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Abstract
Aim/s: To investigate the relationship between a variety of pre-, peri- and post-natal factors
and retinal vascular calibre in children and adolescents with type 1 diabetes. A secondary
aim was to evaluate the relationship between retinal vascular calibre and kidney function
and diabetic retinopathy.
Methods: This was a hospital-based cross-sectional (study 1, n = 483) and longitudinal
(study 2, baseline = 483, T2 = 112, T3 = 11) study of children and adolescents with type 1
diabetes. The medical files of participants who had retinal images taken were audited to
collect all relevant clinical data. An additional 83 participants (study 3) provided crosssectional dietary, physical activity data, and maternal information via two questionnaires.
Retinal vascular calibre was measured by a trained grader and summarised as central retinal
artery equivalent (CRAE) and central retinal vein equivalent (CRVE) using a semiautomated computer program.
Results: In this population, the mean (± SD) CRAE and CRVE were 164.21 µm (± 12.55)
and 232.75 µm (± 17.18), respectively. In study 1, after multivariable adjustments, a
vascular risk profile that included: older age, higher serum creatinine, higher SBP, higher
BMI, abnormal eGFR, lower HDL cholesterol, longer duration of diabetes and higher
serum sodium predicted an increased risk of narrower CRAE (95% CI = -4.10/-0.76, p =
0.004). A second vascular risk profile that included: higher total cholesterol level, higher
BMI, lower physical activity level, higher HbA1c and higher triglyceride levels predicted
wider CRVE (95% CI = 1.14/5.62, p = 0.003). Regression models revealed narrower CRAE
and CRVE were associated with the presence of microalbuminuria (CRAE: 95% CI =
0.08/0.24, p = <0.0001 & CRVE: 95% CI = 0.15/0.38, p = <0.0001). In study 3, after
multivariable adjustments, lower physical activity levels were related to wider CRVE (p =
0.036), while longer time spent playing computer or video games was related to wider
CRVE (p = 0.011) and narrower CRAE (p = 0.001). Three major dietary patterns were
identified in study 3: 1) processed foods, 2) plant-based foods and 3) vegetable/fish
avoidance pattern. Adjusted regression analysis revealed the “vegetable/fish avoidance”
dietary pattern predicted a wider CRVE (95% CI = 0.12/7.24, p = 0.039).
Conclusions: In children and adolescents with type 1 diabetes, retinal arteriolar and venular
calibres appear to reflect different mediating pathways. The finding of narrower retinal
arterioles in individuals with microalbuminuria suggests that retinal microvascular changes
may accompany a decline in kidney function. Furthermore, exposure to modifiable risk
16

factors, notably higher blood pressure, may be related to retinal microvasculature, and this
has possible implications for vascular disease preventative action early in life.
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INTRODUCTION
CHAPTER 1: DIABETES AND DIABETIC RETINOPATHY
1.1 - Diabetes Overview: Pathogenesis and Epidemiology
Diabetes is a major cause of morbidity and mortality worldwide. The two main forms of
diabetes, type 1 and type 2, are characterised by progressive loss of insulin producing Bcells in the pancreatic islets (Virtanen & Knip, 2003). The natural history of the disease,
however, differs between type 1 and 2 diabetes.
The pathogenesis of type 2 diabetes largely involves an abnormality in insulin action
(insulin resistance) and insulin secretory dysfunction resulting in elevated glycaemic
concentrations (Cnop et al., 2005). B-cell death in type 2 diabetes is believed to occur as a
consequence of increased fatty acid and glucose concentrations along with adipocyte
secreted factors and activation of the innate immune system (Donath, Storling, Maedler, &
Mandrup-Poulsen, 2003). Conditions that increase insulin demand and thus escalate
susceptibility to type 2 diabetes include obesity, pregnancy and excess concentrations of
growth hormone and cortisol (Cnop et al., 2005; Donath et al., 2003).
In contrast, the destruction of pancreatic B-cells in type 1 diabetes is due predominantly to
autoimmunity (Donath et al., 2003). The contribution of T-cells in mediating this
destruction of pancreatic B-cells is well accepted (Roep, 2003). In young children the
process of B-cell destruction can manifest within a few months or up to 10 years (Virtanen
& Knip, 2003). However, clinical symptoms of diabetes do not appear until at least 80% of
B-cells have been destroyed (K. Kim & Lee, 2009).
The exact trigger for this autoimmune response remains largely unknown although
evidence suggests that an initial interaction of genetic and environmental factors may be
responsible (K. Kim & Lee, 2009; Knip & Alkerblom, 1999). To date, genetic factors
appear to play the most significant role in the pathogenesis of type 1 diabetes with the
reported genetic effect contributing up to 70-75% of type 1 diabetes susceptibility
(Onkamo, Vaananen, Karvonen, & Tuomilehto, 1999; Virtanen & Knip, 2003). The
remaining cases are believed to be caused by other pathological mechanisms as a result of
environmental triggers such as viruses, N-nitroso compounds, early life cow’s milk
exposure, increased linear growth and obesity (Akerblom, Vaarala, Hyoty, Ilonen, & Knip,
2002; Bruining, 2000; Hutchinson et al., 2000; Virtanen & Knip, 2003).
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The number of people diagnosed with type 1 diabetes is increasing worldwide due to
population growth, urbanization, obesity and physical inactivity. Karvonen (2000) and coworkers utilised one of the largest standardised surveys for any disease worldwide (75.1
million) to assess the incidence of type 1 diabetes. They reported that the incidence of type
1 diabetes affects approximately 4.5% of the world's population under the age of 14 years.
This is an alarming statistic when considering that the number of individuals with type 1
diabetes is likely to increase by as much as 3% per year (Onkamo et al., 1999).
In Australia type 1 diabetes accounts for approximately 13% of all diabetes but more than
90% of diabetes in children aged 0–14 years (Marjatta et al., 2000). The average annual
incidence of new cases of type 1 diabetes is approximately 22.8 per 100,000 people. This
puts Australia amongst the top 10 countries worldwide for incidence of type 1 diabetes in
children aged up to 14 years (Marjatta et al., 2000; Mckay, McCarty, & Taylor, 2000; T.
Wong et al., 2009). These data highlight the growing public health burden of type 1 diabetes
in Australia.
1.2 - Diabetic Retinopathy: Epidemiology
Individuals with diabetes have a significant lifetime risk of developing several macro- and
micro-vascular complications. Diabetic retinopathy, the most common microvascular
complication of diabetes is the leading cause of irreversible vision loss in adults of working
age (Nguyen, Wang, Sharrett, et al., 2008). Previous research suggests that after 20 years
of diabetes onset, 60-80% of patients with type 2 diabetes will have some degree of
retinopathy (R. Klein, Klein, Moss, & Cruickshanks, 1998b; Yun et al., 2007). In contrast,
nearly all individuals with type 1 diabetes will show signs of diabetic retinopathy at some
point in their lives (R. Klein et al., 1998b; Kollias & Ulbig, 2010; Mckay et al., 2000).
A large epidemiologic study of adult Caucasian type 1 diabetes populations by Klein and
colleagues (1998b) reported that the 14-year incidence of any form of retinopathy was 96%
among those with no retinopathy at baseline. Over the period a high rate of vision
threatening retinopathy was also reported; 37% from proliferative retinopathy and 26%
from macula oedema (R. Klein, Klein, Moss, & Cruickshanks, 1998a). After merging the
data from a number of cross-sectional prevalence studies, Roy and co-workers (2004) went
on to report that among an estimated 889,000 US residents with type 1 diabetes diagnosed
before age 30 years, the prevalence rates for any form of retinopathy were 86% and 42%
for vision-threatening retinopathy. These results highlight the substantial public health
burden that is diabetic retinopathy.
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Chronic hyperglycaemia is usually required for the development of sight-threatening
retinopathy, so retinopathy rarely presents in its advanced form in children and adolescents
with type 1 diabetes. Furthermore, improvements in diabetes care over time are believed to
have resulted in a decrease in the reported prevalence of diabetic retinopathy in Australian
children and adolescents with type 1 diabetes (Downie et al., 2011). Early research by
Fairchild (1994) who utilised the clinical data of 255 Australian adolescents with type 1
diabetes (age range ; 11.0 - 19.9 years) reported the prevalence of retinopathy to be 42%,
with all of those affected showing signs of mild retinopathy changes. They added that
glycaemic control was highly associated with pre-pubertal duration of diabetes suggesting
that glycaemic control before puberty should be optimised to curtail the development of
retinopathy. More recent research by Eppens (2006) compared the prevalence rates of
diabetes related complications in a group of 1433 adolescents with type 1 diabetes and 68
adolescents with type 2 diabetes. Diabetic retinopathy was found to be more common in
those with type 1 diabetes (20%) compared to their type 2 counterparts (4%). However,
these rates were approximately half that reported by Fairchild (1994) a decade earlier.
Perhaps the strongest evidence for this decreasing trend in diabetic retinopathy in
Australian adolescents comes from the research conducted at the Children’s Hospital at
Westmead in Sydney (Downie et al., 2011; Moshin et al., 2005). Moshin and co-workers
(2005) cross-sectionally analysed the prevalence rates of diabetic retinopathy in 878
Australian adolescents at three study periods; T1 = 1990-94, T2 = 1995-98, T3 = 19992002. They found that diabetic retinopathy rates declined significantly over time in this
cohort with 49% of participants displaying signs of early retinopathy (at least one
microaneurysm or haemorrhage in both eyes) at baseline and only 24% at T3. Downie
(2011) further advanced the research by Moshin (2005) by adding an additional follow-up
period (T4) that covered the years 2005 to 2009. A further significant decline in diabetic
retinopathy was observed during this period with only 12% of the cohort (n = 1604)
showing signs of early diabetic retinopathy changes. They added that this decrease in the
prevalence of retinopathy correlated with a decline in haemoglobin A1c (HbA1c) over time
and more intense management practices. HbA1c refers to a specific type of haemoglobin,
glycosylated haemoglobin A1c, which is primarily used to identify the average plasma
glucose concentration over the lifespan of red blood cells being 8 to 12 weeks (L. Zhang,
Krzentowski, Albert, & Lefebvre, 2001b). Moshin (2005) and Downie (2011) must be
commended for adopting large sample sizes totalling (n=1604) that were matched for age
and diabetes duration with assessments performed over a 20 year period.
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Recent research conducted on a group of French children and adolescents (n = 504) with
type 1 diabetes aged 10-18 years reported a retinopathy prevalence of only 4.5%, with all
cases involving mild background retinopathy (Massin et al., 2007). This provides
supporting global evidence for a declining prevalence of diabetic retinopathy in adolescents
with type 1 diabetes.

1.3 - Risk Factors for Diabetic Retinopathy
The early identification of type 1 diabetes individuals who are at high risk of diabetic
retinopathy is critical so as to allow timely implementation of effective interventions.
Research has been consistent in reporting duration of diabetes and the degree of glycaemic
control as the two key risk factors for diabetic retinopathy (Henricsson et al., 2003;
Skrivarhaug et al., 2006; Sultan, Starita, & Huang, 2012). In addition, other wellestablished and modifiable risk factors include hypertension and dyslipidaemia.
1.3.1 - Diabetes Duration
The duration of diabetes has a strong association with the development of retinopathy as
longer duration increases the risk of developing the condition (Cundiff & Nigg, 2005).
Previous research in type 1 diabetes suggests that the earliest signs of retinopathy rarely
develop before the fifth year after diagnosis, and the likelihood of vision-threatening
retinopathy increases with age (Brink, 2001). The Wisconsin Epidemiological Study
highlighted this relationship when they reported that the prevalence of retinopathy was 17%
at 5 years, increasing to 97.5% after 15 years diabetes duration in participants with type 1
diabetes diagnosed before 30 years of age (R. Klein, Klein, Moss, Davis, & DeMets, 1984).
A more recent 24-year follow up study further reinforced the strong duration-retinopathy
relationship reporting that 84% of participants diagnosed with type 1 diabetes before the
age of 15 years without baseline retinopathy went on to develop it over the course of the
study (Skrivarhaug et al., 2006).
1.3.2 - Glycaemic Control
The most established modifiable risk factor for the development of diabetic retinopathy is
sub-optimal blood glucose control, that is, prolonged exposure to hyperglycaemia caused
by poor control of blood sugar levels (Cundiff & Nigg, 2005). Several studies have
investigated the influence of long-term glycaemic control on diabetic retinopathy in
children and adolescents with type 1 diabetes. The landmark Diabetes Control and
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Complications Trial (DCCT) found that in a subset of 195 adolescents with type 1 diabetes
exposed to intensive treatment the risk of developing diabetic retinopathy was reduced by
more than 50% compared to those participants exposed to traditional treatment methods
(DCCT, 1994, 2001). Furthermore, a Swedish study also found poor glycaemic control to
be a risk factor for retinopathy incidence in young adults reporting that 10 years after
diagnosis participants with retinopathy displayed a mean HbA1c of 8.1% compared to an
HbA1c of 6.8% in participants without retinopathy (Henricsson et al., 2003). Previous
research has also suggested that high baseline HbA1c values may increase the risk of
developing retinopathy despite good subsequent metabolic control (L. Zhang, Krzentowski,
Albert, & Lefebvre, 2001a).
1.3.3 - Blood Pressure and Lipid Profiles
Another important risk factor for diabetic retinopathy development and progression is
hypertension (Cundiff & Nigg, 2005; R. Klein et al., 1984; Yoshida, Hagura, Hara,
Sugasawa, & Akanuma, 2000). Early research by Klein and co-workers (1984) reported
that high systolic blood pressure (SBP) was associated with the presence of retinopathy in
persons who had diabetes for less than 15 years, and the severity of retinopathy was related
to blood pressure independent of other risk factors. Gallego and co-workers (2008) went
on to examine the role of blood pressure in the development of early retinopathy signs in
children and adolescents with type 1 diabetes. They reported significant associations
between retinopathy development and progression with higher SBP and DBP (Gallego et
al., 2008).
With respect to lipid profiles, the DCCT reported that serum lipid concentrations were
associated with diabetic retinopathy risk in type 1 diabetes (Miljanovic, Glynn, Nathan,
Manson, & Schaumberg, 2004). Furthermore, previous research in children and adolescents
with type 1 diabetes has reported that lower levels of high density lipoprotein (HDL)
cholesterol is significantly related to the development of retinopathy (Kordonouri et al.,
1996). However, there is still controversy regarding the role lipids play in the development
of diabetic retinopathy as other studies have not consistently shown similar associations (B.
Klein, Klein, & Moss, 1999; B. Klein, Moss, Klein, & Surawitz, 1991).
Despite these well recognised risk factors, the exact pathogenesis of diabetic retinopathy
remains unclear as several studies have reported that diabetic retinopathy can progress
despite optimal control of these risk factors (Cundiff & Nigg, 2005; Yoshida et al., 2000;
L. Zhang et al., 2001b). This was highlighted by Zhang and co-workers (2001b) who
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reported that retinopathy developed in 10% of patients with type 1 diabetes under good
metabolic control, whereas 40% of patients with type 1 diabetes remained free of
retinopathy despite poor metabolic control (L. Zhang et al., 2001b). Previous research has
highlighted that other less recognised risk factors may also play a role in the development
of diabetic retinopathy. These include pregnancy, tobacco consumption, high serum
creatinine levels and vitamin D deficiencies (Cundiff & Nigg, 2005; Hyppönen, Läärä,
Reunanen, Järvelin, & Virtanen, 2001; B. Klein, Moss, & Klein, 1990; Yoshida et al.,
2000). In summary, considerable variation in the consistency, strength and pattern of these
risk factors at the various stages of retinopathy still exists (Yau, Rogers, et al., 2012). This
emphasises the likely multifactorial nature of the pathogenesis of diabetic retinopathy.

1.4 - Pathogenesis and Clinical Manifestations of Diabetic Retinopathy
The progression of diabetic retinopathy can be broken down into various identifiable stages
of severity: early (mild non-proliferative), middle (moderate and severe non-proliferative)
and advanced (proliferative). Diabetic macular oedema (DMO) can develop at any stage
and is the principal cause of vision loss in non-proliferative diabetic retinopathy (NPDR)
(Aiello, Gardner, & King, 1998). Protein kinase C activation, polyol and advanced
glycation end product accumulation, and angiogenic growth factor upregulation have been
implicated in the vascular damage that is characteristic of diabetic retinopathy and diabetic
macular oedema (Sultan et al., 2012).
Vision-threatening stages of the disease are most commonly associated with proliferative
diabetic retinopathy (PDR) and DMO. A systematic review investigating the global
prevalence for vision-threatening diabetic retinopathy highlighted that proliferative disease
accounted for the majority of severe vision loss in type 1 diabetes (Yau, Rogers, et al.,
2012). By contrast, type 2 diabetes populations were more than twice as likely to suffer
DMO than proliferative retinopathy. This highlights potential differences in the natural
history of vision-threatening retinopathy between the two main types of diabetes. The
clinical signs commonly associated with the different stages of diabetic retinopathy are
listed in Table 1.
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Table 1. Stages and clinical signs of diabetic retinopathy (Aiello et al., 1998).
Stage

Principal Clinical Findings

Early (mild non-proliferative DR)

Microaneurysms and blot haemorrhages
Increased retinal vascular permeability
Cotton wool spots

Middle (moderate and severe non-proliferative

Venous beading

DR)

Intra-retinal microvascular abnormalities
Retinal capillary loss
Retinal ischemia
Extensive intra-retinal haemorrhages and
Microaneurysms

Advanced (proliferative DR)

Neovascularisation of the optic disc
Neovascularisation elsewhere in the retina
Neovascularisation of the iris
Pre-retinal and vitreous haemorrhage
Fibrovascular proliferation
Retinal traction, tears, retinal detachment

DR = Diabetic Retinopathy

The first signs of diabetic retinopathy are commonly classified as mild NPDR retinopathy
(Kollias & Ulbig, 2010). In children and adolescents with type 1 diabetes, retinopathy
rarely progresses beyond the early stage (Sultan et al., 2012). Characteristic signs in this
stage are microanaeryms that occur in areas of hypoperfusion with subsequent damage to
the blood-retinal barrier and hard exudate deposits, haemorrhages and nerve fibre infarcts
(Ciulla, Armando, & Zinman, 2003; Sultan et al., 2012). Microaneurysms refer to small
swellings in the retinal blood vessels (Yun et al., 2007). An exudate develops when a fluid
with a high content of protein and cellular debris escapes from retinal blood vessels and is
deposited into retinal tissue. Early blockage of retinal vessels may result in signs of venous
bleeding and cotton wool spots (Sultan et al., 2012).
In the middle stages of diabetic retinopathy, blockage of a larger portion of retinal blood
vessels occurs depriving affected areas of the retina of adequate blood supply (Yun et al.,
2007). The affected areas of the retina start to show the signs of ischemia including;
multiple deep, round or blot haemorrhages, definite venous beading and prominent intraretinal microvascular abnormalities (IRMA) (Wilkinson et al., 2003). Venous beading
represents focal areas of venous dilation and thinning of the retinal venular walls. IRMA’s
are shunt vessels that appear as abnormal branching of existing retinal capillaries. They
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represent a key clinical sign of progressive retinal ischemia, with a heightened risk of
progression to retinal neovascularisation (NHMRC, 2008).
Progression to advanced stages of diabetic retinopathy involves the development of
neovascularisation indicative of PDR that occurs in response to widespread retinal
ischemia. Several studies have highlighted that proliferative retinopathy very rarely
develops within the first 10 years after type 1 diabetes diagnosis (Brink, 2001; Krolewski
et al., 1986; Sultan et al., 2012). As new blood vessels are prone to leakage and
haemorrhage, this phase is especially vision-threatening (Sultan et al., 2012). Clinically,
PDR can be classified as showing one or more of the following: neovascularisation,
vitreous or pre-retinal haemorrhage (Wilkinson et al., 2003). During this stage of
retinopathy vision loss occurs as the pathology extends forward onto the retinal surface and
into the vitreous showing signs of new vessels at the optic disc and elsewhere throughout
the peripheral retina with associated signs of fluid exudation and pre-retinal or vitreous
haemorrhage (Frank, 1984; Y. Wong et al., 2007). These new blood vessels grow in an
attempt to supply oxygenated blood to ischemic retinal areas (Ciulla et al., 2003). It has
been suggested that both the weakening of vessels by the loss of structural elements and
the narrowing of capillary lumina may play a role in this process (Krolewski et al., 1986).
More advanced cases may also show signs of iris neovascularisation and/or pre-retinal
fibrosis with or without tractional retinal detachment. A combination of factors have been
implicated in the impaired vascular integrity associated with PDR. Inflammatory cell
influx, basement membrane thickening and endothelial cell death are believed to be
important contributors to the promotion of pathological neovascularisation (Adamis &
Berman, 2008; Sultan et al., 2012). However, the most potent promoter of
neovascularisation in diabetic retinopathy appears to be vascular endothelial growth factor
(VEGF). The production of VEGF is thought to be induced by hypoxia in retinal pigment
epithelial cells and retinal pericytes. Several studies have highlighted the role of VEGF in
mediating the neovascular response of diabetic retinopathy (Aiello et al., 1994; M. Boulton,
Foreman, Williams, & McLeod, 1998).
The most common cause of vision loss in patients with NPDR is DMO. However, it is not
exclusively seen in patients with NPDR; it may also complicate cases of proliferative
diabetic retinopathy. DMO results from a leakage of dilated capillaries and microaneurysms
following the breakdown of the blood-retinal barrier. This results in the accumulation of
extracellular fluid in the macula (Ciulla et al., 2003; Kollias & Ulbig, 2010). DMO can be
divided into three categories: mild, moderate or severe. In mild DMO, retinal thickening or
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hard exudates are quite a distance from the centre of the macula. However as the condition
progresses to the severe form, the retinal thickening and hard exudates are located closer to
the centre of the macula (Ciulla et al., 2003). The term clinical significant macular oedema
(CSMO) is applied when there is thickening of the retina in the area within 500 microns of
the centre of the macula, or if the area of retinal thickening is equal to or larger than 1 disk
diameter in size.

