectivity results might be more reliable over a week than over
several months. Finally, an important difference between this and previous studies is the
inclusion of primarily older-aged individuals. Age-related changes in functional
connectivity patterns have been demonstrated (Andrews-Hanna et al., 2007; Fair et al.,
2010; Fair et al., 2009; Grady et al., 2010; Meunier, Achard, et al., 2009), and these
differences could possibly contribute to less robust reliability estimates.
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3.6.3

Limitations
A major limitation of this study was the small sample size, particularly for the

test-retest analysis. Although the sample size was commensurate with some previous
studies investigating reliability of seed-based functional connectivity estimates (Honey et
al., 2009; Van Dijk et al., 2010), further research with larger samples of older adults is
warranted. This research might be possible in future using the large pooled functional
connectivity datasets that are becoming increasingly available (Biswal et al., 2010;
Marcus et al., 2011). Resting-state functional connectivity analysis is still a relatively new
technique, and as discussed in Chapter 2B and in the introduction of this chapter, research
has emerged recently that methodological factors such as instructions to participants
(Benjamin et al., 2010), the task during scanning (eyes closed, open, or open and fixating)
(Bianciardi et al., 2009; McAvoy et al., 2008; Van Dijk et al., 2010; Yan et al., 2009; Zou
et al., 2009), and seed selection methods (Cole et al., 2010) can impact on functional
connectivity results. Variations in these methods could have produced different results,
but given time limitations and the small sample, these factors could not be explored in the
present study.
The seed regions used in this and later analyses were selected based on activation
associated with a touch grating task. Therefore these regions, and inferences about the
systems involved, are specific to the tactile discrimination task, and to this specific
submodality of the somatosensory system. Given that there are multiple submodalities
and processing streams within the somatosensory system (Gardner & Kandel, 2000; Kaas
et al., 1984; Mountcastle, 1984), and that other functional connectivity studies have
identified somewhat separate functional networks even within specific systems (O'Reilly
et al., 2010; van den Heuvel & Hulshoff Pol, 2010b), it is unclear to what extent the
present results would be applicable to somatosensory networks involved in processing of
other types of somatosensory information such as pain and proprioception. The later
studies in this thesis report results for a stroke population with somatosensory
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impairment, in whom tactile discrimination is one of the most commonly impaired
submodalities (Carey, 1995, 2006). In these studies both the somatosensory retraining
paradigm (reported later in Chapter 6) and the grating perception task used during the
functional activation studies were based on the perception of tactile gratings.
3.6.4

Summary and implications
This is one of only a few studies involving specific investigation of resting-state

functional connectivity of the somatosensory system in healthy controls (Burton et al.,
2009; Hua et al., 2008). The results extend previous findings by using a largely olderaged sample, rather than young adults; by including seeds from both hemispheres as well
as thalamic seeds; and by quantitatively considering the reliability of somatosensory
functional networks over time. To date, only a few studies have ever quantitatively
investigated the reliability of seeded resting-state functional connectivity methods (Honey
et al., 2009; Shehzad et al., 2009; Van Dijk et al., 2010).
Overall we found evidence of reproducible connections within the core
somatosensory regions that were observed over time and across individuals. The majority
of individuals showed reproducible functional connectivity within the basic components
of the somatosensory network, particularly interhemispheric connectivity between
homologous SI, SII, and thalamus regions, and connections between cortical
somatosensory and cortical motor areas such as SII and SMA. Connections from thalami
seeds with cortical areas were less reliable; this variability may be due to a combination
of methodological and statistical issues, but could also represent the possibility, as
suggested by some researchers (Honey et al., 2009), that resting-state functional
connectivity is inherently variable. Although any observed changes over time and
between-group differences must be interpreted with a degree of caution, these results help
establish a baseline for comparison to functional connectivity networks in stroke patients
in the following chapters. In summary, although the broad spatial patterns of functional
connectivity appear qualitatively consistent over time, it appears that some degree of
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variability is inherent in functional connectivity measures. Therefore caution is needed in
interpreting longitudinal changes in resting-state networks following stroke; comparison
to matched healthy controls, and replication in large sample sizes, are important.
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CHAPTER 4
Impaired touch sensation is associated with altered
somatosensory networks at one month after stroke
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4.1

Preface

In the previous chapter, resting-state functional connectivity analysis of functional
magnetic resonance imaging data (rs-fcMRI) was used to characterise brain networks
associated with seed regions in the somatosensory system (SI, SII, and thalamus) in
healthy control participants. The reliability of these networks over time was examined in
a subset of participants. One of the most consistent findings was of interhemispheric
functional connectivity between regions in homologous primary (SI) and secondary (SII)
somatosensory cortex and thalamus. Connections with motor regions were also a robust
finding, including connections between SI and regions in primary motor cortex (MI) and
supplementary motor area (SMA), and between SII and SMA. These core functional
connections within the somatosensory network were reliable over time and between
individuals. Overall the previous study demonstrated reliability over six months in
healthy controls of functional connections between areas of the previously described
somatosensory networks, warranting longitudinal comparison of changes in these
networks in patients poststroke. In the current chapter (Chapter 4), functional connectivity
of the somatosensory system was examined in patients at one month after stroke, and was
correlated with clinical impairment.
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4.2

Abstract

Few published studies have examined the brain networks associated with somatosensory
impairment poststroke. This study aimed to characterise resting-state functional
connectivity (FC) networks relevant to somatosensory processing in 11 mostly middle
aged to elderly patients with impaired touch sensation one month poststroke, and to
correlate these patterns with their performance on behavioural measures of
somatosensation. Lesions involved primarily subcortical somatosensory areas (referred to
as ‘subcortical’ lesions) in five patients and primarily cortical somatosensory regions
(‘cortical’ lesions) in the other six patients. Eleven age and gender-matched healthy
controls were also studied. Stroke patients demonstrated less interhemispheric FC
between homologous primary somatosensory cortex (SI) regions, and greater
intrahemispheric FC between contralesional secondary somatosensory cortex (SII) and
attention areas in anterior cingulate cortex (ACC), relative to matched controls. Better
tactile discrimination performance in the stroke group was positively associated with
interhemispheric FC strength, and with FC between contralesional SI and superior
parietal lobule, and between thalamus and areas in the Default Mode Network (DMN)
(posterior cingulate and precuneus). Worse behavioural performance was associated with
FC strength between ipsilesional SI and inferior parietal cortex, and between
somatosensory seed regions and frontal areas. Overall, altered FC was evident in
somatosensory networks and their connections with frontoparietal attention areas one
month poststroke, and was related to touch discrimination ability.
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4.3

Introduction

Somatosensory impairment is common following stroke and can adversely affect
quality of life, safety, and motor recovery (Carey, 1995, 2006). Neuroimaging is
increasingly being used to better understand the brain systems involved in impairment
and recovery after stroke, but research has tended to focus on the motor domain
(Johansen-Berg, 2007). Study of the changes in underlying brain networks associated
with somatosensory impairment is currently lacking.
4.3.1

Brain correlates of somatosensory impairment poststroke
Several studies using single case and small group designs, involving patients with

predominantly thalamic lesions, have described the neuroimaging correlates of
somatosensory impairment poststroke (Carey et al., 2002; Remy et al., 1999; Rossini et
al., 2007; Staines, Black, et al., 2002) (reviewed in Carey & Seitz, 2007). In these studies
it has typically been reported that better behavioural performance is associated with
relative “normalisation” of activity (Remy et al., 1999; Staines, Black, et al., 2002). In
patients with more severe impairments, some degree of function may be attained using
atypical neural recruitments (Tecchio et al., 2006), such as other sensory systems, and
networks involved in top-down attention.
In the context of somatosensory impairment following stroke, the visual system
may be engaged to support information processing. This expectation is based on studies
showing greater activation of visual areas during tactile tasks in blind individuals (Burton
et al., 2002) and enhanced tactile discrimination of Braille in short-term visually-deprived
normal-sighted individuals (Kauffman, Theoret, & Pascual-Leone, 2002). It has been
suggested that blindness and visual deprivation increases the need for cross-modal
recruitment (Sathian & Lacey, 2007) and similarly, somatosensory deprivation after
stroke may increase reliance on other cross-modal systems.
Greater recruitment of frontoparietal attention networks has been shown to occur
during task performance in individuals with brain impairment (Carey, Abbott, et al.,
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2011; Johansen-Berg, Dawes, et al., 2002; Loubinoux et al., 2003; Maruishi et al., 2007;
Nelles et al., 2001; Nelles et al., 1999; Sharp et al., 2009; Tombari et al., 2004). For
example, Maruishi et al. (2007) reported that patients with diffuse axonal injury exhibited
greater activation of the right prefrontal area when carrying out a working memory task at
similar performance levels to controls. Similarly, several studies have indicated that
motor impairment and recovery after stroke are associated with increased activity in
parietal areas such as inferior parietal cortex (IPC), and premotor cortex (Johansen-Berg,
Dawes, et al., 2002; Loubinoux et al., 2003; Nelles et al., 2001; Nelles et al., 1999;
Tombari et al., 2004). Increased frontoparietal integration with language regions has been
demonstrated in stroke patients with aphasia (Sharp et al., 2009), and a recent fMRI study
into the relationship between touch impairment and stroke revealed that touch impairment
was associated with activation in regions that included frontal attention networks (Carey,
Abbott, et al., 2011). Involvement of attentional networks after stroke has also been
reflected in resting state functional connectivity patterns (He, Snyder, et al., 2007; Park et
al., 2011).
4.3.2

Resting-state functional connectivity and stroke
The analysis of task-based activation paradigms only identifies local effects, and

does not take into account the network-wide operation of the brain (Banich & Weissman,
2000; Grefkes & Fink, 2011; Mesulam, 2000; Stephan et al., 2007). The use of this
technique is limited in stroke patients by a patient’s ability to actually perform the task
(Greicius, 2008; Price & Friston, 2002), and the interpretation of such results can be
further complicated by patient differences in haemodynamics (blood flow patterns)
(Carusone, Srinivasan, Gitelman, Mesulam, & Parrish, 2002; D'Esposito, Deouell, &
Gazzaley, 2003; Hamzei, Knab, Weiller, & Rother, 2003; Hillary & Biswal, 2007;
Krainik, Hund-Georgiadis, Zysset, & von Cramon, 2005; Mazzetto-Betti et al., 2010;
Murata et al., 2006; Pineiro et al., 2002). An alternative technique is resting-state
functional connectivity analysis of MRI data (rs-fcMRI), which measures correlated
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fluctuations of the BOLD signal over time across different parts of the brain (Biswal et
al., 1995; Friston, 1994; Horwitz, 2003). Resting-state fcMRI can be used to reliably
identify systems in the brain that exhibit robust levels of slow, organised fluctuations in
the BOLD signal in the absence of any nominated stimulus or behaviour, and are highly
reminiscent of the widely distributed networks that activate and deactivate in concert
during task performance (Biswal et al., 1995; Cordes et al., 2001; Nir et al., 2006).
Resting-state networks have repeatedly been shown to be associated with behavioural
performance in healthy controls (Fox et al., 2007; Hampson, Driesen, et al., 2006) and to
be disrupted in patients with various psychiatric and neurological diseases (Corbetta,
2010; Greicius, 2008). As such the technique has been said to have potential to detect
changes in brain networks associated with behavioural performance in neurological and
neuropsychiatric populations (Buckner, 2010; Greicius, 2008).
In stroke patients, resting-state networks (RSNs) have been shown to be disrupted
even within regions with no evidence of structural changes (He, Snyder, et al., 2007). He
et al. (2007) reported disrupted interhemispheric connectivity in the posterior parietal
cortex of stroke patients at the acute stage, even though these regions were not directly
lesioned (lesions were predominantly within the ventral attention network, including
insula, superior temporal gyrus, frontal operculum, and inferior parietal lobule). Further,
disrupted connectivity, particularly disrupted interhemispheric connectivity, appears to be
associated with behavioural impairment (Carter et al., 2010) and degree of improvement
(He, Snyder, et al., 2007; van Meer et al., 2010).
4.3.3

Heterogeneity of lesion site in stroke neuroimaging research
An ongoing challenge in neuroimaging research with stroke patients is variability

of lesion site. In the case of somatosensory impairment after stroke, lesions in both the
left and right hemisphere, and in both cortical and subcortical regions, can result in
problems with one or more aspects of somatosensation (Carey, 1995, 2006; Connell et al.,
2008; Kim & Choi-Kwon, 1996). It can be very difficult to recruit large numbers of
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patients for stroke studies, so researchers must strike a balance between obtaining a
representative sample, and maintaining some degree of homogeneity.
One way these issues have commonly addressed is by grouping patients into
subgroups, such as those with predominantly cortical or subcortical lesions (Carey,
Abbott, et al., 2011; Luft, Waller, et al., 2004). Patients with subcortical and cortical
infarcts have been shown to exhibit different brain activation patterns when performing
the same task in a motor paradigm (Luft, Waller, et al., 2004). Similarly, in a recent study
by Carey et al. (2011), it was reported that touch discrimination correlated negatively
with task-related activation in ipsilesional SI and SII, and contralesional thalamus, as well
as in frontal and occipital regions, in a group of primarily subcortical stroke patients. In
contrast, the cortical group did not show significant correlated activity. This finding is not
surprising since predominantly subcortical or cortical lesions produce their effects on
different network nodes (Lie, Hirsch, Rossmanith, Hennerici, & Gass, 2004), and impact
differently on cortical excitability (Liepert, Restemeyer, Kucinski, Zittel, & Weiller,
2005). Using TMS with stroke patients with motor impairment, Liepert et al found that
lesions in MI resulted in reduced inhibition, whereas subcortical lesions resulted in
increased inhibition. Some researchers have argued that different neural mechanisms may
also be used to mediate recovery in these two patient subgroups (Luft, Waller, et al.,
2004). Therefore in this study as well as exploring combined group effects, those with
predominantly cortical or subcortical infarcts within somatosensory structures (referred to
as ‘cortical’ and ‘subcortical’ lesions) were studied separately to identify subgroupspecific changes.
Another method commonly used to ensure adequate representative samples of
patients with heterogeneous lesion sites is to flip the result images of subjects with lesions
in one hemisphere, in order to create a homogeneous “lesioned” hemisphere in grouplevel analyses (Enzinger et al., 2009; Grefkes et al., 2008; Grefkes et al., 2010; Luft,
McCombe-Waller, et al., 2004; Luft, Waller, et al., 2004; Nelles et al., 1999; Pineiro,
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Pendlebury, Johansen-Berg, & Matthews, 2001; Ward, Brown, Thompson, &
Frackowiak, 2004). This flipping keeps the affected hemisphere consistent and creates a
group of patients large enough to allow population-level inferences (Nair et al., 2007).
Despite it being common practice, there is limited discussion in any published literature
about the validity of this approach.
Comparing the group results for patients to the nonflipped results of healthy
controls could be a potential confound, as between-group differences may be due to
hemispheric differences systematically introduced by the flipping process, rather than true
between-groups differences. The two hemispheres are known to differ in their anatomy
(Amunts, Jancke, Mohlberg, Steinmetz, & Zilles, 2000). In the case of somatosensory
function, there is some evidence of hemispheric differences in the functional anatomy of
somatosensory regions (Carey, Abbott, Harvey, et al., 2008; Van Boven, Ingeholm,
Beauchamp, Bikle, & Ungerleider, 2005). For example, tactile stimulation of the
nondominant left hand is more likely to show activation in broader sensorimotor areas
such as supplementary motor area, compared to the dominant hand (Carey, Abbott,
Harvey, et al., 2008). One solution to these potential confounds might therefore be to also
flip the results of matched healthy controls. This issue was explored as part of the present
study.
4.3.4

Purpose of study
We aimed to characterise resting-state functional connectivity networks defined

by seeding in somatosensory areas in stroke patients with impaired touch discrimination,
compared to matched healthy controls, and to investigate how functional connectivity
within these networks was related to touch discrimination ability.
On the basis of the literature referred to above, the following predictions were
made:
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1. That stroke patients would show less evidence of interhemispheric
functional connectivity between cortical somatosensory regions relative to
healthy controls;
2. That stroke patients would show evidence of weaker thalamocortical
functional connectivity relative to healthy controls;
3. That in stroke patients, better touch discrimination performance, as
measured using the Tactile Discrimination Test (TDT) (Carey et al., 1997),
would be associated with stronger interhemispheric functional connectivity
between cortical somatosensory areas;
4. That in stroke patients, better touch discrimination performance, as
measured using the Tactile Discrimination Test (TDT) (Carey et al., 1997),
would be associated with functional connectivity between somatosensory
areas and frontoparietal attention regions;
5. That in stroke patients, better touch discrimination performance, as
measured using the Tactile Discrimination Test (TDT) (Carey et al., 1997),
would be associated with functional connectivity between somatosensory
and visual areas.
4.4
4.4.1

Method

Participants
Participants comprised 11 stroke patients who were assessed at one month

poststroke. These participants were a subset of participants involved in the IN_Touch
(Imaging Neuroplasticity of Touch) study (Carey, Abbott, et al., 2011). Patients were
identified from local hospitals by the neurologist or allied health professionals involved
with the patient’s care, and the research therapist. Inclusion criteria were that patients
demonstrated impaired touch discrimination of the upper limb (both clinically, and on
standard tests), had experienced a first-episode ischemic stroke, were medically stable,
able to give informed consent and comprehend simple instructions, and were right-hand
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dominant. Exclusion criteria were brainstem or haemorrhagic infarcts, previous
neurological dysfunction or medical history that impaired hand function or precluded
MRI, peripheral neuropathy in upper limbs, global aphasia, or clinically defined visual
neglect. Initial identification and screening of patients took place in a case-by-case
collaborative manner through discussions with the patient’s management team, review of
the patient’s medical file, and use of screening tools including the Edinburgh Handedness
Inventory (Oldfield, 1971) (included in Appendix B: Edinburgh Handedness Inventory, p.
272) to confirm handedness, and line bisection and shape cancellation tasks (included in
Appendix C: Neglect screening – line bisection and shape cancellation, p. 273) (Lezak et
al., 2004; Mattingley, Bradshaw, Bradshaw, & Nettleton, 1994) to exclude visual neglect.
The 11 healthy participants whose results were reported in Chapter 3 were
included as controls. The healthy control participants were age-matched to account for
previously demonstrated age-related changes in functional connectivity (Andrews-Hanna
et al., 2007; Fair et al., 2010; Fair et al., 2009; Grady et al., 2010; Meunier, Achard, et al.,
2009).
The relevant university and hospital human ethics committees approved the study
and written informed consent was obtained from all participants.
4.4.2

Demographic and clinical profile
Background information included age, gender and premorbid hand dominance

(Oldfield, 1971). For the stroke patients, a clinical profile was obtained within 48 hours of
the MRI study.
Lesion locations were characterised by an experienced neurologist following a
procedure that has been described in several previous publications (Binkofski et al., 1996;
Seitz et al., 1998; Seitz et al., 1994), and were based on the high-resolution anatomical
images (FSPGR sequence) obtained at six months poststroke. Lesions were identified and
plotted into schematic representations of axial slices of the stereotaxic atlas of Talairach
and Tournoux (1988).
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Severity of neurological impairment was assessed using the National Institute of
Health Stroke Scale (NIHSS) (Brott et al., 1989) (Appendix D: National Institutes of
Health Stroke Scale (NIHSS), p. 275). This global 11-item neurological examination
stroke scale is designed to evaluate neurologic outcome for patients with stroke (Lyden et
al., 1999). The scale assesses level of consciousness, vision, and motor, sensory and
language function of stroke patients (Lyden et al., 1999; Richardson, Murray, House, &
Lowenkopf, 2006). A trained observer rates the patient’s ability to answer questions and
perform prescribed activities, such as simple language and motor tasks. Ratings for each
item are scored with 3 to 5 grades with 0 representing normal performance. The minimum
score of zero indicates that no neurological deficits were observed, and the maximum
score of 42 represents severe neurological deficit. Scores of 1-4 represent a minor stroke,
5-15 a moderate stroke, 15-20 a moderate/severe stroke, and 21-42 a severe stroke
(Bradley, Daroff, Fenichel, & Jankovic, 2004). Reliability has been reported to be
excellent overall and moderate to excellent for most individual scales (Brott et al., 1989;
Goldstein, Bertels, & Davis, 1989; Lyden et al., 1994).
Upper limb function was assessed using the Action Research Arm Test (ARAT)
(Van der Lee et al., 2001) (Appendix E: Action Research Arm Test (ARAT), p. 283).
This 19-item test involves movements for the participant to perform that are distributed
across four subscales, with 3 to 6 tasks each (Yozbatiran, Der-Yeghiaian, & Cramer,
2008). The ARAT was designed to measure extent of changes in limb function in
individuals with cortical damage resulting in hemiplegia (Lyle, 1981). It assesses a
participant’s ability to handle objects of different size, weight, and shape, using each hand
individually (Platz et al., 2005). The test requires participants to grasp, move, and release
objects differing in size, weight and shape. The quality of the movements per item is rated
on a 4-point scale: 0 = no movement possible; 1 = movement partially performed; 2 =
movement performed, but abnormally; 3 = movement performed normally. Item scores
are summed to create four subscale scores: gross motor (9-point maximum), grasp (18-
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point maximum), grip (12-point maximum), and pinch (18-point maximum) (Lyle, 1981).
Possible total scores for the ARAT range from 0 to 57 for each arm, with a higher score
indicating better arm motor status (Yozbatiran et al., 2008). The ARAT has been shown
to have high intra- and inter-rater reliability, high reliability, high validity, and practical
applicability (Van der Lee et al., 2001; Yozbatiran et al., 2008).
4.4.2.1 Severity of somatosensory impairment.
Severity of somatosensory impairment was quantified across several modalities,
including tactile discrimination, touch detection at the fingertips, tactile object
recognition, temperature discrimination, and limb position sense.
The primary somatosensory outcome measure was the Tactile Discrimination Test
(TDT) (Carey et al., 1997), the psychophysical measure of touch discrimination of plastic
gratings using the fingertips that was described in Chapter 3 (section 3.4.2, p. 95).
Touch detection of the fingertips in both hands was assessed with the Weinstein
Enhanced Sensory Test (WEST) hand monofilaments using the rapid threshold procedure
(Weinstein, 1996) (Appendix F: Weinstein Enhanced Sensory Test (WEST), p. 285). The
WEST monofilaments are used to administer quantitatively different pressure sensations,
measured in milligrams, to each of the digits. The score indicates the threshold of
pressure that can be detected by the participant. A normative study has shown that age
had a significant effect on WEST values, and that there was an interaction effect for age
and gender (Schulz, Bohannon, & Morgan, 1998). Normal values, defined as the values
for 80% of the population for each category, are 0.035 grams (g) for women and men
aged 55 years or younger, 0.15 g for women older than 55 years, and 0.385 g for men
older than 55 years. The test has also been reported to show good internal consistency
(Schulz et al., 1998).
Tactile object recognition was assessed using the functional Tactile Object
Recognition Test (Carey, 2006), pictured in Figure 4.1 (see also Appendix G: Functional
Test of Tactual Object Recognition (fTORT), p. 286).
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Figure 4.1. The functional Tactile Object Recognition Test (fTORT) (Carey, 2006). The
fTORT was used to measure subjects’ ability to identify everyday objects through touch.

The test comprises a number of everyday objects, which the participant is required
to explore tactually with their hand, with vision occluded, and identify the object palpated
from a selection of object photographs. Objects are grouped in sets comprising an object
pair that differ in only one somatosensory attribute and a distracter object that varies in 2
or 3 somatosensory attributes. Fourteen sets are assessed. Accuracy in matched test object
selection is scored on four levels: 3 = correct match; 2 = object pair within object set
identified; 1 = object distracter within object set identified; 0 = incorrect, or no response
given, with a maximum possible score of 42. Compared to other tests of object
recognition (Carey, 1995), the fTORT provides a quantitative and standardised measure
that uses everyday objects and is suitable for clinical use with people who have
experienced a stroke. The test has been shown to have good test-retest reliability (Harvey,
2003). Normative data have been collected for middle aged to older neurologically
unimpaired participants, and stroke patients (Nankervis, 2004). Healthy older participants
were found to tactually identify test objects with very few inaccuracies (M = 40.64, SD =
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1.80, for the dominant hand; M = 40.70, SD = 1.30, for the nondominant hand), although
performance did deteriorate with advancing age (Nankervis, 2004). The 95th percentile
criterion of abnormality for total accuracy was defined as 37. The majority of stroke
patients in the normative study fell below the criterion of abnormality (M = 22.94, SD =
15.05), so the test clearly differentiated impaired performance relative to normal
standards.
Temperature discrimination was measured using the Rolyan® hot and cold
discrimination kit (Appendix H: Temperature Discrimination Test, p. 288). The kit
contains probes for hot and cold temperatures, which are placed in insulated cups to reach
the desired temperatures of 110°F (hot) and 40°F (cold). Probes are applied to either the
finger or forearm in a predetermined random sequence. Ten stimuli are applied to each
location. The total score represents the number of correct responses (out of ten) for each
location. Age-matched healthy controls have been shown to typically detect at least 9 out
of 10 correct (Carey, 1993).
Limb position sense was measured using the Wrist Position Sense Test (WPST)
(Carey, Oke, & Matyas, 1996) (Appendix I: Wrist Position Sense Test (WPST), p. 289).
The WPST measures an individual’s capacity to indicate wrist position following an
imposed movement of the wrist. In this test the participant’s forearm and hand are placed
in splints in a boxlike apparatus. The forearm splint is fixed in a central position and the
hand splint is attached to a lever whose axis is aligned with the wrist joint and with the
axis of a protractor scale. The examiner moves the participant’s wrist using the lever and
the participant is required to indicate on a protractor scale the angle of the movement.
Throughout the test the box obscures the participant’s vision of their wrist position and of
the examiner’s movement of the lever. In this test 20 consecutive test positions are
delivered to the wrist in the flexion-extension plane. Test positions are presented in a
predetermined random order from a 100° range of wrist flexion-extension movements.
Different positions are administered to the left and right wrists. The final score for each
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wrist indicates the average absolute error over the 20 wrist positions, with lower scores
representing better proprioception ability. In a normative study all unimpaired
participants scored less than 11° (M = 6.1°, SD = 1.8°, range 3.1° to 10.9°) (Carey et al.,
1996). Thus the conservative, 100th-percentile criterion for abnormality was defined as
11° average error and the zone of uncertainty was 6.2° to 15.8° average error. The more
sensitive 95th percentile criterion was 9.5° average error. The WPST has been shown to
have high test-retest reliability and can discriminate well between normal subject
performance and impaired performance (Carey et al., 1996).
4.4.3

Image acquisition: Functional and structural imaging sequences.
Imaging data acquisition procedures were the same as in Chapter 3 (section 3.4.3,

p. 97).
4.4.4

Data analysis

4.4.4.1 Analysis of clinical data.
As the number of participants in each group was small, and the clinical data did
not follow a normal distribution, nonparametric statistical methods were used in the
analysis (Kvam & Vidakovic, 2007). The Mann-Whitney U test (Mann & Whitney, 1947)
was used to evaluate the significant of differences between subject groups.
4.4.4.2 Preprocessing of fMRI data.
Preprocessing of fMRI data followed the procedures described in Chapter 3
(section 3.4.4.1, p. 98).
For group analyses, fMRI data were brought into standard space. The spatial
normalisation target used was a custom template, approximating the EPI template in
Montreal Neurological Institute (MNI) space supplied with SPM8. The custom template
was created in an iterative fashion from the group of healthy participants and stroke
patients (N = 33) involved in the IN_Touch study. Images of patients with right
hemisphere lesions were flipped such that all infarcts were represented in the left
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hemisphere. The images of the matched healthy control participants for these patients
were similarly flipped.
4.4.4.3 Preprocessing for connectivity analysis.
Preprocessing for connectivity analysis was performed as described in Chapter 3
(section 3.4.4.2, p. 98).
4.4.4.4 Seed regions of interest (ROIs).
The six regions of interest (ROIs) for functional connectivity analysis were
identified as the left and right primary (SI) and secondary (SII) somatosensory cortices
and left and right thalami (as described in Chapter 3, section 3.4.4.3, p. 98). These regions
were used to extract time-courses from resting-state data in each participant.
4.4.4.5 fcMRI correlation analysis.
Functional connectivity maps were computed following the procedure described
in Chapter 3 (section 3.4.4.4, p. 101).
Thresholding, often termed height thresholding, involves the identification of
peak activity within voxels of the brain (Frackowiak et al., 2004). Height thresholding
allows localization of an effect at voxels showing peak activity (Frackowiak et al., 2004).
Typically, the voxel height threshold is set at the conservative level of p < .001
(uncorrected) (Frackowiak et al., 2004). Low thresholds cover a large region and can
include several local maxima in one cluster, whereas higher thresholds may reject areas
with weaker but genuine activation, ignoring potentially significant sites (Hagler, Saygin,
& Sereno, 2006). Thus, whilst lower thresholds may have reduced localizing power,
stringent higher thresholds may miss potentially important regions of activation.
Accordingly, lower height thresholds of p < .01 have been used in functional connectivity
studies when findings have been expected to be less robust (Turner, Frost, Linsenbardt,
McIlroy, & Müller, 2006) or when there is a restricted region of interest (Greicius et al.,
2003). Therefore to permit exploratory investigation of regions of potential interest, the
connectivity map contrasts were thresholded at a lower voxel-height of p value less than
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.01 (uncorrected) where significant between-group differences were not found at the p <
.001 threshold.
4.4.4.6 Second level imaging analysis.
In the group analysis, the contrast (con*.img) images from the individual analyses
of each individual participant were combined in a second level, random-effects model
(Holmes & Friston, 1998). To examine between groups differences, two sample t tests
were used. To examine functional connections significantly associated with TDT scores
for the stroke group, TDT scores were included as a regressor in further group-level
analyses, in order to test the effects of this regressor on functional connectivity measures.
Only clusters with p values less than .05 (False Discovery Rate, FDR, corrected) are
reported as significant. Anatomical localisation of significant clusters was defined using
the anatomy toolbox in SPM8, which is based on probabilistic cytoarchitectonic maps
(Eickhoff et al., 2005).
To investigate similarities and differences in connectivity patterns in the stroke
subgroups with lesions involving primarily cortical or subcortical somatosensory
structures, an analysis of regions of overlap across individuals was conducted (Carey,
Abbott, Egan, Tochon-Danguy, & Donnan, 2000; Hua et al., 2008). Participants were
classified into ‘cortical’ or ‘subcortical’ groups on the basis of whether they had
somatosensory deficits explained by involvement primarily of cortical regions such as SI
or SII, or subcortical regions, namely thalamus. This grouping terminology was used to
reflect interruption to parts of the somatosensory network. For convenience, the terms
‘cortical’ and ‘subcortical’ will be used throughout, although it is noted that some patients
with subcortical lesions also had involvement of other cortical areas. To perform this
analysis a binary statistical image for each subject was created. The images for each
subject were then summed using the ImCalc function in SPM8 (www.fil.ion.ucl.ac.uk) to
produce an image whose voxel values represented the number of subjects with significant
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functional connectivity. Summed binary activation images were derived for the stroke
subgroups and the subgroups of matched healthy controls and displayed visually.
4.4.4.7 Image flipping.
As mentioned earlier, images of patients with right hemisphere lesions were
flipped across the sagittal plane, such that all infarcts were represented in the left
hemisphere. The images of the matched healthy control participants for these patients
were similarly flipped. In order to investigate the potential effect of this flipping process
on the group results, group-level analyses were run for both the “flipped” and “nonflipped” files for the matched healthy control group, and these results were qualitatively
compared.
4.5
4.5.1

Results

Demographic and clinical data
Demographic and clinical characteristics of the stroke patients are shown in Table

4.1, with infarct locations listed in Table 4.2 and illustrated in Figure 4.2 and Figure 4.3.
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Table 4.1
Background and clinical characteristics of stroke patients (N = 11)
ID

S15
S16
S17
S18
S20
S22
Median
(IQR) 25th-75th

S10
S13
S14
S19
S21
Median
(IQR) 25th-75th

Median
(IQR) 25th-75th

Side of
lesion

Age

Gender

‘Cortical’ group
54
M
76
M
40
F
79
M
55
F
59
F
57.00
3M/3F
(54.2571.75)
‘Subcortical’ group
L
71
M
L
71
F
L
56
M
R
18
F
L
63
F
4L/1R
63.00
2M/3F
(56.0071.00)
Combined group
59.00
5M/6F
(54.5071.00)
L
R
R
L
L
R
3L/3R

Weeks
since stroke

NIHSS
at study

4.29
6.00
3.71
3.86
3.57
4.00
3.93
(3.75-4.22)

2
1
3
4
4
2
2.50
(2.003.75)

7.57
3.29
6.14
2.43
5.00
5.00
(3.29-6.14)

1
2
6
4
3
3.00
(2.004.00)

4.00
(3.64-5.50)

3.00
(2.004.00)

Note. ‘Cortical’ and ‘subcortical’ refer to whether patients were defined as having lesions of primarily
cortical (SI and/or SII) or subcortical (mostly thalamus) somatosensory structures. ID = Stroke
identification number; NIHSS = National Institute of Health Stroke Scale, 1-4 = minor stroke, 5-15 =
moderate stroke, 15-20 = moderate/severe stroke, and 21-42 = severe stroke (Brott et al., 1989); M = male;
F = female; IQR = interquartile range.
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Table 4.2
Lesion details for stroke patients
ID

Side of
lesion

S15
S16

L
R

S17

R

S18

L

S20

L

S22

R

Median
(IQR)
25th-75th

3L/3R

S10
S13
S14

L
L
L

S19

R

S21

L

Median
(IQR)
25th-75th

4L/1R

Median
(IQR)
25th-75th

7L/4R

Site of lesion

Lesion volume
(voxels)
‘Cortical’ group
Precentral gyrus
871
Posterior insula, inferior
14728
parietal lobule, adjacent
hemispheric white matter
Posterior insula, inferior
3998
parietal lobule, postcentral
gyrus
Putamen / caudate nucleus,
21939
parietal / cortical
Supramarginal gyrus, parietal 6593
operculum, superior parietal
lobule, postcentral gyrus
Postcentral gyrus, superior
8990
parietal lobule, anterior
portion
7792
(4647-13294)
‘Subcortical’ group
Lateral thalamus (vpl, vpm)
345
Lateral thalamus (vpl, vpm)
253
Multiple lesions in
22761
hemispheric white matter
Thalamus (lp), hippocampus, 12465
fusiform gyrus
Thalamus (vpl), occipital
10107
periventricular white matter,
lacunar lesion in head of right
caudate nucleus
10107
(345-12465)

Overlap with seed
regions (percentage)
0%
19% - right SII

19% - right SII

87% - left SII
0%

10% - right SII

0%
5% - left thalamus
2% - left thalamus
0%
10% - left thalamus

Combined group
8990
(2435-13597)

Note. ‘Cortical’ and ‘subcortical’ refer to whether patients were defined as having lesions of primarily
cortical (SI and/or SII) or subcortical (mostly thalamus) somatosensory structures. ID = Stroke
identification number; R = right; L = left; voxel size = 1.95x1.95x4mm; vpl = ventral posterolateral
nucleus; vpm = ventral posteromedial nucleus; lp = lateral posterior nucleus; SII = secondary
somatosensory cortex; IQR = interquartile range.
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Figure 4.2. Infarct locations for each individual participant. Lesions were predominantly
located in somatosensory areas of the thalamus, and in cortical somatosensory regions (SI
and/or SII). Further details regarding lesion size and location are presented in Table 4.2.
Infarct locations for each individual are plotted in stereotactic space. Images are displayed
in neurological convention (subject’s left is displayed on image left).
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Figure 4.3. Overlap of infarct locations for the stroke group. Lesions were predominantly
located in somatosensory areas of the thalamus, and in cortical somatosensory regions (SI
and/or SII). Colour coding represents locations where one or more patients had an infarct:
for example, red represents overlap of infarct location for three patients. Lesions in the
right hemisphere were flipped across the mid-sagittal plane so that all lesions are
represented in the left hemisphere. Images are displayed in neurological convention
(subject’s left is displayed on image left). Slice numbers represent axial slice position in
Montreal Neurological Institute (MNI) space.
Eleven stroke survivors (6 male, mean age 58.55 years, range 18-79 years, SD =
17.49 years) were studied at approximately one month poststroke (M = 4.53, SD = 1.50
weeks) (Table 4.1). All were right hand dominant with a median laterality quotient of 100
(Oldfield, 1971). The left hemisphere was infarcted in seven patients. Five patients had
lesions primarily involving subcortical somatosensory structures, in particular the
thalamus, and six had lesions predominantly involving cortical SI and/or SII (Table 4.2;
Figure 4.2; Figure 4.3). In four of the six predominantly cortical stroke patients, the
infarct site overlapped with the SII seed region to some degree (ranging from 10% to
87%). The thalamus seed regions were overlapped by the infarct to a small degree in three
of the five subcortical stroke patients (ranging from 2% to 10%). Scores on the primary
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somatosensory measure (the TDT) and related somatosensory and hand function tests in
the stroke group at one month after stroke are shown in Table 4.3.

Table 4.3
Scores on somatosensory and hand function tests in the stroke group (N = 11)
ID

Side of
lesion

TDT (/100)
Aff.
Unaff.

S15
S16
S17
S18
S20
S22
Median
(IQR)
25th-75th

L
R
R
L
L
R
3L/3R

45.35
75.12
8.87
40.39
-11.58
-8.37
24.63
(-4.0644.11)

S10
S13
S14
S19
S21
Median
(IQR)
25th-75th

L
L
L
R
L
4L/1R

43.10
72.91
30.54
79.31
29.56
43.10
(30.5472.91)

WEST
Aff.
Unaff.

‘Cortical’ group
3
0.2
0.135
0.135
300
0.035
200
0.035
102
0.07
2
0.07
102.00
0.07
(3.00(0.04200.00) 0.12)
‘Subcortical’ group
75.37
1.1
0.135
81.03
1.1
0.035
67.98
102
0.07
84.73
0.035
0.07
68.72
2
0.035
75.37
1.10
0.07
(68.72- (0.83(0.0481.03)
26.33)
0.07)
Combined group
73.15
86.45
52.71
83.99
87.93
63.55
78.57
(65.9585.84)

Object
recogn.
(/42)

Temp.
(/10)

WPST
(error)

ARAT
(/57)

38
38
34
40
40
31
38.00
(35.0039.50)

6
4
0
8
0
8
5.00
(1.007.50)

12.30
14.20
16.65
15.20
17.70
15.60
15.40
(14.4516.39)

51.5
56.5
42
54.5
49
11
50.25
(43.7553.75)

41
41
29
40
37
40.00
(37.0041.00)

5
10
7
10
8
8.00
(7.0010.00)

15.40
7.85
21.75
11.15
16.25
15.40
(11.1516.25)

57
55
0
57
55
55.00
(55.0057.00)

Median 7L/4R
40.39
75.37
2.00
0.07
38.00
7.00
15.40
54.50
(IQR)
(19.21- (68.35- (1.10(0.04(35.50- (4.50(13.25- (45.5025th-75th
59.13)
84.36)
102.00) 0.10)
40.00)
8.50)
16.45)
55.75)
Note. ‘Cortical’ and ‘subcortical’ refer to whether patients were defined as having lesions of primarily
cortical (SI and/or SII) or subcortical (mostly thalamus) somatosensory structures. ID = Stroke
identification number; TDT = Tactile Discrimination Test (Carey et al., 1997), score is percentage correct
area under the curve (Carey & Matyas, 2011). The 95th percentile criterion for abnormality is a score less
than 66.1; WEST = Weinstein Enhanced Sensory Test monofilaments touch detection score for the fingertip
used in the TDT, threshold in grams pressure (Weinstein, 1996); Object recogn. = Functional Tactile Object
Recognition Test, score out of maximum 42 for the affected hand, 5th percentile criterion of abnormality is
37 (Carey, 2006); Temp. = Hot/cold temperature discrimination, number correct out of 10 for the affected
index finger; WPST (ave error) = Wrist Position Sense Test, average error in degrees for the affected limb,
95th percentile criterion of abnormality is 9.5 degrees average error (Carey et al., 1996); ARAT = Action
Research Arm Test, score out of maximum 57 (Van der Lee et al., 2001) for the affected arm; Aff. =
affected hand score, Unaff. = unaffected hand score; IQR = interquartile range.
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The primary outcome measure in these studies was the Tactile Discrimination
Test (TDT) (Carey et al., 1997) score for the patients’ affected hand. As shown in Table
4.3, patients presented with wide variation in severity of touch discrimination, ranging
from -11.58 (very severe impairment) to 79.31 (just within the normal range) on the TDT.
Three patients performed within normal limits on the TDT. Mild somatosensory
impairment was suggested in these patients on the basis that the TDT score for the
affected hand was lower than for the unaffected hand, and that they demonstrated one or
more of the following: impairment on other clinical somatosensory tests, they reported a
“hyper-sensitivity” profile of heightened sensitivity to somatosensory stimuli, or
somatosensory impairment was evident during the screening process prior to entering the
study.
For the combined stroke group, mean affected-hand score on the TDT was 36.84
± 31.56 SD (median 40.39). TDT scores were significantly higher in the healthy control
group than in the patient group (Mann-Whitney U = 12.50, p = .001). Mean affected-hand
score for the predominantly subcortical group was 51.08 ± 23.57 SD (median 43.10) and
for the group with primarily cortical somatosensory lesions was 24.96 ± 34.28 SD
(median 24.63), compared to 79.42 ± 7.82 SD for healthy controls in the matched hand.
There was no significant difference in impairment between patient groups (MannWhitney U = 9.00, p = .159).
Background characteristics and clinical scores for the healthy control group are
listed in Table 4.4.
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Table 4.4
Background characteristics and clinical scores for healthy controls (N = 11)
ID

Age

H04
H05
H06
H07
H08
H09
H10
H11
H12
H13
H14
Median
(IQR)
25th-75th

75
65
79
71
65
76
42
50
23
60
54
65
(52-73)

Gender
M
F
M
M
F
F
F
F
F
M
M
5M/6F

Dominant
76.85
84.98
71.18
73.15
75.62
73.40
86.70
86.45
84.48
73.65
75.12
75.62
(73.5384.73)

TDT
Nondominant
96.31
86.21
69.95
84.98
90.64
73.65
83.99
76.85
78.57
81.77
79.56
81.77
(77.7185.60)

WEST
Dominant Nondominant
0.135
0.07
0.035
0.035
1.1
1.1
0.035
0.135
0.135
0.07
0.07
0.135
0.035
0.035
0.035
0.035
0.035
0.035
0.135
0.07
0.135
0.135
0.07
0.07
(0.04(0.040.14)
0.14)

Note. ID = stroke identification number; M = male; F = female; TDT = Tactile Discrimination Test (Carey
et al., 1997), score is percentage correct area under the curve (Carey & Matyas, 2011), with a score less
than 66.1 defined as abnormal (Carey & Matyas, 2011); WEST = Weinstein Enhanced Sensory Test
monofilaments touch detection score for the fingertip used in the TDT, threshold in grams pressure
(Weinstein, 1996); IQR = interquartile range.

The 11 age-matched healthy controls (6 male, mean age 60.00 years, range 23-79
years) were all right hand dominant with a median laterality quotient of 100, and all
showed somatosensory thresholds within the normal range for both hands for the Tactile
Discrimination Test (TDT) (Carey et al., 1997) (as shown in Table 4.4).
4.5.2

Functional connectivity during the resting state

4.5.2.1 Functional connectivity networks in healthy controls.
Random effects group analysis was applied to resting-state functional connectivity
maps based on seed regions in SI, SII and thalamus for matched healthy controls and
stroke patients at one month poststroke. The results for the healthy control group are
listed in Table 4.5. Group level results for the healthy controls (N = 11) based on
“flipped” and “nonflipped” images are shown in Figure 4.4.
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Table 4.5
Functional connectivity results for the matched healthy control group at the initial time
point
Seed region

Cluster size
(voxels)

Z value

MNI maxima
coordinates
(x, y, z )

Cluster anatomical location

6036

5.09

Ipsilesional BA 2, 6, 3b, 4a

72

3.95

1287

5.1

858

4.53

271

4.26

110

3.84

71

3.66

59

3.35

-40 -36 40
38 -36 36
-40 -10 48
12 -16 44
16 -16 36
10 -8 36
44 -34 40
40 -26 28
48 -28 52
-32 -44 50
-42 -34 40
-44 -32 28
-12 -6 46
-22 -12 46
-40 -8 48
26 -4 48
30 -6 62
-6 -30 44
-12 -24 44
-12 -36 56

2779

4.87

Ipsilesional OP 1, 3, 4, TE 1.1

1537

5.08

493

5.21

181

4.28

73

4.5

53
52

4.94
3.37

46
40

3.57
3.59

40
36

4.35
4.03

33
3424

3.76
5.18

-40 -16 22
-48 -20 12
-42 -30 18
46 2 12
52 -6 12
46 -30 20
2 8 42
-2 6 34
10 12 32
14 -34 46
18 -38 56
14 -22 46
-54 -28 50
-58 -24 44
-60 -42 22
48 -26 50
56 -32 48
42 -22 54
-42 -40 50
-48 -6 46
-40 -8 46
-40 -8 -12
-18 -32 40
-10 -28 44
-12 -42 52
50 -20 14
42 -14 10
42 -10 0

SI
Left / “Ipsilesional”

Right /
“Contralesional”

Contralesional BA 6

Contralesional BA 2, 3b, 1, IPC

Ipsilesional BA 2, 1, IPC, hIP3

Ipsilesional BA 6, 4a

Contralesional BA 6
Ipsilesional SPL, BA 4a, 6

SII
Left / “Ipsilesional”

Right /
“Contralesional”

Contralesional OP 1, 3, 4, IPC

Ipsilesional BA 6, 4a;
Contralesional BA 6
Contralesional SPL, BA 2, 3a, 3b

Ipsilesional IPC, BA 2, 1
Ipsilesional IPC
Contralesional BA 2, 3b, IPC

Ipsilesional BA 2, hIP2, hIP3, SPL
Ipsilesional BA 6, 4a, 3b
Ipsilesional insula
Ipsilesional SPL, BA 6, 4a
Ipsilesional SPL, BA 3a, 4p
Contralesional OP 1, 4, IPC
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Seed region

Thalamus
Left / “Ipsilesional”

Cluster size
(voxels)

Z value

MNI maxima
coordinates
(x, y, z )

1428

5.1

137

3.82

68

4.33

-54 2 12
-46 -16 14
-58 -10 2
-6 -12 56
8 -12 50
10 -2 36

1697

5.96

Cluster anatomical location

Ipsilesional OP 1, 3, 4, BA 3b

Ipsilesional BA 6, Contralesional
BA 6
Contralesional BA 6

-14 -24 0
10 -24 -2
-20 -4 8

Ipsilesional thalamus,
contralesional thalamus;
ipsilesional insula, TE 1.1, OP2, OP
1
Right /
2986
5.36
-22 -6 6
Ipsilesional thalamus,
“Contralesional”
contralesional thalamus;
14 -22 -4
contralesional insula, TE 1.1, TE
-14 -22 -4
1.0
Note. Anatomical definitions are based on the anatomy toolbox in SPM8, which is based on probabilistic
cytoarchitectonic maps (Eickhoff et al., 2005). MNI = Montreal Neurological Institute; SI = primary
somatosensory cortex; SII = secondary somatosensory cortex; BA = Brodmann’s area; IPC = inferior
parietal cortex; hIP = anterior intraparietal sulcus; SPL = superior parietal lobule; OP = parietal operculum;
TE 1.0, 1.1, 1.2 = primary auditory cortex. These results are all based on individual voxel-height threshold
of p < .001. “Ipsilesional” and “contralesional” refer to the hemisphere matched to the stroke patient’s
affected hemisphere.

Figure 4.4. Group level results for the healthy controls (N = 11) at the initial time point.
Results shown are based on nonflipped images (individual contrast images remain in the
original orientation; top row) and flipped images (individual contrast images are flipped
in some cases to match the flipping of right hemisphere stroke patients’ images; bottom
row). Very similar functional connectivity patterns can be seen for the group level results
based on flipped and nonflipped images. The seed region is indicated in green. Images are
displayed in neurological convention (subject’s left is displayed on image left). Colour
scale represents Z-values of group functional connectivity maps. Slice numbers represent
axial slice position in Montreal Neurological Institute (MNI) space. SI = primary
somatosensory cortex seed; SII = secondary somatosensory cortex seed.
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4.5.2.1.1 Primary somatosensory cortex (SI).
Briefly, as illustrated in Figure 4.4, in the matched healthy controls, both SI seeds
demonstrated significant functional connectivity with bilateral SI and bilateral motor
areas (BA 4a and 6). In the hemisphere matched to the stroke patients’ contralesional
hemisphere, the SI seed also demonstrated significant functional connectivity with
bilateral inferior parietal cortex (IPC), “contralesional” anterior intraparietal cortex, and
“contralesional” superior parietal lobule.
4.5.2.1.2 Secondary somatosensory cortex (SII).
As can be seen in Figure 4.4, both SII seeds demonstrated significant functional
connectivity with bilateral parietal operculum regions (incorporating SII), ipsilateral IPC,
contralateral SI, and bilateral SMA (BA 6). In addition, in the hemisphere matched to the
stroke patients’ ipsilesional hemisphere, the SII seed demonstrated significant functional
connectivity with bilateral superior parietal lobule (SPL), “ipsilesional” primary auditory
cortex, SI, BA 4a, insula, and anterior intraparietal cortex (hIP), and “contralesional” IPC.
4.5.2.1.3 Thalamus.
As shown in Figure 4.4, each of the thalamic seeds demonstrated significant
functional connectivity with bilateral thalamus, ipsilateral insula, and ipsilateral primary
auditory cortex. In addition, in the hemisphere matched to the stroke patients’ ipsilesional
hemisphere, the thalamus seed demonstrated significant functional connectivity with
“ipsilesional” parietal operculum (SII). Note that some of these clusters are on different
slices, so are not visible in the figure.
4.5.2.2 Consistency of results with “flipped” and “nonflipped” data.
In the overall healthy group (N = 11), the results for “nonflipped” (individual
contrast images remained in the original orientation) and “flipped” images (some
individual contrast images were flipped across the mid-sagittal plane to match the flipping
of right hemisphere stroke patients’ images) were compared. From visual inspection the
results shown in Figure 4.4 can be seen to be broadly similar. As with the nonflipped

149
results, which were reported in detail in Chapter 3, both SI seeds showed functional
connectivity with bilateral SI and bilateral SMA (BA 6), both SII seeds showed functional
connections with bilateral SII and bilateral SMA (BA 6), and both thalamus seeds showed
functional connectivity with bilateral thalamus. A few functional connections were not
present in the flipped results, namely SI to MI, SII to right SI, and thalamus to
cerebellum, right SII, ipsilateral amygdala and inferior parietal cortex.
4.5.2.3 Functional connectivity networks in stroke patients.
Functional connectivity results for the stroke patients are listed in Table 4.6.
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Table 4.6
Functional connectivity results for the stroke patient group
Cluster
size
(voxels)

Z
value

MNI maxima
coordinates
(x, y, z )

Cluster anatomical location

SI
Ipsilesional

2053

5.8

Contralesional

5277

5.3

66

4.04

53

3.69

1094

5.22

499

4.87

209

4.82

126

3.85

5370

5.49

866

5.13

364

4.29

140

4.16

80

3.84

77

4.33

58
39

4.38
3.61

1000

5.09

668

5.02

77

4.14

-26 -50 56
-34 -34 46
-40 -34 52
34 -32 40
46 -28 52
60 -22 40
-52 -2 46
-56 -12 38
50 -12 -14
54 4 -12

Ipsilesional BA 2, 4a, 3b, 1

-46 -18 14
-36 -16 14
-54 -26 8
44 -22 16
42 -12 22
32 -22 20
-2 -12 46
-8 -14 40
-4 -26 48
-34 2 4
-34 -4 10
50 -14 20
44 -26 14
50 -20 10
8 2 36
-2 -10 44
2 -18 52
-32 -4 14
-34 -14 14
-48 -18 14
-40 -12 30
-38 -16 38
-40 -20 46
-30 -26 58
-30 -22 50
-4 18 30
4 16 28
4 28 16
-20 12 -4

Ipsilesional OP 1, 3, 4, insula

-22 -22 6
-30 -18 -6
-24 -12 8
20 -26 16
8 -24 14
14 -12 -6
-14 -50 -20
2 -50 -20
-10 -60 -20

Ipsilesional thalamus

Contralesional BA 6, 2, 3b, 4a

Ipsilesional BA 6, 3b, 4a, 1
Contralesional middle temporal
gyrus

SII
Ipsilesional

Contralesional

Thalamus
Ipsilesional

Contralesional OP 1, 2, 3, 4

Ipsilesional BA 4, 4a, SPL;
contralesional BA 6
Ipsilesional OP 3
Contralesional BA 3b, 2, 4p, OP 1

Ipsilesional BA 6, 4a;
contralesional BA 6, 4a
Ipsilesional OP 3, 1, 4, insula

Ipsilesional BA 4p, 3a, 3b, OP 3

Ipsilesional BA 6, 4a, 4p
Bilateral anterior cingulate
Contralesional anterior cingulate
Ipsilesional putamen

Contralesional thalamus;
contralesional amygdala,
hippocampus, insula
Ipsilesional cerebellum lobules IVI, contralesional cerebellum
lobules I-IV
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Cluster
size
(voxels)
2050

Z
value

MNI maxima
Cluster anatomical location
coordinates
(x, y, z )
Contralesional
Contralesional thalamus;
5.64
12 -22 -4
contralesional amygdala,
12 -28 12
hippocampus; ipsilesional insula
28 -16 -2
80
3.73
-6 -60 -22
Ipsilesional cerebellum lobules V,
VI; contralesional cerebellum
-16 -50 -22
lobules V, VI
-18 -46 -14
63
4.6
32 6 12
Contralesional insula
40 6 10
51
4.31
20 -56 -44
Contralesional cerebellum lobules
IX, VIIIb
24 -64 -44
49
4.37
12 -46 -26
Contralesional cerebellum lobules
V, VI
16 -52 -20
Note. Anatomical definitions are based on the anatomy toolbox in SPM8, which is based on probabilistic
cytoarchitectonic maps (Eickhoff et al., 2005). MNI = Montreal Neurological Institute; SI = primary
somatosensory cortex; SII = secondary somatosensory cortex; BA = Brodmann’s area; OP = parietal
operculum; SPL = superior parietal lobule. These results are all based on individual voxel-height threshold
of p < .001.

4.5.2.3.1 Primary somatosensory cortex (SI).
Functional connectivity maps based on the SI seeds are illustrated in Figure 4.5
and Figure 4.6.
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Figure 4.5. Functional connectivity (FC) networks associated with the ipsilesional and
contralesional primary somatosensory (SI) seed regions in the healthy control and stroke
groups. In the control group, significant interhemispheric functional connectivity between
homologous SI regions can be seen for both seeds. In contrast, virtually no significant
functional connectivity is present across hemispheres in the stroke group. Using an
exploratory voxel-height threshold of p < .01, between-groups comparison found that the
stroke group demonstrated significantly less connectivity between ipsilesional SI and a
cluster involving contralesional SI and IPC, compared to the matched healthy control
group. The seed region is indicated in green. Results were statistically significant in the
group level analysis. Images are displayed in neurological convention (subject’s left is
displayed on image left). The left hemisphere represents the ipsilesional hemisphere –
images of patients with right hemisphere lesions were flipped such that all infarcts are
represented in the left hemisphere. Slice numbers represent axial slice position in
Montreal Neurological Institute (MNI) space. Colour scale represents Z-values of group
functional connectivity maps (left two columns) and significant between-groups
differences (right column). For the areas of differences, the hot colour scale represents
areas showing greater functional connectivity in the healthy group. IPC = inferior parietal
cortex. Group-level results are all based on individual voxel-height threshold of p < .001.
Between-groups differences are based on individual voxel-height threshold of p < .01.
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Figure 4.6. Overlap of individual functional connectivity maps based on the primary
somatosensory cortex (SI) seeds in healthy controls and stroke patients, grouped by lesion
location (predominantly cortical or subcortical somatosensory structures). A bilateral
pattern of functional connectivity is clearly evident in the healthy control group. In
comparison, interhemispheric SI connectivity appears disrupted for several individuals in
both in the cortical and subcortical stroke groups. Images are displayed in neurological
convention (subject’s left is displayed on image left). The left hemisphere represents the
ipsilesional hemisphere – images of patients with right hemisphere lesions were flipped
such that all infarcts are represented in the left hemisphere. Slice numbers represent axial
slice position in Montreal Neurological Institute (MNI) space. Colour scales indicate
number of participants showing functional connectivity at a particular voxel.

In the stroke group, a cluster falling within ipsilesional SI (BA2, 3b, 1) and MI
(BA 4a) was significantly correlated with the ipsilesional SI seed time-course (see Table
4.6 and Figure 4.5). Between-groups comparison between the healthy and stroke groups
at the voxel-height threshold of p < .001 did not reveal any significant differences. Using
an exploratory voxel-height threshold of p < .01, between-groups comparison found that
the stroke group demonstrated significantly less functional connectivity between
ipsilesional SI and a cluster involving contralesional SI (BA 2, BA 3a) and IPC,
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compared to the matched healthy control group (k = 390 voxels, Z = 3.49, MNI maxima =
52, -32, 50) (shown in Figure 4.5).
In the stroke group, clusters in bilateral SI (BA 1, 2, 3b), MI (BA 4a), and SMA
(BA 6) were significantly functionally connected with the contralesional SI seed (see
Table 4.6). Between-groups comparisons revealed no significant differences between
patients and controls at the p < .001 voxel-height threshold level. At the exploratory
voxel-height threshold of p < .01, no significant between-groups differences were found.
Visual inspection of the overlap of individual level results revealed a bilateral
pattern of functional connectivity clearly evident in the healthy control group. In
comparison, there appeared to be a disruption of interhemispheric SI connectivity for
several individuals with either predominantly cortical or subcortical lesions, relative to
subgroups of matched healthy controls (Figure 4.6).
4.5.2.3.2 Secondary somatosensory cortex (SII).
Functional connectivity maps based on the SII seeds are illustrated in Figure 4.7
and Figure 4.8.
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Figure 4.7. Functional connectivity (FC) networks associated with the ipsilesional and
contralesional secondary somatosensory (SII) seed regions in the healthy control and
stroke groups. For both groups, interhemispheric connectivity is apparent for the
ipsilesional SII seed. Greater functional connectivity between the contralesional SII seed
and a cluster in medial anterior cingulate cortex (ACC) was found in the stroke group
compared to healthy controls, at the exploratory voxel-height threshold (p < .01). The
seed region is indicated in green. Results were statistically significant in the group level
analysis. Images are displayed in neurological convention (subject’s left is displayed on
image left). The left hemisphere represents the ipsilesional hemisphere – images of
patients with right hemisphere lesions were flipped such that all infarcts are represented
in the left hemisphere. Slice numbers represent axial slice position in Montreal
Neurological Institute (MNI) space. Colour scales represent Z-values. For the areas of
differences, the cold colour scale represents areas showing greater functional connectivity
in the stroke group. ACC = anterior cingulate cortex. Group-level results are all based on
individual voxel-height threshold of p < .001. Between-groups differences are based on
individual voxel-height threshold of p < .01.
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Figure 4.8. Overlap of individual functional connectivity maps based on the secondary
somatosensory cortex (SII) seeds in healthy controls and stroke patients, grouped by
lesion location (predominantly cortical or subcortical somatosensory structures).
Individual healthy controls consistently show functional connectivity between SII seeds
and contralateral SII and medial SMA (BA 6). Fewer individuals in both stroke subgroups
demonstrated functional connections between SII and SMA. Greater variability of
involvement of distributed regions is indicated in the cortical stroke group. Images are
displayed in neurological convention (subject’s left is displayed on image left). The left
hemisphere represents the ipsilesional hemisphere – images of patients with right
hemisphere lesions were flipped such that all infarcts are represented in the left
hemisphere. Slice numbers represent axial slice position in Montreal Neurological
Institute (MNI) space. Colour scales indicate number of participants showing functional
connectivity at a particular voxel.
In the stroke group, clusters in bilateral SII, ipsilateral insula, ipsilateral MI,
ipsilateral SPL, and contralateral SMA (BA 6) were significantly correlated with the
ipsilesional SII seed time-course (see Table 4.6 and Figure 4.7). Between-groups
comparisons revealed no significant differences between patients and controls at the p <
.001 voxel-height threshold level. This was also the case at the exploratory voxel-height
threshold of p < .01.
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The contralesional SII seed was significantly correlated with clusters in bilateral
SI, SII, SMA (BA 6), and MI, as well as ipsilesional insula (see Table 4.6 and Figure
4.7). Between-groups comparisons revealed no significant differences between patients
and controls at the p < .001 voxel-height threshold level. At a p < .01 voxel-height
threshold, between-groups comparison found that the stroke group demonstrated
significantly stronger functional connectivity between contralesional SII and medial
anterior cingulate cortex than the healthy control group (k = 374 voxels, Z = 3.89, MNI
maxima = 2, 28, 16).
In the matched healthy control subgroups, functional connectivity between the SII
seeds and both the opposite SII region and medial SMA (BA 6) appeared to be a
consistent finding across individuals. Visual inspection of the overlap of individual level
results in the cortical and subcortical stroke subgroups suggested that interhemispheric
SII connectivity in the stroke subgroups appeared similar to that in the matched control
subgroups. However there did appear to be some disruption of connectivity between SII
(ipsilesional or contralesional) and medial regions around anterior cingulate and SMA
(BA 6), particularly in the cortical stroke group. The overlap in functional connectivity
maps across individuals was also suggestive of more variability involving distributed
regions in the cortical stroke group.
4.5.2.3.3 Thalamus.
Functional connectivity maps based on the thalamus seeds are illustrated in Figure
4.9 and Figure 4.10.
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Figure 4.9. Functional connectivity (FC) networks associated with the ipsilesional and
contralesional thalamus seed regions in the healthy control and stroke groups. In both
groups, both thalami seeds were functionally correlated with bilateral thalamus and
cerebellum. The seed region is indicated in green. Results were statistically significant in
the group level analysis. Images are displayed in neurological convention (subject’s left is
displayed on image left). The left hemisphere represents the ipsilesional hemisphere –
images of patients with right hemisphere lesions were flipped such that all infarcts are
represented in the left hemisphere. Slice numbers represent axial slice position in
Montreal Neurological Institute (MNI) space. Colour scale represents Z-values of group
functional connectivity maps. Group-level results are all based on individual voxel-height
threshold of p < .001.
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Figure 4.10. Overlap of individual functional connectivity maps based on the thalamus
seeds in healthy controls and stroke patients, grouped by lesion location (predominantly
cortical or subcortical somatosensory structures). Interhemispheric connectivity between
bilateral thalami is evident for the majority individuals in the healthy and stroke
subgroups. Functional connectivity between ipsilesional thalamus and cortical regions is
apparent in several primarily cortical stroke patients. Images are displayed in neurological
convention (subject’s left is displayed on image left). The left hemisphere represents the
ipsilesional hemisphere – images of patients with right hemisphere lesions were flipped
such that all infarcts are represented in the left hemisphere. Slice numbers represent axial
slice position in Montreal Neurological Institute (MNI) space. Colour scales indicate
number of participants showing functional connectivity at a particular voxel.
In the stroke group, clusters in bilateral thalamus, bilateral cerebellum, and
contralateral amygdala, hippocampus and insula were significantly functionally
connected with the ipsilesional thalamus seed (see Table 4.6 and Figure 4.9). Betweengroups comparisons revealed no significant differences between patients and controls at
the p < .001 voxel-height threshold level. This was also the case at the exploratory voxelheight threshold of p < .01.
For the contralesional thalamus seed, significant functionally connected clusters
included bilateral thalamus, bilateral cerebellum, ipsilateral amygdala and hippocampus,
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and contralateral insula (see Table 4.6 and Figure 4.9). Between-groups comparisons
revealed no significant differences between patients and controls at the p < .001 voxelheight threshold level. This was also the case at the exploratory voxel-height threshold of
p < .01.
From visual inspection of the overlap of individual level results in the matched
healthy subgroups, a consistent pattern of interhemispheric connectivity between
thalamus regions is evident across individual participants. This pattern also appeared to
be present in the majority of stroke patients in both of the subgroups. In the cortical stroke
subgroup, particularly for the ipsilesional thalamus seed, a pattern of functional
connectivity between the thalamus seed and cortical regions was evident in a number of
individuals. Within the subcortical stroke group, several individuals showed functional
connectivity between thalamus and cerebellum that was not observed in the matched
healthy group.
4.5.2.4 Relationship between functional connectivity and clinical scores.
To examine functional connections significantly associated with TDT scores for
the stroke group, TDT scores were included as a regressor in further group-level analyses,
in order to test the effects of this regressor on functional connectivity measures. The
results of these analyses are listed in Table 4.7, and illustrated in Figure 4.11 through to
Figure 4.14.
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Table 4.7
Functional connections significantly associated with Tactile Discrimination Test (TDT)
scores for the stroke group
Cluster size
(voxels)
Ipsilesional SI