1.5 - Screening for Diabetic Retinopathy Detection
Although it is evident that diabetes-related blindness places a significant burden on today's
society as well as causing a dramatic decline in quality of life, recent Australian research
has reported significantly lower prevalence rates especially of severe retinopathy. This
appears to be attributed to improvements in diabetes care and in particular adopting the
practice of intensive management during adolescence (Moshin et al., 2005). Various
strategies such as home blood glucose monitoring and lowering targets for glycaemic
control (particularly HbA1c) have changed diabetes treatment over time. More recently,
the development of methods for diabetes management in the form of: multiple daily
injections, continuous subcutaneous insulin infusion and the increased use of insulin
analogs may explain this reduction in diabetic retinopathy (Downie et al., 2011).
Furthermore, the implementation of screening programs have also been important to
identify high risk individuals and those who would benefit from intervention, while other
potential reasons for the reduction in retinopathy include: earlier diagnosis, the concurrent
use of other anti-hypertensive and or lipid modulators and an increase in public health
messages and health literacy (Downie et al., 2011). These new management practices are
allowing more patients to achieve the recommended HbA1c of ≤7% (NHMRC, 2008).
Currently, the International Society for Paediatric and Adolescent Diabetes recommends
annual screening for diabetic retinopathy in patients aged 11 years or older after two years
duration or from nine years of age and diabetes duration of 5 years (Gallego, Wiltshire, &
Donaghue, 2009). A range of techniques can be used to identify early signs of diabetic
retinopathy including: indirect and direct ophthalmoscopy, fluorescein angiography, and
mydriatic and non-mydriatic colour retinal photography (Williams et al., 2004).
The Early Treatment Diabetic Retinopathy Study (ETDRS) defined the gold standard for
the detection of diabetic retinopathy using dilated retinal imaging in seven stereoscopic
standard fields (Williams et al., 2004). Although this technique is accurate and
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reproducible, this is mainly a research tool, unlikely to ever be used in clinical practice due
to its labour intensive nature (NHMRC, 2008).
Dilated fundus examinations by an ophthalmologists, optometrists or other trained medical
examiners have been shown to meet sensitivity and specificity guidelines for the detection
of retinopathy and are therefore currently considered best clinical practice and standard of
care for retinopathy screening and detection (NHMRC, 2008). Ophthalmoscopy is the most
common clinical examination utilised to assess the presence and severity of diabetic
retinopathy. Although both direct and indirect ophthalmoscopy provide good results in the
hands of trained clinicians, its place in diabetic retinopathy detection and diagnosis appears
to sit best in clinical eye care practice and has a limited place in screening programs
undertaken by health workers other than ophthalmologists or optometrists (Hutchinson et
al., 2000).
Various other screening protocols have been developed primarily to detect retinopathy in
circumstances in which access to gold standard ophthalmic care is limited (R. Klein &
Klein, 2002). Appropriately validated single-field retinal imaging has been shown to be an
acceptable screening tool to identify patients with diabetic retinopathy provided visual
acuity is also recorded (Williams et al., 2004). When compared to non-mydriatic retinal
imaging systems, it is clear that dilated retinal imaging significantly improves image quality
and sensitivity (AAOO, 2014). Despite this, non-mydriatic retinal imaging has several
advantages, including convenience and improved patient compliance, allowing a greater
volume of patients to complete the screening process.
In the hands of a trained clinician, colour retinal photographs enable the easy detection of
haemorrhages, microaneurysms, cotton wool spots and exudates. To be classified as an
effective retinopathy screening tool, detection sensitivity of at least 80% should be
demonstrated (Hutchinson et al., 2000). Several researchers have examined the
effectiveness of utilising retinal images as a screening tool and reported retinopathy
detection sensitivities of up to 94% (Usher et al., 2003). Previous studies show high
sensitivities of retinopathy detection were achieved by optometrists, diabetologists, general
practitioners and certified graders (Hutchinson et al., 2000). Despite this, single-field retinal
imaging is not considered a substitute for comprehensive dilated ophthalmic examination
as its usefulness may be limited by reduced sensitivity for detection of retinopathy and
technical failure due to ungradable retinal images (NHMRC, 2008).
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The EURODIAB protocol provides a method of classifying the severity of retinopathy
(Usher et al., 2003). Simply put, the process of screening for diabetic retinopathy involves
the identification of candidate lesions and the subsequent classification of the patient's
retina as normal or abnormal. The first stage involves the classification and identification
of each lesion type as microaneurysm, haemorrhage, exudate, drusen or other (Yun et al.,
2007). Each image is then classified as normal or abnormal depending on whether there is
a presence or absence of lesions (Usher et al., 2003).
It is clear that significant developments have occurred in screening methods for the
detection of diabetic retinopathy. The general consensus in the literature suggests that
retinal imaging is an adequate screening test for the detection of retinopathy. However, the
damning statistic that more than a third of individuals with type 1 diabetes eventually
develop vision threatening retinopathy highlights a persistent public health problem (R.
Klein et al., 1998a; Roy et al., 2004). Improvements in current prevention and screening
programs are therefore warranted (Hutchinson et al., 2000). Furthermore, standardised
protocols and satisfactory performance standards for diabetic retinopathy screening
programs need to be established (AAOO, 2014).

1.6 - Treatment of Diabetic Retinopathy
Diabetic retinopathy can be minimised through the adequate control of risk factors such as
elevated blood glucose levels, hypertension and hyperlipidemia (Ciulla et al., 2003).
Previous research suggests that only a small number of paediatric patients develop
retinopathy of sufficient severity to require treatment (Sultan et al., 2012). However, once
diabetes-related complications become sight threatening, invasive treatment options must
be explored. Focal or grid argon laser and panretinal photocoagulation (PRP) is currently
the treatment of choice for DMO and proliferative diabetic retinopathy. Focal or grid laser
burns are applied to the regions of the new weak retinal vessels in order to limit vascular
haemorrhage and DMO (Ciulla et al., 2003; NHMRC, 2008). Several studies have
highlighted the effectiveness of PRP laser in reducing the risk and progression of vision
loss in individuals with proliferative diabetic retinopathy (Ferris, 1993). Aiello (1994)
found that following PRP there was a decline in VEGF concentrations and decreased retinal
neovascularisation. Vitrectomy, on the other hand is utilised in more severe cases of
diabetic retinopathy, whereby non-clearing vitreous haemorrhage or retinal detachment has
occurred. Researchers have highlighted the clear benefits of vitrectomy in preventing
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severe vision loss or blindness (Ferris, 1993). Furthermore, although not approved for the
paediatric population, anti-VEGF therapy (intra-ocular injections at regular intervals) has
more recently become an alternate or adjunct treatment for DMO (Sultan et al., 2012).
However, laser treatment will likely remain first line therapy when patient compliance to
intra-ocular injections may be an issue.
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CHAPTER 2: RETINAL VASCULAR CALIBRE
2.1 - What is Retinal Vascular Calibre?
Retinal blood vessels are readily viewable via non-invasive retinal imaging (Liew, Wang,
Duncan, et al., 2008). Previous methods of measuring retinal vascular characteristics
involved subjective clinical examination of arterio-venous ratio (AVR) via fundoscopy,
which proved variable and of limited value as a predictor of increased risk of cardiovascular
related diseases. More recently, reproducible computer-based imaging programs have been
employed to characterise retinal vascular architecture (T. Wong, Knudtson, et al., 2004).
These assessments provide a means to study structural changes and pathological features
of the human microcirculation early in the disease process (N. Cheung, Islam, et al., 2007).
In particular, measurement of retinal vascular calibre has proven to be an effective tool in
increasing knowledge of the association between various systemic, environmental and
genetic factors and retinal vasculature (Sun, Wang, Mackey, & Wong, 2009; Taarnhoj et
al., 2006; Wang & Wong, 2006). Retinal vascular calibre assessment involves measuring
the diameter of retinal arterioles and venules and deriving an overall value for each via a
specific formula; the normal retinal vessel calibre range is from 100 to 300 microns (Liew,
Wang, Duncan, et al., 2008).
The vascular architecture of the retina is believed to follow an optimal pattern which allows
for best possible blood distribution while utilising the least amount of energy (Serre &
Sasongko, 2011). Any deviations from this normal structure, most notably in the form of
retinal arteriolar narrowing and retinal venular dilation, can be an indication of pathogenic
processes (Serre & Sasongko, 2011). Research suggests that retinal microvascular
dysfunction may be a predictive factor in the development of various cardiovascular,
cerebrovascular and metabolic-related diseases (N. Cheung, Islam, et al., 2007; Liew,
Wang, Mitchell, & Wong, 2008). Although substantial research has been conducted
investigating the relationship between retinal vascular calibre and several disease states, a
complete understanding of the underlying mechanisms for retinal vascular calibre changes
remains lacking. To better understand this relationship, the study of children is necessary
as they have had less exposure to a range of potentially confounding systemic and
environmental factors compared with adults (Mitchell, Leung, & Wang, 2005; T. Wong et
al., 2001). A review of current research investigating the range of factors influencing
variation in the retinal microvasculature follows:
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2.2 - Retinal Vascular Calibre Associations with Pre- and Peri-natal Factors
2.2.1 - Genetic Determinants
The Beaver Dam Eye Study was the first to investigate the genetic basis of retinal vascular
calibre, focussing on familial aggregation initially and then building on this research using
genome-wide linkage in a subsequent study (K. Lee, Klein, Klein, & Knudtson, 2004; Xing
et al., 2006). When investigating correlations among family members they found that
retinal vascular calibre measurements were more strongly correlated between relatives
compared to unrelated individuals and these correlations were likely the result of shared
genes. This novel finding provided the first evidence for a genetic influence on retinal
vascular calibre (K. Lee et al., 2004). A later study by Xing and co-workers (2006) utilised
data from the Beaver Dam Eye Study to assess genome-wide linkage. Findings were such
that retinal arteriolar and venular calibre were linked to multiple genetic loci, some unique
to arterioles and some unique to venules (Xing et al., 2006). This finding further highlighted
that structural changes in retinal microcirculation may have genetic determinants as some
distinct genes are likely to play a part in determining the size of arteriolar and venular
calibre (Xing et al., 2006). Similarly, Taarnhoj and co-workers (2006) examined the
heritability of retinal vascular calibre; in this instance by recruiting 55 monozygomatic and
50 dizogotic twins to assess the relative influence of genetic and environmental factors on
vascular calibre. Retinal vascular calibre was found to be primarily influenced by genetic
factors as it accounted for 70% of variance in arteriole diameters and 83% variance in
venule diameters. However, a major limitation of this study was that the twins were living
in the same family setting so it is difficult to distinguish whether genetic and/or
environmental factors were influencing retinal vascular calibre. The results of these three
studies suggest that retinal vascular calibre may be influenced by genetics. Despite this,
larger scale candidate gene and fine mapping studies are required to further identify genes
influencing retinal vessel diameter. This will aid in the understanding of genetic influences
on vascular calibre in various systemic diseases (Sun, Ponsonby, et al., 2009).
2.2.2 - Demographics: Age, Gender and Ethnicity
The impact of age on retinal vascular calibre has been established. Older people have
narrower retinal arteriolar and venular calibre, and this inverse association has been
consistently demonstrated in various study populations, including those with type 1
diabetes (R. Klein, Klein, Moss, et al., 2003; R. Klein, Klein, Moss, Wong, & Sharrett,
2006; H. Leung, Wang, & Rochtchina, 2003; T. Wong, Islam, & Klein, 2006). However,
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considerable variation in the degree of change that occurs in calibre measures for each
decade of increasing age has been reported (H. Leung et al., 2003; Sun, Wang, et al., 2009).
Unlike those related to age, the results of previous research that has examined the
relationship between gender and retinal vascular calibre have been inconsistent. While
Leung and co-workers (2003) and Wong and co-workers (2006) reported that retinal
arteriolar calibre was wider in women than men in a cohort of older non-diabetic adults,
this was not confirmed by Kaushik and co-workers (2006). Similarly, the results of previous
research conducted on individuals with type 1 diabetes have proven variable. BenitezAguirre and co-workers’ (2011) research in a cohort of children and adolescents with type
1 diabetes found that females displayed significantly larger retinal arteriolar and venular
calibre compared to their male counterparts. In contrast, several studies that examined this
relationship in slightly older individuals with type 1 individuals have reported no significant
associations (R. Klein, Klein, Moss, et al., 2003; R. Klein et al., 2010; T. Wong, Shankar,
Klein, & Klein, 2004). Due to considerable inconsistencies in results of previous studies,
the gender-calibre relationship requires further evaluation. To shed light on the
physiological influence of gender on retinal vasculature, the study of children would be
useful as they are generally less affected by potentially confounding age-related factors
when compared to adults.
Increasing evidence suggests retinal vascular calibre varies significantly between ethnic
groups (N. Cheung, Islam, et al., 2007; Rochtchina, Wang, Taylor, Wong, & Mitchell,
2008; Sun, Wang, et al., 2009; T. Wong, Islam, & Klein, 2006). The Singapore Cohort
Study of the Risk Factors for Myopia (SCORM) examined retinal vascular calibre in 768
children of Chinese, Indian and Malaysian backgrounds. Findings were that retinal venules
and arterioles were narrower in Chinese children compared to Malay and Indian children
(N. Cheung, Islam, et al., 2007). In relative agreement, Wong, Islam and Klein (2006)
further highlighted the presence of ethnic variations in retinal microvasculature when they
found that both retinal arteriolar and venular calibre where significantly wider in Black and
Hispanic participants compared to Chinese and Caucasian subjects. However, a later
Australian study by Rochtchina and co-workers (2008) reported that retinal vascular calibre
was wider in children of East Asian appearance compared to Caucasians and that this
difference could be principally explained by the darker iris colour of the East Asian
population which approximated to darker retinal pigmentation. They indicated that a higher
level of pigmentation in darker races reduces the contrast between background and retinal
vessels making the vessel’s edges harder to detect, possibly contributing to the erroneous
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overestimation of retinal vascular calibre (Rochtchina et al., 2008). This implies that retinal
pigmentation may affect comparisons of retinal vascular calibre between subjects of
different ethnic backgrounds. Despite these suggestions the precise reasons for these
differences still remain largely unclear. Ethnic differences in calibre may be multifactorial
and reflect difference in the susceptibility to vascular risk factors, ocular biometry
measures, variations in retinal background colour and/or genetic factors (N. Cheung, Islam,
et al., 2007; Rochtchina et al., 2008; Sun, Wang, et al., 2009; T. Wong, Islam, & Klein,
2006).
2.2.3 - Birth Parameters
Growing evidence suggests that birth parameters may have an impact on retinal vascular
calibre. Several studies have examined the relationship between birth weight and retinal
vascular calibre and have revealed a possible association between the two (N. Cheung,
Wong, Liew, & Saw, 2008; Liew, Wang, Duncan, et al., 2008; Mitchell et al., 2008; Sun,
Ponsonby, et al., 2009; Tapp et al., 2007). It has been suggested that low birth weight and
shorter birth length may impact the body's microcirculatory structure possibly contributing
to the development of various cardiovascular and systemic disorders (Liew, Wang, Duncan,
et al., 2008). Later studies by Sun and co-workers (2009) and Mitchell and co-workers
(2008) also reported a consistent association between smaller birth size and narrower retinal
arterioles. Mitchell and co-workers (2008) further added that newborns with a smaller birth
length and head circumference displayed significantly narrower retinal arterioles. These
findings support the concept that in utero growth retardation may have an adverse influence
on microvascular structure (Mitchell et al., 2008; Sun, Ponsonby, et al., 2009). Whilst
Mitchell and co-workers (2008) assessed a large population based sample (n=1369), they
did not account for genetic or socioeconomic factors that could confound associations
between retinal vascular calibre and birth weight. On the other hand, despite a small sample
size (n=266), Sun and co-workers (2009) twin study accounted for any vascular
determinants that would be constant across twin pairs (maternal nutrition, environmental
factors, gestational diabetes, socioeconomic factors) suggesting that arteriolar changes are
likely related to individual specific factors such as different foetal nutrient supplies. These
findings are also consistent with those in adult populations (Liew, Wang, Duncan, et al.,
2008). Liew and co-workers (2008) examined the association between birth weight and
retinal arteriolar calibre in 3800 persons aged between 51 and 72 years. Similarly, they
found that lower birth weight was associated with narrower retinal arteriolar calibre. In
general, findings reported by Liew and co-workers (2008), Mitchell and co-workers (2008)
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and Sun and co-workers (2009) imply that intrauterine influences contributing to low birth
weight may result in structural circulatory changes. Furthermore, as retinal arteriolar
narrowing has a known effect on blood pressure, it may be a preclinical marker of
hypertension, diabetes and other cardiovascular conditions and risk factors (N. Cheung,
Islam, et al., 2007).
By contrast, one of the first studies by Cheung and co-workers (2007) that assessed the
relationship between birth factors and retinal vascular calibre in children reported that there
was no association between vascular calibre and the birth factors of gestational age and
birth weight. These results do not support the growing body of evidence that suggests a
person’s risk of hypertension, diabetes and coronary heart disease begins in early life. The
disparity may in part be explained by the use of a school-based (3 schools) design which
may not be truly representative of the general population. The contradictory findings
warrant further investigation.

2.3 - Retinal Vascular Calibre Association with Systemic Factors
2.3.1 - Body Mass Index (BMI)
Childhood obesity is a significant public health issue in Australian society with up to 25%
of children and adolescents being classed as overweight or obese (ABS, 2013; Olds,
Tomkinson, Ferrar, & Maher, 2010). Until recently, the relationship between obesity and
microvascular disease remained largely unknown. Cheung and co-workers (2006)
examined the association of BMI and weight with retinal vascular calibre in children and
found that higher BMI and weight were associated with larger retinal venular calibre. These
findings are consistent with previous research conducted on participants with type 1
diabetes and adult populations that suggest larger venular calibre is associated with higher
BMI, increased waist circumference, and higher waist to hip ratios (Ikram et al., 2004; R.
Klein, Klein, Moss, et al., 2003; Wang, Taylor, Wong, & al, 2004; T. Wong, Shankar,
Klein, & Klein, 2004). Mechanisms contributing to retinal venular dilation have been
reported to be related to systemic inflammation. Previous research has consistently reported
elevated levels of pro-inflammatory markers in individuals who display higher BMI
(Esposito et al., 2003; Ouchi, Kihara, Funahashi, Matsuzawa, & Walsh, 2003; Zaldivar et
al., 2006). Subsequent calibre research in adult populations has suggested that increases in
systemic inflammatory markers are associated with wider venular calibre (C. Cheung et al.,
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2011; N. Cheung et al., 2006; Ikram et al., 2004; T. Wong, Islam, & Klein, 2006). Only
one study to date has reported an inverse relationship between BMI and retinal arteriolar
calibre suggesting that a high BMI may have a stronger influence on venules than arterioles
(T. Wong, Islam, & Klein, 2006).
2.3.2 - Blood Pressure
Current and previous elevated blood pressure, in particular SBP, has been consistently
linked to retinal arteriolar narrowing across various study populations (Hubbard et al.,
1999; R. Klein et al., 2010; Mitchell et al., 2007; Sharrett et al., 1999; T. Wong, Shankar,
Klein, Klein, & Hubbard, 2005). Research conducted in adult cohorts suggest that retinal
arteriolar narrowing is likely a result of prolonged hypertension and is associated with
cardiovascular-related deaths (T. Wong & Mitchell, 2004).
Mitchell and co-workers (2007) set out to assess the association between blood pressure
and retinal arteriolar calibre in children. Similarly to the studies in adult populations, they
found SBP was associated with retinal arteriolar narrowing in children suggesting that the
effects of higher blood pressure may manifest earlier in life. They reported that each 10
mmHg increase in arteriolar blood pressure was associated with 2.0 to 2.4 micron
narrowing of retinal arterioles (Mitchell et al., 2007). These findings suggest that retinal
arteriolar calibre changes may be a marker of cumulative damage that results from exposure
to prolonged high blood pressure while also possibly reflecting exposure to acutely raised
blood pressure (Sun, Wang, et al., 2009). It has been suggested that acutely raised blood
pressure may initiate the process of autoregulation through increased arteriolar tone and
lead to subsequent generalised arteriolar narrowing (Wang et al., 2003).
2.3.3 - Dyslipidaemia
The lipid profile consists of measures of serum total cholesterol, triglycerides, HDL
cholesterol and low density lipoproteins (LDL) cholesterol. Cholesterol is transported in
the bloodstream in the form of lipoproteins, with the two most common lipoproteins being
LDL and HDL (Shahar et al., 2003). LDL’s are responsible for transporting cholesterol to
human tissues whilst HDL’s transport cholesterol from the tissues to the liver for excretion.
The measure of both subclasses of lipoproteins (an individual’s overall cholesterol level) is
referred to as total cholesterol (Glew, Kassam, Bhanji, Okorodudu, & VanderJagt, 2002).
To date, lipids and lipoproteins are significantly implicated in large vessel disease.
However, their role in microvascular complications are not well understood (Chait &
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Montes, 2011; Wannamethee, Shaper, & Ebrahim, 2000). Previous research has reported
elevated levels of serum LDL and total cholesterol are associated with increased risk of
cardiovascular disease, while a high level of HDL cholesterol is associated with a reduced
risk of cardiovascular events (Glew et al., 2002). Previous calibre research has reported that
higher total and LDL cholesterol concentrations are significantly related to wider venular
calibre across adult diabetic and non-diabetic populations (T. Wong, Kamineni, et al., 2006;
T. Wong, Shankar, Klein, Klein, & Hubbard, 2004; T. Wong et al., 2005). The
Atherosclerosis Risk in Communities study (ARIC) and the Multi-Ethnic study of
Atherosclerosis (MESA) reported larger venular calibre was also related to higher
triglyceride concentrations (T. Wong, Duncan, & Golden, 2004; T. Wong, Islam, & Klein,
2006). Similar to that of higher BMI, the mechanisms responsible for these alterations have
been suggested to reflect inflammatory factors (Ikram et al., 2004).