115
68

Contralesional SI

196

60
Contralesional SII

904

65
60

Ipsilesional SI

Contralesional SI
Ipsilesional SII
Contralesional
thalamus
Ipsilesional
thalamus

Contralesional
thalamus

Z value

MNI maxima
coordinates (x, y, z)

Cluster anatomical location

Affected hand TDT scores: positive correlations
4.62
28 4 24
Contralesional postcentral sulcus
26 -10 16
4.05
32 -14 32
Contralesional postcentral gyrus
30 -6 34
4.5
-28 -40 60
Ipsilesional BA 2, 3b, 1, SPL
-26 -42 68
-26 -36 50
4.15
24 -48 70
Contralesional SPL, BA 1
20 -56 66
5.4
-24 -36 66
Ipsilesional BA 2, 6, 3b, 4a
-28 -44 52
-44 -26 60
4.27
2 -42 54
Contralesional SPL, BA 4a;
ipsilesional SPL, BA 4a
6 -44 64
3.65
10 -6 58
Contralesional BA 6; ipsilesional
BA 6
2 -10 56

Affected hand TDT scores: negative correlations
167
4.38
-42 -60 38
Ipsilesional IPC, hIP1, hIP2
-48 -42 34
-46 -48 42
88
4.33
-58 -32 44
Ipsilesional IPC, BA 2
52
4.47
-48 -32 28
Ipsilesional IPC, BA 2
-50 -28 36
79
4.44
-48 24 8
Ipsilesional BA 44, 45
100
4.96
-36 46 16
Ipsilesional middle frontal gyrus
43
3.97
30 50 20
Contralesional middle and
superior frontal gyri
22 50 22
Unaffected hand TDT scores: positive correlations
432
5.15
6 −48 34
Contralesional precuneus
8 −58 38
4 −52 24
89
4.25
6 −72 30
Contralesional SPL, BA 18;
ipsilesional BA 18, SPL
61
4.12
10 −50 32
Contralesional posterior cingulate
and precuneus
8 −56 38

Unaffected hand TDT scores: negative correlations
Contralesional SI
44
3.88
−22 −4 10
Ipsilesional putamen
Note. TDT scores were included as a regressor in further group-level analyses, in order to test their effects
on functional connectivity measures. Positive correlation indicates greater strength of functional connection
between regions was associated with better TDT scores; negative correlation indicates greater strength of
functional connection between regions was associated with poorer TDT scores. Anatomical definitions are
based on the anatomy toolbox in SPM8, which is based on probabilistic cytoarchitectonic maps (Eickhoff et
al., 2005). MNI = Montreal Neurological Institute; SI = primary somatosensory cortex; SII = secondary
somatosensory cortex; BA = Brodmann’s area; SPL = superior parietal lobule; IPC = inferior parietal
cortex; hIP = anterior intraparietal sulcus. These results are all based on individual voxel-height threshold of
p < .001.
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Figure 4.11. Positive correlations between functional connectivity strength and Tactile
Discrimination Test (TDT) scores using the affected hand. TDT scores were positively
correlated with the strength of the following functional connections: A: between
ipsilesional SI and contralesional postcentral sulcus; B: between contralesional SI and
clusters in ipsilesional SI and contralesional SPL; and C: between contralesional SII and
clusters in ipsilesional SI, MI and SMA (BA 6), and contralesional SPL, MI and SMA
(BA 6). Scatterplots illustrate connectivity strength plotted against TDT score for each
individual. Images are displayed in neurological convention (subject’s left is displayed on
image left). The left hemisphere represents the ipsilesional hemisphere – images of
patients with right hemisphere lesions were flipped such that all infarcts are represented
in the left hemisphere. Colour scale represents Z-values of functionally connected clusters
associated with TDT scores. Slice numbers represent axial slice position in Montreal
Neurological Institute (MNI) space. SI = primary somatosensory cortex; SPL = superior
parietal lobule; SII = secondary somatosensory cortex; MI = primary motor cortex; SMA
= supplementary motor area. These results are all based on individual voxel-height
threshold of p < .001.
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Figure 4.12. Negative correlations between functional connectivity strength and TDT
scores using the affected hand. TDT scores were negatively correlated with the strength
of the following functional connections: A: between ipsilesional SI and surrounding
ipsilesional SI and intraparietal cortex; B: between ipsilesional SII and ipsilesional middle
frontal gyrus; C: between contralesional SI and ipsilesional inferior frontal gyrus; and D:
between contralesional thalamus and contralesional middle and superior frontal gyri.
Scatterplots illustrate connectivity strength plotted against TDT score for each individual.
Images are displayed in neurological convention (subject’s left is displayed on image
left). The left hemisphere represents the ipsilesional hemisphere – images of patients with
right hemisphere lesions were flipped such that all infarcts are represented in the left
hemisphere. Colour scale represents Z-values of functionally connected clusters
associated with TDT scores. Slice numbers represent axial slice position in Montreal
Neurological Institute (MNI) space. SI = primary somatosensory cortex; SPL = superior
parietal lobule; SII = secondary somatosensory cortex; MI = primary motor cortex; SMA
= supplementary motor area. These results are all based on individual voxel-height
threshold of p < .001.

165

Figure 4.13. Positive correlations between functional connectivity strength and TDT
scores using the unaffected hand. TDT scores were positively correlated with the strength
of the following functional connections: A: between ipsilesional thalamus and medial
middle and posterior cingulate, and precuneus; and B: between contralesional thalamus
and medial middle and posterior cingulate, and precuneus. Scatterplots illustrate
connectivity strength plotted against TDT score for each individual. Images are displayed
in neurological convention (subject’s left is displayed on image left). The left hemisphere
represents the ipsilesional hemisphere – images of patients with right hemisphere lesions
were flipped such that all infarcts are represented in the left hemisphere. Colour scale
represents Z-values of functionally connected clusters associated with TDT scores. Slice
numbers represent axial slice position in Montreal Neurological Institute (MNI) space.
These results are all based on individual voxel-height threshold of p < .001.
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Figure 4.14. Negative correlations between functional connectivity strength and TDT
scores using the unaffected hand. TDT scores were negatively correlated with functional
connectivity strength between ipsilesional SI and ipsilesional putamen. Scatterplots
illustrate connectivity strength plotted against TDT score for each individual. Images are
displayed in neurological convention (subject’s left is displayed on image left). The left
hemisphere represents the ipsilesional hemisphere – images of patients with right
hemisphere lesions were flipped such that all infarcts are represented in the left
hemisphere. Colour scale represents Z-values of functionally connected clusters
associated with TDT scores. Slice numbers represent axial slice position in Montreal
Neurological Institute (MNI) space. SI = primary somatosensory cortex. These results are
all based on individual voxel-height threshold of p < .001.
Strength of functional connectivity between the ipsilesional SI seed and a region
in the contralesional postcentral sulcus was associated with higher scores on the Tactile
Discrimination Test with the affected hand; this relationship was observed to be stronger
within the subcortical stroke group (on the basis of the line of best fit on the figures).
Functional connectivity strength between the contralesional SI seed and clusters in
ipsilesional SI (BA 1, BA 2, BA 3b), superior parietal lobule (SPL), and contralesional
SPL and SI (BA 1) was associated with higher TDT scores with the affected hand. This
relationship was significant for both stroke subgroups. Functional connectivity strength
between the contralesional SII seed and clusters in contralesional SMA (BA 6), SPL, and
MI (BA 4a), and ipsilesional SI (BA 2, 3b), MI (BA 4a), SMA (BA 6) and SPL was
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associated with higher affected-hand scores on the TDT. This relationship was observed
to be stronger within the subcortical stroke group.
Functional connectivity between the ipsilesional SI seed and clusters in
ipsilesional intraparietal cortex (IPC, hIP1, hIP2) and SI (BA 2) was associated with
poorer scores on the TDT with the affected hand. Functional connectivity between the
contralesional SI seed and a cluster in ipsilesional inferior frontal gyrus (BA 44 and BA
45) was associated with poorer affected-hand scores on the TDT. Functional connectivity
between the ipsilesional SII seed and a cluster in the ipsilesional middle frontal gyrus was
associated with poorer affected-hand scores on the TDT. Functional connectivity strength
between contralesional thalamus and contralesional middle frontal and superior frontal
gyri was significantly associated with poorer affected-hand performance on the TDT. All
of these relationships were stronger in the subcortical stroke group, compared to the
cortical group.
Functional connectivity strength between ipsilesional thalamus and contralesional
middle cingulate, posterior cingulate, and precuneus was significantly associated with
better unaffected-hand performance on the TDT – this relationship was significant within
both stroke subgroups. Similarly, functional connectivity strength between contralesional
thalamus and contralesional middle cingulate, posterior cingulate, and precuneus was
significantly associated with better unaffected-hand performance on the TDT. In this
case, this correlation was strongest in the cortical stroke group.
Functional connectivity strength between the ipsilesional SI seed and a cluster in
the ipsilesional putamen was associated with worse unaffected-hand TDT scores; this
correlation was strongest in the cortical stroke group.
4.6
4.6.1

Discussion

Core somatosensory functional connections are robust to midsagittal flipping
In healthy controls, even when a subset of the individual contrast images were

flipped along the midsagittal axis prior to being included in the group level analysis, both
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of the SI seeds still demonstrated significant functional connectivity with bilateral SI and
SMA (BA 6), the SII seeds both showed significant functional connections with bilateral
SII and SMA (BA 6), and both thalamus seeds showed significant functional connectivity
with bilateral thalamus. Thus these appear to be robust functional connections of the
somatosensory system, allowing for comparison to group-level functional connectivity
results in stroke patients where this flipping approach is necessary to increase sample
size.
4.6.2

Disrupted interhemispheric functional connectivity in stroke patients
In the stroke group, visual inspection of the results suggested less

interhemispheric connectivity between bilateral SI regions relative to healthy controls,
and random effects analyses revealed significantly less functional connectivity in stroke
patients compared to controls between ipsilesional SI and contralesional parietal regions
(inferior parietal cortex, inferior parietal lobule, superior parietal lobule, and postcentral
gyrus). In visual inspection of individual results, although all of the matched healthy
individuals showed interhemispheric SI connectivity, this connectivity was absent in
around half of the patients in each stroke subgroup. There was also a suggestion at a
qualitative level of less bilateral SII functional connectivity for a number of the patients
with predominantly cortical lesions. Although these results are tentative, this suggestion
of disrupted interhemispheric connectivity in stroke patients is consistent with recent
studies that have reported reduced interhemispheric functional connectivity after stroke
(Carter et al., 2010; He, Snyder, et al., 2007; van Meer et al., 2010). Interhemispheric
transfer via the corpus callosum plays a key role in the production of integrated
behaviour. Integrated behaviour, particularly motor action, requires a complex balance of
excitatory and inhibitory processes to different muscles and limbs, and requires constant
proprioceptive feedback as to where each limb is (Fling, Peltier, Bo, Welsh, & Seidler,
2011). Transcallosal fibres connect largely homologous cortical regions of the right and
left hemispheres, mediating the transfer and integration of lateralised cognitive, motor,
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and sensory information between hemispheres (Aboitiz, 1992). Other neuroimaging
studies of stroke recovery have shown a poststroke change in interhemispheric balance, in
which the uninjured hemisphere, particularly contralesional sensorimotor areas, exhibits
overactivation during movement (Chollet et al., 1991; Johansen-Berg, 2007; Murase,
Duque, Mazzocchio, & Cohen, 2004; Schaechter & Perdue, 2008).
Better performance on a clinical test of somatosensory function, the Tactile
Discrimination Test (TDT) (Carey et al., 1997), was associated with interhemispheric SI
functional connectivity strength in the group of stroke patients. This relationship was
significant in both stroke subgroups. The finding of stronger interhemispheric
connectivity between homologous SI regions being associated with better clinical
performance is consistent with research emphasizing the need and importance of
interhemispheric functional connectivity in behavioural performance after stroke (Carter
et al., 2010; He, Snyder, et al., 2007; van Meer et al., 2010).
4.6.3

Greater connections to frontoparietal regions in stroke patients
The stroke group was found using random effects analysis to show heightened

functional connectivity between the contralesional SII seed region and contralesional
anterior cingulate cortex (ACC), relative to healthy controls. The ACC has been
suggested to be involved in attention to movement (Johansen-Berg & Matthews, 2002),
linking attention, emotion, and motivation (Raymond, 2009), and regulating bodily states
of arousal to meet behavioural demands (Iacovella & Hasson, 2011). The ACC has
repeatedly been shown to exhibit increased activation in stroke patients with motor
impairment relative to healthy controls (Enzinger et al., 2009; Loubinoux et al., 2003;
Nelles et al., 1999; Tombari et al., 2004; Ward et al., 2003a). Presumably the need for
greater attentional demands on stroke patients during planning and execution of
sensorimotor tasks could be reflected in the strengthened functional connections between
SII and ACC that are present even in the absence of explicit task performance.
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Connections to frontal areas were found to be associated with worse clinical
performance in the stroke group – this relationship tended to be most significant in the
predominantly subcortical stroke subgroup. Specifically, lower TDT scores were
associated with greater functional connectivity between contralesional SI and ipsilesional
inferior frontal gyrus, between ipsilesional SII and ipsilesional middle frontal gyrus, and
between contralesional thalamus and contralesional middle and superior frontal gyrus.
Behavioural outcome after stroke has been suggested to be associated with greater
activation of frontal regions (Sharp et al., 2009), possibly as a patient seeks alternative
strategies to enable task performance. The result that heightened functional connections
with frontal areas were associated with greater behavioural impairment could reflect
attempts to recruit top-down processes for the monitoring of sensory input and previously
automatic behavioural output. Disruption of somatosensory networks may require greater
use of alternative strategies to achieve successful task performance, which would in turn
require greater involvement of frontoparietal attention areas.
4.6.4

Default Mode Network (DMN) connectivity and behaviour
Interestingly, better performance was associated with functional connectivity

strength between the thalamus and contralesional middle and posterior cingulate cortex
and precuneus. These regions have previously been identified as key nodes within the
“Default Mode Network (DMN)”, a network that has consistently been described as
deactivated during stimulus presentation or task performance (Buckner et al., 2008;
Greicius et al., 2003; Raichle et al., 2001). The DMN has been said to be involved in selfreferential, internally directed processes such as memory and introspection (Corbetta et
al., 2008; Deco et al., 2011). As outlined in Chapter 2, functional connectivity strength
within the DMN has been shown in healthy individuals to be positively associated with
better performance on cognitive tasks such as working memory, executive functions, and
processing speed (Damoiseaux et al., 2008; Hampson, Driesen, et al., 2006). Similarly,
the strength of negative correlation between the DMN and a task-positive attention
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network has been shown to be associated with less variable behavioural performance on
an attention task (Kelly et al., 2008). Together, these results highlight the importance of
the DMN for successful behaviour. Recently Mayer et al. (2011) reported that stronger
resting-state DMN connectivity was associated with fewer self-reported cognitive
complaints in patients with mild traumatic brain injury (TBI). The current results, along
with those of Mayer et al., suggest that functional connections in the default mode
network may also be important for mediating successful behavioural performance after
acquired brain injury such as stroke. This relationship could be due to the suggested role
of the DMN in monitoring internal cognitive processes and maintaining a state of
readiness to react to external environmental stimuli. This hypothesis is supported by the
finding by Treserras et al. (2009) that the default mode and sensorimotor networks
became significantly functionally connected during movement readiness.
4.6.5

Intrahemispheric connectivity and behavioural performance
Contralesional intrahemispheric connectivity (SI to superior parietal lobule and

SPL) was another pattern associated with better clinical performance on the TDT. In
contrast, ipsilesional intrahemispheric connectivity (SI to surrounding SI and inferior
parietal cortex) was associated with worse clinical performance. This difference could
link to the role of the contralesional hemisphere in facilitating behavioural output after
stroke (Bütefisch et al., 2005; Lotze et al., 2006; Riecker et al., 2010). Previous research
has suggested that activation in ipsilesional SI is spared in patients with mild impairment
(Remy et al., 1999; Staines, Black, et al., 2002), while patients with more severe
impairments may recruit atypical neural recruitments may be used to regain some degree
of function (Tecchio et al., 2006).
4.6.6

Limitations
The major limitation of the present study is the small and heterogeneous sample,

which limited analysis and interpretation of subgroup differences. The limitations
inherent in the use of a seed-based functional connectivity approach (Cole et al., 2010),
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particularly methodological issues with seed selection, also apply. However the advantage
of such an approach is that it allows targeted investigation of regions and networks of
interest that is not possible using the alternative data-driven analysis approaches such as
independent component analysis (ICA) (Cole et al., 2010). Another limitation that cannot
be excluded is the variation between patient and control groups in attention, arousal, and
anxiety during the resting-state scanning (Fornito & Bullmore, 2010). A further issue is
the use of flipping individual contrast images to ensure that the patients’ lesions all fall
within the same hemisphere. The results using a combination of flipped and nonflipped
images in healthy controls still revealed the expected network, but it is unclear whether
this is also the case with stroke patients, and the results could obscure hemispheric
differences such as in recruitment of right-hemisphere dominant attention networks
(Shulman et al., 2010).
4.6.7

Implications and future directions
Although in some cases these results are tentative, and based on visual inspection

of a small group of participants, they do add to the growing body of evidence
demonstrating disrupted functional connectivity in stroke patients, and the relationship
between resting-state functional connectivity patterns and behaviour. It is important to
note that these results were obtained from patients at approximately one month after
stroke. Few studies have investigated resting-state functional connectivity changes over
time associated with behavioural improvement after stroke, but some investigators have
reported longitudinal changes in functional connectivity after stroke that relate to
behavioural improvement (He, Snyder, et al., 2007). Future studies will investigate
longitudinal changes in functional connectivity of somatosensory networks and how these
changes relate to behavioural improvement.
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CHAPTER 5
Behavioural improvement of touch sensation during
nonspecific rehabilitation from one to six months
poststroke is associated with resting functional
connectivity changes
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5.1

Preface

As shown in Chapter 4, alterations in functional connectivity networks were
evident one month poststroke. In particular, interhemispheric connectivity between
cortical somatosensory regions was significantly less in stroke patients compared to
healthy controls. In contrast, there was some indication in patients of heightened
functional connectivity with frontoparietal attention regions such as anterior cingulate
cortex. Furthermore, several functional connections were associated with performance on
a behavioural measure of touch discrimination. Specifically, subjects with stronger
interhemispheric SI functional connectivity tended to perform better on the tactile
discrimination primary outcome. Connections with frontoparietal attention networks were
stronger in the resting state in those patients with worse tactile discrimination scores.
These results suggest that patients with a greater degree of impairment may require more
top-down control of somatosensory networks to supplement general arousal levels and
enable successful task performance, and that these heightened functional connections are
present even during a resting state. Very few studies have investigated functional network
changes over time in stroke patients, and none have specifically examined functional
networks in relation to somatosensory impairment and improvement. In the following
study, longitudinal changes in functional connectivity between one and six months
poststroke were examined in relation to behavioural improvement in tactile discrimination
after a period of nonspecific rehabilitation.
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5.2

Abstract

Distributed brain networks are known to be involved in facilitating behavioural
improvement after stroke, yet few studies have investigated the relationship between
improved touch sensation after stroke and brain reorganization. We aimed to characterise
the relationship between recovery of somatosensory function during nonspecific
rehabilitation and functional network changes measured using resting-state functional
connectivity analysis of functional magnetic resonance imaging data (rs-fcMRI). Ten
stroke survivors underwent clinical testing and resting-state fMRI scans both one and six
months poststroke. Patients demonstrated a wide range of severity of behavioural
impairment one month poststroke, followed by variable improvement over the next five
months. Significantly greater interhemispheric functional connectivity within the
somatosensory system at six months than at one month poststroke, as well as greater
connectivity to visual and frontal areas, was observed at a group level in the stroke
patients. Several differences over time were associated with degree of clinical
improvement in tactile discrimination performance, including greater connectivity at six
months between contralesional secondary somatosensory cortex (SII) and inferior parietal
cortex (IPC) and middle temporal gyrus, and between contralesional thalamus and
cerebellum. These results suggest that the degree of connectivity between different brain
networks may change over time following stroke, and these changes may be related to
behavioural improvement. These functional connections could be future targets for
therapy.
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5.3

Introduction

Somatosensory impairment is common after stroke (Carey, 1995, 2006), but
investigations of the neural network correlates of clinical somatosensory improvement
after stroke are relatively scarce (Carey, Abbott, et al., 2011). Such studies could provide
new insights into specific brain targets for therapy, such as by identifying viable
connections (Carey & Seitz, 2007; Johansen-Berg, 2007). In particular, a brain-wide
consideration of the neural underpinnings of impairment and recovery after stroke is
essential to fully understand the impact of a stroke beyond the immediate site of injury,
and how alternative brain connections may be recruited to facilitate behavioural
performance.
Longitudinal studies of poststroke recovery are important for several reasons.
Firstly, recovery at different time points after stroke is mediated by different
physiological mechanisms (Carey & Seitz, 2007). From three days to around four weeks
poststroke, clinical improvement is mostly due to the spontaneous regression of brain
oedema (Katsman et al., 2003; Seitz et al., 2004; Wei et al., 2001). In contrast, over the
following months and even years, any sustained functional improvement is more likely to
be mediated by neuroplastic changes associated with learning (reviewed by Kolb &
Teskey, 2010; Merzenich et al., 2002). Even the nature of plastic changes are time
dependent and vary in different regions such as sensory and motor regions compared to
hippocampus and prefrontal cortex (Kolb et al., 2010). Secondly, the nature and pattern of
behavioural performance of individuals can vary over time after a stroke. For example in
their study of 18 stroke survivors, Winward, Halligan and Wade (2007) observed
fluctuating patterns of somatosensory recovery over six months following stroke, with
variable performance within individuals on different tasks (such as touch and pressure
location, sharp/dull discrimination and temperature discrimination) and over time. This
variability likely reflects differential damage to regions that receive input from different
peripheral receptor types (Gardner & Kandel, 2000).
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Longitudinal neuroimaging studies of stroke recovery have confirmed anecdotal
and behavioural studies indicating that different regions are involved in recovery at
different times after stroke. For example in the motor domain, supplementary motor area
(SMA) activation has consistently been shown to be associated with improved motor
function in the weeks after stroke, followed by a return to ipsilesional primary
sensorimotor cortex activation in the following months (Carey, Abbott, Egan, Bernhardt,
& Donnan, 2005; Tombari et al., 2004). Other studies of motor recovery in the first four
weeks poststroke have reported overactivation of primary and nonprimary motor regions,
as well as distributed regions including middle intraparietal sulcus and contralesional
cerebellum (Ward & Cohen, 2004). In the following months, focusing of task-related
activation to the ipsilesional primary sensorimotor cortex has typically been observed
(Calautti et al., 2001; Feydy et al., 2002; Marshall et al., 2000; Ward et al., 2003a).
Overall the importance of studying stroke patients longitudinally lies in elucidating
functional changes over biologically different stages of recovery, as changes one month
poststroke are unlikely to be the same as those for stroke patients six months poststroke.
Finally, studying the brain processes underlying recovery during nonspecific
rehabilitation is important to establish a baseline prior to investigating the changes
associated with targeted retraining.
Use of task-based brain activation paradigms can be challenging and stressful for
stroke patients who may have difficulty performing a given task, and variation in ability
to perform the task may impact on the validity of the results (Price & Friston, 2002).
Resting-state functional connectivity analysis of MRI data (rs-fcMRI) measures
correlated fluctuations of the BOLD signal over time across different parts of the brain
(Biswal et al., 1995; Friston, 1994; Horwitz, 2003), enabling study of behaviourally
relevant brain networks without requiring task performance (Albert et al., 2009; Boly et
al., 2007; Lewis et al., 2009). Disruption of functional connectivity networks in stroke
patients, even within structurally intact regions, has also been shown (He, Snyder, et al.,
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2007), indicating that different networks or areas of the brain may be assuming different
roles to allow behaviour to occur. Changes in functional connectivity over time have been
found to occur in conjunction with behavioural change, both in healthy individuals
(Albert et al., 2009; Lewis et al., 2009) and in stroke patients (He, Snyder, et al., 2007).
For example He and colleagues (2007) reported that in patients with spatial neglect,
dorsal attention network connectivity was disrupted early after stroke, but improved to
similar levels as controls by nine months, in conjunction with return of function.
One consistent finding from studies using fcMRI with animal and human stroke
populations is the importance of interhemispheric functional connectivity in behavioural
performance and recovery (Carter et al., 2010; He, Snyder, et al., 2007; van Meer et al.,
2010). This finding is not at all surprising given that interhemispheric connections are
implicated in sensory (Iwamura, Taoka, & Iriki, 2001; Staines, Black, et al., 2002) and
cognitive processing (Gazzaniga, 2000; Schulte & Muller-Oehring, 2010), and in models
of motor recovery (Seitz & Buetefisch, 2006; Ward & Cohen, 2004). Thus alterations in
interhemispheric functional connectivity in stroke patients, and associations between
these alterations and behavioural improvement over time, might be expected.
The visual system could be expected to contribute to recovery of somatosensory
function, given that the visual system drives human attention and planning (Corbetta,
1998), and that a rich history of evidence for cross-modal plasticity between the visual
and somatosensory systems exists currently (Sathian, 2006; Seitz, Knorr, Azari, Herzog,
& Freund, 1999; Zangaladze et al., 1999). Further, recruitment of visual areas has been
reported in at least one previous study of motor recovery after stroke (Seitz, Knorr, et al.,
1999).
Finally, attention is critical in behavioural improvement after brain damage.
Greater recruitment of attention systems has been suggested to be used to compensate for
the impairment of function-specific brain areas due to ageing or injury (Ferdon &
Murphy, 2003; Madden et al., 2004; Maruishi et al., 2007; Minati et al., 2007). In stroke
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patients, increased attention has been shown to be required to accomplish previously
simple tasks such as walking (Bowen et al., 2001; Haggard et al., 2000; Jueptner et al.,
1997; Rowe et al., 2002), and attention skills have been shown to predict outcome after
stroke (Malouin et al., 2004; McDowd et al., 2003; Robertson et al., 1997).
Increased activation of frontoparietal attention areas such as inferior parietal
cortex (IPC) has been reported to occur in recovering stroke patients with motor problems
(Johansen-Berg, Dawes, et al., 2002; Loubinoux et al., 2003; Nelles et al., 2001; Nelles et
al., 1999; Tombari et al., 2004) and, in the previous chapter (Chapter 4), to be related to
behavioural outcome. Therefore greater functional connections with frontoparietal
attention networks (Corbetta et al., 2008) could be expected in stroke patients with
somatosensory impairment.
In light of the fact that cerebral activation patterns are regularly shown to differ
when patients with subcortical and cortical infarcts doing the same task are compared
(Luft, Waller, et al., 2004), and that subcortical and cortical lesions exert their effects on
different network nodes (Lie et al., 2004), patients with infarcts of predominantly cortical
or subcortical somatosensory structures (referred to as ‘cortical’ and ‘subcortical’ lesions,
as per Chapter 4) have also been analysed separately.
The aim of this study was to identify longitudinal changes in functional
connections defined by seeding in the same somatosensory areas in healthy controls and
in stroke patients with somatosensory impairment at two time points, and to establish if
and how these correlations are likely to be associated with improvement in tactile
discrimination following non-specific rehabilitation or experience. Longitudinal changes
have been defined over time and as differences from matched healthy controls. On the
basis of the literature referred to above (Carey & Seitz, 2007; Carter et al., 2010; Corbetta
et al., 2008; He, Snyder, et al., 2007; Iwamura et al., 2001; Johansen-Berg, Dawes, et al.,
2002; Jueptner et al., 1997; Loubinoux et al., 2003; Maruishi et al., 2007; Nelles et al.,
1999; Rowe et al., 2002; Sathian, 2006; Seitz, Knorr, et al., 1999; Tombari et al., 2004;
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van Meer et al., 2010; Zangaladze et al., 1999), as well as the results from Chapters 3 and
4, the following predictions were made:
1. That fcMRI at six months poststroke would show evidence of further changes in
interhemispheric functional connectivity to those described in the last chapter at
one month poststroke;
2. That over time stroke patients would exhibit a return to a more “normal” pattern
of interhemispheric functional connectivity between homologous cortical
somatosensory regions;
3. That stronger interhemispheric resting-state functional connectivity at six months
than at one month poststroke between homologous SI and SII regions would be
associated with clinical improvement;
4. That greater thalamocortical and cortico-cortical functional connectivity with
frontoparietal regions at six months poststroke would be associated with clinical
improvement;
5. That stronger functional connectivity between the somatosensory system and
related visual occipital networks at six months poststroke would be associated
with clinical improvement.
5.4
5.4.1

Method

Participants
Ten of the 11 stroke patients described in Chapter 4 were assessed at one and six

months poststroke. Data for the eleventh participant (S15) could not be used due to a
failure of the scan acquisition. Ten of the 11 healthy participants from Chapter 3 were
included as age-matched controls. The relevant university and hospital human ethics
committees approved the study and written informed consent was obtained from each
participant.
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5.4.2

Demographic and clinical profile
Background information included age, gender and premorbid hand dominance

(Oldfield, 1971). For the stroke patients, a clinical profile was obtained within 48 hours of
the MRI study and comprised the same measures described in detail in Chapter 4 (section
4.4.2, p. 130). The primary somatosensory outcome was the Tactile Discrimination Test
(TDT) (Carey et al., 1997), described in Chapter 3 (section 3.4.2, p. 95).
5.4.3

Image acquisition: Functional and structural imaging sequences.
Imaging data acquisition procedures were the same as in Chapter 3 (section 3.4.3,

p. 97).
5.4.4

Data analysis

5.4.4.1 Analysis of clinical data.
As the clinical data did not follow a normal distribution, nonparametric statistical
methods were used in the analysis (Fay & Proschan, 2010; Kvam & Vidakovic, 2007).
The Mann-Whitney U test (Mann & Whitney, 1947) was used to evaluate the significance
of differences between subject groups, and the Wilcoxon signed rank test (Wilcoxon,
1945) was used to evaluate the significance of changes in scores within subjects over
time. These analyses were performed using Predictive Analytics SoftWare (PASW)
Statistics 18.
5.4.4.2 Preprocessing of fMRI data.
Standard fMRI data preprocessing and preprocessing for connectivity analyses
were performed using the same steps described in Chapter 3 (section 3.4.4.1, p. 98, and
section 3.4.4.2, p. 98).
5.4.4.3 Seed regions of interest (ROIs).
The six regions of interest (ROIs) for functional connectivity analysis were
identified as the left and right primary (SI) and secondary (SII) somatosensory cortices
and left and right thalami (see Chapter 3) (section 3.4.4.3, p. 98). These regions were used
to extract time-courses from resting-state data in each participant.
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5.4.4.4 fcMRI correlation analysis.
Functional connectivity maps were computed following the procedure described
in Chapter 3 (section 3.4.4.4, p. 101). To permit exploratory investigation of regions of
potential interest, the connectivity map contrasts were thresholded at a lower voxel-height
of p value less than .01 (uncorrected) where significant between-group differences were
not found at the p < .001 threshold, as outlined in Chapter 4 (section 4.4.4.5, p. 136).
5.4.4.5 Second level imaging analysis.
In the group analysis, the contrast (con*.img) images from the individual analyses
of each individual participant were combined in a second level, random-effects model
(Holmes & Friston, 1998). To test for differences in patterns of functional connectivity
between the healthy and stroke groups, between-group differences were evaluated using
two-sample t tests. To test for differences in patterns of functional connectivity within the
stroke group between the one-month and six-month time points, within-group differences
were evaluated using paired t tests. In subsequent correlation analyses, individual changes
in TDT scores over time were included as a regressor in the group-level random effects
analysis of change in functional connectivity for the stroke group, in order to identify how
differences in functional connectivity over time might be associated with changes in TDT
test scores. Only clusters with p values less than .05 (FDR corrected) are reported as
significant. Anatomical localisation of significant clusters was defined using the anatomy
toolbox in SPM8, which is based on probabilistic cytoarchitectonic maps (Eickhoff et al.,
2005).
As previously described in Chapter 4 (section 4.4.4.6, p. 137), similarities and
differences in connectivity patterns for the ‘cortical’ and ‘subcortical’ stroke subgroups
were investigated using the overlap of individual connectivity maps. Participants were
classified into ‘cortical’ or ‘subcortical’ groups on the basis of whether they had
somatosensory deficits explained by involvement primarily of cortical regions such as SI
or SII, or subcortical regions, namely thalamus.
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5.5
5.5.1

Results

Demographic and clinical data
Demographic and clinical characteristics of the stroke patients at the two time

points (one and six months poststroke) are shown in Table 5.1.
Table 5.1
Background and clinical characteristics of stroke patients (N = 10) at the one-month and
six-month time points
ID
Age
Gender Side of Weeks since stroke
NIHSS
lesion
1-mo
6-mo
1-mo
6-mo
‘Cortical’ group
S16
76
M
R
6.00
30.86
1
1
S17
40
F
R
3.71
26.86
3
1
S18
79
M
L
3.86
26.00
4
1
S20
55
F
L
3.57
27.14
4
1
S22
59
F
R
4.00
26.71
2
2
Median
57.00
2M; 3F 2L; 3R 3.86
26.86
3.00
1.00
(IQR)
(51.25(3.71(26.71(2.00(1.00th
th
25 -75
64.00)
4.00)
27.14)
4.00)
1.00)
‘Subcortical’ group
S10
71
M
L
7.57
25.29
1
0
S13
71
F
L
3.29
28.57
2
1
S14
56
M
L
6.14
25.86
6
6
S19
18
F
R
2.43
25.29
4
3
S21
63
F
L
5.00
27.29
3
2
63.00
2M; 3F 4L; 1R 5.00
3.00
1.00
Median
25.86
(IQR)
(56.00(3.29(2.00(1.00(25.2925th-75th 71.00)
6.14)
4.00)
3.00)
27.29)
Combined group
59.00
4M; 6F 6L; 4R 3.93
26.77
3.00
1.00
Median
(IQR)
(55.00(3.61(25.89(2.00(1.0025th-75th 71.00)
5.75)
27.25)
4.00)
2.00)
Note. ‘Cortical’ and ‘subcortical’ refer to whether patients were defined as having lesions of primarily
cortical (SI and/or SII) or subcortical (mostly thalamus) somatosensory structures. ID = Stroke
identification number; NIHSS = National Institute of Health Stroke Scale, 1-4 = minor stroke, 5-15 =
moderate stroke, 15-20 = moderate/severe stroke, and 21-42 = severe stroke (Brott et al., 1989); M = male;
F = female; IQR = interquartile range.