2.4 - Retinal Vascular Calibre Association with Ocular Factors
2.4.1 - Myopia
There is still much debate surrounding the relationship between retinal vascular calibre and
an individual's refractive state. Wong and co-workers (2004) conducted one of the first
studies to assess this relationship and found that smaller retinal arteriolar and venular
calibres were associated with a myopic refraction and the opposite was noted in hyperopic
participants. It remains uncertain, however, whether the variations noted were related to
biological or pathological processes in eyes of different refraction or whether the variation
in ocular magnification between myopic and hyperopic eyes was the source of this variation
(T. Wong, Knudtson, et al., 2004). The effect of ocular magnification is such that as the
ocular dimensions of the eye increase the diameter of the retinal blood vessel’s decrease
(Garway-Heath et al., 1998; Rudnicka, Burk, Edgar, & Fitzke, 1998). A later study
conducted by Wong and co-workers (2004) similarly found that participants with myopic
refractive errors displayed significantly narrower retinal arteriolar and venular calibre
compared to their hyperopic counterparts. Despite this, they noted that adjusting for
refraction in analysis had little impact on the association of blood pressure and retinal
vascular diameter. This suggests that correction for refraction is important for quantifying
absolute retinal vessel calibre. However, it may not be particularly important in
epidemiologic studies investigating the association between retinal microvasculature
parameters and systemic conditions such as hypertension (T. Wong, Wang, et al., 2004).
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Assuming that the differences between hyperopic and myopic participants are a direct result
of ocular magnification, various formulas have been developed to counter this issue (T.
Wong, Wang, et al., 2004). These assume, however, that myopia is only associated with
longer axial length and do not account for the effects of other ocular dimensions, such as
corneal curvature, on refractive errors.
Several studies support the theory that biological processes are responsible for retinal
vascular alterations (Dimtrova, Tamaki, Kato, & Nagahara, 2002; Nemeth, Michelson, &
Harazny, 2001; Shimada, Ohno-Matsui, & Harino, 2004). For instance, Shimada and coworkers (2004), Nemeth and co-workers (2001) and Dimtrova and co-workers (2002)
suggest that retinal blood flow decreases in myopia due to narrowing of retinal vessel
diameter. Shimada, Ohno-Matsui and Harino (2004) further suggest that these findings may
be related to the development of chorioretinopathy in high myopia. These results highlight
that there is still conjecture surrounding the mechanisms responsible for the variations in
retinal vascular calibre in myopia and hyperopia. Consequently, additional research is
required to evaluate whether these refraction-based variations are significant confounders
of calibre-disease relationships.
2.4.2 - Axial Length
Like myopia, there are currently varying opinions in the literature as to the relationship
between retinal vascular calibre and axial length and few studies have investigated the
relationship. Patton and co-workers (2005) reported a significant association between
narrower retinal vessels and larger axial length in adults with pseudophakic eyes. However,
as this study was conducted on older adult populations the results may be confounded by
various ocular and systemic disorders such as diabetes and hypertension (Mitchell et al.,
2005; T. Wong, Hubbard, et al., 2002). Furthermore, there was no correction for ocular
magnification. As noted earlier, the effect of ocular refraction and ocular dimension on the
image size of retinal photographs has been postulated (Garway-Heath et al., 1998;
Rudnicka et al., 1998). A later study by Cheung and co-workers (2007) sought to address
previous limitations examining this relationship in children aged 7 to 9 years old whilst
taking into consideration confounding factors. They found that there was no association
between axial length and retinal vascular calibre after correcting for ocular magnification.
This highlights the possibility that previously reported associations between axial length
and vascular calibre could be related to differences in ocular magnification (N. Cheung,

38

Tikellis, et al., 2007). Despite this, more research needs to be conducted to determine the
clinical significance of these findings.

2.4.3 - Intra-Ocular Pressure and Optic Disc Diameter
To develop an understanding of the physiological and anatomical determinants of retinal
vascular calibre several researchers have assessed the effect that intra-ocular pressure (IOP)
and optic disc diameter on the retinal microvasculature (N. Cheung, Tong, et al., 2007; De
Haseth et al., 2007; Ikram, Voogd, Wolfs, et al., 2005; R. Klein, Klein, Sandra, Tomany,
& Wong, 2003). Previous studies in adult populations have reported conflicting
associations between Intra-Ocular Pressure (IOP) and retinal vascular calibre. For instance,
results from Klein, Klein and co-workers (2006) and Shin and co-workers (1991) suggest
that IOP is related to retinal vascular calibre changes in adults with glaucoma and diabetes,
whilst Mitchell and co-workers (2005) and Ikram and co-workers (2005) reported no
relationship between the two variables in adult participants with glaucoma. In children, it
has been reported that arteriolar and venular calibre are similar across the distribution of
IOP suggesting that IOP does not influence retinal vascular calibre (N. Cheung, Tong, et
al., 2007). These findings highlight that IOP may not be crucial to control for in future
studies of retinal vascular calibre (N. Cheung, Tong, et al., 2007).
Very few studies have examined the relationship between retinal vascular calibre and optic
disc parameters. Similar to the research related to IOP, findings have been inconsistent in
describing the association between retinal vascular calibre and optic disc size. Whilst some
studies have reported no relationship between retinal vessel diameters and cup to disc ratio
or incident optic disc changes in adults other studies have suggested that a smaller vertical
optic disc diameter may be associated with narrower retinal arteriolar and venular calibres
in children and adults (N. Cheung, Tong, et al., 2007; Ikram, Voogd, & Wolfs, 2005; R.
Klein, Klein, Sandra, et al., 2003; Mitchell et al., 2005). Whilst the detected differences in
vascular calibre noted in these latter studies are quite small the findings indicate a possible
anatomic relationship between optic disc dimensions and retinal vascular calibre (N.
Cheung, Tong, et al., 2007; Mitchell et al., 2005). Before any conclusions can be drawn
concerning this relationship further research needs to be conducted in the child populace.
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2.5 - Retinal Vascular Calibre Associations with Lifestyle Factors
2.5.1 - Dietary Intake and Retinal Microvasculature
Previous research has established strong links between diet and the development of
macrovascular disease (Kant, Schatzkin, & Ziegler, 1995; Kushi et al., 1985; Macready et
al., 2014; McCall et al., 2009; Niklas, Webber, Thomson, & Berenson, 1989). Several
studies have suggested that diet may be a determinant of retinal vascular structure. To date,
it has been suggested that a low glycaemic index (GI) diet, high dietary fibre intake and
regular fish consumption attenuate retinal arteriolar narrowing and retinal venular
widening, which has been associated with adverse cardiovascular outcomes. Conversely, it
has been suggested that a high GI diet may predispose an individual to adverse retinal
microvascular changes. A summary of the results of studies examining the association
between dietary factors and retinal microvasculature can be found in Table 2.
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Table 2. Studies examining the association between dietary factors and retinal microvasculature, by year of publication.
Reference;
country/setting
of study

McEvoy (2013)
Ireland

Gopinath (2013)
Australia

Nutrient/s
examined

Sample
size; age

Dietary
Patterns

n=288;
mean age
73.5yrs

Diet Quality

n=2720;
mean age
65.0yrs

Ethnicity

Irish

Australian

Study type

Crosssectional

Crosssectional

Method of
retinal vessel
measurement

Adjustments

Outcome; p value

IVAN

Age, sex, smoking status, SBP,
BMI, diabetes status, history of
CVD, alcohol intake, energy
intake and alternate retinal vessel
calibre measurement

Three major dietary patterns were
identified using principal
components analysis. No evidence
of a relationship between the
extracted dietary patterns and
retinal arteriolar or venular calibre
was observed

IVAN

Age, sex, BMI, mean arterial
blood pressure, smoking status,
serum glucose, leucocyte count,
history of stroke and CHD

Persons with higher total diet
quality score displayed wider
retinal arteriolar calibre (p=0.0001)
and narrower venular calibre
(p=0.02)
Significant vasoconstrictory
response of retinal arteriolar
(p=0.004) and venular diameters
(p=0.005) occurred following
caffeine intake

Terai et al (2012)
Germany

Caffeine

n=17; 2235yrs

German

Clinical trial

Retinal Vessel
Analyser

None stated

Raff et al (2012)
Germany

Sodium

n=40; 4475yrs

German

Observational

Scanning laser
Doppler
flowmetry

Age and BMI
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Vessel diameter of retinal arterioles
was associated with urinary sodium
excretion (p=0.008)

Table 2 continued.
Reference;
country/setting
of study

Nutrient/s
examined

Sample
size; age

Ethnicity

Method of
retinal vessel
measurement

Study type

Adjustments

Gopinath et al
(2012) Australia

Carbohydrates

n=2353;
mean age
12yrs

Australian

Crosssectional

IVAN

Age, sex, ethnicity, axial length,
BMI, MAPD, and fellow vessel
calibre

Kelly (2011)
Netherlands

Plant sterol
and stanol

n=30; 1865yrs

Dutch

Randomised
control trial

IVAN

None stated

Pemp (2010)
Vienna

Antioxidant
formula;
vitamin C,
vitamin E,
beta-catotene,
zinc, copper

Italian

Randomised,
doublemasked,
placebo
controlled,
parallel group
study

Dynamic
Vessel
Analyser

n=21; 1835yrs
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None stated

Outcome; p value

Children who consumed soft drinks
once or more per day had
significantly narrower retinal
arterioles (p=0.03), a greater
consumption of carbohydrates was
associated with a narrowing of
retinal arterioles (p=0.01) and a
widening of retinal venular calibre
(p=0.002)

Increased serum campesterol
concentrations were associated with
a wider retinal venular diameter
(p=0.033)

The administration of antioxidants
was associated with a significant
reduction in vasoconstriction of
retinal arterioles (p=0.040)

Table 2 continued.
Reference;
country/setting
of study

Nutrient/s
examined

Lim (2009)
Singapore

Dietary fiber,
protein, fat,
cholesterol,
carbohydrate
and sugar
intakes

Kaushik (2008)
Blue Mountains
Eye Study

Kan (2007)
USA

Fish

Dietary Fiber

Sample
size; age

n=823;
mean age
12.8yrs

n=2683;
>49yrs

n=15792;
45-64yrs

Ethnicity

Singapore
Chinese

Australian

American

Method of
retinal vessel
measurement

Study type

Population
based cohort
study

Population
based cohort
study

Population
based cohort
study

IVAN - Interactive vessel analysis software
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Adjustments

Outcome; p value

IVAN

Age , gender, BMI, and mean
arterial blood pressure

No significant association existed
between any of the dietary
constituents and retinal vascular
calibre

IVAN

Age , gender, MABP, BMI,
smoking, glucose, cholesterol,
white cell and platelet counts,
qualifications, self-rated health,
past history of heart disease and
total vegetable and fat intakes

Statistically significant associations
were found between an increased
frequency of fish consumption and
wider retinal arteriolar (p=0.002)
and narrower retinal venular calibre
(p=0.02)

IVAN

Sex, race, smoking status,
occupation, education, alcohol
intake, diabetes status, BMI,
physical activity, SBP and DBP,
serum lipids, dietary factors from
both food and supplements and
other sources of fiber

A high fiber consumption was
positively correlated with wider
retinal arteriolar calibre (p=0.002)
and narrower venular calibre
(p=0.011)

2.5.1.1 - Glycaemic Index
Dietary glycaemic index (GI) provides a measure of carbohydrate quality, ranking
carbohydrates according to their effect on postprandial blood glucose excursions (Gopinath
et al., 2012). Previous studies have suggested that diets high in cereal fibre (low GI) are
associated with a lower risk of cardiovascular disease and lower blood pressure (Gopinath
et al., 2012). Conversely, it has been proposed that in the absence of a high fibre diet, diets
with a high glycaemic load have been associated with small vessel dysfunction and
therefore may contribute to the development of diabetes, cardiovascular disease and stroke
(Ross, 2005). Gopinath (2012) examined the effects of high-GI and high-glycaemic load
diets, carbohydrates and main carbohydrate containing food groups on retinal vascular
calibre changes in 2353 pre-adolescent individuals and found that those children who
consumed soft drink once or more per day had a narrower retinal arteriolar calibre than
those who never or rarely consumed soft drinks. Glycaemic load takes into account the
quantity of carbohydrates and is obtained by multiplying the GI value by the carbohydrate
content of the food (Liu & Willett, 2002). A higher-GI diet was associated with narrower
retinal arteriolar calibre in girls only. Overall, a greater consumption of carbohydrates and
soft drinks was associated with narrower retinal arterioles and wider retinal venules. As
previous research has found associations between microvascular signs of narrower retinal
arterioles and wider venules to the future risk of cardiovascular disease, this finding may
support the promotion of healthy dietary patterns, including lower consumption of soft
drinks and high-GI foods to children (McGeechen et al., 2009; McGeechen et al., 2008; T.
Wong, Islam, Klein, et al., 2006).
In alignment with Gopinath’s (2012) findings, associations between a high-GI diet and
wider retinal venular calibre have also been found in adults (Kaushik et al., 2009). Kaushik
(2009) assessed the relationship between dietary-GI and low cereal fibre intakes and retinal
vascular calibre characteristics in a large cohort of individuals (n=2897) over the age of 49
years and noted that a higher dietary-GI and lower cereal fibre intake were associated with
wider retinal venular calibre. They further suggested that higher dietary-GI and lower
cereal fibre intakes were associated with double the risk of stroke-related death, suggesting
that a high-GI diet may produce adverse changes in the body’s microvasculature (Kaushik
et al., 2009). Although the mechanisms underlying the changes in retinal venular calibre
are still largely unknown it has been postulated that a high GI diet may result in the
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formation of advanced glycation end-products in venular walls resulting in endothelial
dysfunction and vascular damage (Qi, Meigs, Liu, Manson, & Mantzoros, 2006; Ross,
2005).
2.5.1.2 - Dietary Fibre
Diets high in dietary fibre have been associated with a reduced risk of cardiovascular
morbidity (Bazzano, He, Ogden, Loria, & Whelan, 2003). Previous researchers have
suggested that fibre may guard against hypertension, dyslipidaemia and incident diabetes
by attenuating arteriolar narrowing and venular widening, which are emerging risk factors
associated with these conditions (Ascherio, Hennekens, & Willett, 1996; Stevens, Ahn,
Juhnaeri, Steffan, & Couper, 2002; T. Wong, Islam, & Klein, 2006). To date, only one
study has examined the association between dietary fibre intake and retinal vascular calibre
in adults (Kan et al., 2007). The Atherosclerosis Risk in Communities Study (ARIC)
recruited a large sample (n=15,792) of white and African Americans and found that a higher
intake of fibre was associated with wider retinal arteriolar calibre and narrower retinal
venular calibre. These findings are associated with a lower risk of cardiovascular disease
and support other findings in highlighting the benefit of fibre intake in protecting against
cardiovascular disease. By contrast, a similar population-based cohort study conducted on
children is not in agreement with these findings (Lim et al., 2009). Lim (2009) assessed the
relationship between dietary fibre along with a number of other dietary factors (protein, fat,
cholesterol, carbohydrate and sugar intakes per day) and retinal vascular calibre in 823
healthy Singapore Chinese children (mean age; 12.8±0.8) and found that no significant
association existed between any of the dietary constituents and retinal vascular calibre.
These findings suggest that the effect of diet on microvasculature may only become evident
later in life which could provide evidence for a potential cumulative effect of diet on the
retinal microvasculature (Lim et al., 2009). Alternatively, ethnicity differences in calibre
may preclude a cross-cultural comparison. Additional research is warranted to clarify these
findings as unexplained or unmeasured confounders may exist.
2.5.1.3 - Fish Consumption
A higher consumption of fish and omega-3 polyunsaturated fatty acids appear to lower the
risk of coronary heart disease (CHD) and stroke (Hu et al., 2002; Kaushik et al., 2008). To
date only one study has examined the effects of fish consumption on retinal
microvasculature. Kaushik (2008) utilised a large sample (n=2683) of Australian adults
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(>49yrs) and found higher frequency of fish consumption was significantly associated with
wider retinal arteriolar and narrower retinal venular calibre. These findings suggest that a
higher consumption of fish may help protect against vascular changes associated with
coronary heart disease and stroke (Kaushik et al., 2008). This association, however, was
mainly seen in persons with hypertension which may confound the outcome as retinal
microvascular changes have been strongly associated with hypertension in adults. As this
is the only study to date to evaluate the association between fish consumption and retinal
vascular calibre, before any conclusions can be drawn concerning this relationship, further
research needs to be conducted.
2.5.1.4 - Antioxidants
Several studies have highlighted the potential benefit of selected antioxidants including;
vitamin C, vitamin E, beta-carotene, zinc and copper on various eye diseases, such as
diabetic retinopathy, uveitis and age-related macular degeneration (AREDS, 2001; BoschMorell, Roma, & Marin, 2002; Brazionis, Rowley, Itsiopoulos, & O'Dea, 2009; Juhl, Klein,
& Christiansen, 2004). However, the relationship between antioxidants and retinal
vasculature remains poorly understood. Pemp and co-worker’s (2010) study on 21 adults
aged 18 to 35 years found that the administration of antioxidants attenuated arteriolar
vasoconstriction during systemic hypoxia. This supports the suggestion that antioxidants
may reduce oxidative stress by reducing reactive oxygen species (chemically reactive
molecules containing oxygen), which has been shown to contribute to cellular damage
through endothelial dysfunction (Pemp et al., 2010). Although these results suggest that
selected antioxidants may be associated with positive microvascular outcomes, no
inferences can be made until the long term relationship between antioxidant intake and
retinal vascular calibre is explored.
2.5.1.5 - Caffeine
Caffeine is the most frequently consumed stimulant worldwide, acting by increasing blood
pressure and heart rate. Several studies have demonstrated the effects of caffeine on
cerebral, coronary and ocular blood flow (Bottcher, Czernin, & Sun, 1995; Lofti &
Grunwald, 1991; Mathew & Wilson, 1985). A small clinical trial (n=17) by Terai and coworkers is the only study to date that has investigated the effect of caffeine on retinal vessel
diameter (Terai, Eberhard, Lutz, & Lutz, 2012). A significant vasoconstrictory response of
retinal arterioles and venules occurred one hour following caffeine intake (Terai, Spoerl,
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Pillunat, & Stodmeister, 2012). This finding is consistent with earlier studies that assessed
the effect of caffeine on retinal circulation and found that caffeine acutely reduced retinal
blood flow in the optic nerve head and choroid retina (Lofti & Grunwald, 1991; Okuno,
Sugiyama, Tominaga, Kojima, & Ikeda, 2002). It has been hypothesised that these changes
may be elicited by an auto-regulatory response of retinal blood vessels to the increased
blood pressure changes associated with caffeine intake. Despite this, these results must be
viewed with caution due to the small sample size and the fact a control group was not
employed to control for non-drug related effects on the measured variables. Furthermore,
Terai’s findings are contradictory to previous research that has suggested that the long term
influence of high caffeine consumption is not associated with cardiovascular disease risk
and in fact may lower the risk of type 2 diabetes in younger to middle aged women (Dam,
Willett, Manson, & Hu, 2006; M. Ding, Bhupathiraju, Satija, Dam, & Hu, 2013). This
highlights the need for further research before any judgements can be made on the role
caffeine plays on human microvasculature.
2.5.1.6 - Sodium Intake
The role of sodium intake in end organ damage remains largely unknown. However, it is
increasingly becoming a focus for researchers due to its well described association with
cardiovascular disease. Most notably, strong associations have been reported between high
sodium intake and systolic hypertension (Kupari, Koskinen, & Virolainen, 1994). Raff and
co-workers (2012) analysed the association between sodium intake and retinal arteriolar
structure in 40 adults aged 44 to 75 years with treatment-resistant hypertension. They found
that retinal arteriole wall thickness was directly associated with urinary sodium excretion.
This suggests that sodium intake may influence the structure of retinal arterioles,
independent of blood pressure (Raff et al., 2012). However, as this study examined only
structural changes in arterioles, the results cannot be directly related to retinal vascular
diameter measurements. Furthermore, these results may be confounded by the presence of
treatment resistant hypertension in participants as well as the use of multiple
antihypertensive drug therapies which have been shown to have different influences on
vascular structure (Agabiti-Rosey, Heagerty, & Rizzoni, 2009; R. Klein et al., 2010).
Further research is required to aid in understanding the relationship between sodium intake
and retinal microvasculature. These studies could be strengthened by utilising standardised
methods for retinal vascular calibre assessment with a focus on non-hypertensive
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participants as high current and previous blood pressure has been consistently associated
with retinal arteriolar narrowing in child and adult cohorts (Hubbard et al., 1999; Mitchell
et al., 2007; Sharrett et al., 1999; T. Wong, Hubbard, et al., 2002).
2.5.1.7 - Plant Sterol and Stanol Consumption
Sterols such as sitosterol and campesterol are derived from various plant products such as
plant oils, nuts and seeds. Sterol and stanol are used as additives in foods such as margarine
to reduce serum LDL cholesterol concentrations (Kelly et al., 2011). Although it has been
suggested that these products lower cardiovascular risk, some researchers have indicated
that high sterol concentrations may be atherogenic (the deposition of atheromas, lipids, and
calcium in the arterial lumen) (Kelly et al., 2011). Kelly and co-workers (2011) randomised
controlled trial on 30 participants aged 18 to 65 years is the only study to date to assess the
effects of long-term plant sterol and -stanol consumption on retinal vessel diameter. They
found that increased serum campesterol concentrations were associated with a wider retinal
venular diameter. These results suggest that plant sterols may be a biomarker for
pathological vascular function. However, before any judgements can be made on plant
sterol rich foods further research into the relationship between plant sterol consumption and
the microvascular system is required.
2.5.1.8 - Diet Quality
The study of overall diet quality (as opposed to individual nutrients) is gaining increasing
priority by researchers, as nutrients are not consumed independently but rather within a
variety of foods in the diet (Gopinath et al., 2013). Recent large prospective studies have
demonstrated that an overall healthy diet, characterised by high intake of fruits, vegetables,
whole grains, nuts and fish is related to a reduced risk of developing various macrovascular
diseases (Ford et al., 2009; Gopinath, Rochtchina, Flood, & Mitchell, 2010). Emerging
evidence supports the concept that the relationship between macrovascular disease and diet
may be partly mediated through microvascular changes (Kaushik et al., 2008; Kaushik et
al., 2009). As such, the examination of overall diet quality in association with changes in
the retinal microvasculature is important. To date, two studies have investigated the
association between diet quality and retinal vascular calibre in older adults with contrasting
outcomes (Gopinath et al., 2013; McEvoy et al., 2013). Gopinath and co-workers (2013)
utilised an approach that groups foods ‘a priori’ that are representative of current dietary
guidelines for Australian adults. They reported that the consumption of a high-quality diet
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was associated with an advantageous retinal microvascular profile i.e. wider retinal
arteriolar calibre and narrower retinal venular calibre (Gopinath et al., 2013). McEvoy and
co-workers (2013), on the other hand, utilised an ‘a posteriori’ approach in the form of
dietary pattern analysis of whole foods in order to capture the complexity of overall dietary
intake. In contrast to Gopinath’s (2013) findings, they reported that no relationship existed
between the extracted dietary patterns and retinal vascular calibre in this elderly (>65yrs)
population. These findings must be viewed in light of several potential limitations. While
Gopinath and co-workers (2013) must be commended for the use of a validated food
frequency questionnaire to collect dietary data, their analysis did not account for potentially
confounding lifestyle factors (physical activity and sedentary behaviours) or societal factors
that have been shown to have a significant impact on retinal microvascular structure
(Kifley, Liew, et al., 2007; Tikellis, Anuradha, Klein, & Wong, 2010). Furthermore, as the
influence of diet on the retinal microvasculature may be long-term and cumulative in nature
it is possible that the identified dietary patterns in McEvoy’s (2013) study may be reflective
of more recent dietary behaviour and therefore may not be representative of lifetime dietary
exposure. The inconsistent nature of these findings highlight that additional research is
warranted to investigate whether certain dietary patterns promote or protect against adverse
microvascular changes and shed light onto the possible clinical or public health
implications of these relationships.
2.5.1.9 - Overview of Dietary Associations with Retinal Microvasculature
Previous research has found associations between reduced risk of vascular disease and the
regular consumption of fish, dietary fibre and low GI foods (King, 2005; Kris-Etherton,
Harris, & Appel, 2002). Emerging evidence has highlighted that this relationship between
diet and vascular disease may in fact be partly mediated by associated changes in the
microcirculation (Kan et al., 2007; Kaushik et al., 2008; Kaushik et al., 2009). As such, the
use of retinal imaging to investigate the relationship between various dietary constituents
and/or diet quality and human microcirculation may provide additional prognostic
information beyond current traditional risk factors.
To date it has been suggested that a low GI diet, high dietary fibre intake, and greater
frequency of fish consumption may protect against vascular disease by attenuating retinal
arteriolar narrowing and retinal venular widening (Kan et al., 2007; Kaushik et al., 2008;
Kaushik et al., 2009). Conversely, it has been suggested that a high GI diet may predispose
49

an individual to adverse microvascular changes (Gopinath et al., 2012). Whilst a link
between changes in retinal microvasculature and caffeine and antioxidant intake has been
suggested, further research is required before any judgements can be made as only short
term changes have been examined. Furthermore, although promising, the study of overall
diet quality in relation to retinal vascular calibre is in its early phases and therefore requires
further evaluation.
Whilst many of the cited studies included large sample sizes, caution must be observed in
interpreting the findings of Raff (2012), Pemp (2010), Terai (2012) and Kelly (2011) due
to the relatively small sample sizes. Furthermore, several studies included in this review
did not utilise standard protocols for retinal vascular diameter assessment and therefore the
results must be viewed cautiously (Lofti & Grunwald, 1991; Okuno et al., 2002; Pemp et
al., 2010; Raff et al., 2012; Terai, Spoerl, et al., 2012). Additionally, some of the studies
reported only small variations in retinal vascular calibre (Gopinath et al., 2012; Kaushik et
al., 2008). Despite this, it has been shown that even a small reduction in retinal arteriolar
calibre is associated with clinically significant changes in blood pressure. For example, a
1.1 micron reduction in arteriolar calibre was associated with a 10 mmHg higher SBP
(Ikram et al., 2004).
The majority of the studies assessing associations between dietary factors/patterns and
retinal microvasculature have been conducted in adults. However, to develop an
understanding of the effect of dietary factors on retinal vessels the study of calibre in
children may provide additional insights as children are generally exposed to fewer
potentially confounding systemic and environmental factors than adults. Lim’s (2009)
study suggested that the effect of diet on microvasculature may only become evident later
in life and therefore studying the effect of dietary factors on retinal vasculature in children
is not warranted (Lim et al., 2009). However, the food frequency questionnaire utilised in
that study was not validated in children and exposures that have been shown to influence
retinal vasculature, such as birth parameters, were not assessed and as such these findings
may have been confounded. Furthermore, more recent studies that have examined the
effect of carbohydrates on retinal vascular calibre in children and young adults have found
significant associations (Gopinath et al., 2012; Terai, Spoerl, et al., 2012).

These

contradictory findings highlight that the physiological influence of diet on retinal vascular
calibre remains relatively unclear.
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In summary, recent evidence suggests an individual with a healthy diet, including low GI
foods, high dietary fibre intake and regular fish consumption, is more likely to have a
characteristic retinal microvascular pattern of wider retinal arteriolar and narrower retinal
venular diameters. Conversely, the opposite (narrower retinal arterioles and wider venules)
is more likely in those with a poor diet, consisting of high intakes of high-GI foods. Despite
this, it is important to note that most of these inferences are based on the findings from one
study and as such a major gap in the literature has been highlighted.
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2.5.2 - Physical Activity and Sedentary Behaviours
Physical activity is an established modifiable risk factor for the development of
cardiovascular morbidity and mortality (Anuradha et al., 2010). Furthermore, it has been
suggested that physical activity and cardiovascular disease (CVD) risk factors track from
childhood and adolescents into adulthood (Kapoor, 2006; Malina, 1996). Despite this, very
little is currently known about the relationship between physical activity and the body’s
microvasculature. Tikellis and colleague’s (2010) examined the association between
physical activity level, measured during leisure, sport and work, and retinal vascular calibre
in a group of adults aged 45 to 60 years. They found that higher levels of physical activity
were significantly associated with narrower venular calibre (Tikellis et al., 2010). Anuradha
(2010) on the other hand, who examined a younger cohort (>25years), found that level of
physical activity was not associated with retinal vascular calibre but did note that higher
amounts of sedentary behaviour measured by television viewing time was associated with
larger venular calibre in men (Anuradha et al., 2010). Only one study to date has
investigated the relationship between physical activity, sedentary behaviours and retinal
vascular calibre in children. The researchers utilised a large non-diabetic cohort of
Australian school children aged six years old and reported that higher levels of physical
activity were associated with wider retinal arterioles, whereas increased screen viewing
time was associated with narrower retinal arterioles (Gopinath et al., 2011). It is evident
from these findings that some level of relationship exists between activity levels and retinal
microvasculature, however, due to considerable inconsistencies in results between research
findings the exact mechanisms behind this association remain largely unknown. One
possible explanation for the observed changes in venular calibre may be that moderate
physical activity has been associated with a reduction in inflammatory markers and/or
improved endothelial function associated venular dilation (Tikellis et al., 2010).
2.5.3 - Smoking
Cigarette smoking is a key risk factor for the development of cardiovascular disease
(Vilablanca, McDonald, & Rutledge, 2000). Recent vascular calibre research has
highlighted that smoking may also have a strong confounding influence on human
microvasculature. The Blue Mountains Eye Study assessed the relationship between
smoking and retinal vascular calibre and found that higher nicotine exposure in older
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persons was associated with wider venular calibre, but did not identify any associations
with retinal arteriolar calibre (Kifley, Liew, et al., 2007). These results suggest that
smoking may contribute to variations in retinal venular calibre that are commonly seen in
cardiovascular disease. The mechanisms behind these changes are still largely unknown.
However, it has been suggested that the changes in venular calibre are likely the result of
nicotine-induced changes to vessel autoregulation (Wimpissinger, Resch, & Berisha,
2005). Widening of retinal venular calibre has been strongly associated with severe diabetic
retinopathy and retinopathy progression in individuals with type 2 diabetes. Therefore, the
effect of tobacco exposure on retinal microcirculation may also be related to the clinical
signs of diabetic retinopathy.
2.5.4 - Summary of Retinal Vascular Calibre Confounders
A range of demographic, environmental and systemic factors appear to have a confounding
effect on retinal vascular calibre. The influence of the demographic variables of age and
ethnicity on measures of both arteriolar and venular calibre highlights the importance of
adjusting for the said variables in all calibre analysis. In relation to systemic processes
however, retinal arteriolar and venular calibre appear to reflect different pathophyiological
processes. That is, narrower retinal arteriolar calibre appears to be most strongly related to
high past and current blood pressure and/or smaller birth size (as a possible surrogate for
foetal under nutrition). By contrast, wider retinal venular calibre is strongly related to the
risk factors of high BMI, high cholesterol concentrations and smoking. Furthermore,
evidence for a likely influence of gender and activity levels on retinal vascular calibre is
growing. However, further investigation is required due to the reported inconsistencies. The
influence of ocular parameters on vascular calibre measures on the other hand, remains
relatively contentious as associations appear weak and therefore unlikely to significantly
impact future calibre research findings.
The highlighted trends towards an association between diet and retinal microvasculature
are noteworthy. Despite this, several of the mentioned studies that examined associations
between diet and retinal vasculature did not utilise standard protocols for retinal vascular
diameter assessment and therefore the results must be viewed cautiously (Lofti &
Grunwald, 1991; Okuno et al., 2002; Pemp et al., 2010; Raff et al., 2012; Terai, Spoerl, et
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al., 2012). Furthermore, as most of the inferences regarding diet are based on the findings
from one study a major gap in the literature has been highlighted.
In summary, a complete understanding of the pre-, peri- and post-natal variables that
influence retinal vascular calibre is lacking. A larger scope of potential confounders and
mediators needs to be investigated in order to better understand the mechanisms responsible
for retinal vascular calibre changes and to also avoid the misinterpretation of potential
disease-calibre relationships.
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CHAPTER 3 - RETINAL VASCULAR CALIBRE ASSOCIATIONS
WITH MACRO-AND MICRO-VASCULAR DISEASE
Emerging evidence suggests that retinal vascular calibre assessment has the potential to
become a tool to better understand the pathophysiology of the body's microvasculature and
aid in the prediction of several macro- and micro-vascular diseases. Currently in the
literature, researchers have suggested that retinal vascular calibre assessment may aid in
the prediction of cardiovascular, cerebrovascular and metabolic related diseases (Liew,
Wang, Mitchell, et al., 2008; McGeechen et al., 2009; McGeechen et al., 2008; Sun, Wang,
et al., 2009).
3.1 - Retinal Vascular Calibre and Coronary Heart Disease (CHD)
The Atherosclerosis Risk in Communities study (ARIC) investigated retinal vascular
calibre and other retinal signs on the risk prediction of CHD (McGeechen et al., 2008).
They found that wider retinal venular calibre and narrower retinal arteriolar calibre were
associated with a 10-year increased risk of incident CHD in women, after adjusting for
known CHD risk factors and using the Framingham Risk Score. These results suggest that
adding retinal vascular calibre measurements to the CHD Framingham risk factors would
improve CHD prediction in some females (McGeechen et al., 2008). Similar findings were
observed in the Blue Mountains Eye study whereby wider retinal venular calibre was
associated with CHD mortality with stronger associations again reported in women
compared to men (Wang et al., 2006). Klein and co-workers (2004) investigated this
relationship in a type 1 diabetic population and reported that lower AVR was associated
with CHD. However, this association was confounded by nephropathy. These findings
suggest that microvascular disease processes may play a role in CHD development,
particularly in women (B. Klein et al., 2004).
3.2 - Retinal Vascular Calibre and Stroke and Cerebral Disease
Several researchers have suggested that retinal microvascular changes may provide insights
into vascular abnormalities in cerebral microcirculation (Ikram, de Jong, et al., 2006; Liew,
Wang, Mitchell, et al., 2008; McGeechen et al., 2009). This link is not surprising given they
share a common origin in the internal carotid artery (Patton, Aslam, et al., 2005).
Pathological changes in retinal arterioles have been linked to changes in small cerebral
arteries that cause white matter lesions. Furthermore, the presence and severity of coronary
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artery occlusion has been strongly associated with retinal arteriolar narrowing, and wider
retinal venules have been linked to cerebral hypoxia (Liew, Wang, Mitchell, et al., 2008).
A meta-analysis of twenty five studies performed by McGeechen and co-workers (2009)
found that wider retinal venular calibre predicted an increased risk of incident stroke,
independent of traditional risk factors. Although the mechanisms are largely unclear, it has
been suggested that altered vessel wall stresses or venous insufficiency in the retina and
brain may play a role (McGeechen et al., 2009). The potential significance of this finding
was highlighted by the observation that when retinal vascular calibre measurements were
added to traditional stroke risk factors, 10.1% of individuals were reassigned into to a
different, mostly lower, risk category for future stroke (McGeechen et al., 2009). Similar
findings were reported in a Rotterdam study whereby larger retinal venular diameters were
associated with an increased risk of stroke and cerebral infarction (Ikram, de Jong, et al.,
2006). These results are not surprising, given that retinal and cerebral microcirculation
share similar anatomical characteristics (Sun, Wang, et al., 2009). Despite this, the role
venules play in cerebrovascular disease warrants further investigation before retinal
vascular calibre is considered of clinical value in risk evaluation of cerebral events.
3.3 - Retinal Vascular Calibre and Future Hypertension
As previously reported, retinal arteriolar narrowing has been related to current and previous
high blood pressure. More recent research has also suggested that smaller arteriolar calibre
may predict future hypertension (Ikram, Witteman, et al., 2006; Liew, Wang, Mitchell, et
al., 2008). Longitudinal data from two studies has demonstrated that retinal arteriolar
narrowing precedes the clinical development of hypertension by years, with this association
evident in patients who initially displayed blood pressure in the normal range (Ikram,
Witteman, et al., 2006; Liew, Wang, Mitchell, et al., 2008). It has been postulated that
decreases in internal arteriolar lumen calibre occur early in the development of
hypertension and these changes are responsible for altering the body's hemodynamics and
ultimately resetting blood pressure to a higher level (R. Klein, Klein, Knudtson, et al., 2006;
Liew, Wang, Mitchell, et al., 2008; T. Wong, Islam, & Klein, 2006). These data highlight
that retinal microvascular alterations, in particular retinal arteriolar narrowing, may have
the potential to serve as a pre-clinical marker for hypertension (Sun, Wang, et al., 2009).
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3.4 - Retinal Vascular Calibre and Renal Function
It has been hypothesised that microvascular damage may represent one of the earliest
pathological changes in renal disease (Sabanayagam et al., 2009; Sun, Wang, et al., 2009).
Several studies have examined retinal arteriole and venular calibres in individuals from
different ethnic backgrounds with various levels of renal function (Daien et al., 2013;
Grauslund et al., 2009; Ooi et al., 2011; Sabanayagam et al., 2009; T. Wong, Shankar,
Klein, & Klein, 2004; Yau et al., 2011). However, the results from these studies have
proven quite variable.
The best measure of kidney disease is a decline in glomular filtration rate (GFR). A normal
GFR is 140mL/min, with chronic kidney disease (CKD) usually represented by a GFR of
<60mL/minute/1.73 m2 (Sabanayagam et al., 2009). Despite this, the process of renal
function decline is believed to begin in the microalbuminuria stage whereby renal function
may in fact be normal (Perkins et al., 2007). Therefore, microalbuminuria presence can
precede a decline in filtration rate and is therefore considered to be a sensitive marker of
early kidney dysfunction (Johnson, 2012; Sabanayagam et al., 2009). Microalbuminuria
refers to the increased concentration of the protein albumin in urine, as measured via the
albumin/creatinine ratio (ACR). Albumin is a predominant protein in the vast majority of
proteinuric kidney diseases, including diabetes. In individuals with diabetes,
microalbuminuria is diagnosed by an ACR of >3.5 mg/mmol in females and >2.5 mg/mmol
in males (Sabanayagam et al., 2009).
Sabanayagam and co-workers (2009) examined the association between retinal vascular
calibre and CKD in 3280 adults of Asian ethnicity. They found that narrower retinal
arteriolar calibre was associated with CKD and that individuals with signs of retinopathy
were also more likely to have CKD. These findings indicate that common systemic
microvascular processes may be responsible for the development of pathology in the
kidneys and eyes (Sabanayagam et al., 2009; T. Wong, Coresh, & Klein, 2004). Similarly,
a later study by Yau et al. (2011) found that narrowing of retinal arteriolar calibre was
associated with the development of incident CKD. However, this association was only
present in Caucasians. This suggests genetic differences that exist between ethnicities may
predispose particular ethnic groups to the development of microvascular dysfunction
associated with renal disease.
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Daien and co-workers (2013) assessed 80 apparently healthy subjects and found, as did
previous studies, smaller retinal venular and arteriolar calibre was significantly associated
with lower mean glomerular filtration rate (GFR) and that microalbuminuria was also
associated with smaller retinal arteriolar calibre after adjusting for some potential
confounding factors. The role of microvasculature in the development of CKD remains
largely unknown. However, it has been suggested that retinal arteriolar narrowing may
negatively affect kidney function through small vessel damage as a result of hypertension,
diabetes, age or inflammation (Sabanayagam et al., 2009).
Several studies have examined the relationship between retinal vascular calibre and kidney
disease in individuals with type 1 and 2 diabetes. However, findings have been conflicting.
Unlike findings from previous studies conducted on non-diabetic individuals, Wong and
co-workers (2004) and Ooi and co-workers (2011) reported retinal vessels remained
relatively dilated in the presence of severe renal dysfunction suggesting that larger retinal
vascular calibre may provide predictive information about the risk of nephropathy in
individuals with type 1 diabetes. However, as these studies examined elderly participants,
survival and selection biases may have affected results. On the contrary, associations
between narrower retinal vascular calibre with renal dysfunction and proteinuria have also
been reported in individuals with diabetes (Grauslund et al., 2009; Sabanayagam et al.,
2009). Furthermore, the Cardiovascular Health Study found no associations between retinal
vascular calibre and renal function in a diabetic population (Edwards, Wilson, & Craven,
2005).
While it is apparent that early declines in renal function may share similar determinants of
damage with retinal microcirculation, the significance of observed associations is
inconclusive as evident from the inconsistent nature of these findings. Further research is
warranted to investigate whether retinal vascular calibre may be a pre-clinical marker of
renal dysfunction in both diabetic and non-diabetic cohorts.
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3.5 - Retinal Vascular Calibre and Diabetes
Evidence surrounding the relationship between retinal arteriolar calibre and diabetes onset
and progression has not been definitive. While some researchers have reported associations
between narrower retinal arterioles and diabetes onset and duration in type 1 and 2 diabetic
populations, others have found relationships between larger retinal arteriolar and known
diabetes. Only one study do date has reported associations between wider retinal venular
calibre with incident diabetes. A summary of studies examining retinal vascular
characteristics in diabetes is depicted in Table 3.
The Beaver Dam Eye Study was one of the earliest studies to assess the relationship
between vascular calibre and the incidence of type 2 diabetes in healthy middle-aged
persons and found that retinal arterioles were significantly narrower in persons who
subsequently developed diabetes (T. Wong, Klein, et al., 2002; T. Wong et al., 2005). The
Australian Diabetes, Obesity and Lifestyle study went on to further highlight a similar
relationship (Nguyen, Wang, Islam, et al., 2008). Klein and co-workers (2006) on the other
hand, reported associations between smaller retinal arteriolar calibre and older age and
longer duration of diabetes in subjects with type 2 diabetes.
More recent studies involving individuals with type 2 diabetes may shed further light on
the relationship between retinal arteriolar calibre and diabetes in adults (Islam et al., 2009;
Kifley, Wang, Cugati, Wong, & Mitchell, 2007; Tsai et al., 2011). Researchers have
reported that wider retinal arteriolar calibre is independently associated with an increased
risk of developing diabetes in Caucasian, Malay and Indian populations (Islam et al., 2009;
Kifley, Wang, et al., 2007; Tsai et al., 2011). There is very little evidence linking venular
characteristics with the incidence of type 2 diabetes. To date, the Blue Mountains Eye Study
(2008) is the only study to find that wider venular calibre at baseline is associated with a
10 year incidence of diabetes (Kifley, Wang, Cugati, Wong, & Mitchell, 2008).
Similarly to recent studies of type 2 diabetes populations, studies involving individuals with
type 1 diabetes have further highlighted a relationship between wider retinal arteriolar
calibre and diabetes in adults (Jeganathan et al., 2009; Nguyen, Wang, Sharrett, et al., 2008;
Tikellis et al., 2007; Yau, Xie, et al., 2012). Researchers involved with the Multi-Ethnic
Study of Atherosclerosis (MESA) have reported that wider retinal arteriolar calibre is
independently associated with an increased risk of developing diabetes. This association
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however, was largely seen in Caucasians, which may reflect a difference in the
susceptibility to diabetes between individuals of different ethnic backgrounds (Nguyen,
Wang, Sharrett, et al., 2008; Yau, Xie, et al., 2012). Despite this, similar findings have been
found in Asian populations which have further highlighted a potential association between
larger arteriolar calibre and known diabetes (Jeganathan et al., 2009).
Studies that have assessed the relationship between early retinal arteriolar changes and
diabetic peripheral neuropathy (DPN) in type 1 individuals have reported variable
microvascular characteristics (J. Ding et al., 2011). DPN is one of the most severe and
common latter stage complications of diabetes that can result in ulceration, lower leg
amputation and ultimately death (A. Boulton et al., 2005). It was found that individuals
with diabetes and retinal arteriolar abnormalities (particularly focal arteriolar narrowing)
were more likely to have the long term diabetic complication of DPN. Unlike the previously
discussed studies reporting a relationship between larger retinal arteriolar calibre and a
higher risk of onset of diabetes, these results suggest retinal arteriolar narrowing may be a
later sign in the progression of diabetes and diabetic retinopathy in patients with long term
type 1 diabetes (Islam et al., 2009; Jeganathan et al., 2009; Nguyen, Wang, Islam, et al.,
2008; Tsai et al., 2011; Yau, Xie, et al., 2012). Despite this, a contradictory finding from a
large population based study of positive associations between larger retinal arteriolar
calibre and peripheral neuropathy (Sabanayagam, Tai, Lee, Lim, & Wong, 2010) highlights
that more research is required to shed light on the nature of retinal arteriolar changes in
adult type 1 diabetes populations.
In summary, current diabetes literature suggests that wider retinal arterioles are present
early in the course of type 1 and 2 diabetes. While underlying mechanisms remain unclear,
these findings support previous theories that microvascular disease is an early feature of
diabetes mellitus (Hsueh & Law, 1998).
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Table 3. Studies examining retinal vascular characteristics in diabetes, by year of publication.
Reference;
country/setting of study

Sample size;
age

Ethnicity

Study type

Method of
assessment

Outcome; p value

TYPE 1

n=1159; 1220yrs

Australian

Cross-sectional

SIVA

Diabetes duration was positively
associated with larger arteriolar
branching angles (p=<0.001) and
increasing deviation of optimality
(p=0.018)

Tsai (2011)
Singapore

n=3400; 4080yrs

Singapore ethnic
Indians

Cross-sectional

Not specified

Larger arteriolar calibre was associated
with known diabetes (p=0.001)

Islam (2009)
Singapore

n=3280; 4080yrs

Malay

Cross-sectional

IVAN

Larger arteriolar calibre was associated
with known diabetes (p=0.001)

Kifley (2008)
Blue Mountains Eye
Study

n=3368; >49yrs

Australian

Population based
cohort study

Retinal Analysis;
Optimate, Madison,
WI

Larger venular calibre at baseline was
associated with a 10 year incidence of
diabetes (p=0.02)

Nguyen (2008)
AusDiab Study

n=803; >25yrs

Australian

Prospectivecohort

IVAN

Narrower arteriolar calibre predicted
risk of diabetes (p=0.04)

Kifley (2007)
Australia

n=3654; >49yrs

Australian

Cross-sectional

Not specified

Larger arteriolar calibre was associated
with known diabetes (p=<0.01)

Sasongko (2010)
Australia

TYPE 2
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Table 3 continued.
Reference;
country/setting of study

Sample size;
age

Ethnicity

Study type

Method of
assessment

Outcome; p value

Klein (2006)
WESDR

n=1370; >30yrs

11 county area of
South Central
Wisconsin

Population based
cross-sectional

IVAN

Narrower arteriolar calibre was
associated with increased age and
duration of diabetes (p=<0.0001)

Wong (2005)
Beaver Dam Eye study

n=3251; 4386yrs

11 county area of
South Central
Wisconsin

Prospectivecohort

IVAN

Narrower arteriolar calibre was
associated with higher incidence of
diabetes (p=<0.001)

Wong (2002)
Beaver Dam Eye Study

n=7993; 4973yrs

White and African
Americans

Population based
prospectivecohort

IVAN

Narrower arteriolar calibre was
associated with risk of diabetes
(p=<0.001)