Ten stroke survivors (4 male, mean age 58.96 years, range 18-79 years) were
studied at approximately one month (M = 4.56, SD = 1.58 weeks) and six months (M =
26.99, SD = 1.69 weeks) poststroke (Table 5.1). All were right hand dominant with a
median laterality quotient of 100 (Oldfield, 1971). Infarct locations for these participants
have already been described previously in Chapter 4 (Table 4.2, p. 140, Figure 4.2, p.
141, and Figure 4.3, p. 142) (but note, as mentioned in the Method, that S15 was not
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included in the current study). The left hemisphere was infarcted in six patients. Five
patients had lesions primarily involving subcortical somatosensory structures, in
particular the thalamus, and five had lesions predominantly involving cortical SI and/or
SII.
Scores on the primary somatosensory measure (the Tactile Discrimination Test,
TDT) and related somatosensory and hand function tests in the stroke group at each time
point are shown in Table 5.2. TDT scores for the healthy and stroke groups at the two
time points are illustrated in Figure 5.1.
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Table 5.2
Scores on somatosensory and hand function tests in the stroke group (N = 10)
ID

TDT – Aff. (/100)

TDT – Unaff.
(/100)
Initial
6-mo.

Initial

6-mo.

S16
S17
S18
S20
S22
Median
(IQR)
25th-75th

75.12
8.87
40.39
-11.58
-8.37
8.87
(-8.3740.39)

76.85
40.39
67.73
78.57
32.02
67.73
(40.3976.85)

86.45
52.71
83.99
87.93
63.55
83.99
(63.5586.45)

S10
S13
S14
S19
S21
Median
(IQR)
25th-75th

43.10
72.91
30.54
79.31
29.56
43.10
(30.5472.91)

77.59
72.66
47.29
66.99
33.74
66.99
(47.2972.66)

Median
(IQR)
25th-75th

35.47
(14.0465.46)

67.36
(42.1275.80)

WEST – Aff.
Initial

6-mo.

93.60
77.59
89.41
81.53
57.88
81.53
(77.5989.41)

0.14
300
200
102
2
102.00
(2.00200.00)

0.135
1.1
1.1
0.2
1.1
1.1
(0.201.10)

75.37
81.03
67.98
84.73
68.72
75.37
(68.7281.03)

85.22
72.41
81.03
73.64
85.47
81.03
(73.6485.22)

1.1
1.1
102
0.04
2
1.10
(1.102.00)

0.2
0.135
0.07
0.035
0.07
0.07
(0.070.14)

78.20
(68.1784.55)

81.28
(74.6385.41)

2.00
(1.10102.00)

0.17
(0.090.88)

WEST – Unaff.

Object recogn. Aff.
(/42)
Initial
6-mo.
Initial
6-mo.
‘Cortical’ group
0.14
0.135
38
42
0.04
0.035
34
42
0.04
0.07
40
41
0.07
0.135
40
41
0.07
0.035
31
39
0.07
0.07
38.0
41.0
(0.04(0.04(34.0(41.00.07)
0.14)
40.0)
42.0)
‘Subcortical’ group
0.14
0.035
41
40
0.04
0.07
41
40
0.07
0.07
29
40
0.07
0.035
40
42
0.04
0.035
37
41
0.07
0.04
40.0
40.0
(0.04(0.04(37.0(40.00.07)
0.07)
41.0)
41.0)
Combined group
0.07
(0.040.07)

0.05
(0.040.07)

39.0
(34.840.0)

41.0
(40.041.8)

Temp. Aff. (/10)
Initial

6-mo.

WPST Aff. (error)

ARAT Aff. (/57)

Initial

6-mo.

Initial

6-mo.

4
0
8
0
8
4.0
(0.08.0)

4
2
8
0
4
4.0
(2.04.0)

14.20
16.65
15.20
17.70
15.60
15.60
(15.2016.65)

7.10
13.90
13.85
12.30
15.70
13.85
(12.3013.90)

56.5
42.0
54.5
49.0
11.0
49.00
(42.0054.50)

57.0
53.5
57.0
57.0
42.0
57.00
(53.5057.00)

5
10
7
10
8
8.0
(7.010.0)

9
10
9
10
7
9.0
(9.010.0)

15.40
7.85
21.75
11.15
16.25
15.40
(11.1516.25)

10.90
4.45
20.30
5.35
12.50
10.90
(5.3512.50)

57.0
55.0
0.0
57.0
55.0
55.00
(55.0057.00)

56.0
55.5
0.0
57.0
56.5
56.00
(55.5056.50)

7.5
(4.38.0)

7.5
(4.09.0)

15.50
(14.4516.55)

12.40
(8.0513.89)

54.75
(43.7556.13)

56.25
(54.0057.00)
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Note (from Table 5.2, previous page). ‘Cortical’ and ‘subcortical’ refer to whether patients were defined as
having lesions of primarily cortical (SI and/or SII) or subcortical (mostly thalamus) somatosensory
structures. TDT = Tactile Discrimination Test (Carey et al., 1997), score is percentage correct area under
the curve (Carey & Matyas, 2011). The 95th percentile criterion for abnormality is a score less than 66.1;
WEST = Weinstein Enhanced Sensory Test monofilaments touch detection score for the fingertip used in
the TDT, threshold in grams pressure (Weinstein, 1996); Object recogn. = Functional Tactile Object
Recognition Test, score out of maximum 42, 5th percentile criterion of abnormality is 37 (Carey, 2006);
Temp. = Hot/cold temperature discrimination, number correct out of 10; WPST (average error) = Wrist
Position Sense Test, average error in degrees, 95th percentile criterion of abnormality is 9.5 degrees average
error (Carey et al., 1996); ARAT = Action Research Arm Test, score out of maximum 57 (Van der Lee et
al., 2001); IQR = interquartile range.

Figure 5.1. Tactile Discrimination Test (TDT) scores for the healthy and stroke groups at
the one- and six-month time points. The healthy control group performed within normal
limits on the TDT at both time points. The stroke group demonstrated impaired TDT
performance compared to controls at the one-month time point, followed by significant
improvement in TDT scores between one and six months poststroke. The middle line
represents the median score, and the error bars represent the upper and lower quartiles.
The score is the percentage correct area under the curve (Carey & Matyas, 2011). The
95th percentile criterion for abnormality is a score less than 66.1 (Carey et al., 1997).

The primary outcome measure in these studies was the Tactile Discrimination
Test (TDT) (Carey et al., 1997) score for the patients’ affected hand. As shown in Table
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5.2, patients presented with wide variation in severity of touch discrimination, ranging
from -11.58 (very severe impairment) to 79.31 (just within the normal range) on the TDT
at the one-month study. Several patients performed within normal limits on the TDT at
six months poststroke, and in three cases at the one-month time point. Somatosensory
impairment was indicated in these patients on the basis that the TDT score for the
affected hand was lower than for the unaffected hand, they demonstrated impairment on
other clinical somatosensory tests, and/or they reported a “hyper-sensitivity” profile of
heightened sensitivity to somatosensory stimuli.
For the combined stroke group, mean affected-hand score on the primary outcome
measure, the TDT, at the one-month time point was 35.98 ± 33.13 SD (median 35.47),
compared to 79.85 ± 8.11 SD (median 77.09) for healthy controls in the matched hand.
TDT scores were significantly higher in the healthy control group than in the patient
group (Mann-Whitney U = 11.00, p = .002). Mean affected-hand score for the subcortical
group was 51.08 ± 23.57 SD (median 43.10) and for the cortical group was 20.89 ± 36.66
SD (median 8.87). There was no significant difference in impairment between patient
groups (Mann-Whitney U = 6.00, p = .106).
As illustrated in Figure 5.1, the stroke group demonstrated significant
improvement in TDT scores with the affected hand between the one- and six-month time
points (Z = -2.293, p = .022).
Significant improvement was also observed for the affected hand on several other
clinical tests of somatosensory and hand function between the one- and six-month time
points, including the WEST hand monofilaments (Z = -2.807, p = .005), the ARAT (Z = 2.103, p = .035), the WPST (Z = -2.701, p = .007), and the fTORT (Z = -2.311, p = .021).
There was an improvement in overall neurological status between one and six months
poststroke, as measured by the NIHSS (Z = -2.414, p = .016).
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There were no significant differences in scores between the one- and six-month
time points for the TDT for the unaffected hand (Z = -1.070, p = .285), the WEST hand
monofilaments for the unaffected hand (Z = -0.655, p = .512), and the temperature
discrimination test (Z = -0.544, p = .586).
Background characteristics and clinical scores for the healthy control subjects
were previously reported in Chapter 4 (Table 4.4, p. 145), and the same subjects, except
for H14, were also included as controls for this study. The ten age-matched controls (4
male, mean age 60.60 years, range 23-79 years) were all right hand dominant with a
median laterality quotient of 100, and all showed somatosensory thresholds within the
normal performance range for both hands on the TDT (Carey et al., 1997).
5.5.2

Functional connectivity during the resting state

5.5.2.1 Functional connectivity of stroke patients compared to healthy controls.
Random effects group analysis was applied to resting-state functional connectivity
maps based on seed regions in SI, SII and thalamus for matched healthy controls and
stroke patients at one and six months poststroke. The results are illustrated in Figure 5.2
and listed in Appendix J: Chapter 5 supplementary tables, p. 291. Overlap of functional
connectivity networks between scanning sessions and between individual subjects, for the
ipsilesional SI and thalamus seeds, are illustrated in Figure 5.3. Between-group
differences in functional connectivity for the healthy and stroke groups are summarised in
Table 5.3 and illustrated in Figure 5.4.
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Figure 5.2. Functional connectivity (FC) maps for the healthy control group and for the
stroke group at the one- and six-month time points. Left three columns: group-level FC
maps. Right-hand column: overlaps of binarised group-level functional connectivity maps
for the stroke group at the two time points. Blue = One-month time point; Red = Sixmonth time point; Yellow = Overlap. The stroke group appears to show disrupted
interhemispheric functional connectivity for the SI seeds at one month poststroke, relative
to healthy controls. Some return of interhemispheric functional connectivity can be seen
at six months. In contrast, interhemispheric SII connectivity in the stroke group appeared
greater at one month than at six months poststroke. The seed region is indicated in green.
Images are displayed in neurological convention (subject’s left is displayed on image
left). The left hemisphere represents the ipsilesional hemisphere – images of patients with
right hemisphere lesions were flipped such that all infarcts are represented in the left
hemisphere. Slice numbers represent axial slice position in Montreal Neurological
Institute (MNI) space. Colour scale represents Z-values of group functional connectivity
maps. SI = primary somatosensory cortex; SII = secondary somatosensory cortex. These
results are all based on an individual voxel height threshold level of p < .001.
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Figure 5.3. Overlaps of seed correlation maps over time (intrasubject) and between
individuals (intersubject). Left five columns: overlap of seed correlation maps for each
subject across the two sessions, for the ipsilesional SI and thalamus seed regions;
‘subcortical’ stroke patients on the top row and ‘cortical’ stroke patients on the bottom
row for each seed. Green = One-month time point; Red = Six-month time point; Yellow =
Overlap. Right two columns: overlap of seed correlation maps across subjects at each
time point. Several individuals in each subgroup showed a disruption of interhemispheric
SI connectivity at one month poststroke, followed by some return of these connections at
six months. Interhemispheric functional connectivity between bilateral thalami is present
consistently at both time points across most individuals. Some variability in functional
connections with frontal regions can be seen across individuals and over time. Colour
scale on the right indicates number of participants showing functional connectivity at a
particular voxel. Images are displayed in neurological convention (subject’s left is
displayed on image left). The left hemisphere represents the ipsilesional hemisphere –
images of patients with right hemisphere lesions were flipped such that all infarcts are
represented in the left hemisphere. Slice numbers represent axial slice position in
Montreal Neurological Institute (MNI) space. SI = primary somatosensory cortex seed.
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Table 5.3
Statistically significant differences in functional connectivity between the healthy and
stroke groups at each time point
Seed region

Contralesional
SI
Ipsilesional SI

Contralesional
SII

Ipsilesional SI

Ipsilesional
thalamus

Cluster
Z
MNI maxima
Cluster
size
value
coordinates
anatomical
(voxels)
(x, y, z)
location
Healthy > Stroke – One-month time point
99
4.76
30 −56 16
Contralesional
26 −62 22
occipital lobe
and cerebellum
878
3.91
−20 −60 −8 Ipsilesional BA
−12 −64 −8 18, V4, V3,
−16 −52 10
cerebellum
lobule VI
Stroke > Healthy – One-month time point
438
3.73
4 28 16
Contralesional
−8 28 18
anterior
18 44 8
cingulate,
superior medial
gyrus;
ipsilesional
anterior
cingulate
Healthy > Stroke – Six-month time point
775
3.69
22 16 44
Ipsilesional BA
14 4 50
6, contralesional
−16 −2 62
BA 6
1051
3.72
−40 −40 56
Ipsilesional BA
−58 −30 42
2, 3b, 4p, IPC
−26 −38 56

Threshold of
connectivity
maps
0.001

0.01

0.01

0.01

0.01

Note. Anatomical definitions are based on the anatomy toolbox in SPM8, which is based on probabilistic
cytoarchitectonic maps (Eickhoff et al., 2005). MNI = Montreal Neurological Institute; SI = primary
somatosensory cortex; SII = secondary somatosensory cortex; BA = Brodmann’s area; IPC = inferior
parietal cortex. Threshold indicates voxel height threshold level (p value) at which individual connectivity
maps were thresholded prior to group-level analysis. Contrasts were thresholded at p value less than .001
(uncorrected) at the voxel level for the primary analysis, bolded. Exploratory analyses, indicated in italics,
were conducted on connectivity map contrasts thresholded at p < .01 (uncorrected). Only clusters with p
values less than .05 (False Discovery Rate, FDR, corrected) are reported as significant.
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Figure 5.4. Functional connectivity differences between the healthy and stroke groups at
both time points. The main finding was that of significantly less functional connectivity
between contralesional SI and a cluster in contralesional occipital lobe and cerebellum in
the stroke group at one month poststroke, compared to the healthy control group. Images
are displayed in neurological convention (subject’s left is displayed on image left). The
left hemisphere represents the ipsilesional hemisphere – images of patients with right
hemisphere lesions were flipped such that all infarcts are represented in the left
hemisphere. Slice numbers represent axial slice position in Montreal Neurological
Institute (MNI) space. Colour scale represents Z-values of significant between-groups
differences; hot colour scale represents greater functional connectivity in the healthy
group, cold colour scale represents greater functional connectivity in the stroke group. SI
= primary somatosensory cortex; SII = secondary somatosensory cortex; BA =
Brodmann’s area; V3 & V4 = visual areas 3 and 4; IPC = inferior parietal cortex.
Threshold indicates voxel height threshold level (p value) at which individual
connectivity maps were thresholded prior to group-level analysis. Contrasts were
thresholded at p value less than .001 (uncorrected) at the voxel level for the primary
analysis, bolded. Exploratory analyses, indicated in italics, were conducted on
connectivity map contrasts thresholded at p < .01 (uncorrected). Only clusters with p
values less than .05 (False Discovery Rate, FDR, corrected) are reported as significant.

5.5.2.1.1 SI seeds.
As can be seen in Figure 5.2, within the healthy control group, both SI seeds
showed significant functional connectivity with bilateral SI and motor areas (BA 4a, 4p,
6). In contrast, at one month poststroke the stroke group exhibited a lack of
interhemispheric connectivity for both of the SI seeds, with each SI seed only functionally
connected with surrounding SI and motor areas. As illustrated in Figure 5.3, this
disrupted interhemispheric SI connectivity was evident in individuals with either
predominantly cortical or subcortical sensory lesions. At six months poststroke, there
appeared to be some return of interhemispheric SI connectivity for the stroke group
(Figure 5.2). For example, the ipsilesional SI seed showed significant functional
connectivity not only with surrounding SI and motor areas, but also with contralesional
SI, contralesional visual and motor areas, and with ipsilesional SII. Similarly, the
contralesional SI seed remained functionally connected with surrounding SI and motor
regions, and showed connections not present at the one-month time point with ipsilesional
SI and SII, and contralesional middle occipital gyrus.
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At each time point, the healthy control group did not differ significantly from the
stroke group in functional connectivity based on the ipsilesional SI seed. At the onemonth time point, the healthy group exhibited significantly greater functional
connectivity than the stroke group between the contralesional SI seed and a cluster in the
contralesional occipital lobe and cerebellum.
Further exploratory analysis using a voxel-height threshold of p < .01 revealed
significantly greater functional connectivity at the one-month time point in healthy
controls compared to stroke patients between ipsilesional SI and ipsilesional visual areas
(BA 18, visual areas 3 and 4) and cerebellum. Six months poststroke, significantly greater
functional connectivity was observed in healthy controls compared to stroke patients
between ipsilesional SI and bilateral SMA (BA 6) (again using the exploratory voxelheight threshold).
5.5.2.1.2 SII seeds.
In the healthy control group, SII seeds of each hemisphere exhibited significant
functional connectivity with bilateral SII and SI, as well as with medial SMA (BA 6). The
stroke group demonstrated a similar pattern of connectivity for the ipsilesional SII seed at
one month poststroke. For the contralesional SII seed, significantly connected clusters
also extended into bilateral SI. At six months poststroke, the ipsilesional SII seed showed
functional connectivity only with surrounding SII and SI. The contralesional SII seed was
again functionally connected with bilateral SII and contralesional SI, with additional
small clusters in contralesional SMA (BA 6) and medial visual areas (BA 17, 18,
commonly referred to as human V4 and V2).
At each time point, the healthy control group did not differ significantly from the
stroke group in functional connectivity based on either of the SII seeds.
Further analysis using the exploratory voxel-height threshold of p < .01 revealed
that at one month poststroke, the stroke patients showed significantly greater functional
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connectivity than healthy controls between contralesional SII and medial anterior
cingulate.
5.5.2.1.3 Thalamus seeds.
In the healthy control group, thalamus seeds of each hemisphere were functionally
connected to a statistically significant extent with bilateral thalami (thalamus surrounding
the seed region in the same hemisphere, as well as contralateral thalamus) and ipsilateral
SII. At one month poststroke the stroke patient group showed significant functional
connectivity from both thalamus seeds with bilateral thalami. In addition, the
contralesional thalamus was functionally connected with small clusters in contralesional
inferior and superior frontal gyri, and contralesional cerebellum. At six months,
ipsilesional thalamus in stroke patients still showed significant functional connectivity
with thalami in both hemispheres, whereas the contralesional thalamus was only
functionally connected with surrounding contralesional thalamus and with a small cluster
in the left putamen.
Between-groups comparisons at the p < .001 voxel-height threshold level revealed
no significant differences between patients and controls at either time point for functional
connectivity based on the thalamus seed regions.
At six months, using the exploratory voxel height threshold of p < .01, the healthy
control group showed significantly greater functional connectivity than the stroke group
between ipsilesional thalamus and ipsilesional SI.
5.5.2.2 Longitudinal functional connectivity changes in the stroke group.
5.5.2.2.1 Statistically significant changes in functional connectivity between one and
six months poststroke.
Random effects analyses were applied to the results for the stroke group to
identify significant changes in functional connectivity between one and six months
poststroke. Results are listed in Table 5.4 and illustrated in Figure 5.5.
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Table 5.4
Functional connectivity changes in the stroke group between the one and six month time
points
Seed region

Cluster size
(voxels)

Z value

MNI maxima
Cluster anatomical
Threshold of
coordinates
location
connectivity
(x, y, z)
maps
Regions showing greater functional connectivity at one month
Contralesional 60
4.14
14 −32 −18
Contralesional
0.001
SI
12 −28 −6
cerebellum lobules I-V,
6 −34 −20
hippocampus
Regions showing greater functional connectivity at six months
Contralesional 49
4.44
−16 −22 38
Ipsilesional middle
0.001
thalamus
cingulate
Ipsilesional SI
268
3.53
0 −36 50
Ipsilesional BA 4a, SPL;
0.01
0 −26 52
Contralesional BA 4a, SPL
−4 −46 56
218
3.53
34 −46 42
Contralesional hIP3, hIP1, 0.01
30 −40 36
BA 2, SPL
40 −42 34
Contralesional 257
3.64
42 −82 14
Contralesional middle
0.01
SI
38 −78 24
occipital gyrus
50 −74 10
Contralesional 309
4.04
−48 −46 36
Ipsilesional hIP1, IPC
0.01
SII
−52 −40 32
−40 −48 34
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3.32
42 −56 36
Contralesional IPC, hIP1,
0.01
38 −78 34
hIP3
38 −64 36
192
3.27
48 20 4
Contralesional BA 44, 45
0.01
34 46 8
36 34 16
190
4.25
46 −48 48
Contralesional IPC, hIP2
0.01
56 −34 38
42 −32 36
Ipsilesional
277
3.71
−38 32 2
Ipsilesional inferior frontal 0.01
thalamus
−30 42 −6
gyrus
−40 38 −10
Note. Anatomical definitions are based on the anatomy toolbox in SPM8, which is based on probabilistic
cytoarchitectonic maps (Eickhoff et al., 2005). MNI = Montreal Neurological Institute; SI = primary
somatosensory cortex; SII = secondary somatosensory cortex; BA = Brodmann’s area; SPL = superior
parietal lobule; hIP = anterior intraparietal sulcus; IPC = inferior parietal cortex. Threshold indicates voxel
height threshold level (p value) at which individual connectivity maps were thresholded prior to group-level
analysis. Contrasts were thresholded at p value less than .001 (uncorrected) at the voxel level for the
primary analysis, bolded. Exploratory analyses, indicated in italics, were conducted on connectivity map
contrasts thresholded at p < .01 (uncorrected). Only clusters with p values less than .05 (False Discovery
Rate, FDR, corrected) are reported as significant.
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Figure 5.5. Significant functional connectivity differences between the one- and sixmonth time points in the stroke group. The main findings were of stronger functional
connectivity between contralesional SI and cerebellum and hippocampus at one month
than at six months poststroke, and of stronger functional connectivity between
contralesional thalamus and ipsilesional middle cingulate cortex at six months poststroke.
Images are displayed in neurological convention (subject’s left is displayed on image
left). The left hemisphere represents the ipsilesional hemisphere – images of patients with
right hemisphere lesions were flipped such that all infarcts are represented in the left
hemisphere. Slice numbers represent axial slice position in Montreal Neurological
Institute (MNI) space. Colour scale represents Z-values of significant differences between
the two time points; cold colour scale indicates greater functional connectivity at the onemonth time point, hot colour scale indicates greater functional connectivity at the sixmonth time point. SI = primary somatosensory cortex; SII = secondary somatosensory
cortex. Threshold indicates voxel height threshold level (p value) at which individual
connectivity maps were thresholded prior to group-level analysis. Contrasts were
thresholded at p value less than .001 (uncorrected) at the voxel level for the primary
analysis, bolded. Exploratory analyses, indicated in italics, were conducted on
connectivity map contrasts thresholded at p < .01 (uncorrected). Only clusters with p
values less than .05 (False Discovery Rate, FDR, corrected) are reported as significant.

For the contralesional SI seed, there was significantly less functional connectivity
at six months than at one month poststroke between contralesional SI and a cluster falling
in the contralesional cerebellum and hippocampus.
At six months, there was significantly greater functional connectivity between
contralesional thalamus and a cluster in ipsilesional middle cingulate cortex.
Changes were also examined using an exploratory voxel-height threshold of p <
.01. These analyses revealed significantly greater functional connectivity at six months
than at one month poststroke between the ipsilesional SI seed and clusters in medial MI
and contralesional SI. Significantly greater functional connectivity at six months between
contralesional SII and clusters in bilateral inferior parietal cortex and SII, contralesional
superior occipital gyrus, and contralesional inferior and middle frontal regions was also
found, as was greater functional connectivity between ipsilesional thalamus and a region
in ipsilesional inferior frontal gyrus.
5.5.2.2.2 Overlap of individual connectivity maps.
Several trends can be observed from the overlap images of individual connectivity
maps shown in Figure 5.3. Several individuals in each subgroup showed a disruption of
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interhemispheric SI connectivity one month poststroke, followed by some return of these
connections at six months. Interestingly, with the exception of S17, most of the
individuals who showed interhemispheric SI connectivity at the one-month time point
were also those with better TDT scores at that time (TDT > 70 for S13, S19, and S16).
Those individuals with no significant interhemispheric SI connectivity at the one-month
time point, and some return at six months, mostly produced TDT scores in the impaired
range at one month but showed substantial improvements at six months.
Interhemispheric functional connectivity between bilateral thalami was present
consistently at both time points across most individuals. Some variability in functional
connections with frontal regions could be seen across individuals and over time. The
individuals who showed thalamocortical functional connectivity with frontal regions at
the one-month time point also had relatively low TDT scores (ranging from -8.87 to
30.54), while those who showed this connectivity pattern at six months had improved
TDT scores (70 or greater).
5.5.2.3 Functional connectivity changes associated with somatosensory
improvement.
In subsequent correlation analyses, changes over time in Tactile Discrimination
Test (TDT) scores were included as a regressor in the group-level random effects analysis
of change in functional connectivity for the stroke group, in order to identify how
differences in functional connectivity over time might be associated with changes in TDT
test scores. The functional connectivity changes significantly associated with changes in
TDT scores are listed in Table 5.5 and illustrated in Figure 5.6.
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Table 5.5
Functional connectivity changes associated with improvement in TDT scores
Seed region

Cluster
Z
MNI maxima
Cluster
Threshold of
size
value
coordinates
anatomical
connectivity
(voxels)
(x, y, z)
location
maps
Regions showing greater functional connectivity at six months than one month
poststroke in association with clinical improvement
Contralesional 53
4.55 52 −58 26
Contralesional 0.001
SII
IPC
30
5.02 58 −26 −10
Contralesional 0.001
middle
temporal gyrus
Contralesional 35
4.27 12 −42 −40
Contralesional 0.001
thalamus
20 −44 −34
cerebellum
lobule IX
Regions showing greater functional connectivity at one month than six months
poststroke in association with clinical improvement
Contralesional 42
3.89 28 −44 −24
Contralesional 0.001
SI
cerebellum
lobules V, VI
Note. Anatomical definitions are based on the anatomy toolbox in SPM8, which is based on probabilistic
cytoarchitectonic maps (Eickhoff et al., 2005). MNI = Montreal Neurological Institute; SII = secondary
somatosensory cortex; SI = primary somatosensory cortex; IPC = inferior parietal cortex; BA =
Brodmann’s area; TE 1.1 = primary auditory cortex. Threshold indicates voxel height threshold level (p
value) at which individual connectivity maps were thresholded prior to group-level analysis. Contrasts were
thresholded at p value less than .001 (uncorrected) at the voxel level for the primary analysis, bolded.
Exploratory analyses, indicated in italics, were conducted on connectivity map contrasts thresholded at p <
.01 (uncorrected). Only clusters with p values less than .05 (False Discovery Rate, FDR, corrected) are
reported as significant.
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Figure 5.6. Functional connectivity differences between one and six months poststroke
associated with changes in TDT scores. Scatter plots illustrate change in TDT score
plotted against the difference between the two time points in connectivity strength
between the seed and the cluster (shown in images on the right), for each individual.
Improvement in TDT scores was associated with: A: greater functional connectivity at six
months between the contralesional SII seed and clusters in the contralesional inferior
parietal cortex and contralesional middle temporal gyrus; B: greater functional
connectivity at six months between the contralesional thalamus seed and a cluster in
contralesional cerebellum; and C: less functional connectivity between the contralesional
SI seed and contralesional cerebellum. Images are displayed in neurological convention
(subject’s left is displayed on image left). The left hemisphere represents the ipsilesional
hemisphere – images of patients with right hemisphere lesions were flipped such that all
infarcts are represented in the left hemisphere. Slice numbers represent axial slice
position in Montreal Neurological Institute (MNI) space. Colour scale represents Z-values
of functionally connected clusters associated with TDT score change. SI = primary
somatosensory cortex. SII = secondary somatosensory cortex; IPC = inferior parietal
cortex. These results are based on an individual voxel height threshold level of p < .001.
Only clusters with p values less than .05 (False Discovery Rate, FDR, corrected) are
reported as significant.

As shown in Table 5.5 and Figure 5.6, improvement in TDT scores was
associated with greater functional connectivity at six months than at one month poststroke
between the contralesional SII seed and clusters in the contralesional inferior parietal
cortex and contralesional middle temporal gyrus, in patients with lesions in either cortical
or subcortical somatosensory regions. Greater connectivity at six months than at one
month poststroke between the contralesional thalamus seed and a cluster in contralesional
cerebellum was also associated with improvement, and this relationship was stronger in
patients with lesions of cortical somatosensory structures. Less functional connectivity at
six months than at one month poststroke between the contralesional SI seed and
contralesional cerebellum was associated with improved TDT scores, and again this
relationship was stronger in the cortical stroke group.
Further exploratory analyses using the p < .01 voxel height threshold did not
reveal any additional significant relationships between improved clinical scores and
functional connectivity changes.
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5.6
5.6.1

Discussion

Interhemispheric functional connectivity is disrupted at one month after
stroke and shows some recovery towards normal levels after six months
In the group of stroke patients at one month poststroke there was some indication

of disruption in interhemispheric functional connectivity (see Chapter 4). At one month
poststroke the stroke group only exhibited SI functional connectivity with SI within the
same hemisphere; at six months there was some return of interhemispheric SI
connectivity. At the exploratory voxel height threshold, random effects analysis revealed
significantly more functional connectivity between ipsilesional SI and contralesional SI,
and between contralesional SII and SII regions in both hemispheres, at six months
compared to at one month poststroke. At a qualitative level, most of the individuals who
showed interhemispheric SI connectivity at the one-month time point were also those
with better TDT scores at this time, and those who showed a return of interhemispheric SI
connectivity at six months also exhibited a concurrent improvement in TDT scores. This
suggestion of less interhemispheric connectivity in the stroke group at one month relative
to healthy controls is consistent with recent evidence of disrupted interhemispheric
functional connectivity in stroke (Carter et al., 2010; He, Snyder, et al., 2007; van Meer et
al., 2010). Interhemispheric connections are important in sensory processing (Iwamura et
al., 2001; Staines, Black, et al., 2002) and motor recovery (Seitz & Buetefisch, 2006;
Ward & Cohen, 2004). Studies using fcMRI in stroke have also highlighted the
importance of interhemispheric functional connectivity in behavioural performance and
recovery (Carter et al., 2010; He, Snyder, et al., 2007; van Meer et al., 2010). These
results also link to studies illustrating the role of inhibitory influences from intact
hemisphere (Ward & Cohen, 2004), and highlighting the need to re-establish a balance of
activity across hemispheres for optimal improvement to occur (Carey & Seitz, 2007; Seitz
et al., 2004).
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5.6.2

Less functional connectivity with occipital visual areas at one month
poststroke, compared to six months poststroke and to healthy controls
Another key finding in this study was the role of functional connectivity with

primary visual occipital regions. At the one-month time point, functional connectivity
between ipsilesional SI and visual areas (BA 18, V3, and V4), and between contralesional
SI and occipital lobe, was significantly less in the stroke group compared to the matched
healthy control group (based on random effects analysis using an exploratory voxelheight threshold). Also using the exploratory voxel-height threshold, functional
connectivity between contralesional SII and a cluster falling within the contralesional
superior occipital gyrus was found to be significantly greater at six months than at one
month poststroke. At the six-month time point, the stroke group demonstrated functional
connections with visual occipital areas that were not present at one month poststroke,
including between ipsilesional SI and contralesional visual areas (BA 17, 18), between
contralesional SI and contralesional middle occipital gyrus, and between contralesional
SII and bilateral visual areas (BA 17, 18). Together these findings suggest a pattern of
disruption of functional connections between somatosensory and visual areas at one
month poststroke, which showed some return after six months. At each time point,
participants were instructed to keep their eyes closed during scanning – as such these
differences between time points cannot be explained by differences in eyes open vs eyes
closed between sessions.
Supporting the suggestion of less connectivity with visual occipital regions in
stroke patients is the report by Park et al. (2011) that soon after stroke, patients with
motor impairment demonstrated decreased functional connectivity between primary
motor regions and occipital cortex. These results are also consistent with Seitz et al.’s
(1999) study of the functional networks related to motor recovery, which found that
improved motor function after stroke was associated with involvement of distributed
areas including extrastriate visual areas. Not surprisingly, Carey et al. (2011) reported that
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in a group of subcortical stroke patients studied at one month poststroke, touch
discrimination correlated negatively with task-related activation in occipital regions. Thus
there seems to be a pattern of disrupted interactions between sensorimotor and visual
occipital systems around one month after stroke.
5.6.3

Functional connections to frontoparietal attention regions
Overall the results showed that in stroke patients, functional connections to

frontoparietal attention regions were greater at one month after stroke relative to healthy
controls, were significantly greater at six months than at one month poststroke, and these
differences between time points were associated with changes in behavioural
performance. Compared to healthy controls at the one-month time point, the stroke group
exhibited significantly greater functional connectivity between contralesional SII and
clusters in anterior cingulate cortex and superior medial gyrus (based on random effects
analysis using an exploratory voxel-height threshold). Functional connectivity between
contralesional thalamus and ipsilesional middle cingulate cortex was significantly more at
six months than at one month poststroke. Further exploratory analyses revealed greater
functional connectivity at six months between contralesional SII and clusters in bilateral
IPC and contralesional inferior and middle frontal regions, and between ipsilesional
thalamus and inferior frontal regions. Furthermore, behavioural improvement on the TDT
was associated with more functional connectivity six months poststroke between
contralesional SII and a cluster in contralesional inferior parietal cortex. In addition at a
qualitative level, the individuals who showed thalamocortical functional connectivity with
frontal regions at the one-month time point also had relatively low TDT scores, while
those who showed this connectivity pattern at six months had better TDT scores.
Attention is essential to any perception or learning and so is a key element of
recovery from brain injury (He, Shulman, et al., 2007; Maruishi et al., 2007; Ponsford,
2004; Robertson, 1999b). Activation of distributed attention networks has been observed
in previous studies of stroke recovery (Carey et al., 2006; Ward et al., 2003b). Increases
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in activation of premotor and parietal regions have been reported to show increased
activation with motor recovery (Johansen-Berg, Dawes, et al., 2002; Nelles et al., 2001)
(Loubinoux et al., 2003; Nelles et al., 1999; Tombari et al., 2004). In summary,
involvement of frontoparietal attention networks is a common finding in stroke patients in
the motor domain, and has been associated with behavioural outcome. Here this finding is
extended to somatosensory recovery poststroke. Based on the results presented here it
could be speculated that higher-level attention and behavioural processes were being used
by patients to supplement previously more automatic somatosensory perception.
5.6.4

Changes in cortical-cerebellar and thalamus-cerebellum functional
connectivity over time were associated with clinical improvement
Another key finding was the involvement of cerebellum. Functional connectivity

between contralesional SI and contralesional cerebellum was found using random effects
analysis to be significantly less at six months than at one month poststroke in the patient
group. Furthermore, improved clinical scores measured using the TDT were significantly
associated with greater functional connectivity between contralesional thalamus and
contralesional cerebellum, and less functional connectivity between contralesional SI and
contralesional cerebellum, at six months. This pattern of changes could reflect a shift
from cortical involvement in cerebellar processing of somatosensory information via SI,
towards a more direct and automatic link between thalamus and cerebellum (Seidler,
2010).
5.6.5

Limitations
The major limitation of this study was the small and heterogeneous sample of

stroke patients. Replication of these preliminary findings in larger samples is required. A
larger sample size would allow further inferences about subgroup-specific changes. It will
also be important in future studies to investigate these changes without flipping of
individual files, to allow inferences about the role of lateralized frontoparietal attention
networks in facilitating behavioural improvement (Corbetta & Connor, 2006; de Schotten
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et al., 2011). Given the small sample size and the fact that the study included patients
with both left and right hemisphere lesions, this analysis was not possible using the
current sample.
5.6.6

Implications and future directions
In summary, these findings demonstrated that in contrast to the relatively

consistent functional connectivity within the somatosensory system in healthy controls,
stroke patients exhibited alterations in functional connectivity over the five-month period
of recovery under nonspecific rehabilitation conditions. There appeared to be some return
of functional connections over time in patients, such as between homologous cortical
somatosensory regions, and between somatosensory and visual occipital areas, but not to
the levels seen in age-matched controls. Importantly, changes in functional connections
were shown to relate to improvement in clinical scores over time. Interestingly, the
connections associated with behavioural improvement in these results were all within the
contralesional, and supposedly “unaffected” hemisphere, suggesting an assuming by the
other hemisphere of a greater role in facilitating somatosensation. This study explored
functional connectivity changes over a period of recovery under nonspecific rehabilitation
conditions. To date there has been a lack of research investigating changes in functional
connectivity in stroke patients undergoing targeted rehabilitation. In the following study,
changes in functional connectivity in patients who underwent a six-week somatosensory
retraining program were investigated.
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CHAPTER 6
Training-facilitated somatosensory improvement is
associated with changes in functional connectivity
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6.1

Preface

In the previous chapter it was shown that in many stroke survivors there was some
return of interhemispheric cortical functional connectivity between one and six months
poststroke. Stronger functional connectivity at six months than at one month poststroke
between regions of the contralesional hemisphere and visual areas, and between several
seed regions and frontoparietal attention areas, supported the hypothesis of involvement
of distributed anatomical brain networks in mediating improvement during a period of
nonspecific rehabilitation after stroke. What was not investigated was whether similar
patterns of change would be seen following a period of targeted somatosensory retraining
specifically aimed at recruiting these broader networks. The following chapter describes
investigation of functional connectivity changes in stroke patients who underwent a sixweek period of somatosensory retraining.
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6.2

Abstract

Effective somatosensory retraining programs after stroke are based on well-established
principles of neuroplasticity and perceptual learning. Few studies have investigated the
relationship between somatosensory improvement and cerebral reorganisation after
stroke, particularly after somatosensory retraining. Eight stroke survivors underwent
clinical testing and resting-state functional connectivity fMRI scans before and after
completing a six-week program of empirically validated stimulus-specific somatosensory
discrimination training. Patients demonstrated a wide range of impairment severity before
training, and all showed improvement on the primary outcome measure, the Tactile
Discrimination Test (TDT), following training. Clinical improvement was associated with
stronger functional connectivity post-training compared to pre-training between
ipsilesional SI and ipsilesional frontal areas, between ipsilesional thalamus and
contralesional occipital areas, between contralesional SI and contralesional middle
temporal gyrus, and between bilateral thalami and cerebellum. These findings provide
proof of principle evidence of changes in ipsilesional connectivity involving a distributed
system in those patients receiving a neuroscience-based approach to somatosensory
rehabilitation.
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6.3

Introduction

Somatosensory impairment is common after stroke (Carey, 2006; Kim & ChoiKwon, 1996), and effective rehabilitation techniques to retrain somatosensory abilities
after stroke have been developed (Carey, Macdonell, et al., 2011; Carey & Matyas, 2005;
Yekutiel, 2000). Investigation of the neural correlates of poststroke impairment severity
has been proposed as a means of identifying specific residual network connections able to
be utilised in therapy (Carey & Seitz, 2007; Johansen-Berg, 2007). Thus to better
understand the recovery process in rehabilitation it is important to establish how trainingfacilitated behavioural gains may be mediated by changes in the brain.
One effective approach to rehabilitation of touch sensation after stroke has been
based on principles of perceptual learning and neuroplasticity, and is informed by
understanding of the neural mechanisms underlying somatosensory impairment and
recovery after stroke (Carey & Matyas, 2005; Cheeran et al., 2009; Karni et al., 1995;
Plautz, Milliken, & Nudo, 2000). A key feature of neuroscience-based somatosensory
rehabilitation is the incorporation of attention, including attentive exploration of stimuli
and cued anticipation trials (Carey, 2006). This approach is likely to have greater efficacy
for functional recovery than use-dependent plasticity alone, because the brain is more
likely to undergo neural reorganization in response to meaningful, actively attended tasks
(Yekutiel, 2000). Attention is known to modulate neural plasticity and to be necessary for
effective perceptual learning to occur (Gazzaniga, 2004; Goldstone, 1998; Jagadeesh,
2006; Johansen-Berg & Lloyd, 2000).
However, attentive practice of somatosensory discrimination alone has been
shown to be insufficient to effect clinically significant change (Carey et al., 1993), so
further aspects of training are important. Another key feature of Carey et al.’s training is
the calibration of sensation across modalities, particularly between vision and touch
(Carey et al., 1993), given the extensive evidence for activity in visual cortical regions
during tactile perception (Sathian, 2006; Seitz, Knorr, et al., 1999; Zangaladze et al.,
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1999). Cross-modal calibration has also been reported to improve perception of tactile
information and facilitate neural plasticity (Lederman, Thorne, & Jones, 1986; Sathian,
2006; Zangaladze et al., 1999).
Intramodal calibration, which involves comparing inputs between the affected and
unaffected hands, and is a third feature of Carey et al.’s training approach (Carey et al.,
1993). This approach is consistent with the role of interhemispheric connections in
sensory processing (Iwamura et al., 2001; Staines, Black, et al., 2002) and models of
motor recovery (Seitz & Buetefisch, 2006; Ward & Cohen, 2004). Recent studies using
fcMRI in stroke have implicated the importance of interhemispheric functional
connectivity in behavioural performance and recovery (Carter et al., 2010; He, Snyder, et
al., 2007; van Meer et al., 2010).
Resting-state functional connectivity analysis of MRI data (rs-fcMRI) measures
correlated low-frequency (0.01-0.08 Hz) fluctuations of the BOLD signal over time
across different parts of the brain (Biswal et al., 1995; Friston, 1994; Horwitz, 2003).
Resting-state fcMRI has been used to identify brain networks known to be involved in
behaviour (Biswal et al., 1995; Cordes et al., 2001; Nir et al., 2006), and to show that
changes in functional connectivity are associated with learning of new tasks and
improvement following behavioural training in healthy subjects (Albert et al., 2009;
Lewis et al., 2009) and patients (He, Snyder, et al., 2007; Park et al., 2011). Changes in
spontaneous cortical activity patterns were observed after several days’ training in a
visual perception task, with visual cortex and frontoparietal attention areas that were not
shown to be associated before training found to become negatively correlated following
learning (Lewis et al., 2009). Greater negative correlation between these regions was
associated with improved perceptual learning (Lewis et al.). Frontoparietal resting
network changes were also found in a study by Albert et al. (2009), after participants
completed a short period of sensorimotor learning. Changes in resting-state networks
related to the function of interest, and with frontoparietal attention networks, have been
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shown to be associated with behavioural improvement in stroke patients, in domains such
as visuospatial attention (He, Snyder, et al., 2007) and motor skills (Park et al., 2011).
Thus monitoring resting-state connectivity patterns over time may provide a useful
measure of the learning-related neuroplastic changes that underlie behavioural
improvement after brain injury (Gauthier et al., 2008; Schaechter et al., 2006).
As fMRI activation patterns have been shown to differ when patients with
subcortical and cortical infarcts doing the same task are compared (Luft, Waller, et al.,
2004), and that subcortical and cortical lesions exert their effects on different parts of a
network (Lie et al., 2004), patients with predominantly cortical or subcortical infarcts
within somatosensory structures (referred to as ‘cortical’ and ‘subcortical’ lesions) were
studied separately, in order to identify subgroup-specific changes.
Aside from the previous two chapters of this thesis, there have been no published
investigations using rs-fcMRI with stroke patients with somatosensory impairment,
particularly before and after undergoing targeted retraining. Thus this pilot study aimed to
identify longitudinal changes in functional connections in somatosensory areas following
somatosensory retraining, as measured during the resting state in stroke patients with
somatosensory impairment. Longitudinal changes were defined over time and as
differences from matched healthy controls. A primary aim was to establish how these
changes were associated with improvement in tactile discrimination following targeted
somatosensory retraining. On the basis of the literature alluded to above, it was predicted
that improvement in touch discrimination, as measured using the Tactile Discrimination
Test (TDT) (Carey et al., 1997), would be associated with:
1. Greater interhemispheric functional connectivity after training compared to before
training between homologous SI and SII regions;
2. Greater functional connectivity after training compared to before training between
seed regions in SI, SII, and thalamus, and frontoparietal regions;
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3. Greater functional connectivity after training compared to before training between
the somatosensory system and related visual occipital networks.
6.4
6.4.1

Method

Participants
Eight stroke patients – six of those described in Chapter 4, and two additional

participants who entered the study after the one-month time point – were assessed at six
months poststroke and again following a six-week period of somatosensory rehabilitation.
Recruitment procedures and inclusion and exclusion criteria were described in section
4.4.1 (p. 129). Eight of the 11 healthy participants from Chapter 3 were included as agematched controls. The relevant university and hospital human ethics committees
approved the study and written informed consent was obtained from all participants.
6.4.2

Demographic and clinical profile
Background information included age, gender and premorbid hand dominance

(Oldfield, 1971). For the stroke patients, a clinical profile was obtained within 48 hours of
the MRI study and comprised the same measures described in detail in Chapter 4 (section
4.4.2, p. 130). The primary somatosensory outcome was the Tactile Discrimination Test
(TDT) (Carey et al., 1997), described in Chapter 3 (section 3.4.2, p. 95).
6.4.3

Sensory training
The stroke patients participated in a six-week somatosensory intervention

program, with sessions conducted 2-3 times per week, resulting in 12-15 sessions in total.
Training sessions were approximately 60 minutes in duration and were conducted in the
participants’ homes, in hospital, or in a rehabilitation centre. Due to the fact that this was
a small pilot study, a control stroke group (receiving stimulus exposure without targeted
retraining) was not included.
The program of somatosensory neurorehabilitation used was developed by Carey
et al. and incorporates the neuroscience-based principles of deliberate use of attention and
anticipation, cross-sensory calibration with vision, and use of intramodal calibration
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(Carey & Matyas, 2005; Carey et al., 1993). The training involves repeated tactile
comparisons between the impaired and intact hands, one hand at a time (intramodal
calibration) and with visual feedback (crossmodal calibration), to improve the calibration
of altered somatosensory perceptions. In addition, training involves anticipation trials, as
well as attentive exploration and feedback on response accuracy and exploration
technique to enhance salience of stimulus features and accurate discrimination (Carey et
al., 1993).
The effectiveness of this training program in improving somatosensory outcomes
has been demonstrated in a series of single case experiments (Carey et al., 1993), with
meta-analysis of a series of 30 single case experiments (Carey, 2006), and recently in a
randomised controlled trial of 50 patients (Carey, Macdonell, et al., 2011). In the most
recent study (Carey, Macdonell, et al., 2011), a randomized parallel-group controlled trial
involving 50 subjects, with blinding of subjects, clinical assessors, and data analysts, the
program was compared to nonspecific exposure to somatosensory stimuli via passive
movements and grasping of common objects (Carey, Macdonell, et al., 2011). Betweengroup comparisons revealed a significantly greater improvement in somatosensory
capacity following somatosensory discrimination training, with improvements that
transferred to novel stimuli and were maintained at six weeks and six months posttraining (Carey, Macdonell, et al., 2011).
6.4.4

Image acquisition: Functional and structural imaging sequences.
Imaging data acquisition procedures were the same as in Chapter 3 (section 3.4.3,

p. 97).
6.4.5

Data analysis

6.4.5.1 Analysis of clinical data.
As the clinical data did not follow a normal distribution, nonparametric statistical
methods were used in the analysis (Fay & Proschan, 2010; Kvam & Vidakovic, 2007).
The Mann-Whitney U test (Mann & Whitney, 1947) was used to evaluate the significance
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of differences between subject groups, and the Wilcoxon signed rank test (Wilcoxon,
1945) was used to evaluate the significance of changes in scores within subjects over
time. These analyses were performed using Predictive Analytics SoftWare (PASW)
Statistics 18.
6.4.5.2 Preprocessing of fMRI data.
Standard fMRI data preprocessing and preprocessing for connectivity analyses
were performed using the same steps described in Chapter 3 (section 3.4.4.1, p. 98, and
section 3.4.4.2, p. 98).
6.4.5.3 Seed regions of interest (ROIs).
The six regions of interest (ROIs) for functional connectivity analysis were
identified as the left and right primary (SI) and secondary (SII) somatosensory cortices
and left and right thalami (section 3.4.4.3, p. 98). These regions were used to extract timecourses from resting-state data in each participant.
6.4.5.4 fcMRI correlation analysis.
Functional connectivity maps were computed following the procedure described
in Chapter 3 (section 3.4.4.4, p. 101). To permit exploratory investigation of regions of
potential interest, the connectivity map contrasts were thresholded at a lower voxel-height
of p value less than .01 (uncorrected) where significant between-group differences were
not found at the p < .001 threshold, as outlined in Chapter 4 (section 4.4.4.5, p. 136).
6.4.5.5 Second level imaging analysis.
In the group analysis, the contrast (con*.img) images from the individual analyses
of each individual participant were combined in a second level, random-effects model
(Holmes & Friston, 1998). To test for differences in patterns of functional connectivity
between the healthy and stroke groups, between-group differences were evaluated using
two-sample t tests. To test for differences in patterns of functional connectivity within the
stroke group between the pre- and post-training time points, within-group differences
were evaluated using paired t tests. In subsequent correlation analyses, individual changes
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in TDT scores over time were included as a regressor in the group-level random effects
analysis of change in functional connectivity for the stroke group, in order to identify how
differences in functional connectivity over time might be associated with changes in TDT
test scores. Only clusters with p values less than .05 (FDR corrected) are reported as
significant. Anatomical localisation of significant clusters was defined using the anatomy
toolbox in SPM8, which is based on probabilistic cytoarchitectonic maps (Eickhoff et al.,
2005).
As previously described in Chapter 4 (section 4.4.4.6, p. 137), similarities and
differences in connectivity patterns for the ‘cortical’ and ‘subcortical’ stroke subgroups
were investigated using the overlap of individual connectivity maps. Participants were
classified into ‘cortical’ or ‘subcortical’ groups on the basis of whether they had
somatosensory deficits explained by involvement primarily of cortical regions such as SI
or SII, or subcortical regions, namely thalamus.
6.5
6.5.1

Results

Demographic and clinical data
Demographic and clinical characteristics of the stroke patients are shown in Table

6.1, with infarct locations listed in Table 6.2 and illustrated in Figure 6.1 and Figure 6.2.
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Table 6.1
Background and clinical characteristics of stroke patients (N = 8)
ID

Age

S17
S18
S20
S22
Median
(IQR)
25th-75th

40
80
56
60
57.78
(51.8464.81)

S09
S14
S21
S23
Median
(IQR)
25th-75th

68
57
63
45
59.76
(53.5964.34)

Median
(IQR)
25th-75th

58.50
(53.2564.25)

Gender

Side of Weeks since stroke
lesion
Pre-Tx
Post-Tx
‘Cortical’ group
F
R
26.857
36.00
M
L
26.000
32.86
F
L
27.143
33.71
F
R
26.714
32.71
3F; 1M 2R; 2L 26.79
33.29
(26.54(32.8226.93)
34.29)
‘Subcortical’ group
F
R
30.857
44.57
M
L
25.857
32.14
F
L
27.286
33.43
M
R
31.000
39.00
2F; 2M 2R; 2L 29.07
36.21
(26.93(33.1130.89)
40.39)
Combined group
3M; 5F 4L; 4R 27.00
33.57
(26.53(32.8228.20)
36.75)

NIHSS
Pre-Tx Post-Tx
1
1
1
2
1.00
(1.001.25)

1
1
1
1
1.00
(1.001.00)

3
6
2
3
3.00
(2.753.75)

3
6
3
1
3.00
(2.503.75)

2.00
(1.003.00)

1.00
(1.003.00)

Note. ‘Cortical’ and ‘subcortical’ refer to whether patients were defined as having lesions of primarily
cortical (SI and/or SII) or subcortical (mostly thalamus) somatosensory structures. ID = Stroke
identification number; NIHSS = National Institute of Health Stroke Scale, 1-4 = minor stroke, 5-15 =
moderate stroke, 15-20 = moderate/severe stroke, and 21-42 = severe stroke (Brott et al., 1989); Pre- and
Post-Tx = pre- and post-training; M = male; F = female; IQR = interquartile range.
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Table 6.2
Lesion details for stroke patients
ID

Side of
lesion

S17

R

S18

L

S20

L

S22

R

Median
(IQR) 25th-75th

2R; 2L

S09

R

S14

L

S21

L

S23

R

Median
(IQR) 25th-75th

2R; 2L

Median
(IQR) 25th-75th

4L; 4R

Site of lesion

‘Cortical’ group
Posterior insula, inferior
parietal lobule, postcentral
gyrus
Putamen / caudate nucleus,
parietal / cortical
Supramarginal gyrus,
parietal operculum,
superior parietal lobule,
postcentral gyrus
Postcentral gyrus, superior
parietal lobule, anterior
portion

Lesion
volume
(voxels)

Overlap with
seed regions
(percentage)

3998

19% - right
SII

21939

87% - left SII

6593

0%

8990

10% - right
SII

7792
(594412227)
‘Subcortical’ group
Lateral thalamus (vpl, vl,
vpm)
Multiple lesions in
hemispheric white matter
Thalamus (vpl), occipital
periventricular white
matter, lacunar lesion in
head of right caudate
nucleus
Entire internal capsule,
frontal periventricular
white matter, striatum,
insula, superior temporal
gyrus

329
22761
10107

96232

5% - right
thalamus
2% - left
thalamus
10% - left
thalamus

8% - right SII

16434
(766341129)
Combined group
9549
(594422145)

Note. ‘Cortical’ and ‘subcortical’ refer to whether patients were defined as having lesions of primarily
cortical (SI and/or SII) or subcortical (mostly thalamus) somatosensory structures. ID = Stroke
identification number; R = right; L = left; voxel size = 1.95x1.95x4mm; vpl = ventral posterolateral
nucleus; vpm = ventral posteromedial nucleus; lp = lateral posterior nucleus; SII = secondary
somatosensory cortex; IQR = interquartile range.

221

Figure 6.1. Infarct locations for each individual participant. Lesions were predominantly
located in somatosensory areas of the thalamus, and in cortical somatosensory regions (SI
and/or SII). Further details regarding lesion size and location are presented in Table 6.2.
Infarct locations for each individual are plotted in stereotactic space. Images are displayed
in neurological convention (subject’s left is displayed on image left).
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Figure 6.2. Overlap of infarct locations for the stroke group. Lesions were predominantly
located in somatosensory areas of the thalamus, and in cortical somatosensory regions (SI
and/or SII). Colour coding represents locations where one or more patients had an infarct:
for example, red represents overlap of infarct location for three patients. Lesions in the
right hemisphere have been flipped so that all lesions are represented in the left
hemisphere. Images are displayed in neurological convention (subject’s left is displayed
on image left). Slice numbers represent axial slice position in Montreal Neurological
Institute (MNI) space.

Eight stroke survivors (3 male, mean age 58.52 years, range 40-80 years) were
studied approximately six months poststroke (M = 27.71, SD = 2.05 weeks), and
following a six-week program of somatosensory rehabilitation (M = 35.55, SD = 4.28
weeks poststroke). All stroke participants were right hand dominant with a median
laterality quotient of 100 (Oldfield, 1971). The left hemisphere was infarcted in four
patients. As shown in Table 6.2, Figure 6.1, and Figure 6.2, four patients had lesions
predominantly involving subcortical somatosensory structures, in particular the thalamus,
and four patients had lesions primarily involving cortical SI and/or SII. In three of the
four cortical stroke patients, the infarct site overlapped with the SII seed region to some
degree (ranging from 10% to 87%). The infarct overlapped with the thalamus seed region
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to a small degree (ranging from 2% to 10%) in three of the four subcortical stroke
patients. In the fourth ‘subcortical’ stroke patient, whose lesion primarily involved
internal capsule (subcortical), the infarct also overlapped with 8% of the SII seed region.
Scores on the primary somatosensory measure (the Tactile Discrimination Test,
TDT) and related somatosensory and hand function tests in the stroke group at each time
point are shown in Table 6.3. TDT scores for the healthy and stroke groups at the two
time points are illustrated in Figure 6.3.
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Table 6.3
Scores on somatosensory and hand function tests in the stroke group pre- and post-training (N = 8)

ID

TDT – Aff. (/100)

TDT – Unaff.
(/100)
PrePost-

WEST – Aff.

WEST –
Object recogn.
Temp. Aff (/10) WPST Aff. (error)
ARAT Aff. (/57)
Unaff.
Aff. (/42)
PrePostPrePostPrePostPrePostPrePostPrePostPrePost‘Cortical’ group
S17
40.39
67.00
77.59
80.54
1.100 1.100 0.035 0.035 42
40
2
4
13.90
9.60
54
57
S18
67.73
89.16
89.41
93.60
1.100 1.100 0.070 0.070 41
41
8
10
13.85
8.50
57
57
S20
78.57
78.82
81.53
92.86
0.200 0.135 0.135 0.035 41
41
0
1
12.30
12.45
57
57
S22
32.02
82.27
57.88
81.03
1.100 0.135 0.035 0.070 39
39
4
10
15.70
16.80
42
50
Median
54.06
80.54
79.56
86.94
1.10
0.62
0.05
0.05
41.00
40.50
3.00
7.00
13.88
11.03
55.5
57.00
(IQR)
(38.30- (75.86- (72.66- (80.91- (0.88- (0.14- (0.04- (0.04- (40.50- (39.75- (1.50- (3.25(13.46- (9.33(51.00- (55.2525th-75th 70.44)
83.99)
83.50)
93.04)
1.10) 1.10) 0.09) 0.07) 41.25)
41.00)
5.00) 10.00)
14.35)
13.54)
57.00)
57.00)
‘Subcortical’ group
S09
26.11
83.00
54.68
85.71
0.200 0.135 1.100 0.135 42
38
6
10
14.00
9.60
52
55
S14
47.29
90.64
81.03
86.70
0.070 0.135 0.070 0.035 40
37
9
10
20.30
14.70
0
3
S21
33.74
83.25
85.47
90.64
0.070 0.035 0.035 0.035 41
41
7
9
12.50
6.40
57
57
S23
42.86
68.97
86.70
89.66
0.035 0.035 0.035 0.070 41
42
9
10
14.10
7.15
57
57
Median
38.30
83.13
83.25
88.18
0.07
0.09
0.05
0.05
41.00
39.50
8.00
10.00
14.05
8.38
54.50
56.00
(31.83- (79.49- (74.44- (86.45- (0.06- (0.04- (0.04- (0.04- (40.75- (37.75- (6.75- (9.75(13.63- (6.96(42.00- (42.00(IQR)
85.10)
85.78)
89.90)
0.10) 0.14) 0.33) 0.09) 41.25)
41.25)
9.00) 10.00)
15.65)
10.88)
57.00)
57.00)
25th-75th 43.97)
Combined group
Median
41.63
82.64
81.28
88.18
0.20
0.14
0.05
0.05
41.00
40.50
6.50
10.00
13.95
9.60
55.50
57.00
(IQR)
(33.31- (76.35- (72.66- (84.54- (0.07- (0.11- (0.04- (0.04- (40.75- (38.75- (3.50- (7.75(13.51- (8.16(49.50- (53.7525th-75th 52.40)
84.73)
85.78)
91.19)
1.10) 0.38) 0.09) 0.07) 41.25)
41.00)
8.25) 10.00)
14.50)
13.01)
57.00)
57.00)
Note. ‘Cortical’ and ‘subcortical’ refer to whether patients were defined as having lesions of primarily cortical (SI and/or SII) or subcortical (mostly thalamus) somatosensory
structures. ID = Stroke identification number; TDT = Tactile Discrimination Test (Carey et al., 1997), score is percentage correct area under the curve (Carey & Matyas, 2011). The
95th percentile criterion for abnormality is a score less than 66.1; WEST = Weinstein Enhanced Sensory Test monofilaments touch detection score for the fingertip used in the TDT,
threshold in grams pressure (Weinstein, 1996); Object recogn. = Functional Tactile Object Recognition Test, score out of maximum 42, 5th percentile criterion of abnormality is 37
(Carey, 2006); Temp. = Hot/cold temperature discrimination, number correct out of 10; WPST (average error) = Wrist Position Sense Test, average error in degrees, 95th percentile
criterion of abnormality is 9.5 degrees average error (Carey et al., 1996); ARAT = Action Research Arm Test, score out of maximum 57 (Van der Lee et al., 2001); IQR = interquartile
range.
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Figure 6.3. Tactile Discrimination Test (TDT) scores for the healthy group at the early
and late time points, and for the stroke group before and after training. The stroke group
performed in the impaired range on average prior to training, and improved to similar
performance levels as controls after training. The middle line represents the median score,
and the error bars represent the upper and lower quartiles. The score is the percentage
correct area under the curve (Carey & Matyas, 2011). The 95th percentile criterion for
abnormality is a score less than 66.1 (Carey et al., 1997).
The primary outcome measure in these studies was the Tactile Discrimination
Test (TDT) (Carey et al., 1997) score for the patients’ affected hand. As shown in Table
6.3, patients presented with wide variation in severity of touch discrimination, ranging
from 26.11 (severe impairment) to 78.57 (just within the normal range) on the Tactile
Discrimination Test (TDT). Two patients performed within normal limits on the TDT
prior to training. Somatosensory impairment was indicated in these patients on the basis
of the following: their TDT score for the affected hand was lower than for the unaffected
hand, they demonstrated impairment on other clinical somatosensory tests, and
somatosensory impairment was evident at earlier time points in the longitudinal study.
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For the combined stroke group, mean affected-hand score on the primary outcome
measure, the TDT before training was 46.09 ± 18.19 SD (median 41.63), compared to
78.79 ± 6.12 SD (median 77.59) for healthy controls in the matched hand. TDT scores
were significantly higher in the healthy control group than in the patient group (MannWhitney U = 4.00, p = .002). Mean affected-hand score for the subcortical group was
37.50 ± 9.46 SD (median 38.30) and for the cortical group was 54.68 ± 22.05 SD (median
54.06). There was no significant difference in impairment between patient groups (MannWhitney U = 5.00, p = .310).
As illustrated in Figure 6.3, the stroke group demonstrated significant
improvement in TDT scores with the affected hand following the six-week training period
(Z = -2.521, p = .012).
Significant improvement was also observed on several other clinical tests of
somatosensory and hand function after training, including the TDT for the unaffected
hand (Z = -2.521, p = .012), the WPST (Z = -2.100, p = .036), and temperature
discrimination for the affected hand (Z = -2.546, p = .011).
There were no significant differences in scores before and after training for the
WEST hand monofilaments (Z = -1.236, p = .216), the ARAT (Z = -1.890, p = .059), and
the fTORT (Z = -1.461, p = .144). Most patients were already scoring at or close to the
maximum possible score on these tests prior to training.
Background characteristics and clinical scores for the healthy control group are
listed in Table 6.4.
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Table 6.4
Background characteristics and clinical scores of healthy controls (N = 8)
ID

Age

H05
H06
H08
H09
H10
H11
H13
H14
Median
(IQR)
25th-75th

65
79
65
76
42
50
60
54
62.50
(53.0067.75)

Gender
F
M
F
F
F
F
M
M
3M;5F

Dominant
84.98
71.18
75.62
73.40
86.70
86.45
73.65
75.12
75.37
(73.5985.35)

TDT
Nondominant
86.21
69.95
90.64
73.65
83.99
76.85
81.77
79.56
80.67
(76.05-84.55)

WEST
Dominant Nondominant
0.05
0.04
1.10
1.10
0.14
0.07
0.07
0.14
0.04
0.04
0.04
0.04
0.14
0.07
0.14
0.14
0.11
0.07
(0.05(0.04-0.14)
0.14)

Note. ID = Stroke identification number; M = male; F = female; TDT = Tactile Discrimination Test (Carey
et al., 1997), score is percentage correct area under the curve (Carey & Matyas, 2011); WEST = Weinstein
Enhanced Sensory Test monofilaments touch detection score for the fingertip used in the TDT, threshold in
grams pressure (Weinstein, 1996).