Yau (2012)
MESA

n=6814; 4584yrs

Caucasian, African
American,
Hispanics, Chinese

Prospectivecohort

IVAN

Larger arteriolar calibre was associated
with increased risk of diabetes
(p=0.011) in Caucasians (p=0.005)

Jeganathan (2009)
Singapore

n=3405; 2495yrs

Asian

Population based
cross-sectional

IVAN

Larger arteriolar calibre was associated
with known diabetes (p=0.01)

Nguyen (2008)
MESA

n=4585; 4584yrs

Caucasian, African
American,
Hispanics, Chinese

Population based
prospectivecohort

IVAN

Diabetes populations had larger
arteriolar calibre than those with
normal fasting glucose (p=0.001)

Tikellis (2007)
Australia

n=1998; >25yrs

Australian

Cross-sectional

Retinal Analysis;
Optimate, Madison,
WI

Larger retinal arteriolar calibre was
associated with known diabetes
(p=0.14)

MIXED

IVAN = Interactive vessel analysis software, SIVA = Singapore I vessel assessment
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3.6 - Retinal Vascular Calibre and Diabetic Retinopathy
Children and adolescents with type 1 diabetes have a significant lifetime risk of blindness
from retinopathy (Fairchild et al., 1994; R. Klein et al., 1998a; Roy et al., 2004). The early
identification of patients who are at high risk of retinopathy is critical so as to allow timely
implementation of effective interventions to prevent microvascular complications. Despite
this, clinically useful predictors remain limited (Cundiff & Nigg, 2005). There is evidence
that measurement of retinal vascular calibre may provide prognostic information regarding
the risk of diabetic microvascular complications thereby offering additional clinical
predictors (N. Cheung, Islam, et al., 2007; T. Wong, Knudtson, et al., 2004). Wider retinal
vessels are considered common in individuals with diabetes but have been difficult to assess
consistently and were not included in the schemes of classifying diabetic retinopathy
(Nguyen, Wang, Sharrett, et al., 2008). However, the development of retinal imaging
technology has allowed non-invasive quantitative measurement of structural characteristics
of retinal microvasculature (N. Cheung, Rogers, et al., 2008). Recent evidence suggests
that larger retinal arteriolar calibre may be a possible risk factor in the early development
of diabetic retinopathy and therefore may be a useful addition into screening programs
(Alibrahim et al., 2006; Benitez-Aguirre et al., 2011; N. Cheung, Rogers, et al., 2008; Falck
& Laatikainen, 1995; Rogers, Tikellis, Cheung, & Tapp, 2008)
To date, the majority of studies conducted on children and adolescents with type 1 diabetes
have reported that wider arterioles were present in the early stages of diabetic retinopathy
(n = 5) (Alibrahim et al., 2006; Benitez-Aguirre et al., 2011; N. Cheung, Rogers, et al.,
2008; Falck & Laatikainen, 1995; Rogers et al., 2008). While only few studies conducted
on older individuals with type 1 diabetes (n = 2) suggest that smaller retinal arteriolar
calibre is associated with increased severity of diabetic retinopathy (Grauslund et al., 2009;
R. Klein, Klein, Moss, et al., 2003). Conversely, associations between retinal arteriolar
calibre and retinopathy in type 2 diabetes is less consistent, with some researchers reporting
associations between larger retinal arteriolar calibre and retinopathy (n = 2) (CrosbyNwaobi, Heng, & Sivaprasad, 2012; R. Klein, Klein, Moss, & Wong, 2007). However,
stronger trends have been identified between venular calibre and retinopathy in older
individuals with diabetes, with the majority of studies reporting that retinal venular dilation
represents a later sign of severe diabetic retinopathy (n = 6) (Crosby-Nwaobi et al., 2012;
Islam et al., 2009; Kifley, Wang, et al., 2007; R. Klein et al., 2007; R. Klein, Klein, Moss,
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et al., 2006; Tsai et al., 2011). Table 4 provides a summary of studies examining retinal
vascular characteristics in diabetic retinopathy, by diabetes type and year of publication.
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Table 4. Studies examining retinal vascular characteristics in diabetic retinopathy, by year of publication.
Reference;
country/setting of study

Sample size;
age

Ethnicity

Study type

Method of
assessment

Outcome; p value

Benitez-Aguirre (2011)
Australia

n=736; 12-20yrs

Australian

Prospectivecohort

SIVA

Lower arteriolar LDR (wider vessel
calibre) and greater ST were associated
with incident retinopathy (p=0.003)

Grauslund (2009)
Denmark

n=208; median
age = 59.7yrs

Danish

Cross-sectional

IVAN

Narrower retinal arteriolar calibre was
associated with proliferative diabetic
retinopathy (p=<0.01)

Rogers (2008)
Australia

n=906; >25yrs

Australian

Prospectivecohort

Retinal Analysis;
Optimate, Madison,
WI

Larger retinal arteriolar calibre was
associated with incident retinopathy
(p=0.007)

Cheung (2008)
Australia

n=645; 12-20yrs

Australian

Prospectivecohort

IVAN

Larger retinal arteriolar calibre was
associated with 3 x higher risk of
retinopathy (p=0.001)

Alibrahim (2006)
Australia

n=668; 12-20yrs

Australian

Case-control with
prospective
outcomes

IVAN

Larger arteriolar calibre was associated
with incident retinopathy (p=0.004)

TYPE 1

Klein (2004)
WESDR

n=996; <30yrs

11 county area of
South Central
Wisconsin

Population based
cohort
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IVAN

Larger arteriolar (p=0.02) and venular
(p=<0.001) calibre was associated with
retinopathy progression. Larger venular
calibre was associated with incidence
of proliferative retinopathy (p=0.006)

Table 4 continued.
Reference;
country/setting of study

Sample size;
age

Ethnicity

Study type

Method of
assessment

Outcome; p value

Klein (2003)
WESDR

n=996; <30yrs

11 county area of
South Central
Wisconsin

Cross-sectional

Retinal Analysis;
Optimate, Madison,
WI

Narrower retinal arteriolar calibre was
associated with retinopathy severity
(p=0.001)

Falck (1995)
Finland

n=45; 9-18yrs

Finnish

Cross-sectional

Densitometry

Retinal vasodilation was associated
with retinopathy development
(p=0.0492)

n=2735; 4080yrs

Asian Malay

Population based
Cross-sectional

SIVA

Larger venular calibre was associated
with the presence of retinopathy
(p=0.001)

TYPE 2
Cheung (2012) Singapore

Crosby-Nwaobi (2012)
England

n=60

English (UK)

Cross-sectional

SIVA

Larger arteriolar and venular calibre
was associated with progression to
proliferative retinopathy (p=0.015 and
p=0.016)

Tsai (2011)
Singapore

n=3400; 4080yrs

Singapore ethnic
Indians

Cross-sectional

Not specified

Larger venular calibre was associated
with increased severity of retinopathy
(p=0.05)

Islam (2009)
Singapore

n=3280; 4080yrs

Malay

Cross-sectional

IVAN

Larger venular calibre was associated
with increased severity of retinopathy
(p=0.001)

Kifley (2007)
Australia

n=3654; >49yrs

Australian

Cross-sectional
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Not specified

Larger venular calibre was associated
with mod-severe retinopathy
(p=0.0001)

Table 4 continued.
Reference;
country/setting of study

Sample size;
age

Ethnicity

Study type

Method of
assessment

Outcome; p value

Klein (2007)
WESDR

n= 1370; >30

11 county area of
South Central
Wisconsin

Population based
prospectivecohort

IVAN

Larger venular calibre was associated
with progression to proliferative
retinopathy (p=0.17) and larger retinal
arteriolar calibre was associated with
incident retinopathy (p=0.11)

Klein (2006)
WESDR

n=1370; >30yrs

11 county area of
South Central
Wisconsin

Cross-sectional

IVAN

Larger retinal venular calibre was
associated with increasing severity of
retinopathy (p=<0.0001)

Nguyen (2008)
MESA

n=4585; 4584yrs

Caucasian, African
American,
Hispanics, Chinese

Prospectivecohort

IVAN

Larger retinal venular calibre was
associated with increasing severity
level of retinopathy (p=0.003)

Tikellis (2007)
Australia

n=1998; >25yrs

Australian

Cross-sectional

Retinal Analysis;
Optimate, Madison,
WI

Larger venular calibre was associated
with the presence of retinopathy
(p=0.002)

n=36; age not
specified

Icelandic

Longitudinal

Projection
Micrometry

Dilatation of arterioles (p=0.0004) and
venules (p=0.0057) preceded the
formation of diabetic macular oedema.

MIXED

Kristinsson (1997)
Iceland

IVAN = Interactive vessel analysis software; SIVA = Singapore “I” vessel assessment; LDR = Length-diameter ratio; ST = Simple tortuosity.
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3.6.1 - Retinal Vascular Calibre and Incident Retinopathy
Recent evidence suggests that retinal arteriolar dilation may be a risk factor in the early
development diabetic retinopathy (Alibrahim et al., 2006; Benitez-Aguirre et al., 2011; N.
Cheung, Rogers, et al., 2008; Rogers et al., 2008). To date, the majority of studies have
reported that retinal arteriolar dilation is present in incident diabetic retinopathy (Alibrahim
et al., 2006; Benitez-Aguirre et al., 2011; N. Cheung, Rogers, et al., 2008; Rogers et al.,
2008). Incident retinopathy refers to the presence of at least one microaneurysm,
haemorrhage, or hard exudate in the retina (Van Leiden et al., 2003). Falck and co-workers
(1995) were the first to assess the relationship between retinal vasodilation and the onset of
diabetic retinopathy in children with type 1 diabetes aged between 9 and 18 years. They
found that patients who developed signs of early retinopathy were more likely to have
venous dilation over a two year follow up period, and changes in arterial calibre seemed to
go hand in hand with changes in venous calibre. These findings, however, were not
statistically significant.
Retinal vascular calibre has been measured in diabetic patients who were retinopathy free.
Cheung (2008) and Alibrahim (2006) reported that larger retinal arteriolar calibre may
predict a higher risk of incident retinopathy in young individuals with type 1 diabetes.
However, no associations between venular calibre and incident retinopathy were identified
in those studies. Rogers (2008) adopted a 5-year follow up period for incident retinopathy
and reported similar findings in that wider arteriolar calibre predicts an increased risk of
incident retinopathy independent of blood pressure, glycaemia control and other diabetic
retinopathy risk factors. The results were only significant in patients with type 1 diabetes.
More recent studies have examined the association between retinal vascular geometry and
the development of incident retinopathy in young individuals with type 1 diabetes (BenitezAguirre et al., 2011; Sasongko et al., 2010). Instead of focussing solely on retinal vascular
calibre diameters, researchers calculated length/diameter ratio and simple tortuosity when
assessing retinal vessels. Lower arteriolar length/diameter ratio and greater simple
tortuosity were independently associated with incident retinopathy (Benitez-Aguirre et al.,
2011). As length/diameter ratio can result from shorter axial length or wider arteriolar
vessel calibres, these findings support the notion that larger arteriolar calibre is associated
with the onset of retinopathy. Geometric parameters such as length/diameter ratio and
68

simple tortuosity may be more robust predictors of diabetic microvascular and
macrovascular complications as it has been previously highlighted that retinal calibre can
vary with ambient glycaemia (Benitez-Aguirre et al., 2011; Sasongko et al., 2010).
3.6.2 - Retinal Vascular Calibre and Retinopathy Progression
A long term (14-year), population-based study has assessed the relationship between retinal
vascular calibre and the incidence and progression of diabetic retinopathy in 996
individuals with type 1 diabetes (R. Klein, B. Klein, et al., 2004). Larger arteriolar and
venular calibre was related to the progression of retinopathy but there was no association
between retinal vessel calibre and incident retinopathy (R. Klein, B. Klein, et al., 2004).
Assessment of the distribution of retinal vascular characteristics in subjects under 30 years
of age with type 1 diabetes indicated that there is not only an increase in retinal venular
diameter but also a gradual decrease in arteriolar diameter associated with an increasing
severity of retinopathy in persons with type 1 diabetes (Grauslund et al., 2009; R. Klein,
Klein, Moss, et al., 2003).
Sequential studies of retinopathy and retinal vascular calibre in older participants (>30
years) with type 2 diabetes suggest associations between larger venular calibre with
increasing severity of retinopathy and associations between wider venular calibre and
moderate to severe diabetic retinopathy have also been reported (Crosby-Nwaobi et al.,
2012; Kifley, Wang, et al., 2007; Nguyen, Wang, Sharrett, et al., 2008; Tikellis et al., 2007).
Findings from more recent studies further support the notion that wider venular calibre
represents a later microvascular risk factor of diabetes (C. Cheung et al., 2012; Islam et al.,
2009; Kifley, Wang, et al., 2007; Tsai et al., 2011). Islam and co-workers (2009), Tsai and
co-workers (2011) and Cheung and co-workers (2012) utilised large adult (aged 40-80
years) samples of diabetic Indian and Asian Malay cohorts, respectively, and found that
similarl to previous studies in Caucasian subjects, retinal venular calibre was wider with
increasing severity of diabetic retinopathy.
The relationship between retinal arteriolar characteristics and diabetic retinopathy in type
2 individuals has not been so definitive. Klein and co-workers (2007) reported a weak trend
suggesting that eyes with a wider arteriolar diameter may be more likely to develop
retinopathy (R. Klein et al., 2007). This is consistent with the previous findings in young
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patients with type 1 diabetes (Alibrahim et al., 2006; Benitez-Aguirre et al., 2011; N.
Cheung, Rogers, et al., 2008; Falck & Laatikainen, 1995; Rogers et al., 2008; Sasongko et
al., 2010). Wider arteriolar calibre in participants with type 2 diabetes and retinopathy has
been reported. However, the associations were evident in subjects with more severe levels
of diabetic retinopathy and not incident retinopathy (Crosby-Nwaobi et al., 2012; Kifley,
Wang, et al., 2007; Tikellis et al., 2007).
Similarly to studies of type 2 diabetes populations, mixed studies of individuals with type
1 or type 2 diabetes have further highlighted significant associations between wider retinal
venular calibre and retinopathy presence and severity (Nguyen, Wang, Sharrett, et al., 2008;
Tikellis et al., 2007).
Kristensson (1997) examined the diameter of retinal arterioles and venules over a four year
period in 36 individuals who were categorised into one of three retinopathy groups, (i)
diabetic macular oedema (ii) background retinopathy and (iii) no retinopathy. They found
that dilation of retinal arterioles and venules was associated with the presence of diabetic
macular oedema (Kristensson et al., 1997). Table 5 provides a summary of diabetic
retinopathy findings from type 1, 2 and mixed diabetes studies.
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Table 5. Summary of diabetic retinopathy findings from type 1, 2 and mixed diabetes studies
Incident retinopathy

Retinopathy progression

Retinal Vascular Calibre

Arteriolar diameter ↑

Type 1

Type 2

Mixed

Type 1

Type 2

n=5

n=1

n=1

n=1

n=1

Arteriolar diameter ↓
Venular diameter ↑

Mixed

n=2
n=1

n=1

n=1

n=1

Venular diameter ↓

↑ = wider; ↓ = narrower
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n=6

n=2

3.6.3 - Overview of Retinal Vascular Calibre associations with Diabetic Retinopathy
To date, the major trends highlighted in the diabetes literature suggest that retinal arteriolar
dilation is associated with incident diabetic retinopathy, while retinal venular dilation is
thought to represent a later sign of diabetic retinopathy. This may explain why there is some
evidence of association of venular dilation with the progression of diabetic retinopathy, but
little evidence with the development of diabetic retinopathy.
Much of the research in this area did not account for a variation in pulsatility associated
with cardiac cycle which has been estimated to cause up to a 6% variation in arteriole and
venule diameters (R. Klein et al., 2007). Assuming that retinal photographs were taken at
random during the cardiac cycle, the resulting increase in variability of the gradings might
result in the attenuation of the findings. Furthermore, Falck and co-workers (1995) and
Kristensson and co-workers (1997) did not utilise standard protocols for retinal vascular
diameter assessment and therefore the results must be viewed cautiously.
Whilst many of these studies included large sample sizes, caution must be observed in
interpreting the findings of Crosby-Nwaobi and co-workers (2012), Falck and co-workers
(1995) and Kristensson and co-workers (1997) due to relatively small sample sizes.
Additionally, the implementation of relatively short follow-up periods in some studies
suggests that the misclassification of diabetes or retinopathy may occur as pathology could
potentially develop after this period (Falck & Laatikainen, 1995; T. Wong, Klein, et al.,
2002).
In summary, significant developments have occurred to better understand the relationship
between retinal vascular calibre and the onset and progression of diabetes and diabetic
retinopathy. It has been suggested that retinal venules are dilated in persons with severe
diabetic retinopathy. In young children with type 1 diabetes, variations in retinal
microvascular characteristics have been associated with key diabetes-related risk factors.
Namely, that retinal arteriolar dilation is associated with incident diabetic retinopathy in
these individuals. Despite this, the clinical significance of these findings requires further
evaluation as the value of measuring retinal vascular calibre in younger patients with type
1 diabetes for the risk prediction of diabetic retinopathy remains largely unclear.
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3.7 - Proposed Mechanisms for Retinal Vascular Calibre Alterations
The mechanisms behind the retinal microvascular changes in calibre are poorly understood.
Despite this, previous research into the relationship between various systemic,
environmental and demographic variables and retinal vascular calibre has revealed several
pathophysiological factors associated with retinal arteriolar and venular calibre (Sun,
Wang, et al., 2009).
Mechanisms behind the development of narrower retinal arteriolar calibre are believed to
be associated with hypertensive and arteriosclerotic microvascular changes and nitric oxide
related endothelial dysfunction (R. Klein et al., 2007; T. Wong, Klein, et al., 2002). Retinal
arteriolar changes in response to elevated blood pressure have been well documented
(Hubbard et al., 1999; R. Klein et al., 2010; Mitchell et al., 2007; Sharrett et al., 1999; T.
Wong et al., 2005). Previous research has reported that a decrease in internal arteriolar
lumen calibre occurs early in the development of hypertension. It is believed that these
changes may be responsible for altering the body's hemodynamics and in doing so resetting
blood pressure to a higher level (R. Klein, Klein, Knudtson, et al., 2006; Liew, Wang,
Mitchell, et al., 2008; T. Wong, Islam, & Klein, 2006). Alternatively, acute elevated blood
pressure is believed to initiate the process of autoregulation through increased arteriolar
tone and lead to subsequent generalised arteriolar narrowing (Wang et al., 2003). Arteriolar
narrowing may also partly reflect endothelial dysfunction as a result of nitric oxide
deficiencies. As nitric oxide plays an integral role in regulating vascular tone through
inhibiting platelet and leukocyte adhesion to endothelial cells, influences on this process
may be involved in vascular calibre narrowing (Sun, Wang, et al., 2009). Evidence to
support this hypothesis comes from the Beaver Dam Eye study that reported several genes
related to vascular calibre are also involved in the endothelial-nitric oxide pathway (Xing
et al., 2006).
Possible mechanisms have also been hypothesised for the development of larger retinal
arteriolar calibre, that has been associated with the incidence of diabetic retinopathy in
individuals with type 1 diabetes. It has been postulated that retinal arterial dilatation may
cause a rise in capillary pressure, which in turn can lead to leakage (oedema), rupture
(haemorrhage) and capillary wall dilation (microaneurysm), all clinical signs of retinopathy
(R. Klein, Klein, Moss, et al., 2006; Rogers et al., 2008). Furthermore, arteriolar dilatation
and associated increase in retinal blood flow in the diabetic retinae may reflect underlying
arteriolar autoregulation dysfunction (Rogers et al., 2008). This may be explained in part
73