The eight age-matched healthy controls (3 male, mean age 61.38 years, range 4279 years) were all right hand dominant with a median laterality quotient of 100 and
showed somatosensory thresholds within the normal range for both hands for the Tactile
Discrimination Test (TDT) (Carey et al., 1997).
6.5.2

Functional connectivity during the resting state

6.5.2.1 Functional connectivity of stroke patients compared to healthy controls.
Random effects group analysis was applied to resting-state functional connectivity
maps based on seed regions in SI, SII and thalamus for matched healthy controls and
stroke patients before and after training. The results are illustrated in Figure 6.4 and listed
in Appendix K: Chapter 6 supplementary tables, p. 297. Between-groups differences in
functional connectivity are summarised in Table 6.5 and illustrated in Figure 6.5. Images
of overlap of functional connectivity networks between scanning sessions and between
individual subjects are illustrated in Figure 6.6. The major findings for each seed ROI are
summarised below.
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Figure 6.4. Group-level functional connectivity maps for the healthy control group and
for the stroke group before and after training. Left three columns: group-level maps. The
seed region is indicated in green. Right-hand column: overlaps of binarised group-level
functional connectivity maps for the stroke group at the two time points. Blue = Pretraining; Red = Post-training; Yellow = Overlap. A small extent of interhemispheric
functional connectivity between homologous SI and SII seed regions is seen in healthy
controls, but not stroke patients (either before or after training). Images are displayed in
neurological convention (subject’s left is displayed on image left). The left hemisphere
represents the ipsilesional hemisphere – images of patients with right hemisphere lesions
were flipped such that all infarcts are represented in the left hemisphere. Slice numbers
represent axial slice position in Montreal Neurological Institute (MNI) space. Colour
scale represents Z-values of group functional connectivity maps. SI = primary
somatosensory cortex; SII = secondary somatosensory cortex; Thal = thalamus. These
results are all based on an individual voxel height threshold level of p < .001.
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Table 6.5
Statistically significant differences in functional connectivity between the healthy and
stroke groups before and after training
Seed region

Ipsilesional
thalamus

Cluster
size
(voxels)
116

Ipsilesional SII 250

273

Contralesional
SI

326

322

Ipsilesional
SII

151

Z value

MNI maxima Cluster anatomical
coordinates
location
(x, y, z)
Pre-training: Healthy > Stroke
3.62
−38 −34 56
Ipsilesional BA 2,
−28 −38 56
3b, 4p, 3a
Pre-training: Stroke > Healthy
3.88
−58 −52 20
Ipsilesional OP 1,
−50 −44 12
Ipsilesional TE 1.0,
−50 −50 2
Ipsilesional OP 2,
Ipsilesional hIP1
3.25
−32 −34 26
Ipsilesional IPC
−36 −26 22
−48 −16 8
Post-training: Healthy > Stroke
3.58
−38 −20 12
Ipsilesional insula,
−36 −18 2
OP 1, TE 1.0
−46 −24 8
4.52
−54 −32 48
Ipsilesional BA 2,
−38 −32 26
IPC, hIP2
−48 −34 42
Post-training: Stroke > Healthy
3.89
−6 −62 34
Ipsilesional SPL
−12 −64 26
0 −66 26

Threshold of
connectivity
maps
0.001

0.01

0.01

0.01

0.01

0.001

Note. Anatomical definitions are based on the anatomy toolbox in SPM8, which is based on probabilistic
cytoarchitectonic maps (Eickhoff et al., 2005). MNI = Montreal Neurological Institute; BA = Brodmann’s
area; SII = secondary somatosensory cortex; OP = parietal operculum; TE 1.0 = primary auditory cortex;
hIP = anterior intraparietal sulcus; IPC = inferior parietal cortex; SI = primary somatosensory cortex; SPL =
superior parietal lobule. Threshold indicates voxel height threshold level (p value) at which individual
connectivity maps were thresholded prior to group-level analysis. Contrasts were thresholded at p value less
than .001 (uncorrected) at the voxel level for the primary analysis, bolded. Exploratory analyses, indicated
in italics, were conducted on connectivity map contrasts thresholded at p < .01 (uncorrected). Only clusters
with p values less than .05 (False Discovery Rate, FDR, corrected) are reported as significant.
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Figure 6.5. Functional connectivity differences between the healthy and stroke groups
before and after training. The stroke group showed less functional connectivity than
healthy controls between ipsilesional thalamus and ipsilesional SI and MI before training.
After training, the stroke group showed less functional connectivity than healthy controls
between ipsilesional SI and more posterior ipsilesional SPL regions. Images are displayed
in neurological convention (subject’s left is displayed on image left). The left hemisphere
represents the ipsilesional hemisphere – images of patients with right hemisphere lesions
were flipped such that all infarcts are represented in the left hemisphere. Slice numbers
represent axial slice position in Montreal Neurological Institute (MNI) space. Colour
scale represents Z-values of group difference maps; hot colour scale represents greater
functional connectivity in the healthy group, cold colour scale represents greater
functional connectivity in the stroke group. SI = primary somatosensory cortex; MI =
primary motor cortex; BA = Brodmann’s area; SII = secondary somatosensory cortex;
IPC = inferior parietal cortex; SPL = superior parietal lobule. Threshold indicates voxel
height threshold level (p value) at which individual connectivity maps were thresholded
prior to group-level analysis. Contrasts were thresholded at p value less than .001
(uncorrected) at the voxel level for the primary analysis, bolded. Exploratory analyses,
indicated in italics, were conducted on connectivity map contrasts thresholded at p < .01
(uncorrected). Only clusters with p values less than .05 (False Discovery Rate, FDR,
corrected) are reported as significant.
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Figure 6.6. Overlaps of seed correlation maps over time (intrasubject) and between
individuals (intersubject). Left four columns: overlap of seed correlation maps within
subjects across the two sessions, for the ipsilesional SI and thalamus seed regions;
‘subcortical’ stroke patients on the top row and ‘cortical’ stroke patients on the bottom
row for each seed. A substantial degree of variability can be seen in functional
connectivity patterns between individuals, particularly for the SI seed region. Green =
Pre-training; Red = Post-training; Yellow = Overlap. Right two columns: overlap of seed
correlation maps across subjects at each time point. Some interhemispheric functional
connectivity in the cortical stroke group appears stronger before than after training.
Stronger thalamocortical connections with frontal areas after training are apparent in
several of the cortical stroke patients. Colour scale on the right indicates number of
participants with significant functional connectivity at a given voxel. Images are
displayed in neurological convention (subject’s left is displayed on image left). The left
hemisphere represents the ipsilesional hemisphere – images of patients with right
hemisphere lesions were flipped such that all infarcts are represented in the left
hemisphere. Slice numbers represent axial slice position in Montreal Neurological
Institute (MNI) space. SI = primary somatosensory cortex seed.
6.5.2.1.1 SI seeds.
In the matched healthy control group, both SI seeds showed significant functional
connectivity with SI regions in both hemispheres, extending into some small clusters in

233
ipsilesional supplementary motor area (SMA) (BA 6). In the stroke group at six months,
each of the SI seeds was functionally connected with intrahemispheric SI and SII regions.
After training, the ipsilesional SI seed was only functionally connected with surrounding
SI; the contralesional SI seed, as well as being connected with surrounding SI, was
connected with clusters in ipsilesional inferior occipital gyrus.
At each time point, the stroke group did not differ significantly from the healthy
control group in functional connectivity based on either of the SI seeds.
Further analysis using the voxel-height threshold of p < .01 revealed significantly
greater functional connectivity after training in healthy controls compared to stroke
patients between the contralesional SI seed and clusters in ipsilesional insula, SII and SI.
6.5.2.1.2 SII seeds.
The matched healthy control group exhibited significant functional connectivity
between both SII seeds and bilateral SII, and to some extent with interhemispheric SMA
(BA 6), ipsilesional BA 44, and ipsilesional SI. In the stroke group at six months, both the
SII seeds were functionally connected with surrounding SII regions. The contralesional
SII seed also showed significant functional connectivity with contralesional SI. Following
training, both SII seeds were functionally connected with surrounding SII. The
contralesional SII seed was also functionally connected with a cluster falling within
contralesional SI and MI.
After training, the stroke group exhibited significantly stronger functional
connectivity than the matched healthy group between the ipsilesional SII seed and the
ipsilesional superior parietal lobule (SPL).
Using the exploratory p < .01 threshold maps, at the six month (pre-training) time
point, significantly greater functional connectivity was observed in the stroke group
compared to healthy controls between ipsilesional SII and surrounding ipsilesional SII
and inferior parietal cortex (IPC).
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6.5.2.1.3 Thalamus seeds.
In healthy controls, the thalamus seeds were both functionally connected with
bilateral thalami. At six months poststroke, the stroke group exhibited significant
functional connectivity between ipsilesional thalamus and bilateral thalami, as well as a
small cluster within contralesional putamen and amygdala. The contralesional thalamus
seed was only functionally connected with surrounding contralesional thalamus. After
training, both thalamus seeds were functionally connected only with intrahemispheric
thalamus and insula.
Prior to training, significantly greater functional connectivity was observed in the
healthy group than in the stroke group between ipsilesional thalamus and ipsilesional SI.
There were no significant between-groups differences after training.
In addition, no significant differences were found using the exploratory voxelheight threshold of p < .01.
6.5.2.2 Longitudinal functional connectivity changes in the stroke group.
6.5.2.2.1 Statistically significant changes in functional connectivity after training.
Random effects analyses were applied to the results for the stroke group to
identify significant changes in functional connectivity after training. Results are listed in
Table 6.6 and illustrated in Figure 6.7.
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Table 6.6
Stroke group: changes in functional connectivity after training
Seed region

Cluster
size
(voxels)

Z value

MNI maxima
coordinates
(x, y, z)

Cluster anatomical
location

Threshold of
connectivity
maps

Regions showing greater functional connectivity pre-training
49
4.04
−16 −88 30
Ipsilesional BA 18
0.001
−4 −84 30
31
3.86
6 −90 22
Contralesional BA
0.001
18, Ipsilesional BA
18
28
4.28
40 −22 32
Contralesional BA
0.001
3a, IPC
Contralesional 385
3.54
−30 −78 −14
Contralesional BA
0.01
thalamus
18,
17;
Ipsilesional
6 −66 −2
V4, BA 18
−26 −74 −4
Regions showing greater functional connectivity post-training
Ipsilesional
27
3.79
12 −46 −34
Contralesional
0.001
SII
cerebellum
lobule
V
20 −44 −28
26
3.77
−8 −62 32
Ipsilesional SPL
0.001
Contralesional 325
3.4
32 −36 20
Contralesional
0.01
SI
caudate
18 −18 20
24 −28 20
265
3.82
−18 6 28
Ipsilesional parietal
0.01
operculum, thalamus
−16 −14 18
−26 −2 22
239
3.36
−12 −48 −20
Ipsilesional
0.01
cerebellum lobules V,
−22 −46 −26
VI, I-IV
−4 −64 −24
154
3.8
32 −64 2
Contralesional BA
0.01
17,
V4
36 −52 6
42 −68 −12
149
3.51
32 −30 −10
Contralesional
0.01
hippocampus
38 −36 −10
44 −34 −20
121
3.66
22 10 8
Contralesional
0.01
putamen, pallidum
20 −4 8
30 0 4
Contralesional 193
3.96
−34 26 −14
Ipsilesional inferior
0.01
SII
frontal gyrus, insula
−32 6 −10
−30 14 −20
Contralesional 205
4.43
−30 −36 16
Ipsilesional OP2
0.01
thalamus
−26 −26 22
−24 −28 30
Note. Anatomical definitions are based on the anatomy toolbox in SPM8, which is based on probabilistic
cytoarchitectonic maps (Eickhoff et al., 2005). MNI = Montreal Neurological Institute; SII = secondary
somatosensory cortex; SPL = superior parietal lobule; SI = primary somatosensory cortex; BA =
Brodmann’s area; IPC = inferior parietal cortex; V4 = area 4 of primary visual cortex; OP2 = parietal
operculum. Threshold indicates voxel height threshold level (p value) at which individual connectivity
maps were thresholded prior to group-level analysis. Contrasts were thresholded at p value less than .001
(uncorrected) at the voxel level for the primary analysis, bolded. Exploratory analyses, indicated in italics,
were conducted on connectivity map contrasts thresholded at p < .01 (uncorrected). Only clusters with p
values less than .05 (False Discovery Rate, FDR, corrected) are reported as significant.
Ipsilesional
SII
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Figure 6.7. Regions showing significant functional connectivity differences between the
pre- and post-training time points in the stroke group. The main findings were: 1) greater
functional connectivity pre- than post-training between ipsilesional SII and clusters in
bilateral visual areas, and contralesional SI; 2) greater functional connectivity posttraining
between ipsilesional SII and bilateral cerebellum and SPL. Images are displayed in
neurological convention (subject’s left is displayed on image left). The left hemisphere
represents the ipsilesional hemisphere – images of patients with right hemisphere lesions
were flipped such that all infarcts are represented in the left hemisphere. Slice numbers
represent axial slice position in Montreal Neurological Institute (MNI) space. Colour
scales represent Z-values; cold colour scale indicates greater functional connectivity
before training, hot colour scale indicates greater functional connectivity after training. SI
= primary somatosensory cortex; SII = secondary somatosensory cortex; SPL = superior
parietal lobule; BA = Brodmann’s area; OP = parietal operculum; IPC = inferior parietal
cortex. Threshold indicates voxel height threshold level (p value) at which individual
connectivity maps were thresholded prior to group-level analysis. Contrasts were
thresholded at p value less than .001 (uncorrected) at the voxel level for the primary
analysis, bolded. Exploratory analyses, indicated in italics, were conducted on
connectivity map contrasts thresholded at p < .01 (uncorrected). Only clusters with p
values less than .05 (False Discovery Rate, FDR, corrected) are reported as significant.
There was significantly less functional connectivity in the stroke group after
training between ipsilesional SII, bilateral BA 18, and contralesional SI and IPC.
Using the exploratory p < .01 voxel height threshold, less functional connectivity
was found after training between contralesional thalamus and bilateral visual areas
(contralesional BA 17 and 18, and ipsilesional V4 and BA 18).
After training, the stroke group exhibited significantly greater functional
connectivity than before training between ipsilesional SII and clusters in contralesional
cerebellum and ipsilesional SPL.
At the exploratory voxel-height threshold level of p < .01, greater functional
connectivity post-training was observed between contralesional SI and clusters in
contralesional caudate, ipsilesional parietal operculum and thalamus, ipsilesional
cerebellum, and contralesional visual areas (BA 17 and V4), hippocampus, putamen and
pallidum. Also at this exploratory threshold, connectivity between contralesional SII and
ipsilesional inferior frontal gyrus and insula, and between contralesional thalamus and
ipsilesional SII, was stronger after training.
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6.5.2.2.2 Overlap of individual connectivity maps.
Several trends can be observed from the overlap images of individual connectivity
maps shown in Figure 6.6. For the SI seeds, the subcortical group appeared to exhibit less
interhemispheric SI connectivity than the cortical group. Less interhemispheric SI
connectivity after training than before training was noted in the cortical group. For the
thalamus seeds, the subcortical group were observed to show more functional
connectivity with posterior visual areas than cortical group, both before and after training.
Conversely the cortical group showed more robust interhemispheric thalamic
connectivity. Thalamocortical connections with frontal areas were apparent in several of
the cortical stroke patients after but not before training.
6.5.2.3 Functional connectivity changes associated with somatosensory
improvement.
In subsequent correlation analyses, changes over time in Tactile Discrimination
Test (TDT) scores were included as a regressor in the group-level random effects analysis
of change in functional connectivity for the stroke group, in order to identify how
differences in functional connectivity over time might be associated with changes in TDT
test scores. The functional connectivity changes significantly associated with changes in
TDT scores are listed in Table 6.7 and illustrated in Figure 6.8.
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Table 6.7
Functional connectivity changes associated with improvement in TDT scores
Seed region

Cluster
Z value MNI maxima
Cluster anatomical
Threshold of
size
connectivity
coordinates
location
(voxels)
(x, y, z)
maps
Regions showing greater functional connectivity post-training in association with clinical
improvement
Contralesional
29
4.4
48 −44 4
Contralesional middle
0.001
SI
temporal gyrus
Ipsilesional
47
4.75
14 −80 −16
Contralesional BA 18,
0.001
thalamus
16 −72 −10
V3, cerebellum lobule
VI, V4
Ipsilesional SII
156
3.71
−8 −58 40
Contralesional SPL,
0.01
Ipsilesional SPL
6 −56 44
4 −66 50
Contralesional
180
3.36
14 −80 −14
Ipsilesional cerebellum
0.01
thalamus
lobules V, VI
20 −72 −10
24 −80 −14
155
4.06
−16 −46 −24
Contralesional V3, BA
0.01
18, V4, cerebellum
−18 −42 −34
lobule VI
−14 −48 −16
Regions showing greater functional connectivity pre-training in association with clinical
improvement
Contralesional
183
3.91
16 −96 14
Contralesional BA 17,
0.01
SII
18,
V4,
V3
24 −68 −4
30 −90 4
Ipsilesional
209
3.6
8 −38 10
Ipsilesional
0.01
thalamus
hippocampus,
−10 −40 4
contralesional
−16 −40 10
hippocampus
Contralesional
178
4.38
−18 −40 12
Ipsilesional hippocampus 0.01
thalamus
−6 −34 16
−6 −34 17
Note. Anatomical definitions are based on the anatomy toolbox in SPM8, which is based on probabilistic
cytoarchitectonic maps (Eickhoff et al., 2005). MNI = Montreal Neurological Institute; SI = primary
somatosensory cortex; BA = Brodmann’s area; V3 and V4 = areas 3 and 4 of primary visual cortex; SII =
secondary somatosensory cortex; SPL = superior parietal lobule. Threshold indicates voxel height threshold
level (p value) at which individual connectivity maps were thresholded prior to group-level analysis.
Contrasts were thresholded at p value less than .001 (uncorrected) at the voxel level for the primary
analysis, bolded. Exploratory analyses, indicated in italics, were conducted on connectivity map contrasts
thresholded at p < .01 (uncorrected). Only clusters with p values less than .05 (False Discovery Rate, FDR,
corrected) are reported as significant.
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Figure 6.8. Functional connectivity differences before and after training associated with
changes in TDT scores. Scatter plots illustrate change in TDT score plotted against
changes in connectivity strength between the seed and the cluster (shown in images on the
right), for each individual. A: Improvement in TDT scores was associated with greater
functional connectivity after than before training between the contralesional SI seed and a
cluster in the contralesional middle temporal gyrus. B: Improvement in TDT scores was
associated with greater functional connectivity after than before training between the
ipsilesional thalamus seed and contralesional visual areas and cerebellum. Images are
displayed in neurological convention (subject’s left is displayed on image left). The left
hemisphere represents the ipsilesional hemisphere – images of patients with right
hemisphere lesions were flipped such that all infarcts are represented in the left
hemisphere. Slice numbers represent axial slice position in Montreal Neurological
Institute (MNI) space. Colour scale represents Z-values of functionally connected clusters
associated with TDT scores. SI = primary somatosensory cortex; BA = Brodmann’s area;
V3 = visual area 3. These results are based on an individual voxel height threshold level
of p < .001. Only clusters with p values less than .05 (False Discovery Rate, FDR,
corrected) are reported as significant.
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As shown in Table 6.7 and Figure 6.8, improvement in TDT scores was
associated with greater functional connectivity post- than pre-training between the
contralesional SI seed and a cluster in the contralesional middle temporal gyrus in the
stroke group. This relationship was stronger in patients with lesions of primarily cortical
somatosensory structures. Improved TDT scores after training were also associated with
greater post-training functional connectivity between the ipsilesional thalamus and
contralesional visual areas and cerebellum. Again, this relationship was stronger in the
group of patients with predominantly cortical lesions.
Connectivity changes associated with clinical improvement were also examined
using the exploratory voxel-height threshold (p < .01), and are presented in Table 6.7. At
this voxel-height threshold, improved TDT scores post-training were associated with
greater functional connectivity post-training between ipsilesional SII and bilateral SPL, as
well as between contralesional thalamus and clusters in ipsilesional cerebellum and
contralesional visual areas and cerebellum. Improved TDT scores after training were
correlated with weaker functional connections post-training between contralesional SII
and contralesional visual areas, between ipsilesional thalamus and bilateral hippocampi,
and between contralesional thalamus and ipsilesional hippocampus.
6.6
6.6.1

Discussion

Functional connections with frontoparietal attention regions after training
One of the main findings in this study was of altered SII connectivity with

frontoparietal regions after training. In the stroke group there was significantly greater
functional connectivity after training than before training between contralesional SII and
ipsilesional inferior frontal lobe, a region that forms part of the “bottom-up” dorsal
attention network (Corbetta & Shulman, 2002). There was also significantly greater
functional connectivity after training between ipsilesional SII and ipsilesional SPL, but
significantly less post-training functional connectivity between ipsilesional SII and
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contralesional IPC. After training, the stroke group exhibited significantly greater
functional connectivity between ipsilesional SII and SPL compared to the healthy control
group. The pattern of these results therefore seems to be one of heightened
intrahemispheric functional connections with parietal areas within the lesioned
hemisphere, but of weaker interhemispheric functional connections with parietal areas.
Further, improved scores on the TDT were associated with more functional connectivity
post-training between ipsilesional SII and bilateral SPL. Therefore these results, although
preliminary given that this was a small pilot study, suggest that altered functional
connections with parietal areas may have behavioural significance.
6.6.2

Altered functional connectivity with visual areas associated with
improvement
Several results pointed to the importance of connections of somatosensory seed

regions with visual occipital regions. After training, functional connectivity between
contralesional SI and ipsilesional inferior occipital gyrus was present in the stroke group,
but was not observed in the matched healthy control group. Functional connectivity
between ipsilesional SII and clusters in bilateral BA 18 was significantly less after
training than before training. For the thalamus seeds, more individuals with primarily
subcortical (thalamic) lesions appeared to show functional connectivity with posterior
visual areas than those with predominantly cortical lesions, both before and after training.
Using the exploratory voxel-height threshold, stronger functional connectivity after
training between contralesional SI and visual areas (contralesional caudate, BA 17, and
V4), and less post-training functional connectivity between contralesional thalamus and
bilateral visual areas (BA 17 and 18, and V4), was also observed. Overall these results
suggest a trend towards stronger functional connectivity post-training between
contralesional cortical somatosensory areas and visual areas, and less connectivity
between ipsilesional cortical somatosensory areas and visual areas. The finding of
changes in connections between somatosensory and visual areas after training is not
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entirely surprising, given the training’s emphasis on the use of cross-modal comparisons
between the tactile and visual modalities (Carey et al., 1993).
Improved clinical scores, as measured using the Tactile Discrimination Test
(TDT), were also associated with several changes in connections with visual regions.
After training, improved TDT scores were significantly associated with more functional
connectivity post-training between the ipsilesional thalamus and contralesional visual
areas (BA 18, and V1, V3, and V4), particularly within the primarily cortical stroke
group. Further results based on the exploratory voxel height threshold indicated that
improvement was also associated with greater functional connectivity post-training
between contralesional thalamus and contralesional visual areas (BA 18, and V3 and V4),
and less functional connectivity between contralesional SII and contralesional visual areas
(BA 17 and 18, and V3 and V4). An implication of these findings could be that thalamic
connections with visual regions might be involved in facilitating clinical improvement
after training, whereas cortical somatosensory connections with visual regions might
represent a less optimal strategy of performance.
6.6.3

Less interhemispheric connectivity after training
There was some indication of interhemispheric connectivity being altered in

stroke patients and showing change over time. After training, the stroke group showed
significantly less functional connectivity between ipsilesional SII and contralesional SI
and IPC than before training. Furthermore, at the exploratory voxel height threshold, a
significant difference was found between the healthy and stroke groups after training,
with the stroke group exhibiting significantly less functional connectivity between
contralesional SI and ipsilesional SI and SII. These preliminary findings suggest that
somatosensory retraining may be associated with less interhemispheric connectivity
between cortical somatosensory regions. Nonetheless, it is important to note again that the
small sample size, as well as the fact that significant interhemispheric functional
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connectivity between homologous cortical somatosensory regions was not found at either
time point in the stroke group, mean that these findings are only preliminary.
The suggestion of less interhemispheric connectivity post-training is in contrast to
the stronger interhemispheric connectivity observed at six months compared to one month
poststroke in the previous chapter, and in other studies of resting-state networks after
stroke (Carter et al., 2010; He, Snyder, et al., 2007; van Meer et al., 2010; Wang et al.,
2010). In the motor recovery literature, there has been disagreement about whether
interhemispheric interactions help or hinder recovery after stroke (Calautti et al., 2007;
Gerloff et al., 2006; Lotze et al., 2006; Loubinoux et al., 2003; Talelli, Greenwood, &
Rothwell, 2006; Ward et al., 2003a). For example, TMS studies have variously shown
that disrupting contralesional MI activity with TMS, aimed at reducing its inhibitory
influences upon ipsilesional MI, can have both beneficial (Grefkes et al., 2008; Mansur et
al., 2005; Nowak et al., 2008; Takeuchi, Chuma, Matsuo, Watanabe, & Ikoma, 2005) and
deleterious effects on motor performance (Lotze et al., 2006). These conflicting results
could be due to differences between studies such as time after stroke, with contralesional
activity occurring more in the early stages of stroke recovery (Rehme, Fink, von Cramon,
& Grefkes, 2011; Ward & Cohen, 2004), and severity of deficits, with contralesional
involvement more likely after worse impairments (Carey et al., 2005). It has been
suggested that the enhanced interhemispheric interactions observed in functional
connectivity studies may reflect “less efficient” network dynamics (Grefkes & Fink,
2011), in other words longer path lengths and less clustering (de Vico Fallani et al., 2009;
Sporns, 2010; Wang et al., 2010).
Taken together, these results would be consistent with the possibility that a
decrease in interhemispheric functional connectivity after somatosensory retraining could
reflect a return to more efficient ipsilesional network functioning, with less impact of
pathological inhibitory influences from the intact hemisphere (Ward & Cohen, 2004).
Investigation of how these changes in interhemispheric interactions and contralesional
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activity differ in relation to severity of impairment, time after stroke, and imaging and
analysis techniques (such as TMS, functional activation, task-based effective
connectivity, and resting-state functional connectivity) (Grefkes & Fink, 2011) will be an
important focus for future research.
6.6.4

Thalamocortical connectivity was greater following training
Another common finding was that of changes in connections between thalamus

and cortical regions after training. Prior to training, the healthy control group
demonstrated significantly greater functional connectivity than the stroke group between
ipsilesional thalamus and ipsilesional SI. This difference was not present after training. In
addition, exploratory analyses revealed significantly greater functional connectivity in the
stroke group after training between the contralesional thalamus seed and ipsilesional SII,
and between the contralesional SI seed and ipsilesional thalamus over time in the stroke
group. The majority of participants with primarily cortical lesions showed more
functional connectivity post-training between ipsilesional SII and a cluster within bilateral
hippocampus and contralesional thalamus, and between ipsilesional thalamus and a
cluster within contralesional insula and primary auditory cortex. These results suggest a
return of more “typical” patterns of functional connectivity between thalamus and cortical
somatosensory regions after training, consistent with previous stroke recovery research
showing “normalisation” of brain activity associated with behavioural improvement
(Carey et al., 2002; Rossini et al., 2007; Staines, Black, et al., 2002). This greater
functional connectivity between thalamus and cortical somatosensory regions could
reflect more efficient thalamic transfer of peripheral somatosensory input to cortical
processing areas (Sherman, 2005).
6.6.5

Changes in cerebellar involvement after training
Functional connections between cortical somatosensory areas (SI and SII) and the

cerebellum showed changes after somatosensory retraining in stroke patients.
Significantly more functional connectivity between ipsilesional SII and clusters in
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contralesional cerebellum was seen post- than pre-training. There was also significantly
stronger functional connectivity post-training between contralesional SI and ipsilesional
cerebellum, putamen and pallidum, all motor control areas (Darian-Smith, Burman, &
Darian-Smith, 1999), at the exploratory voxel-height threshold. Greater functional
connectivity after somatosensory retraining between cerebellum and cortical
somatosensory areas could therefore be associated with targeted training. Clinical
improvement, measured as an improvement in TDT scores, was significantly associated
with greater functional connectivity between the ipsilesional thalamus and contralesional
cerebellum post- than pre-training. In addition, at the exploratory voxel-height threshold,
clinical improvement was positively correlated with more post-training functional
connectivity between contralesional thalamus and bilateral cerebellum. These results are
not inconsistent with the suggestion that training could be associated with greater
recruitment of known somatomotor pathways (Darian-Smith et al., 1999; Molinari et al.,
2002; Rizzolatti & Wolpert, 2005; Tesche & Karhu, 2000; Wolpert et al., 1998).
6.6.6

Limitations and future directions
Once again the small and heterogeneous sample was the major limitation in this

study. This study was intended as an initial pilot, and in future larger studies, which
include a control stroke group who receive repeated exposure without the targeted
retraining (Carey, Macdonell, et al., 2011), will be needed. Because only a small
subsample of matched healthy controls underwent multiple resting-state scans, it was not
possible to directly compare the degree and nature of change over time in stroke patients
to that in matched healthy controls. The small sample size also necessitated the use of
individual file flipping to enable group-level analyses, however this approach has some
problems, particularly in that it cannot provide information about hemispheric
differences, as discussed in Chapter 4 and later in the general discussion (Chapter 7).
Other limitations must also be acknowledged as inherent to the methods used, including
known limitations of the seed-based analysis approach (Cole et al., 2010), potential
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between-groups differences in arousal and approach to the resting-state task (Benjamin et
al., 2010; Fornito & Bullmore, 2010), and the lack of firm agreement in the literature
about how best to interpret resting-state functional connectivity patterns from
neurophysiological and behavioural viewpoints (Morcom & Fletcher, 2007; Raichle &
Snyder, 2007).
6.6.7

Summary
This pilot study is one of the very first studies to examine changes in functional

connectivity over time in stroke patients, particularly in relation to training-facilitated
clinical improvements. After a six-week period of somatosensory retraining, patients
showed changes in functional connectivity between somatosensory regions and
frontoparietal attention, occipital visual, and cerebellar regions. The behavioural
significance of these changes was demonstrated by their correlations with clinical
improvement. These findings highlight the importance of taking a network-wide view of
somatosensory recovery after stroke. The results have implications for understanding of
broader network involvement in attentive somatosensory processing, even in the absence
of overt task performance, as well as for knowledge of the neuroanatomical processes
involved in rehabilitation of somatosensory skills poststroke.
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CHAPTER 7
General discussion
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7.1

Summary and overview

The primary aim of this thesis was to investigate the role of brain networks in
touch discrimination and recovery of touch discrimination over time poststroke, as
measured using functional connectivity analysis of resting-state fMRI data. Theoretical
questions relating to this research included how resting-state activity relates to behaviour,
whether resting-state activity is a valid and reliable measure to use in older stroke
populations, and whether changes in resting-state activity over time relate to learning and
behavioural adaptation associated with behavioural recovery and targeted somatosensory
retraining. The following specific questions were raised: first, what is the nature and
extent of intrinsic connectivity between functionally important regions within the local
somatosensory system, and more global systems (such as multisensory attention
networks), in age-matched healthy individuals and stroke patients? Second, what is the
relationship between the nature and extent of connectivity and the degree of
somatosensory impairment? Third, how might the patterns of connectivity in stroke
patients change over time after a stage of nonspecific rehabilitation or following a period
of targeted somatosensory rehabilitation?
The initial chapters provided a review of the relevant literature, leading to the
development, in Part A of Chapter 2, of a model of the neural systems hypothesised to be
involved in the processing of tactile information. Other issues discussed included the role
of distributed neural networks in improvement after brain injury, the critical role of
attention in rehabilitation, and how common consequences of stroke, including depression
and cognitive impairment, can impact on an individual’s capacity for improvement after
stroke. In Part B of Chapter 2, further consideration was given to the technique of restingstate functional connectivity, with discussion regarding the advantages of and evidence
supporting the use of resting-state functional connectivity analysis, along with current
debates surrounding interpretation, limitations and criticisms, and methodological issues.
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Both these sections provided a theoretical and methodological background for the
empirical chapters, Chapters 3 through 6.
7.2
7.2.1

Limitations

Limitations of rs-fcMRI and the analysis approach used
Although resting-state functional connectivity analysis offers a number of

advantages in stroke research, these strengths are countered by several limitations. One of
these limitations is the difficulty in interpreting the results from an anatomical and
physiological standpoint. The fact that anatomical and functional connectivity are not
one-to-one (Damoiseaux & Greicius, 2009) makes it difficult to predict functional
connections based on anatomy. Nonetheless, the results presented in this thesis indicate
that at least in the somatosensory system the networks highlighted by fcMRI are very
similar to the somatomotor networks described with anatomical and electrophysiological
techniques (Burton, 1986; Darian-Smith & Darian-Smith, 1993; Disbrow et al., 2003;
Friedman et al., 1986; Jones & Powell, 1969a, 1969b; Kaas et al., 1984; Kaas et al., 1979;
Raos & Bentivoglio, 1993; Wall & Dubner, 1972).
There is still work to be done to fully understand what resting-state functional
connectivity MRI represents from a physiological viewpoint, because the BOLD signal
remains only an indirect measure of neuronal activation (Logothetis et al., 2009; Nir et
al., 2007). We are still yet to fully understand the physiological mechanisms underlying
the BOLD signal and resting-state fluctuations and further, how to interpret these in the
context of patients with history of stroke and abnormal cerebrovascular systems. As
suggested by some authors, different anatomical regions are likely to have different
oxygen demands, based on evidence of different BOLD timecourses in these areas (Liu et
al., 2006).
A limitation inherent in the use of “resting-state” functional connectivity is that by
its very definition, the behavioural state during acquisition of imaging data is
uncontrolled (Christoff et al., 2009; Mason et al., 2007). In the literature there are
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considerable variations in what is reported as a “resting state”, with data being variously
collected during passive visual stimulation, with eyes open or closed, and following a
variety of different instructions or experimental manipulations (Cole et al., 2010).
Variations in these factors would be expected to influence the results obtained (Benjamin
et al., 2010; Van Dijk et al., 2010; Yan et al., 2009; Zou et al., 2009).
Finally, as explored in Chapter 2B, questions remain surrounding the reliability
and validity of the technique. There is some early evidence for the technique’s reliability
over time and between individuals, but there is also suggestion that functional
connectivity measures may to some degree be inherently variable (Honey et al., 2009).
The variability of functional connectivity in response to the external environment is a
strength and shortcoming of the technique. Although functional connectivity may have
the sensitivity to reveal short-term changes such as in response to task performance
(Lewis et al., 2009; Waites et al., 2005), these changes could be explained by several
different factors. For example if intrinsic brain activity is altered in different states of
consciousness, altered connectivity in stroke patients could be interpreted as the result of
the reduced arousal often seen in these patients (Fornito & Bullmore, 2010). In patient
groups careful control of the many variables that can influence functional connectivity
results is needed.
7.2.1.1 Seed selection.
The seed regions used in the analyses were based on a task-activation study using
a tactile grating perception task (Carey, Abbott, Egan, et al., 2008). It is acknowledged
that this approach does not take into account the multimodal nature of somatosensory
processing and specialisation within somatosensory regions for processing of certain
types of somatosensory information (Gardner & Kandel, 2000). The capacity to explore
in more detail the functional connectivity of particular brain systems has been
demonstrated in studies investigating functional connectivity of specific subdivisions of
SII (Eickhoff et al., 2010), cingulate motor areas (Habas, 2010), cerebellum (O'Reilly et

253
al., 2010), and specific somatotopic organisation of functional connections of the primary
motor network (van den Heuvel & Hulshoff Pol, 2010b). This could be one avenue for
further research.
7.2.2

File flipping: A limitation of stroke research
Stroke studies commonly include patients with both right and left hemisphere

lesions. In order to ensure a common lesioned hemisphere in group-level analyses, it is
common practice to flip results images of some individuals (Enzinger et al., 2009;
Grefkes et al., 2008; Grefkes et al., 2010; Luft, McCombe-Waller, et al., 2004; Luft,
Waller, et al., 2004; Nair et al., 2007; Nelles et al., 1999; Pineiro et al., 2001; Ward et al.,
2004). However, little is known about the validity of this approach. To investigate this
issue, in Chapter 4 a comparison was made between the results found with “flipped” and
nonflipped data for healthy controls. In both sets of results, both SI seeds showed
consistent functional connectivity with SI and BA 6 regions in both hemispheres, both SII
seeds showed functional connections with bilateral SII and BA 6, and both thalamus
seeds showed functional connectivity with bilateral thalamus. A few functional
connections were not present in the flipped results, namely SI-MI, SII-right SI, and
thalamus to cerebellum, right SII, ipsilateral amygdala and intraparietal cortex. In other
words, the key connections within the somatosensory networks of healthy control
participants were present whether the group-level results were based on all nonflipped or
some flipped individual level data. The consistency of key functional connections across
flipped and nonflipped analyses suggested that this approach would be sufficient for the
purposes of the remaining stroke group analyses, as major somatosensory connections
should still be apparent with or without flipping.
On the other hand, the two hemispheres are not entirely symmetrical in their
structural anatomy or functional connectivity (Amunts et al., 2000; Liu et al., 2009; Toga
& Thompson, 2003). It is becoming increasingly apparent that the two cerebral
hemispheres perform somewhat specialised and distinct functions (Amunts et al., 2000;
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Jung et al., 2003; Li, Moore, Tyner, & Hu, 2009). In the case of somatosensory function,
there is evidence of hemispheric differences in the functional anatomy of somatosensory
regions (Carey, Abbott, Harvey, et al., 2008; Jung et al., 2003; Van Boven et al., 2005).
For example, tactile stimulation of the nondominant left hand is more likely to show
activation in broader sensorimotor areas such as SMA, compared to the dominant hand
(Carey, Abbott, Harvey, et al., 2008). In the results reported in this thesis, some
asymmetries were found in functional connectivity of the somatosensory system in
healthy controls, reported in Chapter 3. For example, the SII seed regions exhibited
significant functional connectivity only with right (not left) SI. Hemispheric
specialisation is seen in the case of attention, with recent research showing evidence of
right hemisphere dominance for spatial attention (de Schotten et al., 2011; Shulman et al.,
2010). Left hemisphere dominance for many language functions is well established
(Lezak et al., 2004).
Given evidence for these hemispheric asymmetries in anatomy and function, there
would be several expectations for stroke patients. Firstly, it might be expected that
patients with right hemisphere lesions would be more likely to have attention difficulties
(Mattingley et al., 1994; Ponsford & Willmott, 2004). In contrast, patients with left
hemisphere lesions might have some language deficits and subsequently less capacity to
use verbalisation strategies (Ansaldo, Arguin, & Lecours, 2002; Crosson et al., 2005).
Secondly, the process of recovery might differ depending on the lesioned hemisphere. It
has been shown in the motor domain that cortical reorganisation patterns vary with the
side of the stroke (Zemke, Heagerty, Lee, & Cramer, 2003). It is very likely that the same
might apply for the somatosensory system. These possibilities have significant and wideranging implications for neuroimaging research into stroke recovery that to date have not
been given sufficient consideration.
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7.2.3

Other methodological limitations
Some limitations of these studies apply to most rehabilitation research with stroke

patients. The first is the heterogeneity of the stroke sample. The patients in this study had
suffered lesions that ranged widely in their severity and location. This in turn would have
meant that although all the participants had suffered some degree of somatosensory loss,
they would have differed in terms of their associated sensory, motor, and cognitive
deficits, depending for example on the hemisphere affected by the stroke (Ansaldo et al.,
2002; Crosson et al., 2005; Mattingley et al., 1994; Ponsford & Willmott, 2004). Given
evidence that patients with subcortical and cortical infarcts show different brain activity
patterns when performing the same task (Carey, Abbott, et al., 2011; Luft, Waller, et al.,
2004), patients with infarcts involving primarily cortical or subcortical somatosensory
structures were studied separately to explore subgroup-specific changes. However, also
examining differences and similarities between patients with right and left hemisphere
lesions was beyond the scope of the present thesis. In future, one alternative approach
may be to use a more homogenous group, for example only stroke patients with left
hemisphere subcortical lesions, as has been done in some studies (Sharma et al., 2009).
However, this approach limits the generalisability of the results. Another alternative
would be to use larger sample sizes, but this would be difficult due to inevitable
recruitment difficulties and the high costs associated with brain scanning.
These results are preliminary and based on a small sample size, and require
replication in a larger sample before the findings can be useful to clinical practice. A
developing research direction is the pooling of large datasets to establish a human
“connectome” (Biswal et al., 2010). This development is relevant to stroke rehabilitation
research using functional connectivity in two ways. Firstly, it could establish normative
baselines for comparison to clinical populations. Secondly, pooling data across multiple
centres could be used to increase the power to make population-level inferences.
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7.3
7.3.1

Major findings and their implications

Functional connectivity of the human somatosensory system
In Chapter 3, resting-state functional connectivity analysis in healthy controls

based on bilateral seed regions in SI, SII and thalamus revealed consistent
interhemispheric functional correlations between homologous regions in each
hemisphere, in line with known anatomical connections between these areas (Blatow et
al., 2007; Disbrow et al., 2001; Jones, 1986; Jones & Powell, 1969b), and evidence of
robust interhemispheric functional connectivity between homologous regions in the
auditory (Cordes et al., 2000; Gavrilescu et al., 2010), visual (Nir et al., 2008), and motor
systems (Biswal et al., 1995). Connections between somatosensory and motor regions
(MI, SMA, and cerebellum) were another consistent finding in healthy controls. This
result was also consistent with known anatomical connections (Disbrow et al., 2003;
Friedman et al., 1986; Jones & Powell, 1969a), behavioural evidence for the importance
of somatosensation for motor function (Blennerhassett et al., 2006; Smania et al., 2003),
and activation of motor regions during somatosensory tasks (Carey, Abbott, Egan, et al.,
2008; Deuchert et al., 2002; Francis et al., 2000; McGlone et al., 2002). The SII seeds
also showed functional connections with parietal and insula cortex and temporal lobe,
consistent with the suggested role for SII in tactile learning and working memory (Kandel
et al., 2000; Mishkin, 1979). Regions known to have a role in multisensory convergence,
including the intraparietal sulcus (IPS), superior temporal sulcus (Schroeder et al., 2003),
and thalamus (Cappe et al., 2009; Crick, 1984), were also commonly linked to
somatosensory areas.
Overall, as proposed in the model in Chapter 2, the somatosensory system in
healthy controls exhibited functional connections with related networks involved in
attention, multisensory integration, and movement. The finding that these connections
were present even in the absence of overt task performance or perception ties in with
proposals by other authors that the brain’s spontaneous, coordinated activity may reflect
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the acquisition and maintenance of information for interpreting, responding to, and
predicting environmental demands (Bar, 2011; Brown, 1914; Buckner, 2010; Raichle,
2011). In the case of the somatosensory system, ongoing correlated fluctuations of
activity between somatosensory and related areas could facilitate perception of sensations
such as touch, pain, and proprioception, and subsequent behavioural responses (Boly et
al., 2007).
7.3.2

Reliability of functional connectivity networks in healthy controls
Test-retest analyses were conducted in Chapter 3 to determine the reproducibility

of seeded functional connectivity analysis of resting-state somatosensory networks over
time in healthy controls. A direct statistical comparison of the results at the two time
points did reveal some small clusters showing significant changes between the two time
points, although these regions did not fall within the core somatosensory network. At
each time point, both SI seeds were functionally connected with bilateral SI, both SII seed
regions were functionally connected with bilateral SMA (BA 6), and both thalamus seeds
were functionally connected with ipsilateral thalamus and insula. At an individual level,
the majority of individuals showed reproducible functional connectivity within the core
components of the somatosensory network, particularly interhemispheric connectivity
between homologous SI and SII regions, and connections between cortical somatosensory
and cortical motor areas. Overall, the functional connectivity results for healthy controls
in this sample were found to provide a sufficiently reliable baseline for comparison to the
stroke patient group, at least within the core somatosensory network.
7.3.3

Interhemispheric interactions and somatosensory recovery
One important finding that has emerged both from these and other studies is the

importance of interhemispheric interactions for behavioural improvement after stroke. At
one month after stroke, stroke patients exhibited disrupted interhemispheric functional
connectivity between homologous SI regions, and interhemispheric SI functional
connectivity strength was associated with better tactile discrimination performance. The
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finding of less interhemispheric connectivity in a stroke group relative to healthy controls
at one month poststroke is consistent with recent studies that have reported evidence of
disrupted interhemispheric functional connectivity in the early stages after a stroke
(Carter et al., 2010; He, Snyder, et al., 2007; van Meer et al., 2010). Six months after
stroke, some restitution of interhemispheric SI connectivity was observed.
There was some indication of interhemispheric functional connectivity changes
following six weeks of somatosensory training, with the stroke group showing
significantly greater functional connectivity pre- than post-training between ipsilesional
SII and contralesional SI and IPC. Although these findings are preliminary, and based
only on a small pilot sample, they suggest that somatosensory retraining may be
associated with less interhemispheric connectivity between cortical somatosensory
regions. Although functional connectivity studies with stroke patients have highlighted
the importance of interhemispheric functional connectivity in behavioural performance
and recovery (Carter et al., 2010; He, Snyder, et al., 2007; van Meer et al., 2010), it has
been suggested that involvement of the contralesional hemisphere could represent less
optimal brain functioning (de Vico Fallani et al., 2009; Wang et al., 2010). In healthy
adults, interhemispheric connections between the sensorimotor cortical regions have been
shown using TMS to have primarily inhibitory effects (De Gennaro et al., 2004; Lenzi et
al., 2007; Netz, 1999), likely to prevent interference from the opposite hemisphere (Hoy,
Fitzgerald, Bradshaw, Armatas, & Georgiou-Karistianis, 2004). It has therefore been
argued that a stroke might remove inhibition from the opposite hemisphere, leading to
overexcitation (Grefkes et al., 2010). Less interhemispheric connectivity after training in
this study could represent a return to closer to an ideal balance in inhibition and excitation
between the hemispheres (Carey & Seitz, 2007).
7.3.4

A role for frontoparietal attention networks in somatosensory recovery
Functional connections with frontoparietal attention areas were found to be

systematically varied in the stroke survivors compared to healthy controls, and to be
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associated with touch discrimination performance. At one month after stroke, the stroke
group demonstrated greater functional connectivity between the contralesional SII seed
region and contralesional anterior cingulate cortex (ACC) than the healthy controls. At
the same time point, functional connections with frontal areas were found to be associated
with worse clinical performance in the stroke group: tactile discrimination scores were
negatively correlated with functional connectivity strength between contralesional SI and
ipsilesional inferior and middle frontal gyri, and contralesional thalamus and
contralesional middle and superior frontal gyri. In other words, the worse patients
performed on the test of tactile discrimination, the stronger their functional connections
between somatosensory thalamus and frontal areas, even in the absence of explicit task
performance. This result could reflect the need to regularly recruit top-down, higher order
attention processes to monitor somatosensory input and behavioural output in patients
with a greater degree of somatosensory impairment (Boly et al., 2007; Cramer et al.,
2011; Goldberg et al., 2006; Robertson, 1999b).
There was a trend for greater functional connectivity of frontoparietal regions at
six months compared to one month poststroke, with functional connectivity between
contralesional thalamus and ipsilesional middle cingulate cortex found to be stronger at
six months than at one month poststroke. In addition, exploratory analyses indicated
significantly greater functional connectivity at six months than at one month poststroke
between contralesional SII and clusters in bilateral IPC and contralesional inferior and
middle frontal regions, and between ipsilesional thalamus and inferior frontal regions.
Some of these changes were behaviourally relevant: greater functional connectivity at six
months poststroke between contralesional SII and a cluster in contralesional inferior
parietal cortex was associated with clinical improvement. These changes could again
relate to the greater recruitment of attentional and working memory resources to
compensate for damage in specific brain areas (Boly et al., 2007; Cramer et al., 2011;
Goldberg et al., 2006; Robertson, 1999b).
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7.3.4.1 Somatosensory retraining and connections with frontoparietal areas.
Changes in level of expression of connections with frontoparietal areas were also
observed after targeted somatosensory retraining, with a general pattern of enhanced
intrahemispheric functional connections between SII and parietal areas (SPL) within the
lesioned hemisphere, but of less interhemispheric functional connectivity between SII and
parietal areas (IPC). Exploratory analysis also revealed that improved scores on the TDT
were associated with greater post-training functional connectivity between ipsilesional SII
and bilateral SPL. A key feature of the training program used in this study was the
incorporation of attention, including attentive exploration of stimulation and cued
anticipation trials (Carey, 2006), based on the rationale that attention is known to
modulate neural plasticity and to be necessary for effective perceptual learning to occur
(Gazzaniga, 2004; Goldstone, 1998; Jagadeesh, 2006; Johansen-Berg & Lloyd, 2000). In
addition, increased use of alternative strategies such as visualisation and verbalisation that
are explicitly targeted in the training protocol (Carey et al., 1993) inevitably requires
heightened attentional resources, and associated increases in functional connectivity of
frontoparietal attention networks (He, Shulman, et al., 2007). More involvement of topdown attention processes would be expected in patients with damage to nodes in the
somatosensory system, to help conscious interpretation and integration of impaired
somatosensory information (Corbetta & Shulman, 2002).
Involvement of distributed attention networks in stroke recovery has been reported
previously, such as increased activation of inferior parietal cortex (IPC) and premotor
cortex found to occur in conjunction with motor recovery (Loubinoux et al., 2003; Nelles
et al., 1999; Tombari et al., 2004), and increased activity in premotor and parietal regions
correlated with therapy-driven improvement in motor function poststroke (JohansenBerg, Dawes, et al., 2002; Nelles et al., 2001). A recent fMRI study involving some of the
same participants studied in this thesis revealed that neural correlates of deficits in touch
discrimination involved a network of regions including frontal attention networks,
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particularly following subcortical infarct (Carey, Abbott, et al., 2011). Evidence that
improvement is associated with heightened frontoparietal connectivity supports the use of
rehabilitation methods that target these connections.
7.3.5

A shift from contralesional to ipsilesional involvement after training?
As mentioned above, one change between the pre- and post-training time points

was a pattern of greater functional connectivity of the lesioned hemisphere with parietal
areas, and less functional connectivity of the contralesional hemisphere with these areas.
This is in contrast to the differences reported in Chapter 5 between the one month and six
months poststroke time points, which were mostly seen within the contralesional
hemisphere. These results could suggest some return of function within brain areas
immediately surrounding the lesion site, as has previously been reported in the motor
(Calautti et al., 2001; Carey et al., 2006; Marshall et al., 2000; Ward et al., 2003a) and
somatosensory domains (Carey et al., 2002; Staines, Black, et al., 2002; Wikstrom et al.,
2000). This hypothesis would warrant further investigation in larger samples that also
include a stroke control group.
7.3.6

Visual occipital connections and somatosensory retraining.
A key finding in Chapters 5 and 6 was the importance of functional connectivity

with visual regions, with results indicating less functional connectivity between SI and
visual regions at one month poststroke relative to controls, and greater functional
connectivity at six months than one month between contralesional SII and a cluster in the
contralesional superior occipital gyrus. After training, more functional connectivity was
seen between contralesional SI and ipsilesional occipital cortex in the stroke group, but
was not observed in the matched healthy control group. There was significantly less
functional connectivity after training between ipsilesional SII and clusters in bilateral BA
18. Improved Tactile Discrimination Test (TDT) scores were significantly associated with
greater post-training functional connectivity between the ipsilesional thalamus and
contralesional visual areas.
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The finding that connections with visual regions were significantly related to
improved behavioural performance in the current sample is consistent with the role of
visual cortical processing in somatosensory perception (Blake et al., 2004; Ciganek, 1967;
Macaluso et al., 2000; Pascual-Leone & Torres, 1993; Prather et al., 2004; Reed et al.,
2004; Sathian, 2005; Sathian et al., 1997; Zangaladze et al., 1999). The present results are
consistent with an early study of the functional networks related to motor recovery, which
found that improved motor function was also associated with involvement of distributed
areas including extrastriate visual areas (Seitz, Knorr, et al., 1999). The finding of
changes in connections between somatosensory and visual areas after training is not
surprising, given the training’s emphasis on the use of cross-modal comparisons between
the tactile and visual modalities (Carey, 2006; Carey & Matyas, 2005; Carey et al., 1993).
It could be speculated that these patterns of changes suggest the likelihood of
behaviourally driven restitution of conscious somatosensory connections with visual areas
after stroke, as patients possibly begin to rely more on visual information to supplement
somatosensory perception.
7.3.7

The “Default Mode Network”, perception, and stroke recovery
Tactile discrimination performance at one month after stroke was associated with

functional connectivity strength between the thalamus and contralesional middle and
posterior cingulate cortex and precuneus. These areas form part of the much-described
“Default Mode Network (DMN)”, a network that consistently shows relative deactivation
during stimulus presentation or task performance, compared to task-related areas
(Buckner et al., 2008; Greicius et al., 2003; Raichle et al., 2001). DMN functional
connectivity strength has been shown to be associated with better performance on
cognitive tasks involving working memory, executive functions, and processing speed
(Damoiseaux et al., 2008; Hampson, Driesen, et al., 2006), and with fewer self-reported
cognitive complaints in patients with mild traumatic brain injury (TBI) (Mayer et al.,
2011). In other words, these results suggest that functional connections of the DMN may
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be important for maintaining successful apparently automatic behavioural output in
healthy controls, and more conscious and less automatic behaviour in patients with
acquired brain injury due to TBI or stroke. This speculation would be consistent with the
suggested role of the DMN in monitoring internal cognitive processes and maintaining a
state of readiness to react to external environmental stimuli (Treserras et al., 2009).
7.3.8

Somatosensory retraining: Behavioural experience, plasticity, and functional
connectivity
The last two experimental chapters provide supportive evidence for the hypothesis

that longitudinal changes in functional connectivity with attention, motor, and visual
networks occur in conjunction with behavioural improvement. Previous studies have
shown functional connectivity changes in healthy controls after learning (Albert et al.,
2009; Lewis et al., 2009), but few have investigated longitudinal changes in functional
connectivity in stroke patients, especially after retraining (He, Snyder, et al., 2007; James,
Lu, et al., 2009). Furthermore, Chapter 6 is one of the first studies to report functional
connectivity changes before and after an experimental intervention—somatosensory
rehabilitation—that has been shown previously to be clinically effective (Carey, 2006;
Carey, Macdonell, et al., 2011; Carey et al., 1993). Such changes over time could
represent an indirect measure of brain plasticity associated with learning and behavioural
experience (Kolb & Teskey, 2010).
Further longitudinal studies are essential to consider the effect of the timing of
interventions and testing during rehabilitation. This research investigated participants at 1,
6, and 7.5 months after stroke. Data have also been collected from some of the
participants in this study for long-term follow-up (12 months or more after stroke). It will
be interesting to investigate the long-term time-course of functional connectivity changes
and to what extent post-training changes are sustained. The nature and pattern of
performance deficits of individuals has been found to vary over time after a stroke
(Winward et al., 2007), although this observation is likely to be confounded by the
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severity and nature of damage and the extent of the penumbra of cell death following
ischemia. On the other hand, plastic changes have been shown to be time dependent and
to vary in different regions of the brain: for example, transient increases in dendritic
length were observed in prefrontal cortex of rats after four days in a complex
environment, followed by later and seemingly permanent increases in dendritic length and
spine density in sensory cortex after 14 days (Comeau, McDonald, & Kolb, 2010).
Neuroimaging studies have indicated that the regions involved in recovery vary at
different times after stroke (Carey et al., 2005; Tombari et al., 2004). As such, the nature
and timing of interventions after stroke are critical considerations.
7.4
7.4.1

Implications for future research and clinical practice

The future of functional connectivity analysis in stroke research
It is important that rehabilitation is based on a thorough understanding of the brain

mechanisms underlying behavioural improvement. This research used a simple,
noninvasive technique—resting-state functional connectivity analysis—to investigate
functional brain networks in stroke survivors with somatosensory impairment. This
technique offered several advantages for use with stroke patients. First, it allowed
detection of whole-brain networks that may not be revealed using task-based activation
paradigms (Arfanakis et al., 2000; Beckmann et al., 2005; Fornito & Bullmore, 2010).
Second, because correlations of the BOLD signal for functional connectivity are
calculated within one individual, and are based on slow fluctuations, they are not as
vulnerable to the differences in the hemodynamic response function between stroke
patients and healthy controls (Bonakdarpour, Parrish, & Thompson, 2007; Hillary &
Biswal, 2007; Kim et al., 2005; Marshall, 2004; Mazzetto-Betti et al., 2010; Rossini et al.,
2004). Third, functional connectivity measures are sensitive to changes in relation to
behavioural experience (Albert et al., 2009; Lewis et al., 2009; Voss et al., 2010). This
characteristic means that monitoring resting-state connectivity patterns over time could
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provide a measure of the long-term plastic changes associated with learning that underlie
behavioural improvement after stroke (Gauthier et al., 2008; Schaechter et al., 2006).
These studies go a small way towards answering the question of whether restingstate functional connectivity analysis of fMRI data represents a reliable and valid
approach to studying impairment and recovery after stroke. It appears from the results
with healthy controls that resting-state connectivity patterns were somewhat variable
between participants and over time, but nonetheless consistently revealed the same
general patterns of functional connections. The connections found were in line with what
is known of the anatomical connections within the somatosensory system (Gardner &
Kandel, 2000), so are likely to be valid and meaningful. In the stroke patients, restingstate functional connectivity patterns varied in conjunction with behavioural performance,
and showed changes over time. Resting-state functional connectivity analysis could
represent a valuable method for studying neurological patient groups, as the technique
appears to be sensitive to change over time (Fornito & Bullmore, 2010; Fox & Greicius,
2010; Greicius, 2008; He, Shulman, et al., 2007). The present research is a step towards
establishing neuroimaging protocols that will allow us to directly predict rehabilitation
outcomes, and to optimise therapy, on the basis of resting-state functional connectivity
analysis.
In future studies rs-fcMRI could be used to predict a patient’s capacity to benefit
from different interventions (Carey & Seitz, 2007; Price et al., 2010). Researchers have
had some success in applying predictive models to classify patients with depression and
Alzheimer’s disease on the basis of their resting-state functional connectivity results
(Craddock et al., 2009; Fleisher et al., 2009). However, given that different
methodological approaches can influence functional connectivity results (Benjamin et al.,
2010; Bianciardi et al., 2009; Marx et al., 2004; McAvoy et al., 2008; Van Dijk et al.,
2010; Yan et al., 2009), further work is needed to optimise data acquisition and analysis
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methods and assess reliability of functional connectivity methods before they become
more widely used in clinical settings.
Another interesting and important avenue for future research relates to the link
between resting-state functional connectivity measures and behaviour. Recently He and
Raichle (He & Raichle, 2009; Raichle, 2011) have discussed the intriguing links between
low frequency fluctuations in the BOLD signal, slow cortical potentials (low frequency
fluctuations in local field potentials), and fundamental aspects of human behaviour and
cognition, particularly consciousness, attention, and prediction. In the studies reported
here it was shown that there was a link between functional connectivity patterns and
performance on a test of somatosensory tactile perception. A direction for future research
could be to use experimental designs that allow more direct study of the link between
prestimulus brain activity and subsequent behavioural performance and perception (Boly
et al., 2007; Fox et al., 2007). Another future direction could be to combine functional
connectivity analysis of BOLD fMRI data with neurophysiological measures such as
EEG (Pan et al., 2011). This approach would allow insights into the fascinating and as yet
poorly understood interactions between BOLD activity, cortical excitability at different
frequencies, and behaviour and consciousness (He & Raichle, 2009).
7.4.2