by hyperglycemia-mediated endothelin-1 resistance and calcium-influx channel inhibition
in smooth muscle cells that could augment the retinal artery dilatory response and impair
retinal artery constriction by reducing oxygen tension from retinal capillary non-perfusion
(Rogers et al., 2008).
A widening of venular calibre, on the other hand, may reflect a regulatory response in an
attempt to normalise a reduction in nutrients or an increased concentration of waste
products in the retina (Grunwald, Riva, Baine, & Brucker, 1992; R. Klein, Klein, Moss, et
al., 2006). An alternate hypothesis behind venular dilation suggests that inflammation
associated with increased nitrous oxide levels may be partly responsible for this variation
in retinal venules (Islam et al., 2009). The MESA study highlighted this relationship when
reporting that a pro-inflammatory systemic state characterised by high concentrations of Creactive proteins (CRP) and leukin 6 concentrations was associated with larger venular
calibre. This finding was consistent with other cohorts and is important as inflammation is
recognised as a key pathogenic process in the development of cardiovascular disease it may
therefore provide additional information surrounding systemic cardiovascular risk (T.
Wong, Islam, Klein, et al., 2006). The latter hypothesis is consistent with previous research
suggesting that larger venular calibre predicts the progression of retinopathy as ocular
inflammation is a pathogenic factor in the progression of diabetic retinopathy (Islam et al.,
2009). These findings suggest that variations in retinal arteriolar and venular calibre may
reflect different pathophysiological processes. Despite this, a complete understanding of
the mechanisms responsible for retinal vascular calibre changes in diabetic and nondiabetic individuals is lacking. This may in part be due to the fact that the relationship
between calibre and a range of pre-, peri- and post-natal potential confounding factors is
poorly understood.
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CHAPTER 4 - SUMMARY AND AIMS
4.1 - Summary
Retinal vascular calibre provides a means to study early structural changes and pathological
features of the human microcirculation (N. Cheung, Islam, et al., 2007). Evidence for this
exists from previous research that has reported early abnormalities in cerebral and renal
microcirculation were related to adverse retinal vascular calibre profiles (Liew, Wang,
Mitchell, et al., 2008; Sabanayagam et al., 2009).
An increasing knowledge of the influence that various systemic, environmental and genetic
factors have on retinal vascular calibre has enabled a better understanding of the
pathophysiology of the body’s microvasculature (Sun, Wang, et al., 2009; Taarnhoj et al.,
2006; Wang & Wong, 2006). In addition, emerging evidence suggests quantitative
assessment of retinal vascular calibre may have the potential to provide additional
prognostic information beyond current traditional risk factors for several cardiovascular,
cerebrovascular and metabolic related diseases (Liew, Wang, Mitchell, et al., 2008).
Recent research has revealed promising findings when exploring the relationship between
retinal vascular calibre and the common microvascular complications associated with type
1 diabetes, retinopathy and nephropathy. That is, several studies have highlighted that
retinal arteriolar dilation is present in incident diabetic retinopathy and may precede the
common signs of early retinopathy in these individuals (Alibrahim et al., 2006; BenitezAguirre et al., 2011; N. Cheung, Rogers, et al., 2008; Falck & Laatikainen, 1995; Rogers
et al., 2008; Sasongko et al., 2010). Furthermore, alterations in retinal vascular calibre have
also been linked to early makers of kidney damage in type 1 diabetic populations
(Grauslund et al., 2009; R. Klein, Klein, Sandra, et al., 2003). Therefore, it has been
postulated that retinal vascular calibre assessment in children and adolescents with type 1
diabetes may be a useful addition to standard protocols for diabetic retinopathy and
nephropathy screening. This could prove useful as current methods utilised to detect
individuals at a high risk of developing these complications are limited and identifying high
risk patients early is critical so as to allow timely implementation of effective interventions.
Despite these encouraging findings, it is yet to be demonstrated whether retinal vascular
calibre could be utilised as a clinical tool to appreciably improve detection rates for these
common microvascular complications associated with type 1 diabetes. Investigation into
the clinical value of retinal vascular calibre needs to be determined prior to the labour
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intensive task of investigating its potential as a public health tool in improving risk
prediction of disease states in the otherwise healthy population.
Before vascular calibre can be integrated within screening protocols for retinopathy and
nephropathy, several unanswered questions need to be investigated. Perhaps most
importantly, in order to provide any prognostic information, normal and abnormal retinal
vascular calibre reference values need to be established according to disease status. These
reference values require adjustment for important confounders of retinal arteriolar and
venular calibre. Although, investigation into the influence of various systemic,
environmental and genetic factors has revealed some prominent confounders, a complete
understanding of the pre-, peri- and post-natal variables that influence retinal vascular
calibre in individuals with type 1 diabetes is lacking.
To date, no study has examined associations between a comprehensive range of pre-, periand post-natal factors on retinal vascular calibre in individuals with type 1 diabetes. In
addressing this research question, the study of children and adolescents with type 1 diabetes
is desirable as they are generally exposed to fewer potentially confounding systemic and
environmental factors than adults. This research is vital to identify potentially important
confounders and mediators of retinal vascular calibre that need to be adjusted for in future
calibre research related to incident retinopathy and nephropathy. In doing so, a better
understanding of the relationship between retinal vessel calibres and their role in these
common microvascular complications associated with type 1 diabetes will be developed.
In addition, this research could shed light on potential pathophysiological mechanisms that
may influence retinal vascular calibre early in type 1 diabetes. As narrower arteriolar calibre
and wider venular calibre have been suggested to precede several cardiovascular and
cerebrovascular related diseases, investigation into whether early exposure to modifiable
lifestyle factors (activity levels, diet etc.) may protect or predispose an individual to an
adverse microvascular profile may provide evidence for early intervention in children and
adolescents with type 1 diabetes.
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4.2 – Hypotheses and Aims
This body of work encompasses three aims. Aim 1 describes the overarching objective of
this research project, while aims two and three seek to address smaller gaps in current
knowledge. All study aims and hypotheses are described below.
Hypothesis 1
It is hypothesised that differences in the examined pre-, peri- and post-natal factors between
participants with type 1 diabetes will correlate with retinal arteriole and venule vascular
calibre.
Birth cohort studies have shown parental, socio-demographic and early-life factors are
associated with childhood dietary patterns and child blood pressure (Brazionis et al., 2013;
Smithers et al., 2012). Cohort studies in adults show retinal vessel calibre is associated with
vascular outcomes, including elevated blood pressure. A causal model that postulates
calibre predicts vascular outcomes, such as hypertension or retinopathy, needs to adjust for
potential confounders in that causal pathway. Risk factors for hypertension and retinopathy
are well known. However, the confounding structure of retinal vessel calibre has yet to be
elucidated.
Aim 1 (Primary Aim)
To investigate the relationship between a variety of pre-, peri- and post-natal factors and
retinal vascular calibre in children and adolescents with type 1 diabetes in order to identify
confounders and potential mediators of retinal vascular calibre.
Outcome variable: Retinal vascular calibre
Exposure variables: Pre-, peri- and post-natal factors
Hypothesis 2
a) It is hypothesised that participants with early signs of retinal pathology characteristic
of diabetic retinopathy will more likely display wider retinal arteriolar calibre after
adjusting for confounders.

There is evidence that wider retinal arteriolar calibre is present in incident diabetic
retinopathy in children and adolescents with type 1 diabetes. However, previous
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research has not investigated and adjusted for many confounders of retinal vascular
calibre.

b) It is hypothesised that retinal vascular calibre will share similar associations with renal
microcirculation in children and adolescents with type 1 diabetes. That is, participants
who show signs of a decline in kidney function, as defined by the presence of
microalbuminuria or an estimated glomerular filtration rate of <60mL/min, will
encompass the retinal vascular architecture that is characteristic of underlying
pathology (arteriolar narrowing and/or venular widening).

There is some evidence that alterations in retinal vascular calibre may be associated
with early declines in kidney function and may even forecast future declines in adult
populations (Grauslund et al., 2009; Sabanayagam et al., 2009). However, there is little
evidence for this in children and adolescents with type 1 diabetes who have a significant
lifetime risk of chronic kidney disease.

Aim 2
To investigate the relationship between retinal vascular calibre and common diabetesrelated microvascular complications of the retina (diabetic retinopathy) and kidney
(nephropathy) after adjusting for strong confounders of retinal vascular calibre that were
exposed in Aim 1.
Outcome variable: Diabetic retinopathy (presence or absence), Microalbuminuria (presence
or absence), Estimated glomerular filtration rate (normal or reduced)
Exposure variables: Retinal vascular calibre

Hypotheses 3
a) It is hypothesised that greater time spent engaged in sedentary behaviours and
insufficient physical activity will be associated with adverse retinal vascular
calibre profile in children and adolescents with retinal vascular calibre.
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b) It is hypothesised that participants who adhere to healthy dietary patterns,
including but not limited to foods of low GI, high dietary fibre and high omega-3
content, will show the characteristic signs of a more favourable retinal
microvascular profile.

Aim 3
To investigate the association between the lifestyle factors of diet, sedentary behaviours
and physical activity levels in order to highlight any modifiable factors that may predispose
or protect against an adverse retinal microvascular profile.
Outcome variable: Retinal vascular calibre
Exposure variables: Dietary patterns, Physical activity levels (hours/week), Time spent in
sedentary behaviours (hours/week)
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CHAPTER 5 - METHODS
5.1 - Study Setting and Population
All participants in this study were outpatients from the Department of Endocrinology and
Diabetes of the Royal Children’s Hospital (RCH) in Melbourne for type 1 diabetes care.
Any child or adolescent who attended the Diabetes Complications Screening Clinic for
retinal imaging at the RCH for type 1 diabetes care was eligible for inclusion in the study.
No restriction was placed on age. However, each child was required to have at least one
retinal image for diabetic retinopathy assessment that met the criteria for the measurement
of retinal vascular calibre.

Participants were excluded if their retinal images did not meet the specifications required
for computer-assisted measurements. That is, those of poor quality or those images without
at least 1.5 disc diameters of retina nasal and temporal to the optic disc. Participants were
also excluded if they were diagnosed with a significant co-morbidity. A significant comorbidity was defined as the presence of any disease not related to type 1 diabetes that
required active treatment at the time of baseline retinal imaging.
Once participants were identified from an audit of clinical records, they were allocated a
numeric study code in order to maintain their anonymity.
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5.2 - Study Design
To address the research questions, three individual studies were conducted. Each study
differed in terms of study design. Figure 1 depicts and overview of the individual study
aims and design. The research protocol for this study was approved by the ethics committee
of La Trobe University and the RCH (HREC – 33019 B) (Appendix 1).

Figure 1. Overview of study design
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5.2.1 - Study 1 – Retinal Vascular Calibre Associations with Cross-sectional Pre-,
Peri- and Post-natal Clinical Data
In this phase of the project historical baseline cross-sectional data was collected by the
researcher (SK) via an audit of the medical files of participants who attended the Diabetes
Complications Screening Clinic for retinal imaging within the Department of
Endocrinology` and Diabetes between January 2009 and March 2014. Baseline was defined
as the time at which the first digital retinal image was taken. This study sought to (1)
identify potential confounders of retinal vascular calibre and (2) assess the relationship
between

retinal

vascular

calibre

and

common

diabetes-related

microvascular

complications.

The researcher (SK) obtained all electronic appointment lists for the Diabetic Complication
Screening Clinic during this time period which consisted of participant unit record (UR)
numbers. The UR numbers obtained were cross-referenced to ensure that a baseline retinal
image was taken. The files of participants who had baseline retinal images taken were
audited to collect the relevant data. The RCH makes use of Cerner PowerChart and Clinical
Lookup and Results Acknowledgement (CLARA) for the storage of participant
information. Cerner PowerChart is multi-entity electronic medical record databases
whereby doctor and cliniciarecords are stored as atomised data and spreadsheets and reports
can be readily generated. CLARA is a web-based software application where participant
pathology and imaging results are stored. The pre-, peri- and post-natal data collected from
the medical history are listed in Table 6.
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Table 6. Baseline historical data collected from participant medical records
VARIABLES
Pre-natal factors

Demographics

Socioeconomic factors:
Residential Post code
Private health insurance status (yes/no)

Peri-natal factors

Demographics

Ethnicity
Gender (male/female)
Date of birth
Parents’ country of birth

Post-natal factors

Clinical

Age at diabetes diagnosis (years)
Age at entry into study (years)
HbA1c (%) (at diagnosis and most recent)
Visual Acuity (Snellen)
Body Mass Index (percentiles – from growth charts)
Lipid Profile Information (total, HDL and LDL (mmol/L)
Blood Chemistry (serum sodium, potassium, chloride, urea
and creatinine)
Physical Activity Levels# (self-report)
Blood Pressure (mmHg)
Medications

OUTCOME MEASURES
Retinal Vascular Calibre
Diabetic Retinopathy status
Renal Function (eGFR and Albuminuria status*)
mmol/L = millimoles per litre; mmHg = millimetres of mercury; eGFR = estimated glomerular
filtration rate
#
Physical Activity Levels = self-reported to clinician and assigned; 1 = Adequate, 2 = Minimal, 3 =
Active, 4 = Very active.
*Albuminuria status; microalbuminuria was defined as an albumin:creatinine ratio of >3.5mg/mmol
in females and >2.5 mg/mmol in males.

5.2.2 - Study 2 – Longitudinal Retinal Vascular Calibre Changes
Participants in study 1 who had retinal images suitable for calibre measurement from at
least one follow up appointment ≥12 months after baseline were included in this phase of
the project. This study sought to investigate whether follow-up visit levels of post-natal
factors were associated with alterations in retinal vascular calibre. Historical data listed in
Table 6 was collected at all time points for these participants following the same audit
protocol as described above.
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5.2.3 - Study 3 –Retinal Vascular Calibre Associations with Cross-sectional Pre-,
Peri- and Post-natal Data not available from Medical Files
In this phase of the project a subset of participants recruited by the researcher (SK) had
dietary, maternal and physical activity information collected through the administration of
two questionnaires over an 8 month period between July 2013 and April 2014. Baseline
historical data listed in Table 6 were collected for this subset of participants following the
same audit protocol as described for study 1. Dietary, maternal and physical activity data
was linked with other previously discussed exposure variables (Table 6) in order to shed
light on potential mechanisms involved in determining retinal vascular calibre. A summary
of the information collected via the questionnaires is presented in Table 7.
All dietary, maternal and physical activity information listed in Table 7 was collected from
participants attending the Diabetes Complication Screening Clinic at the time of
appointment through the implementation of the Australian Child and Adolescent Eating
Survey (ACAES) (Appendix 2) and the maternal questionnaire (Appendix 3) as described
in detail in the following sections. The endocrinology nurse responsible for supervising this
clinic identified potential participants to the researcher (SK) who in turn approached the
families and provided them with a participant information statement. For all potential
participants under the age of 18 years the supervising parent or guardian was provided with
the participant information statement (Appendix 4). For participants aged 18 years or older
the information statement was not provided to the parent/guardian unless requested. All
adolescents between the ages of 12 and 17 years were also given the opportunity to read an
alternate participant information statement (Appendix 5). The information statement was
provided in English and described the study objectives, survey instructions and data
confidentiality. All parties who agreed to be involved in the study provided written
informed consent at the time of appointment. It was at the participants discretion as to
whether they completed the surveys at the time of appointment or at home. A return postage
paid envelope was provided to those participants who completed the surveys at home.
As per Australian Eating Survey guidelines, those children aged 9-18 years completed the
Food Frequency Questionnaire themselves and for younger children the questionnaire was
completed by the parent or guardian of the participant (Watson, Collins, Sibbritt, Garg, &
Dibley, 2010). A handout adapted from The Australian Guide to Healthy Eating providing
information about standard serving sizes was available to participants as a guide for what
constituted a ‘serve’ in reference to specific foods (Appendix 6).
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If the participant’s mother was in attendance at the time of consultation she completed the
maternal questionnaire. If the participant was accompanied by anyone other than their
mother at the time of consultation or they presented to the consultation alone, the maternal
questionnaire was taken home by the participant with a return postage paid envelope.
Table 7. Additional data collected from participants in study 3 via the implementation of
Maternal and Food Frequency Questionnaires
VARIABLES
Pre-natal factors

Demographics

Socioeconomic factors:
Maternal education (highest level)
Marital status (first, subsequent, previously, never)

Maternal

Smoking status during pregnancy (yes/no)
Gestational diabetes (yes/no)
BMI at time of pregnancy (kg/m2)
Age at pregnancy (years)
Country of birth

Factors

Peri-natal factors

Non-dietary

Birth weight (gm)
Birth term (weeks)

Post-natal factors

Dietary

Breast feeding history:
0-3 months
3-6 months
> 6 months
Age of commencement of formula or supplementary milk feeding
(months)
Physical activity levels (hours per week)
Age at which solid and lumpy foods were introduced (months)
Gluten exposure (duration and age of onset)
Dietary Intake (current) (as determined by the FFQ)

OUTCOME MEASURES
Retinal Vascular Calibre
kg/m2 = kilograms/metres2; gm = grams

5.3 - Royal Children’s Hospital Clinical Procedures:
The historical data collected in studies 1, 2 and 3 was based on the medical records from
routine clinical services provided by RCH staff members within the Department of
Endocrinology and Diabetes. Participants with type I diabetes attended two clinics, the
Diabetes Clinic and the Diabetes Complication Screening Clinic, where they were reviewed
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by endocrinologists and nursing staff within the Department. The relevant data attained
within these clinics (Table 6) was later collected by the researcher (SK) via an audit of
participant medical files. Below is an overview of the routine services provided by the RCH
within each clinic and the procedures creating the clinical data included in this project.
5.3.1 - Diabetes Clinic
Children and adolescents with type 1 diabetes attending the RCH and included in this study
were reviewed by an endocrinologist within the Diabetes clinic. Within this clinic each
participant had their height and weight measured and BMI subsequently calculated.
Pubertal status was characterised as pre-, peri-, or post-pubertal and for female participants
menses status was characterised as pre-menarche, regular or irregular. In addition, current
and proposed insulin doses were reported and physical activity level was evaluated in
consultation with the participant and their parent/guardian. A numeric value from 1 to 4
was assigned to each participant based on their level of physical activity according to the
endocrinologist’s evaluation. Definitions of the numeric values assigned were as follows;
1 = Adequate, 2 = Minimal, 3 = Active, 4 = Very active.
The Pathology Department at the RCH was responsible for determining biochemical
information relevant to children and adolescents with type 1 diabetes via standard methods.
A breakdown of this information is as follows:


Blood chemistry: Serum Sodium, potassium, chloride, urea and creatinine.



Coeliac serology: tTg IgA and DGP IgG and interpretation.



Lipid profile: Cholesterol, triglyceride, HDL cholesterol and LDL.



Urinary biochemistry: Urinary albumin (random), Urinary creatinine (random) and
albumin/creatinine ratio.



HbA1c

In general, participants remained under diabetes care at the RCH only until the completion
of their secondary education. Exceptions occurred if the participant was transitioning to an
insulin pump, or was included in a research study, or had poorly controlled diabetes (as
determined by the treating endocrinologist). In these circumstances the participant
continued diabetes care at the RCH until discharged by the treating endocrinologist.
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5.3.2 - Diabetes Complication Screening Clinic
Referral to the diabetes Complication Screening Clinic at the RCH occurred if the patient
(i) turned 9 years old and had a duration of diabetes ≥ 5 years or (ii) was ≥ 11 years of age
with duration of diabetes ≥ 2 years.
Attendance at the Complications Screening Clinic was recommended every 1 to 2 years.
The aim of this clinic was to detect very early signs of complications such as retinopathy,
in order to optimise management to minimise progression and promote regression of early
complications. Initially, each participant had their supine and standing blood pressure
measured by an endocrine nurse. Following this, unilateral vision was recorded. If ≤ 6/9 in
either eye then a pinhole vision was performed. Within this clinic, the participant had a
retinal image for each eye taken with a Canon EOS 10D digital retinal camera.
5.4 - Derived Exposure Variables
Details of methods utilised for the collection of the key exposure variables in this body of
work are described below.
5.4.1 - Australian Child and Adolescent Eating Survey (ACAES)
Developed by the University of Newcastle, the ACAES is a 135-item semi-quantitative
Food Frequency Questionnaire (FFQ) designed to collect information about dietary intake
over the last 6 months in Australian children and adolescents aged 2 to 17 years.
Standard portion sizes were determined using ‘natural’ serving size when possible for each
food item. Where natural serving size information was unavailable, portion sizes were
derived from the Australian Bureau of Statistics (ABS) data from the 1995 National
Nutrition Survey (NNS) for children, adolescents from the Australian Social Science Data
Archive at the Australian National University. Individual responses for each food were
required, with frequency options ranging from ‘Never’ to ‘4 or more times per day’. This
varied depending on the food, with some drink items having frequency options up to ‘7 or
more glasses per day’. This survey has been validated against plasma carotenoid
concentrations for fruit and vegetable intake and 24-hour dietary recalls in children
(Burrows, Warren, Colyvas, & Garg, 2008; Watson, Collins, Dibley, Garg, & Sibbritt,
2009).
The ACAES includes questions about daily consumption of vegetables, fruit, dairy
products, snack foods and sweetened beverages, as well as the type of bread and dairy
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products. Six questions address health-related behaviours such as frequency of
consumption of breakfast, takeaway food and vitamin supplements, with further questions
about sedentary activities, specifically time spent watching television or playing computer
games. The nutrients assessed by the ACAES are depicted in Table 8.
The FFQ dataset contained nutrient data in the form of grams per day and daily frequencies
for all individual food questions. Additionally the dataset included: percentage of energy
contributed to diet by macronutrients and core and non-core foods, daily micronutrient
intake, BMI weight ranges and BMI z-scores and the Australian Child and Adolescent
Recommended Food Score (ACARFS) for each participant. The ACARFS was developed
to reflect adherence to the dietary guidelines for children and adolescents in Australia. This
has been modelled on the approach of the US recommended food score. An ACARFS could
imply one or both of the following; (i) A child who scores high (as noted below) consumes
a wide variety of healthy foods and has an adequate nutrient intake, or (ii) A child who
scores high consumes a wide variety of healthy and unhealthy foods but still has an
adequate nutrient intake (Marshall, Watson, Burrows, Guest, & Collins, 2012). Marshall
and co-workers (Marshall et al., 2012) research into the validity of the ACARFS indicates
that it is moderately strong in correctly classifying an individual as either having a good
quality or poor quality diet. Marshall and co-workers (2012) cross-sectional study of 691
children proposed that an ACARFS of 32 and above is reflective of a good quality diet, a
score of 19 to 31 indicates a moderate diet quality and an ACARFS of 18 or less is
suggestive of a poor quality diet.
Table 8. Nutrient data provided by the ACAES.
Energy (kJ)

Carbohydrates (g)

Niacin eqv (mg)

Magnesium (mg)

Protein (g)

Sugars (g)

Vitamin C (mg)

Calcium (mg)

Total Fat (g)

Fibre (g)

Folate (µg)

Iron (mg)

Saturated Fat (g)

Thiamine (mg)

Vitamin A (µg)

Zinc (mg)

Polyunsaturated Fat (g)

Riboflavin (mg)

Retinol eqv (µg)

Alcohol (g)

Monounsaturated Fat (g)

Niacin (mg)

Beta-carotene (µg)

g = grams; kJ = kilojoules; mg = milligrams; µg = microgram
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5.4.2 - Maternal Questionnaire
The maternal questionnaire was developed by the research team in consultation with key
Endocrinology and Dietetics staff at the RCH (Appendix 3). This questionnaire ascertained
marital status, level of education, country of birth, and pre-pregnancy age, height and
weight of the participant’s mother. Relevant questions relating to the mothers pregnancy
duration and health, as well as infant feeding habits in the first 12 months were also raised
in this questionnaire. Furthermore, participant physical activity levels were established.
5.4.3 - Physical Activity
To gain a more precise measure of physical activity level than that estimated by the
endocrinologist at the time of the baseline imaging appointment, participants in study 3
self-reported the frequency and duration (hours) of physical activity at school, organised
sports and leisure time during the previous week via questions in the maternal
questionnaire. In order to optimise the accuracy of reports, physical activity questions were
completed by the participant’s mother in consultation with the participant. These questions
were modified from the Baecke physical activity questionnaire and were chosen because
they are brief and they measure habitual activity (Baecke, Burema, & Frijters, 1982).
5.4.4 - Sedentary Behaviours
The ACAES survey also assessed participant’s sedentary behaviours as ‘total screen
time’. Total screen time was calculated as the time spent watching TV or spent playing
computer or video games. Four categories of each measure were derived (measured in
hours per day: 1-2, 2-3, 4-5 and >6).
5.4.5 - Demographics
5.4.5.1 - Ethnicity
Each child’s ethnicity was defined according to the country of birth of one or both parents.
Ethnic groups represented in the study included: South East Asian, African, Indigenous
Australian, Melanesian/Polynesian, Middle eastern and European Caucasian. Due to small
participant numbers in some of the ethnic group sub-categories, participants were grouped
into European/Caucasian or Non-European/Caucasian for the purpose of some analyses.
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5.4.5.2 - Socio-Economic Indexes for Areas (SEIFA)
Participant’s post code was collected via audit in the current study and later converted by
the researcher (SK) to a SEIFA score to be used in analyses as a measure of socio-economic
status. The Australian Bureau of Statistics developed SEIFA as a means to rank relative
socio-economic advantage and disadvantage using geographical areas in Australia. SEIFA
consists of four indexes; Index of relative socio-economic disadvantage (IRSD), Index of
relative socio-economic advantage and disadvantage (IRSAD), Index of education and
occupation (IEO) and Index of economic recourses (IER). Each index is based on
information from a 5-yearly census and focuses on a different aspect of socio-economic
advantage and disadvantage within the census variables (ABS, 2011).
IRSAD was utilised in this project as it summarises information about the economic and
social conditions of people and households within each post code area. Benefits of the
IRSAD are that it provides a general measure of advantage and disadvantage in the analysis
and it not only looks at disadvantage and lack of disadvantage in given areas, but also takes
into consideration advantage to offset any disadvantage in the area. Below is a summary of
census variables used to calculate IRSAD:


Household income



Mortgage payments



Highest level of education



Percentage of professionals, manages, labourers etc.