A multi-method approach to studying stroke “recovery”
Stroke rehabilitation research and practice need to include a representative battery

of outcome measures ranging from behavioural and neurological measures to tools that
allow direct study of the living human brain. An important direction for future research is
the combined use of multiple methodologies and measures. For example, methods such as
TMS could be used to increase or decrease cortical excitability, and thus influence
interregional interactions (Fregni et al., 2006; Hummel & Cohen, 2006). In the motor
domain, TMS methods have been applied with some success to alter disturbed
interhemispheric interactions by increasing excitability in the damaged hemisphere, and
decreasing excitability in the normal hemisphere (Grefkes et al., 2010; Sharma & Cohen,
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2010; Thompson, Mansouri, Koski, & Hess, 2010). Structural connectivity analysis is
another method sometimes incorporated with functional connectivity (Damoiseaux &
Greicius, 2009). Combining these methods would allow for a better understanding of the
relationship between structural and functional connectivity findings.
Finally, incorporating neurophysiological measures such as
electroencephalography (EEG), magnetoencephalography (MEG), or event-related
potentials (ERPs) (Eichele et al., 2005) would allow better interpretation of functional
connectivity results. EEG and fMRI together provide complementary approaches to the
study of brain activity, with fMRI providing superior three-dimensional whole-brain
coverage and spatial specificity, and EEG providing superior temporal resolution and
specificity (Menon & Crottaz-Herbette, 2005). Different patient populations may behave
differently to healthy controls during the “resting state”, perhaps due to heightened
anxiety or changes in sensory awareness (Benjamin et al., 2010). In the case of stroke
patients, common group level differences such as depression and reduced arousal may
introduce systematic differences in resting-state activity. Levels of arousal have been
shown to affect functional connectivity results, complicating interpretation of betweengroup differences in functional connectivity (Larson-Prior et al., 2009; Sämann et al.,
2010). This issue could be addressed by using simultaneous EEG recording to monitor
subjects’ arousal levels.
In the current study a broad battery of clinical measures of somatosensory
impairment and neurological impairment were used. Future research should also include
measures of cognitive and emotional outcomes, because these domains are commonly
affected but not well-researched poststroke (Barker-Collo, 2007; Brodaty, Withall,
Altendorf, & Sachdev, 2007; Hoffmann, 2001; Linden et al., 2007; Serrano, Domingo,
Rodriguez-Garcia, Castro, & del Ser, 2007). Affective and emotional issues are also
known to impact significantly on an individual’s response to rehabilitation (Lesniak et al.,
2008; Nys et al., 2005; Van de Weg, Kuik, & Lankhorst, 1999), and are associated with
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variations in functional connectivity (Greicius, 2008; Hampson, Driesen, et al., 2006).
Given that recruitment of atypical, less efficient, neural pathways, and greater
involvement of attention networks appear to be needed to achieve successful conscious
performance poststroke, it is no surprise that fatigue and reduced attention capacity are
typically reported after stroke (Staub & Bogousslavsky, 2001). It would be interesting to
see if improved network efficiency is associated with an improvement in fatigue and
concentration levels.
7.5

Final conclusions

Stroke is a leading cause of disability (Mathers et al., 1999; Paul et al., 2005b),
frequently resulting in difficulties with touch and proprioceptive discrimination (Carey,
1995; Kim & Choi-Kwon, 1996). It is important to pursue research into measures of
stroke recovery in order to develop optimal intervention strategies. These measures can
be both behavioural and biological (e.g. brain imaging). Although task-based functional
imaging of stroke recovery is a relatively well-established field, use of functional
connectivity measures is still a work in progress. The neural correlates of poststroke
somatosensory impairment and improvement have been largely unexplored with little
investigation in humans using network-based approaches such as functional connectivity
analysis.
Much has been written about attention and the default mode networks by Corbetta
and others. Our studies have focussed on the use of fcMRI as a means of investigating
neural plasticity. In the studies presented here we have shown that the key connections of
the somatosensory system, as predicted by known anatomy (Darian-Smith & DarianSmith, 1993; Jones & Powell, 1969a), could be reliably demonstrated in healthy control
participants. Stroke patients with somatosensory loss exhibited disruptions to the
somatosensory system as revealed using functional connectivity, and some of these
altered connectivity patterns were associated with performance and improvement on
clinical tests, in particular broader connections with networks involved in motor planning
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and execution, multisensory processing, and attention. A novel contribution of this
research was in identifying functional connectivity changes after targeted somatosensory
retraining. Ultimately these patterns suggest avenues for future development of targeted
interventions after stroke. In particular, the current evidence supported the use of
neuroscience-based principles of attention, intramodal calibration, and integration with
other sensory modalities, in targeted retraining (Carey, 2006; Carey et al., 1993).
Resting-state functional connectivity has potential as a measure of impairment and
recovery after stroke, although ongoing issues relating to establishing its reliability,
neurophysiological underpinnings, and optimal methods, remain to be resolved. In future,
resting-state functional connectivity may form one part of a range of poststroke measures
used in research and clinical practice, which in future could include anatomical
connectivity, neurophysiology (EEG, MEG), as well as behavioural and clinical measures
of functional ability, cognition, and emotional outcomes.
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Appendix A: Tactile Discrimination Test (TDT)
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TDT
Carey-Oke-Matyas
QUANTITATIVE TACTILE DISCRIMINATION TEST
Name (Code):
Hand Tested:
‘Affected’ Hand:
Preferred Finger:
ORDER

M↑
M↓
G↓
G↓
G↑
F↓
F↓
G↑
G↓

RESPONSE

________________________
LEFT / RIGHT
Left / Right
Index / Middle / Ring
SCORE

170>1
210<2
210<2
170>1
260>3
300>2
260>3
300>2
300>2
260>3
155>3
155>3
155>3
300>2
260>3
260>3
300>2

ORDER

F↓
M↑
M↓
M↓
F↑
F↓
M↑
M↑
M↓

RESPONSE

Date:
________
Session No.: ________
Time taken: ________
SCORE

155>3
155>3
170>1
210<2
210<2
170>1
210<2
170>1
155>3
155>3
155>3
170>1
210<2
170>1
210<2
210<2
170>1

ORDER

G↑
G↓
M↓
M↑
F↑
G↑
G↓
G↑

RESPONSE

SCORE

300>2
260>3
260>3
300>2
210<2
170>1
170>1
210<2
155>3
155>3
300>2
260>3
260>3
300>2
300>2
260>3

COMMENTS:
______________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
SCORE:
Percent spatial
increase (PSI)

3.33
13.33
40
73.33
100

Comparison
texture surface

Number correct
(count)

Raw score

Standard z-score

155 a
170
210
260
300

Texture Discrimination Limen: ___________ (PSI)
The ‘155’ code refers to the 1550 µm comparison surface. Similarly, by dropping the
last zero in the number, the 3000 µm surface is coded as ‘300’.
a
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Appendix B: Edinburgh Handedness Inventory
Subject ID: _________________________

Date: _________________________

Please indicate your preferences in the use of hands in the following activities by putting
a check in the appropriate column. Where the preference is so strong that you would
never try to use the other hand, unless absolutely forced to, put 2 checks. If in any case
you are really indifferent, put a check in both columns.
Some of the activities listed below require the use of both hands. In these cases, the part
of the task, or object, for which hand preference is wanted is indicated in parentheses.
Please try and answer all of the questions, and only leave a blank if you have no
experience at all with the object or task.
Left

Right

1. Writing
2. Drawing
3. Throwing
4. Scissors
5. Toothbrush
6. Knife (without fork)
7. Spoon
8. Broom (upper hand)
9. Striking Match (match)
10. Opening box (lid)
TOTAL(count checks in both columns)
Difference

Cumulative TOTAL

Result

Scoring:
Add up the number of checks in the “Left” and “Right” columns and enter in the
“TOTAL” row for each column. Add the left total and the right total and enter in the
“Cumulative TOTAL” cell. Subtract the left total from the right total and enter in the
“Difference” cell. Divide the “Difference” cell by the “Cumulative TOTAL” cell (round
to 2 digits if necessary) and multiply by 100; enter the result in the “Result” cell.
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Appendix C: Neglect screening – line bisection and shape cancellation
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Appendix D: National Institutes of Health Stroke Scale (NIHSS)
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280
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Appendix E: Action Research Arm Test (ARAT)

ACTION

Patient Name:

________________________

RESEARCH

Rater Name:

________________________

ARM TEST

Date:

________________________

Instructions
There are four subtests: Grasp, Grip, Pinch, Gross Movement. Items in each are ordered so that:
•

If the subject passes the first, no more need to be administered and he scores top marks for that
subtest;

•

If the subject fails the first and fails the second, he scores zero, and again no more tests need to be
performed in that subtest;

•

Otherwise he needs to complete all tasks within the subtest

Activity
Grasp
1. Block, wood, 10 cm cube (If score = 3, total = 18 and to Grip)
Pick up a 10 cm block
2. Block, wood, 2.5 cm cube (If score = 0, total = 0 and go to Grip)
Pick up 2.5 cm block
3. Block, wood, 5 cm cube
4. Block, wood, 7.5 cm cube
5. Ball (Cricket), 7.5 cm diameter
6. Stone 10 x 2.5 x 1 cm
Coefficient of reproducibility = 0.98
Coefficient of scalability = 0 .94

Grip
1. Pour water from glass to glass (If score = 3, total = 12, and go to Pinch)
2. Tube 2.25 cm (If score = 0, total = 0 and go to Pinch)
3. Tube 1 x 16 cm
4. Washer (3.5 cm diameter) over bolt
Coefficient of reproducibility = 0.99
Coefficient of scalability = 0 .98

Pinch
1. Ball bearing, 6 mm, 3rd finger and thumb (If score = 3, total = 18 and go to Grossmt)

Score
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2. Marble, 1.5 cm, index finger and thumb (If score = 0, total = 0 and go to Grossmt)
3. Ball bearing 2 finger and thumb
4. Ball bearing 1 finger and thumb
5. Marble 3rd finger and thumb
6. Marble 2 finger and thumb
Coefficient of reproducibility = 0.99
Coefficient of scalability = 0 .98

Grossmt (Gross Movement)
1. Place hand behind head (If score = 3, total = 9 and finish)
2. (If score = 0, total = 0 and finish
3. Place hand on top of head
4. Hand to mouth
Coefficient of reproducibility = 0.98
Coefficient of scalability = 0 .97

References
Carroll, D. (1965). A quantitative test of upper extremity function. Journal of Chronic Diseases, 18, 479491.
Crow, J. L., Lincoln, N. B., Nouri, F. M., & De Weerdt, W. (1989). The effectiveness of EMG biofeedback
in the treatment of arm function after stroke. International Disability Studies, 11, 155-160.
De Weerdt, W. J. G., & Harrison, M. A. (1985). Measuring recovery of arm-hand function in stroke
patients: A comparison of the Brunnstrom-Fugl-Meyer test and the Action Research Arm test.
Physiotherapy Canada, 37, 65-70.
Lyle, R. C. (1981). A performance test for assessment of upper limb function in physical rehabilitation
treatment and research. International Journal of Rehabilitation and Research, 4, 483-492.
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Appendix F: Weinstein Enhanced Sensory Test (WEST)
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Appendix G: Functional Test of Tactual Object Recognition (fTORT)
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Appendix H: Temperature Discrimination Test
Recording Sheet:
ID:___________

Date: ___________

Hand Tested:

Left / Right: “Affected”/ “Non-Affected”

Preferred finger: thumb / index / middle / ring / little
Trial
1
2
3
4
5
6
7
8
9
10

Presentation Finger
H
H
C
C
H
C
C
C
H
H

Response
Finger

Presentation
Forearm
C
H
C
C
H
C
H
H
C
H

SCORE:
Finger:
Forearm:

No. Correct/10
% Correct
______________________________________
______________________________________

Response
Forearm
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Appendix I: Wrist Position Sense Test (WPST)
Participant ID: ___________________
Hand Tested: LEFT
Affected Hand: Left/Right
1st / 2nd
Presentation order: Forward/Reverse
Pre-test Position: 110° Response: _______

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Test Position
120
71
102
97
119
79
133
88
64
87
134
107
145
121
60
152
95
56
104
143

Date:_______________
Session No: _________
Time taken: _________

Degree Indicated

CALCULATIONS:
Total Error (degrees):
Average Error (degrees):
Standard Deviation of Error (degrees):

______________
______________
______________

Error (Deg)
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Participant ID: ___________________
Hand Tested: RIGHT
Affected Hand: Left/Right
1st / 2nd
Presentation order: Forward/Reverse
Pre-test Position: 70° Response: _______
Test Position
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Date:_______________
Session No: _________
Time taken: _________

Degree Indicated

104
58
41
68
28
79
121
35
64
92
57
109
76
74
125
25
77
41
119
98

CALCULATIONS:
Total Error (degrees):
Average Error (degrees):
Standard Deviation of Error (degrees):

______________
______________
______________

Error (Deg)
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Appendix J: Chapter 5 supplementary tables
Table J.1
Functional connectivity results for the matched healthy control group at the initial time
point
Seed region

Ipsilesional SI

Contralesional SI

Ipsilesional SII

Contralesional
SII

Cluster
size
(voxels)

Z
value

x, y, z MNI
maxima
coordinates

2987

5.19

759

4.64

204

3.92

157

3.72

121

4.03

49

3.97

958

4.88

421

4.2

153

4.3

54
1978

4.1
4.69

865

4.91

263

4.85

120

4.04

74

3.94

41
40
2747

4.48
4.22
4.94

722

5.01

−38 −48 56
−40 −36 40
−20 −34 50
44 −34 36
34 −28 58
42 −42 46
−6 −4 48
−8 −10 62
−10 −22 42
20 −44 58
24 −48 50
10 −44 52
30 −10 50
24 −18 52
22 −4 52
10 −14 44
16 −22 42
44 −34 40
50 −28 48
38 −28 30
−32 −44 50
−44 −34 36
−44 −30 28
−20 −10 46
−12 −6 46
−6 2 52
−56 6 22
−40 −20 22
−48 −20 12
−36 −12 18
46 8 14
50 −8 12
48 0 14
2 8 42
−2 6 34
10 12 32
4 −10 46
−6 −8 50
14 −34 46
6 −28 44
18 −38 56
−40 −6 −12
−56 −32 48
50 −20 14
42 −10 0
42 −14 10
−54 2 12

Cluster anatomical location

Ipsilesional BA 2, 3b, 6, 4a

Contralesional BA 6, 2, 4p, 3b

Ipsilesional BA 6

Contralesional BA 2, 3a, SPL

Contralesional BA 6

Contralesional BA 6
Contralesional BA 2, 3b, 1, IPC

Ipsilesional BA 2, IPC, hIP3, SPL

Ipsilesional BA 6

Ipsilesional BA 44, 6, 3a, 4p
Ipsilesional OP 1, 3, 4, TE 1.0

Contralesional OP 1, 4, 3, IPC

Medial BA 6

Medial BA 6
Contralesional SPL, BA 3a, 3b, 2

Ipsilesional insula
Ipsilesional IPC, BA 2, 1, hIP2
Contralesional OP 1, 4, 3, IPC

Ipsilesional OP 4, 1, 3, TE 1.0

292

Ipsilesional
thalamus
Contralesional
thalamus

123

3.82

108

3.81

48
1470

4.03
5.61

1938

5.23

1055

5.32

70

4.47

47

3.65

−46 −16 14
−58 −10 2
−48 −18 36
−56 −18 22
−54 −16 30
6 −12 50
−4 −14 54
10 −2 36
−14 −24 0
12 −20 −2
−20 −4 8
14 −24 −4
20 −12 6
34 −24 0
−24 −14 −4
−22 −6 6
−16 −26 −4
−52 −38 24
−58 −40 30
52 −32 26
62 −30 32

Ipsilesional BA 3b, 3a, IPC, OP 1

Medial BA 6
Contralesional BA 6
Ipsilesional & Contralesional
thalamus, as well as Ipsilesional TE
1.1, insula, OP 2, OP 1
Contralesional thalamus, as well as
Contralesional insula, amygdala, OP 1,
and extending into Contralesional
superior temporal gyrus
Ipsilesional thalamus, amygdala

Ipsilesional IPC
Contralesional IPC, OP 1

Note. Anatomical definitions are based on the anatomy toolbox in SPM8, which is based
on probabilistic cytoarchitectonic maps (Eickhoff et al., 2005). MNI = Montreal
Neurological Institute; SI = primary somatosensory cortex; SII = secondary
somatosensory cortex; BA = Brodmann’s area; hIP = anterior intraparietal sulcus; IPC =
inferior parietal cortex; SPL = superior parietal lobule; OP = parietal operculum; TE 1.0,
1.1, 1.2 = primary auditory cortex. These results are all based on individual voxel-height
threshold of p < .001. “Ipsilesional” and “contralesional” refer to the hemisphere matched
to the stroke patient’s affected hemisphere.
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Table J.2
Functional connectivity results for the stroke group at one month poststroke
Seed region

Cluster
size
(voxels)

Z value

Ipsilesional SI

1907

5.56

Contralesional SI

4259

5.21

Ipsilesional SII

833

5.14

406

4.78

159

4.48

53

3.68

42

3.87

4424

5.22

854

5.14

227

4.14

101

4.31

82

3.81

78
54

3.91
4.39

39

4.03

836

4.9

526

5.23

1363

5.45

289

4.36

Contralesional SII

Ipsilesional
thalamus

Contralesional
thalamus

x, y, z MNI
maxima
coordinates
−26 −50 56
−32 −32 46
−40 −32 42
56 −20 46
36 −34 46
12 −8 64
−44 −16 12
−48 −32 20
−54 −26 8
44 −24 16
34 −4 10
46 −8 14
−2 −12 46
−8 −14 40
−4 −26 48
−38 4 4
−30 8 6
−34 −4 10
16 −18 36
14 −18 44
14 −10 38
50 −12 20
32 −22 18
42 −24 18
−4 −8 42
8 2 34
4 −10 44
−40 −12 12
−32 −6 16
−40 −28 12
−40 −16 38
−42 −12 30
−38 −20 46
−20 12 −4
−16 18 −10
−22 14 4
−30 −26 58
32 −14 −16
34 −4 −16
−4 20 30
−6 10 26
−22 −22 6
−28 −18 −4
−26 −12 10
20 −26 16
8 −24 14
30 −22 8
12 −22 −4
12 −28 12
28 −16 −2
−24 −18 6

Cluster anatomical location

Ipsilesional BA 2, 4a, 3b, 1

Contralesional BA 6, 2, 3b, 4p

Ipsilesional OP 1, 3, 4, insula

Contralesional OP 1, 4, 3, 2

Ipsilesional BA 6, 4a;
Contralesional BA 6;
Ipsilesional SPL
Ipsilesional insula

Contralesional middle
cingulate cortex
Contralesional BA 3b, 4p, 2,
OP 1
Medial BA 6, 4a

Ipsilesional OP 3, 1, 4, insula

Ipsilesional BA 4p, 3a, 3b, OP
3
Ipsilesional putamen

Ipsilesional BA 6, 4p, 4a
Contralesional hippocampus,
amygdala
Ipsilesional anterior cingulate
cortex
Ipsilesional thalamus, putamen

Contralesional thalamus

Contralesional thalamus

Ipsilesional thalamus, putamen
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107

3.9

38

4.1

36

4.49

35

4.21

−14 −18 12
−8 −22 −2
−6 −60 −22
−14 −56 −24
2 −58 −26
12 −46 −26
16 −52 −20
32 6 12
40 10 10
44 2 6
20 −56 −44

34

3.68

20 34 36

Medial cerebellum lobules V,
VI
Contralesional cerebellum
lobules V, VI
Contralesional inferior frontal
gyrus, insula
Contralesional cerebellum
lobule IX
Contralesional superior frontal
gyrus

Note. Anatomical definitions are based on the anatomy toolbox in SPM8, which is based
on probabilistic cytoarchitectonic maps (Eickhoff et al., 2005). MNI = Montreal
Neurological Institute; SI = primary somatosensory cortex; SII = secondary
somatosensory cortex; BA = Brodmann’s area; hIP = anterior intraparietal sulcus; IPC =
inferior parietal cortex; SPL = superior parietal lobule; OP = parietal operculum; TE 1.0,
1.1, 1.2 = primary auditory cortex. These results are all based on individual voxel-height
threshold of p < .001.
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Table J.3
Functional connectivity results for the stroke group at six months poststroke
Seed region

Ipsilesional SI

Contralesional SI

Ipsilesional SII

Contralesional SII

Ipsilesional thalamus

Cluster
size
(voxels)

Z value

2410

4.55

160

3.57

144

4.1

66

3.64

57
52
40
2193

3.79
3.58
3.57
5.16

85
67

3.43
4.38

44

3.74

43

3.77

41
40

3.39
3.98

39

3.59

38

3.7

672

4.62

66

4.08

3610

4.86

96

4.21

46

3.67

42

3.87

38
752

4.24
4.46

x, y, z MNI
maxima
coordinates
−46 −26 56
−48 −24 48
−16 −34 66
52 −16 42
38 −36 52
48 −26 48
−60 −22 16
−46 −28 6
−54 −18 24
14 −82 18
8 −76 14
20 −82 26
−30 −20 68
26 −40 46
22 −24 70
54 −30 52
46 −30 50
58 −20 40
−44 −20 48
22 −40 68
8 −40 68
14 −30 72
−10 −42 62
−20 −40 64
14 −14 70
18 −22 70
6 −30 64
−60 −20 10
−64 −14 16
40 −78 4
30 −12 8
34 −6 12
−48 −20 14
−50 −34 26
−38 0 12
−18 −38 60
−22 −46 56
−14 −32 64
40 −22 42
54 −16 38
48 −18 18
−62 −14 0
−62 −12 14
−52 −12 0
2 −92 6
42 −44 54
44 −34 58
20 −2 62
20 −30 −2

Cluster anatomical location

Ipsilesional BA 2, 4a, 3b, 4p

Contralesional BA 2, 3b, 1, 3a

Ipsilesional OP 1, 4, TE 1.0, 1.1

Contralesional BA 17, 18

Ipsilesional BA 6, 4a
Contralesional BA 2, 3a, SPL, hIP3
Contralesional BA 6, 4a
Contralesional BA 2, 3b, 6, IPC

Ipsilesional BA 3b, 4p, 2, 4a
Contralesional BA 3b, 4a, 1, SPL

Ipsilesional BA 4a, 3b, 3a, SPL
Contralesional BA 6
Contralesional BA 4a, 6
Ipsilesional OP 1, 4, TE 1.2, 1.0
Contralesional middle occipital
gyrus
Contralesional OP 3, insula
Ipsilesional OP 1, 3, TE 1.0, IPC

Ipsilesional BA 3b, 4p, 2, SPL

Contralesional OP 1, BA 3b, TE
1.0, IPC
Ipsilesional OP 4, 1, TE 1.2, 1.0

Ipsilesional BA 17, 18;
Contralesional BA 17, 18
Contralesional BA 2, 1, hIP2, IPC
Contralesional BA 6
Contralesional thalamus
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Contralesional
thalamus

738

4.25

55

3.86

1367

4.73

86

3.9

12 −24 8
10 −26 −2
−16 −26 6
−10 −18 10
−24 −12 18
26 −12 14
28 0 16
18 −22 4
10 −28 −2
26 −22 6
−30 −24 −4
−30 −12 −6
−24 −30 −6

Ipsilesional thalamus

Contralesional putamen
Contralesional thalamus

Ipsilesional putamen

Note. Anatomical definitions are based on the anatomy toolbox in SPM8, which is based
on probabilistic cytoarchitectonic maps (Eickhoff et al., 2005). MNI = Montreal
Neurological Institute; SI = primary somatosensory cortex; SII = secondary
somatosensory cortex; BA = Brodmann’s area; hIP = anterior intraparietal sulcus; SPL =
superior parietal lobule; OP = parietal operculum; TE 1.0, 1.1, 1.2 = primary auditory
cortex. These results are all based on individual voxel-height threshold of p < .001.
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Appendix K: Chapter 6 supplementary tables
Table K.1
Functional connectivity results for the matched healthy control group
Seed region

Ipsilesional SI

Contralesional SI

Ipsilesional SII

Contralesional SII

Cluster
size
(voxels)

Z value

853

4.44

108

3.97

79

3.64

43
306

3.82
4.21

81
46

4.02
3.89

45

3.75

429

5.31

150

4.62

68

4.01

61

4.16

55

3.79

45
1362

4.9
4.96

143

4.24

129

3.92

97

4.24

89

4.44

79

3.96

MNI maxima
coordinates (x,
y, z)
−30 −44 46
−28 −44 58
−36 −46 56
36 −34 34
36 −30 42
40 −26 36
12 −40 50
10 −32 50
20 −38 52
−6 −28 54
44 −36 40
46 −26 28
48 −30 36
−34 −44 52
−16 −10 56
−14 −6 46
−48 −32 42
−56 −28 6
−48 −20 18
−42 −14 24
−2 6 38
8 −4 34
48 −8 12
44 6 18
48 4 10
−56 12 20
−54 6 10
−52 0 16
50 −36 54
44 −42 58
56 −38 46
10 −12 50
36 −20 0
36 −30 22
52 −20 16
−38 −14 16
−46 −18 18
−32 −18 12
−52 −16 36
−50 −30 34
−58 −26 10
−56 −18 10
−44 −28 8
10 2 40
0 4 36
−52 −2 12
−50 0 −6
−54 4 6

Cluster anatomical location

Ipsilesional BA 2, 3b, 1, hIP3

Contralesional IPC, BA 2, 3a,
SPL
Contralesional SPL, BA 2, 3a,
4a
Ipsilesional BA 4a, 6, SPL
Contralesional BA 2, IPC, hIP2,
SPL
Ipsilesional BA 2, hIP3, SPL
Ipsilesional BA 6
Ipsilesional IPC, BA 2, hIP3,
hIP2
Ipsilesional OP 1, 3, TE 1.0, 1.2

Medial BA 6
Contralesional OP 4, 3

Ipsilesional BA 44

Contralesional BA 2, IPC

Contralesional BA 6
Contralesional OP 1, 4, IPC, TE
1.1
Ipsilesional OP 3, 1, 4, insula

Ipsilesional BA 3b, 4p, 2, IPC
Ipsilesional OP 1, 4, TE 1.0, 1.1

Contralesional BA 6
Ipsilesional OP 4, BA 44, TE
1.2
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Ipsilesional thalamus

Contralesional
thalamus

35
30
544

4.27
4.22
4.6

286

4.71

44
38
27

4.28
4.01
3.73

1209

5.78

571

4.68

157

4.52

29

3.97

−58 −12 2
36 6 −4
−18 −16 0
−18 −26 −4
−28 −20 0
16 −16 0
12 −24 −2
4 −20 2
−24 −32 58
34 −24 0
10 −22 46
12 −22 54
10 −24 −4
18 −18 0
34 −22 −2
−16 −22 2
−12 −28 −6
−28 −22 −4
24 22 0
28 8 −4
30 28 −2
−60 −18 20

Ipsilesional TE 1.2, OP 4
Contralesional temporal region
Ipsilesional thalamus, lingual
gyrus
Contralesional thalamus

Ipsilesional BA 4p, 3b, 2, 6
Contralesional insula, TE 1.1
Contralesional BA 6, 4a
Contralesional thalamus

Ipsilesional thalamus

Contralesional putamen

Ipsilesional OP 1, IPC

−52 −22 20
Note. Anatomical definitions are based on the anatomy toolbox in SPM8, which is based
on probabilistic cytoarchitectonic maps (Eickhoff et al., 2005). MNI = Montreal
Neurological Institute; SI = primary somatosensory cortex; SII = secondary
somatosensory cortex; BA = Brodmann’s area; hIP = anterior intraparietal sulcus; IPC =
inferior parietal cortex; SPL = superior parietal lobule; OP = parietal operculum; TE 1.0,
1.1, 1.2 = primary auditory cortex. These results are all based on individual voxel-height
threshold of p < .001. “Ipsilesional” and “contralesional” refer to the hemisphere matched
to the stroke patient’s affected hemisphere.
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Table K.2
Functional connectivity results for the stroke group before training
Seed region

Ipsilesional SI

Cluster size
(voxels)

Z value

614

4.45

39

3.83

32

3.67

704

4.99

89

3.79

55

4

Ipsilesional SII

334

4.13

Contralesional SII

1478

4.87

205

4.49

162

3.6

145

4.03

36

3.78

481

4.29

Contralesional SI

Ipsilesional thalamus

Contralesional
thalamus

MNI maxima
coordinates
(x, y, z)
−44 −14 42
−38 −16 56
−44 −26 54
−58 −22 32
−50 −24 30
−46 −24 6
−50 −16 6
54 −26 52
56 −28 44
40 −32 48
54 −14 22
58 −24 12
62 −18 16
−46 −22 16
−26 −24 14
−60 −34 18
50 −26 10
32 4 8
36 −6 10
40 −22 42
56 −22 40
50 −18 32
−16 −26 4
−26 −24 10
−8 −26 8
20 −30 −2
10 −28 0
12 −22 10
28 −10 −8
30 0 −4
26 −22 2
12 −24 0
22 −14 4

Cluster anatomical location

Ipsilesional BA 2, 3b, 4p, 1

Ipsilesional IPC, BA 1, OP 1
Ipsilesional TE 1.0, 1.1, OP 1
Contralesional BA 2, 3b, IPC,
SPL
Contralesional OP 3, 4, IPC,
BA 3b
Contralesional OP 1, OP 4,
IPC
Ipsilesional OP 1, 3, TE 1.0,
IPC
Contralesional OP 1, 4, TE
1.0, IPC
Contralesional BA 3b, 3a, 4p,
IPC
Ipsilesional thalamus

Contralesional thalamus

Contralesional putamen,
amygdala
Contralesional thalamus

Note. Anatomical definitions are based on the anatomy toolbox in SPM8, which is based
on probabilistic cytoarchitectonic maps (Eickhoff et al., 2005). MNI = Montreal
Neurological Institute; SI = primary somatosensory cortex; SII = secondary
somatosensory cortex; BA = Brodmann’s area; hIP = anterior intraparietal sulcus; IPC =
inferior parietal cortex; SPL = superior parietal lobule; OP = parietal operculum; TE 1.0,
1.1, 1.2 = primary auditory cortex. These results are all based on individual voxel-height
threshold of p < .001.
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Table K.3
Functional connectivity results for the stroke group after training
Seed region

Cluster
size
(voxels)

Z value

MNI maxima
coordinates
(x, y, z)
−46 −36 54
−44 −42 48
44 −32 52
36 −36 42
54 −24 44
58 −8 28
48 −4 28
24 −52 44
18 −58 50
22 −44 44
−50 −66 −4
−56 −58 −2
−42 −66 −6
−32 −68 26
−46 −28 16
−50 −18 12
−42 −18 4
50 −32 6
42 −36 4
40 −40 20
28 −34 60
22 −40 64
−16 −30 8
−26 −32 8
−14 −22 0
28 −28 14
28 −32 6
32 −22 18
22 −10 12
12 −10 −2
12 −30 6
−36 −14 4
−22 −14 −2
−24 −24 18
−12 −24 −6
−6 −30 −6

Ipsilesional SI

76

4.18

Contralesional SI

324

4.12

118

4.13

82

4.47

68

4.24

Ipsilesional SII

49
218

3.75
4.75

Contralesional SII

400

4.67

39

3.73

523

5.02

65

3.94

1020

4.78

144

4.3

42

4.13

Ipsilesional
thalamus

Contralesional
thalamus

Cluster anatomical
location
Ipsilesional BA 2, hIP2,
hIP3, SPL
Contralesional BA 2, 1,
3b, SPL
Contralesional BA 3b, 3a,
4p, 4a
Contralesional hIP3, SPL

Ipsilesional middle
temporal gyrus, inferior
occipital gyrus
Ipsilesional occipital
Ipsilesional OP 1, TE 1.0,
1.1, insula
Contralesional OP 1, 3, 2,
TE 1.1
Contralesional BA 4p, 3b,
4a
Ipsilesional thalamus

Contralesional insula

Contralesional thalamus

Ipsilesional insula,
putamen
Cluster near Ipsilesional
thalamus

Note. Anatomical definitions are based on the anatomy toolbox in SPM8, which is based
on probabilistic cytoarchitectonic maps (Eickhoff et al., 2005). MNI = Montreal
Neurological Institute; SI = primary somatosensory cortex; SII = secondary
somatosensory cortex; BA = Brodmann’s area; hIP = anterior intraparietal sulcus; SPL =
superior parietal lobule; OP = parietal operculum; TE 1.0, 1.1, 1.2 = primary auditory
cortex. These results are all based on individual voxel-height threshold of p < .001.
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