Rental prices



Amount of spare bedrooms in private dwellings



Internet connection



Percentage of occupants > 15 years at University or other tertiary institution



Percentage of one parent families



Percentage of occupants < 70 years who have long term disability

This index utilises deciles in order to rank areas on a continuum from most disadvantaged
to most advantaged. For example, the lowest 10% of areas were given a decile number of
1, the next lowest 10 percent were given a decile number of 2, up to the highest 10% of
areas which were given a decile number of 10 (ABS, 2011).

90

5.4.6 - Clinical Measurements
5.4.6.1 - Blood Pressure
Each participant had their blood pressure measured in the supine and standing positions by
an endocrine nurse at the time of consultation in the Diabetes Complications Screening
Clinic. The Philips Intellivue MP5SC with appropriate cuff size was utilised for all
measurements (Figure 2). The protocol for blood pressure measurements was as follows:

a. The endocrine nurse ensured the participant had an empty bladder, had removed
any tight clothing from around the arm and had been in the lying position for 5
minutes prior to blood pressure measurement.
b. The participant’s arm was positioned and supported at the level of the heart with the
aid of a pillow if required.
c. The nurse selected the appropriate cuff size based on the size of the participant’s
arm. It was ensured that the participant’s arm was encircled by at least 80% but no
more than 100% of the cuff bladder. If the index line did not fit, a smaller or larger
cuff was attempted until an appropriate fitting cuff was identified.

d. The centre of the cuff bladder was then placed over the brachial artery using the
brachial artery indicator.

e. The Philips Intellivue MP5SC was then started and the participant was asked to
refrain from talking or moving during the procedure.

f. Two readings of lying SBP and DBP were performed and an average was
documented. If the two readings differed by more than 5 mmHg additional readings
were obtained and averaged. Furthermore, if blood pressure was raised,
measurements were repeated allowing at least one minute between readings.

g. The cuff position was maintained in place and the participant was asked to stand
h. The participant’s arm was supported at heart level and they were maintained in the
standing position for 1 minute prior to measurement.
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i. The Philips Intellivue MP5SC was then started and the standing SBP and DBP
measurements were documented following the same protocol as lying
measurements.

Figure 2. Philips intellivue blood pressure monitor (Philips, 2014)

5.4.6.2 - Body Mass Index
If available, participant’s BMI was collected from growth charts in medical files during the
audit. In study 3, mother’s pre-pregnancy BMI and participant’s BMI missing from medical
files during the audit was calculated using height and weight measurements attained via the
maternal questionnaire. The formula used to calculate BMI was:
𝐵𝑀𝐼=

Weight (Kilogram)
Height (Metre) 2

5.5 - Outcome Measures
The primary outcome measure in this study was retinal vascular calibre. Secondary
outcome measures included: diabetic retinopathy, estimated glomerular filtration rate and
albumin creatinine ratio. Details of each of the key outcome measures of this study are
described below.
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5.5.1 - Retinal Vascular Calibre Measurements
5.5.1.1 - Retinal Imaging
In order to measure retinal vascular calibre, each participant required a retinal image. A
CR6-45NM ophthalmic digital imaging system and Canon EOS 10D digital camera was
captured all retinal images (Figure 3 and 4). The Canon EOS 10D is a 6.3 megapixel camera
with a CMOS sensor ring, ring flash and twin flash with Evaluative-Through-The-Lens (ETTL) metering (Wolfgang, 2003). This camera uses infrared light to televise a view of the
fundus through a dark adapted pupil (R. Klein, S. Meuer, et al., 2004). The endocrine nurse
at the RCH took non-stereoscopic colour 45 degree retinal images for all participants
attending the Diabetes Complication Screening Clinic.
Retinal screening of diabetic participants has evolved considerably with the refinement of
the retinal camera. Evaluation of retinal images by trained retinal graders has proven to be
an accurate tool for diagnosing diabetic retinopathy, having a high degree of sensitivity for
detection of neovascularisation and retinal haemorrhages, which are common signs of
diabetic retinopathy (Marberley et al., 2004). Several advantages of the 45 degree nonmydriatic camera have been demonstrated. The excellent resolution of images that can be
magnified and manipulated, the immediate feedback to the imager about the quality of the
image and the potential to take gradable images without the need for instilling
pharmacological agents to dilate the pupil are just a few of these perceived benefits (R.
Klein, S. Meuer, et al., 2004).
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Figure 3. CR6-45NM ophthalmic digital imaging system
and Canon EOS 10D (Kinch, 2000)

Figure 4. Example of retinal image taken using the CR645NM ophthalmic digital imaging system and Canon EOS 10
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The protocol followed by the endocrine nurse performing retinal imaging was as follows:
a. Digital images were taken through a non-pharmacologically dilated pupil.
b. Participants were seated in a darkened, windowless room with the lights off to allow
for the natural dilation of the pupils (X. Zhang et al., 2010). At least 4mm of dilation
was required to obtain a gradable image.
c. The participant was required to place his/her chin on the chin rest of the CR6-45NM
ophthalmic digital imaging system and forehead against the forehead rest.
d. Focusing of the retinal image was accomplished by the endocrine nurses use of a
laptop computer and camera control knobs.
e. The endocrine nurse then took the retinal images. On the majority of occasions
images were taken of two retinal fields, the first centred on the optic disc and the
second centred on the macula. Suitable retinal images were those whereby at least
1.5 disc diameters of retina nasal and temporal to the optic disc was identifiable on
either the disc or macula centred image.
f. Both eyes of the participant were imaged following the same protocol.
g. 45 degree digital retinal colour images were then generated and stored on an
external hard drive attached to the laptop. Images were 24-bit colour depth and
displayed at a resolution of 100 pixels per inch (Marberley et al., 2004). Images
were not compressed but converted to JPEG files of approximately 1.5 to 2.0
megabytes in size.

5.5.1.2 - Interactive Vessel Assessment Software (IVAN)

All retinal vascular calibre measurements were performed by the researcher (SK) for all
participants in this study. Details of the relevant training undertaken by the researcher to
become accredited in grading retinal vascular calibre are described in the following section.
Calibre was measured prior to any clinical data being collected ensuring that the researcher
was masked to any participant characteristics.

All retinal vascular calibre measurements were performed using the semi-automated
computer program; Interactive Vessel Assessment (IVAN), developed by the Fundus
Reading Centre at the University of Wisconsin. This program enables digitised retinal
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images to be broken up into two zones using three concentric circles that demarcate an
average optic disc (Figure 5). Zone A represents the region within 0.5 disc diameters from
the disc margin and zone B represents the region between 0.5 and 1.0 disc diameters from
the disc margin. IVAN has several automated components including; identifying vessel
type, identifying vessel width and centering of the overlying grid on the optic disc. All of
these components can be manually overridden by the operator. Furthermore, the operator
can choose to delete any erroneous vessel measurements, re-measure vessels and add any
vessels that were missed in the automated process. In IVAN, red is used to denote arteries
and blue to denote veins (Figure 6). The measurements reflect the width of the blood
column of each vessel. The data table displayed alongside the retinal images contains the
mean width and standard deviation for each vessel measured.

Figure 5. IVAN: Overlaying grid of concentric circles to identify ‘Zone A’ and ‘Zone B’
(Knudtson et al., 2003)

Figure 6. IVAN: Identification of arterioles and venules (red vessels denote arterioles and
blue vessels denote venules) (Sun, Wang, et al., 2009)
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5.5.1.3 - Calculating Central Retinal Artery and Vein Equivalents
Once all retinal vascular calibre measurements were finalised they were summarised using
formulae initially developed by Parr and Hubbard (1999) and later revised by Knudtson
(2003). Parr and Hubbard devised a formula to summarise all arteriolar diameters into a
central retinal artery equivalent (T. Wong, Knudtson, et al., 2004). They did this by
combining pairs of branch measurements to obtain estimates of their trunks and then
combined pairs of trunk results in the same manner to calculate a Central Retinal Artery
Equivalent (CRAE) (Knudtson et al., 2003). Hubbard (1999) went on to develop a similar
formula for venules, whereby a central retinal vein equivalent (CRVE) could be calculated
so that an arterio/venous ratio (AVR) could be derived (Hubbard et al., 1999). Arterio-tovenous ratio was calculated as CRAE divided by CRVE. For example, an AVR of < 1.0
suggests that on average arteriolar diameters were narrower than venular diameters in that
eye. As the formulas introduced by Parr and Hubbard are affected by the number of vessels
and include constant terms in their equations, making them sensitive to scale, Knudtson
(2003) introduced revised formulas for quantifying vessel calibre. As considerable
variation in the number of vessel bifurcation occurs from eye to eye, Knudtson (2003)
devised a formula to calculate CRAE and CRVE by only utilising the measurements from
the six largest arterioles and venules within Zone B of the retinal images (CERA-RetVIC).
It was found that correlations between the Parr-Hubbard formula and Knudtson's revised
formula were high. However, unlike the Parr and Hubbard formulae, the revised formulae
were not affected by an increase in the number of measured vessels (Knudtson et al., 2003).
For this reason, and the fact that accurate vessel measurements can now be performed
independent of image scale, Knutdson’s revised formula is considered the most precise and
consistent estimate of retinal vascular calibre (Table 9).
Table 9. Knutdson’s revised formula for summarising retinal vessel diameters (Knudtson
et al., 2003).
Venules:

Arterioles:

W = 0.95* (w 21 + w 22) ½

W = 0.88 *(w 21 + w 22) ½

W = Widths of parent trunk arteriole or venule; w1 = Widths of narrower branch; w2 = Widths of wider branch

5.5.1.4 - Retinal Vascular Calibre Measurement Training
To become accredited in measuring retinal vascular calibre with the Retinal Vascular
Imaging Centre (RetVic), the researcher (SK) underwent eight 4-hour sessions of on-site
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training at the Centre of Eye Research Australia (CERA) under the guidance of a senior
calibre assessor. During this time the researcher was required to measure 201 practice
images. Of the 201 practice images 25 were measured under the supervision of the senior
assessor, and a further 15 images were checked by the senior assessor before approving.
Once the researcher had completed the set of practice images the second stage of training
was commenced. This involved individually grading a set of 97 images, which were
subsequently analysed by an independent senior assessor for inter-grader reliability. Table
10 depicts the statistical outcomes of inter-grader reliability. Approximately 21 days
following the completion of the second stage of training, the researcher was required to
measure a further subset of 30 images taken from the initial set of 97 images to assess intragrader reliability. Table 11 depicts the statistical outcomes for intra-grader reliability. The
senior assessor deemed the researcher (SK) competent in measuring retinal vascular calibre
according to the RetVic guidelines as kappa statistics reached at least ‘substantial
agreement’, defined by a kappa statistic of 0.61 to 0.80, for both inter- and intra-grader
reliability.
Table 10: Researcher’s inter-grader reliability (SK vs Independent assessor)

CRAE
CRVE
AVR
Usable

CRAE
0.954

CRVE

AVR

Usable

0.983
0.945
0.639*

CRAE: Central Retinal Artery Equivalent, CRVE: Central Retinal Vein Equivalent, AVR: Arterio:Venous
Ratio
*denotes kappa statistic

Table 11: Researcher’s intra-grader reliability (SK vs SK)
CRVE
CRAE
CRVE
AVR
Usable

AVR

Usable

0.969
0.976
0.921
1.00*

CRAE: Central Retinal Artery Equivalent, CRVE: Central Retinal Vein Equivalent, AVR: Arterio:Venous
Ratio
*denotes kappa statistic
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5.5.1.5 - Protocol for Vessel Measurement Using IVAN
The protocol for measuring retinal vascular calibre using IVAN included eight steps as
follows:
1) Determining whether the image was gradable. Images were deemed ungradeable by the
researcher if there was inadequate area of retina present on the nasal or temporal side
of the disc, or if there was less than four acceptable measurements of each vessel type.
If images were gradable then the researcher proceeded to step 2.

2) Determining whether the disc was centred. If the inner green circle was not centred over
the optic disc then the researcher was required to adjust the grid placement by selecting
the 'Move Disk' option on the retinal vessel analysis control data Table.
3) Identifying vessels within Zone B as either arterioles or venules. Every vessel that
underwent automatic measurement by IVAN was assessed by the researcher for
accuracy. If any vessel was incorrectly identified as either an arteriole or vein then the
researcher toggled over the vessel and used the right mouse click to change the colour
of the vessel. The researcher utilised the guidelines below to help distinguish arterioles
and venules:


Venules appear darker in colour than arterioles and do not encompass a strong
central light reflex that is often seen in larger arterioles (> 50 microns).



Venules tend to be tortuous, whereas arterioles tend to follow a much straighter
course.



Smaller vessel branches can be identified by tracing them to a parent vessel.



Arterioles and venules generally alternate across the fundus.



In general venules do not cross venules and arterioles do not cross arterioles when
vessels are at least one disc diameter from the disc margin.

4) Deleting obvious errors. Any erroneous arteriole or venule measurements were then
deleted before proceeding. These included non-existent vessels and those
measurements that were composite of two vessels.
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5) Determining whether the six largest vessels of each type were measured. If this was not
the case then the researcher was required to redraw those vessels that were not included
in the initial automated vessel detection process. Redrawing vessels involved three
basic steps:
a) Using the 'Add Seed' tool along the length of the vessel. This involved entering 2
points with the mouse along a segment of the vessel within Zone B. This step was
repeated if unsuccessful.
b) If this was unsuccessful then the 'Draw' tool was utilised. This involved entering 4
points with the mouse along a segment of the vessel within Zone B. This step was
repeated if unsuccessful.
c) If this was unsuccessful then the 'Width' tool was utilised. This involved entering
one mouse click along the edge of the vessel and the second mouse click at the
opposite edge as perpendicular to the vessel wall as possible. This step was repeated
if unsuccessful.

If all of the above methods failed then all attempts at drawing the vessel were deleted
and the appropriate code (Table 12) was entered into the comment box.
6) Making adjustments to vessel measurements. The 'Truncate' option was utilised by
making a left mouse click at the area of the vessel to terminate the distal segment and
'Proximal Chop' option was utilised to terminate the proximal segment. The general
guidelines for making adjustments to vessel measurements were as follows:
a) Vessel measurements were not altered for high quality vessel traces that had a
standard deviation of less than 8 microns.
b) All vessels were truncated or proximal chopped 1mm before bifurcation or crossing
of another major vessel.
c) Vessel measurements were only adjusted if inconsistencies were visually obvious
and/or the mean deviation was greater than 8. In this situation the vessels were either
truncated or proximal chopped as close to the inconsistancy as possible.
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7) Once the above steps had been completed the 'Calculate' button was clicked to obtain
CRAE, CRVE and AVR. IVAN calculates the central and average width of 5 measures
of the vessel segment in micrometres. An intensity histogram was produced and
displayed in the data table next to the image.

8) Approving the image. If the image was of good quality and incorporated measurements
from the six largest arterioles and veins then the image was approved. For any images
that were of poor quality or did not include the measurements of at least 6 arterioles and
6 venules then a comment was added to the image when approving. The standardised
grading codes are outlined in Table 12.

Table 12. Standardised grading codes
Comment

Code

Ungradeable

9

Poor Quality

1

Not Big 6 Artery

2

Not Big 6 Vein

3

Not Big 6 Artery and Vein

23

< 6 Artery

4

< 6 Vein

5

< 6 Artery and Vein

45

Code no longer used

6

Confounding Pathology

7

Other

8
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5.5.2 - Assessment of Diabetic Retinopathy
As part of the routine assessment of participants at the RCH, diabetic retinopathy status
was assessed from the participant’s colour retinal images by an ophthalmologist at the RCH
who was masked to the participant’s clinical characteristics. In all analysis, the severity of
diabetic retinopathy was based on the appearance of the worst eye. All cases of retinopathy
were graded according to the Wisconsin level classification system (NHMRC, 2008).
However, as only a small proportion of study participants displayed diabetic retinopathy,
retinopathy was graded as either; 1 = diabetic retinopathy absent or 2 = diabetic retinopathy
present in all analysis.
5.5.3 - Renal Biochemistry
Estimated Glomerular Filtration Rate (eGFR)
Glomerular Filtration Rate (GFR) refers to the flow rate of filtered fluid through the kidney.
Currently a decline in GFR is considered to be the best measure of kidney disease (Johnson
et al., 2012). Estimated Glomerular Filtration Rate (eGFR) was calculated from serum
creatinine using age, sex and a prediction formula as part of the routine endocrinology
examination. The Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)
formula was utilised and is currently the most precise method of calculating eGFR (Johnson
et al., 2012). This study utilised a modified classification system from the National Kidney
Foundation detailed below:
Description

eGFR (mL/min)

Normal eGFR

≥ 60

Decreased eGFR

0 - 59

Urinary Albumin Creatinine Ratio (ACR):
ACR is utilised to detect proteinuria, a condition in which an abnormal amount of the
protein albumin is found in urine. Assessments were acquired through spot urine samples
given by participants as part of routine endocrinology examination. These assessments have
been shown to accurately reflect 24 hour urinary albumin and offer greater sensitivity and
improved precision for the detection of lower, but clinically significant proteinuria
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compared to total protein (Sabanayagam et al., 2010).

In the present study

microalbuminuria was classified as an ACR of >3.5mg/mmol in females and >2.5
mg/mmol in males, and macroalbuminuria as an ACR of >30mg/mmol (Sabanayagam et
al., 2009).

5.6 - Sample Size Calculations
Sample size was selected based on the precision of retinal vascular calibre measurements.
Sample size calculations were based on a similar population of children and adolescents
with type 1 diabetes examined by Alibrahim and co-workers (Alibrahim et al., 2006;
Benitez-Aguirre et al., 2011; N. Cheung, Rogers, et al., 2008; Rogers et al., 2008). The
average standard deviation of retinal vascular calibre measurements reported in this study
was 17.45 for retinal arteriolar calibre and 14.9 for retinal venular calibre (Alibrahim et al.,
2006; J. Ding et al., 2011; Kifley, Wang, et al., 2007). As such it was calculated that a
sample size of approximately 14 participants was required to detect a significant difference
in retinal vascular calibre in a between-groups comparison for a cross-sectional study
design (Appendix 7) (Sergeant, 2014).
However, due to multiple comparisons, including comparisons between unequal groups,
and missing data, mainly due to the anticipated high attrition rate in the longitudinal
component (Study 2) of the thesis, the researcher opted for a convenience sample in which
all available data were collected from the time that the Diabetes Complications Screen
Clinic at the RCH was established (January 2009) until April 2014. Post-hoc power
analyses indicated that any statistically non-significant findings were unlikely to be due to
inadequate power to detect a difference at the 95% confidence level.
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5.7 - Statistical Analysis
In relation to the primary aim of the study (identification of confounders of retinal vascular
calibre), exposure variables consisted of pre-, peri- and post-natal participant information
collected from the Department of Endocrinology and Diabetes medical records and
information from the two questionnaires. The outcome measure was retinal vascular
calibre. Cross-sectional and longitudinal associations with retinal vascular calibre in
children and adolescents with type 1 diabetes were identified.
All statistical analysis was performed using SPSS version 20 software. A p-value of 0.05
was used for significance testing. Descriptive statistics were calculated and KolmogorovSmirnov significance statistic was used to assess the normality of the distribution of scores
with a non-significant result (p = ≥0.05) indicating normality. Depending whether data were
normally distributed, either parametric or non-parametric tests were utilised.
The univariate statistical method utilised was dependent on whether variables were
normally or not-normally distributed. The parametric tests of Pearson product-moment
correlation coefficient and Independent samples t-test were utilised for the univariate
analysis of variables that were normally distributed. The non-parametric tests of Spearman
rank order correlation, Mann-Whitney U and Kruscall Wallis test were utilised for the
univariate analysis of variables that were not-normally distributed. Unless otherwise
specified throughout the results chapter, pairwise deletion of cases was utilised for missing
data. This is an accepted method of dealing with missing data in the analysis methods used
in this thesis (Pallant, 2011).
Following univariate analysis, partial correlation and linear regression were used to explore
the relationship between retinal vascular calibre measures and continuous pre-, peri- and
post-natal variables, while controlling for age, gender, ethnicity and CRVE/CRAE. Models
for venular diameter were adjusted for arteriolar diameter and vice versa to control for the
potential confounding effects of fellow vessels on the outcomes of interest. A similar
approach has been used in the literature (T. Wong, Islam, & Klein, 2006; Yau, Xie, et al.,
2012).
Due to the large number of exposure variables examined, this study utilised principal
components analysis (PCA) to aggregate known and potential predictors of vascular risk
into summary variables representing “risk profiles” relevant to this study. A set of new
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variables were derived that accounted for as much of the variance in the original data as
possible.
After a meaningful PCA solution was extracted, component scores were calculated for each
participant in each of the components and were used for follow-up linear regression to
evaluate the risk profiles as predictors of CRAE and CRVE. Logistic regression analyses
was also utilised to investigate the capabilities of the risk profiles in predicting diabetic
retinopathy, abnormal eGFR and microalbuminuria.
To test for trends in retinal vascular calibre and key pre-, peri- and post-natal variables over
3 appointment timepoints longitudinal analysis was performed using a one-way repeated
measures ANOVA or Friedman Test dependent on the distribution of variables.
Furthermore, when comparing retinal vascular calibre and key pre-, peri- and post-natal
variables of participants at baseline and follow-up, a paired samples t-test or Wilcoxon
Signed-Rank was conducted depending on the distribution of variables.
All nutrient data from the ACAES was computed by the University of Newcastle using
FoodWorks software (Version 3.02.581) based on the Australian AusNut database (All
Foods) Revision 14 and AusFoods (brands) Revision 5. In order to analyse the frequency
of food intakes, individual responses were converted to daily equivalent frequencies and
adjusted for standard population-based portion sizes.

For dietary analysis, descriptive statistics were used to summarise the ACAES,
macronutrients and key micronutrients by age groups. PCA was also utilised to reduce
dietary variables into smaller related groups of variables (components) or “dietary
patterns”. After the PCA-derived dietary patterns were extracted, standardised pattern
scores were computer-generated for each participant and used in linear regression analysis
to investigate the value of dietary patterns as predictors of retinal arteriolar and venular
calibre. Subsequent regression models adjusted for alternate retinal vessel calibre
measurement for CRAE/CRVE and the PCA-derived vascular risk profiles for this
population.
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CHAPTER 6 - RESULTS
6.1 - Study 1 Results
6.1.1 - Participants
An inspection of electronic appointment lists between January 2009 and March 2014
revealed a total of 642 children and adolescents with type 1 diabetes, aged 4 to 20 years,
were scheduled to attend the Diabetes Complication Screening Clinic at the RCH. Of the
642 potential participants to be included in the audit of historical clinical data, 483 had
clinical data that met the study inclusion criteria, i.e. a retinal image suitable for retinal
vascular calibre measurement.
A total of 966 retinal images from 483 (75%) participants were included in study 1, leaving
the remaining 159 (25%) participants excluded. Of the 159 excluded participants 42 (27%)
did not attend their scheduled imaging appointment and therefore did not have a retinal
image taken. The remaining 117 (73%) non-participants were excluded due to the
researcher deeming their retinal images unsuitable for calibre measurement. Figure 7
depicts a flowchart of the selection process for participants in study 1.
RCH patients with type 1
diabetes scheduled for retinal
imaging (2009-2014)
n = 642

Imaging data available
n = 600 (93%)

Did not attend scheduled
imaging appointment
n = 42 (7%)

Excluded due to unsuitable
retinal images
n = 117 (18%)

Total number of participants
with clinical data meeting the
inclusion criteria
n = 483 (75%)

Figure 7. Flow chart of participants in study 1.
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Key characteristics of participants (suitable images) compared with persons who did not
attended their scheduled imaging appointment are shown in Table 13. There were few
differences between participants and those persons who did not attended their scheduled
imaging appointment with respect to age, duration of diabetes, serum cholesterol and BMI.
However, HbA1c was higher in person’s who did not attend their imaging appointment (M
= 8.98%, SD = 1.36%) compared to participants (M = 8.32%, SD = 1.27%; p = 0.005).
Furthermore, a greater proportion of persons who did not attend were of non-Caucasian
ethnicity compared to attendees (p = 0.006).

Table 13. Key characteristics of study population and those who did not attend their
scheduled imaging appointment.
Persons who attended
imaging appointment
(suitable image)

Persons who did not attend
imaging appointment

N

483

43

Sex (% male)

52

58

0.772

European/Caucasian

91

78

0.006

Non-Caucasian#

9

22

SEIFA 1-4 (lowest SES)

24

24

SEIFA 5-6

23

30

SEIFA 7-10 (highest SES)

53

46

Age (years)

14.49 (± 2.83)

14.23 (± 3.70)

0.702

BMI (kg/m2)

23.20 (± 4.65)

23.08 (± 5.44)

0.917

Cholesterol (mmol/l)

4.54 (± 0.94)

4.61 (± 0.91)

0.731

Duration of diabetes (years)

7.00 (± 3.30)

6.96 (± 3.15)

0.961

HbA1c (%)

8.32 (± 1.27)

8.98 (± 1.36)

0.005

Characteristics

P value*

Ethnicity (%)

Socioeconomic status (%)

* P values based on X2 categorical for categorical variables or independent samples t-test for continuous
variables, comparing characteristics of included participants and those who did not attend their scheduled
imaging appointment.
SEIFA = Socio-Economic Indexes for Areas; BMI = Body Mass Index, SES = Socio-economic status,
HbA1c = Glycated haemoglobin A1c.
kg/m2 = kilograms/metres2; mmol/L = millimoles per litre.
#
Non-Caucasian; South-East Asian, African, Middle Eastern, Melanesian/Polynesian, Indigenous
Australian (parent’s country of birth).
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0.586

6.1.2 - Retinal Images
Of the images unsuitable for calibre measurement, the vast majority (n = 98, 85%) were
excluded due to the insufficient retinal area to perform accurate retinal vascular calibre
measurement using the IVAN software (<1.5 disc diameters of retina nasal and temporal to
the optic disc) with the remainder (n = 18, 15%) excluded due to underexposed, poor quality
retinal images. There was a different endocrine nurse responsible for taking retinal images
in January of 2012; it was likely that this change had an impact on the imaging protocol
and the rate of participants excluded, with 42% of imaged persons excluded prior to January
2012 and only 6% of imaged persons excluded after January 2012. The reason for the
difference noted in image-based exclusion rates between nurses is not known to the
researcher. However, as a change in the retinal imaging protocol was not implemented, the
researcher postulates that differences in prior imaging experience may have been
responsible. There were few differences between persons excluded due to retinal images
by nurse imager 1 and 2 with respect to participant age, duration of diabetes, SBP and DBP,
serum cholesterol, HbA1c and BMI (Table 14). Although the set of excluded images was
inadequate for retinal vascular calibre measurement, 85% of excluded images served their
primary purpose of screening for diabetic retinopathy. Figure 8 depicts a retinal image taken
by nurse imager 1 that was suitable for diabetic retinopathy grading (a), yet failed to meet
the guidelines for calibre measurement (b).
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Table 14. Key characteristics of non-participants excluded due to retinal image suitability,
according to imager.
Nurse imager 1
(2009-11)

Nurse imager 2
(2012-14)

95/225 (42)

21/375 (6)

49

56

Age (years)

14.37 (± 2.88)

14.81 (± 2.94)

0.604

BMI (kg/m2)

23.14 (± 5.30)

22.62 (± 3.89)

0.722

SBP (mmHg)

125.77 (± 15.21)

121.75 (± 12.55)

0.358

DBP (mmHg)

65.22 (± 8.91)

60.38 (± 9.40)

0.081

Cholesterol (mmol/l)

4.68 (± 1.09)

4.84 (± 1.09)

0.621

Duration of diabetes (years)

6.74 (± 2.63)

6.04 (± 2.65)

0.385

Characteristics
n excluded/n imaged (%)
Sex (% male)

P value*

HbA1c (%)
8.78 (± 2.24)
8.48 (± 1.86)
0.602
* P values based on X2 categorical for categorical variables or independent samples t-test for continuous
variables, comparing characteristics of participants with excluded retinal images according to nurse imager.
BMI = Body mass index; SBP = Systolic blood pressure; DBP = Diastolic blood pressure, HbA1c =
Glycated haemoglobin A1c.
kg/m2 = kilograms/metres2; mmHg = millimetres of mercury; mmol/L = millimoles per litre.

b.

a.

Figure 8. (a) An example of a retinal image taken by nurse imager 1 that served the
primary purpose of diabetic retinopathy screening, however, in the same image (b) retinal
vascular calibre could not be measured using IVAN software based on a disc-centred
representation of the same image due to insufficient nasal retinal area (unsuitable image).
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6.1.2.1 - Retinal Status
Of the 483 persons with suitable retinal images (study participants), 442 (91.5%) had retinal
status that was unremarkable according to clinical records. The presence of diabetic
retinopathy was observed in 11 (2.3%) participants. Of the other 30 (6.2%) persons; 14
(3%) displayed high cup to disc ratio, 2 (0.4%) displayed tortuous vessels, 2 (0.4%)
displayed fundus torsion, 2 (0.4%) exhibited a choroidal naevus, 2 (0.4%) had disc oedema,
2 (0.4%) displayed changes to the retinal pigment epithelium, 2 (0.4%) displayed
juxtapapillary pigment changes, 2 (0.4%) had a hypoplastic fovea, 1 (0.2%) had a
hypoplastic optic disc and 1 (0.2%) displayed signs of a myelinated retinal nerve fibre layer.
6.1.3 - Distribution of Variables
Preliminary analyses were performed to ensure no violations of the assumptions of
normality. Normally-distributed variables included: urea, lying SBP, standing SBP, CRAE,
CRVE and AVR. Variables that were not normally-distributed included: ACR, physical
activity level, serum levels of sodium, potassium, chloride, creatinine, total cholesterol,
LDL cholesterol, HDL cholesterol, triglycerides, urinary albumin, HbA1c, lying DBP,
standing DBP, BMI and duration of diabetes. A full list of variables by distribution along
with their Kolmogorov-Smirnov statistic can be found in Appendix 8.
6.1.4 - Crude Associations with Retinal Vascular Calibre
6.1.4.1 - Correlations of Retinal Vascular Calibre Measures between Eyes
In the study population, right and left eyes CRAE, CRVE and AVR were highly correlated
at a <0.0001 level. The correlation between eyes was substantial for retinal CRAE (r =
0.70), CRVE (r = 0.75) and moderate for AVR (r = 0.48) (Appendix 9). As such, values for
the two eyes were averaged in all analyses. The mean (+/- SD) CRAE was 164.21 µm (±
12.55), mean (+/- SD) CRVE was 232.75 µm (± 17.18) and the mean (+/- SD) AVR was
0.71 (± 0.05).
Crude associations between retinal vascular calibre measures and the clinical variables
collected via an audit of historical data from participant medical files are presented in
Tables 15 and 16.
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6.1.4.2 - Retinal Arteriolar Calibre
In univariate analysis, narrower CRAE was related to higher lying SBP and DBP, higher
standing SBP and DBP and higher serum creatinine levels (Table 15). Furthermore, males
displayed narrower CRAE (M = 162 µm, SD = 12.88 µm) compared to females (M =
166.64 µm, SD = 11.71 µm; p = <0.0001).
6.1.4.3 - Retinal Venular Calibre
Wider venules were related to higher BMI, higher HbA1c, longer duration of diabetes,
higher total cholesterol, higher LDL cholesterol and higher serum triglyceride levels (Table
15).
CRVE was wider in females (M = 236.61 µm, SD = 16 µm) compared to males (M = 229.22
µm, SD = 17.48 µm; p = <0.0001). Furthermore, the mean rank of CRVE’s were 188.78
µm, 170.54µm, 203.1µm for patients who were pre-, peri- and post-pubertal (p = 0.028).
CRVE was also wider in participants who reported minimal physical activity (M
=237.23µm, SD = 17.74) compared to those who reported adequate physical activity (M
=231.63 µm, SD = 17.04; p = 0.019). CRAE was not significantly related to pubertal status
or physical activity level.
Unlike for CRAE, an ethnic variability in CRVE was observed. Crude analysis revealed
European/Caucasians displayed narrower CRVE (M = 232.14 µm, SD = 17.19 µm)
compared to non-Caucasian participants (M = 238.48 µm, SD = 17.16 µm; p = 0.020). This
relationship remained when the non-Caucasian ethnicity was stratified by parents region of
birth. South East Asian participants displayed wider CRVE (M = 247.78 µm, SD = 23.07
µm; p = 0.002) compared with European/Caucasian participants. Similar associations were
observed between African (M = 245.82 µm, SD = 11.62 µm; p = 0.013) and
European/Caucasian participants.
6.1.4.4 - Arterio:Venous Ratio (AVR)
A lower AVR was associated with age, higher lying SBP and DBP, higher standing SBP
and DBP, higher BMI, higher HbA1c, higher total cholesterol, higher LDL cholesterol and
higher serum triglyceride levels (Table 15). Participants with normal eGFR displayed
higher AVR (M = 0.711, SD = 0.05) compared to those who displayed abnormal eGFR
(<59 ml/min) (M = 0.690, SD = 0.05; p = 0.023). AVRs were also lower in participants
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who performed minimal physical activity (M = 0.69, SD = 0.049) compared to those who
performed adequate physical activity (M = 0.71, SD = 0.05; p = 0.004).
Crude analysis also revealed European/Caucasians displayed higher AVR (M = 0.709, SD
= 0.05) compared to non-Caucasian participants (M = 0.693, SD = 0.05; p = 0.044). The
mean rank of AVRs were 182.52 µm, 204.25 µm and 170.96 µm for patients who were pre, peri- and post-pubertal (p = 0.017).
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Table 15. Crude correlations between retinal vascular calibre and continuous variables.
CRAE (µm)
Characteristic

n

CRVE (µm)

Coefficient

P
value*

Coefficient

P
value*

AVR
Coefficient

P
value*

RVC Right and Left eyes

483

0.70

<0.0001

0.75

<0.0001

0.48

<0.0001

Age (years)

483

-0.07

0.119

0.01

0.797

-0.09

0.042

Blood Pressure
Lying SBP (mmHg)

464

-0.49

<0.0001

-0.10

0.036

-0.19

<0.0001

Lying DBP (mmHg)

464

-0.17

<0.0001

-0.02

0.677

-0.16

<0.0001

Standing SBP (mmHg)

439

-0.24

<0.0001

-0.10

0.030

-0.16

<0.0001

Standing DBP (mmHg)

439

-0.14

<0.0001

-0.04

0.434

-0.11

0.026

BMI (kg/m2)

452

-0.75

0.106

0.12

<0.0001

-0.22

<0.0001

Duration of Diabetes (years)

464

0.09

0.067

0.10

0.025

-0.01

0.773

Current HbA1c (%)

477

-0.04

0.424

0.11

0.014

-0.16

<0.0001

Initial HbA1c (%)

479

0.01

0.945

0.04

0.352

-0.04

0.449

Kidney Function
Urinary Albumin (mg/g)

451

-0.05

0.306

0.03

0.603

-0.04

0.348

Urinary Creatinine (mL/min)

451

-0.06

0.213

0.04

0.402

-0.08

0.106

Lipid Profile (serum)
Total Cholesterol (mmol/L)

454

0.01

0.887

0.18

<0.0001

-0.21

<0.0001

HDL Cholesterol (mmol/L)

454

-0.06

0.245

0.01

0.828

0.03

0.568

LDL Cholesterol (mmol/L)

421

0.03

0.599

0.17

<0.0001

-0.21

<0.0001

Triglycerides (mmol/L)

421

0.02

0.621

0.09

0.050

-0.16

0.001

Biochemical (serum)
Sodium (mEq/L)

371

0.02

0.764

0.03

0.599

0.02

0.770

Potassium (mEq/L)

371

-0.05

0.370

0.01

0.867

-0.05

0.315

Chloride (mEq/L)

371

0.01

0.843

-0.01

0.849

0.01

0.790

Urea (mmol/L)

371

-0.01

0.870

-0.06

0.232

0.06

0.219

Creatinine(µmol/L)

370

-0.13

0.014

-0.08

0.119

-0.05

0.312

*P values based on Spearman rank order correlation (not-normally distributed variables) or Pearson
product-moment correlation (normally distributed variables).
RVC = Retinal vascular calibre; BMI = Body mass index; SBP = Systolic blood pressure; DBP =
Diastolic blood pressure; HDL = High density lipoproteins; LDL = Low density lipoproteins, HbA1c =
Glycated haemoglobin A1c.
kg/m2 = kilograms/metres2; mmHg = millimetres of mercury; mmol/L = millimoles per litre; mEq/L =
milliequivalents per litre; µmol/L = micromoles per litre; mg/g = milligrams per gram; mL/min =
millilitres per minute; µm = micrometres.
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Table 16. Crude associations between retinal vascular calibre and categorical clinical
variables.
CRAE (µm)
Characteristic

n

Mean

SD

CRVE (µm)
P
value*

Mean

SD

AVR

P
value*

Mean

SD

P
value*

Gender
Male
Female

252
231

162.00
166.64

12.88
11.71

<0.000

229.22
236.61

17.48
16.00

<0.000

0.708
0.706

0.00
0.00

0.68

Ethnicity
Caucasian
versus
Non-Caucasian#

432
44

164.08
164.79

12.71
11.83

0.724

232.14
238.49

17.19
17.16

0.02

0.709
0.693

0.05
0.05

0.044

Caucasian
SE Asian

versus

432
12

164.08
164.08

12.71
12.71

0.338

232.14
247.78

17.19
13.07

0.002

0.709
0.655

0.05
0.06

0.049

Caucasian
African

versus

432
10

164.08
169.08

12.71
10.45

0.157

232.14
245.82

17.19
11.62

0.013

0.709
0.693

0.05
0.04

0.311

Coeliac
Absent
Present

444
14

164.40
161.45

12.70
12.83

0.393

232.76
230.42

17.47
15.96

0.621

0.708
0.702

0.05
0.04

0.641

Pubertal Status
pre-pubertal
peri-pubertal
post-pubertal

51
162
160

164.42
165.00
164.82

11.67
12.66
12.36

233.54
230.96
235.63

16.18
17.35
17.49

0.706
0.716
0.702

0.05
0.05
0.05

Physical activity
(self-reported to
clinician)
Minimal
Adequate

62
336

163.66
164.10

14.55
12.14

0.822

237.23
231.63

17.74
17.04

0.019

0.691
0.711

0.05
0.05

0.004

38
98
22

167.57
165.69
166.44

11.67
11.65
12.89

0.402

233.31
236.71
236.36

15.02
16.66
11.64

0.274

0.720
0.702
0.071

0.04
0.04
0.05

0.100

Mensus
Pre
Regular
Irregular

0.892

0.028

*P values based on Mann-Whitney U/Kruscall Wallis test (not-normally distributed variables) or
Independent samples t-test/One-way between-groups ANOVA (normally distributed variables).
µm = micrometres.
#
Non-Caucasian; South-East Asian, African, Middle Eastern, Melanesian/Polynesian, Indigenous Australian
(parent’s country of birth).

114

0.017

6.1.5 - Multivariate Analysis

6.1.5.1 - Partial Correlations with Retinal Vascular Calibre:
After adjustment, narrower CRAE remained associated with higher lying SBP and DBP
and higher standing SBP and DBP (see Table 17). Furthermore, additional inverse
correlations between CRAE and BMI, HbA1c, total cholesterol and LDL cholesterol were
revealed. Serum creatinine was no longer related to CRAE after adjustment.

Wider CRVE remained associated with higher BMI, higher HbA1c, higher total
cholesterol, higher LDL cholesterol, and higher serum triglyceride levels. Duration of
diabetes was no longer related to CRVE.

All significant associations with AVR remained after controlling for age, gender, and
ethnicity.

An inspection of the zero order correlation suggested that controlling for age, gender and
ethnicity had a considerable effect on the strength of the relationship between retinal
vascular calibre and the several other continuous variables, including BMI, HbA1c, total
cholesterol and LDL-cholesterol.
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Table 17. Partial correlations between retinal vascular calibre and continuous clinical
variables while controlling for age, gender, ethnicity and CRAE/CRVE
CRAE (µm)
Characteristic

n

Coefficient

P
value*

CRVE (µm)
Coefficient

P
value*

AVR
Coefficient

P
value*

Age (years)

483

-0.09

0.062

0.06

0.205

-0.08

0.089

Blood Pressure
Lying SBP (mmHg)

464

-0.25

<0.0001

0.08

0.078

-0.18

<0.0001

Lying DBP (mmHg)

464

-0.21

<0.0001

0.07

0.127

-0.15

0.001

Standing SBP (mmHg)

439

-0.20

<0.0001

0.04

0.371

-0.14

0.002

Standing DBP (mmHg)

439

-0.14

0.003

0.02

0.700

-0.10

0.037

BMI (kg/m2)

452

-0.16

0.001

0.18

<0.0001

-0.18

<0.0001

Duration of Diabetes (years)

464

0.06

0.226

0.07

0.154

0.00

0.973

Current HbA1c (%)

477

-0.11

0.018

0.17

<0.0001

-0.14

0.003

Initial HbA1c (%)

479

-0.04

0.376

0.07

0.151

-0.06

0.186

Kidney Function
Urinary Albumin (mg/g)

451

-0.01

0.847

-0.01

0.770

0.00

0.934

Urinary Creatinine (mg/g)

451

-0.08

0.079

0.07

0.167

-0.09

0.074

Lipid Profile (serum)
Total Cholesterol (mmol/L)

454

-0.14

0.003

0.21

<0.0001

-0.19

<0.0001

HDL Cholesterol (mmol/L)

454

0.00

0.997

-0.02

0.673

0.01

0.836

LDL Cholesterol (mmol/L)

421

-0.11

0.023

0.18

<0.0001

-0.17

0.001

Triglycerides (mmol/L)

421

-0.08

0.092

0.13

0.006

-0.11

0.018

Biochemical (serum)
Sodium (mEq/L)

371

0.05

0.360

-0.02

0.711

0.04

0.500

Potassium (mEq/L)

371

-0.02

0.591

0.03

0.516

-0.04

0.443

Chloride (mEq/L)

371

0.01

0.917

-0.03

0.617

0.01

0.813

Urea (mmol/L)

371

0.04

0.420

-0.04

0.502

0.05

0.342

Creatinine(µmol/L)

370

-0.05

0.330

-0.03

0.623

-0.03

0.618

*P values based on partial correlations using Pearson product-moment correlation while controlling for
age, gender and ethnicity.
BMI = Body mass index; SBP = Systolic blood pressure; DBP = Diastolic blood pressure; HDL = High
density lipoproteins; LDL = Low density lipoproteins, HbA1c = Glycated haemoglobin A1c.
kg/m2 = kilograms/metres2; mmHg = millimetres of mercury; mmol/L = millimoles per litre; mEq/L =
milliequivalents per litre; µmol/L = micromoles per litre; mg/g = milligrams per gram; mL/min =
millilitres per minute; µm = micrometres.
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6.1.5.2 - Principal Components Analysis (PCA) of Known and Potential Predictors
of Vascular Risk
Due to the large number of variables retrieved via an audit of participant medical files, this
study utilised PCA to aggregate known and potential predictors of vascular risk into
summary variables representing “risk profiles” relevant to this study population. PCA
revealed the presence of 10 components with eigenvalues exceeding 1. However, on
inspection of the Scree plot, the first clear break was revealed after the third component
(Figure 9). Therefore, it was decided to use the scree criterion to determine the number of
components to retain, and the first three components were retained for further investigation.
In order to avoid unrealistic assumptions of independence between components, oblimin
rotation was performed. The rotated solution revealed that all three components showed a
number of strong loadings (>0.30) with very few cross-loadings indicating PCA had
extracted three discrete components. Table 18 depicts the component loadings >0.3 within
the three PCA-derived “risk profiles” in order to simplify interpretation of the extracted
risk profiles.

In order to evaluate the effect of calibre on the extracted components CRAE and CRVE
were then added separately into the PCA model, due to the fact that they would load
strongly together at the expense of identifying other meaningful constructs. Table 19 and
20 depict the loadings >0.3 respectively, within the three PCA-derived “risk profiles” with
either CRAE or CRVE included, respectively. See Appendix 10 for a copy of the complete
component loading matrix for the three PCA-derived components in study 1, unfiltered by
strength of loadings. Participants without complete data for all examined variables were
excluded, leaving 205 participants in the analysis. By comparison, when missing values
were replaced with the mean value for each variable, PCA analysis revealed minor changes
in variable magnitudes within each component, but this didn’t influence the pattern of
variables within the 3 components (Appendix 11).
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Figure 9. Scree Plot revealing a clear break following the third component
Table 18. PCA analysis of known and potential predictors of vascular risk for study 1
participants (n = 205)

Component
1
Creatinine (µmol/L)

0.83

Age (years)

0.80

Lying SBP (mmHg)

0.65

Abnormal eGFR (<59 ml/min)

0.59

2

BMI (kg/m )

0.54

HDL Cholesterol (mmol/L)

-0.39

Duration of Diabetes (years)
Chloride (mEq/L)

0.34

Sodium (mEq/L)
Urea (mmol/L)

0.35

2

0.54

-0.75
-0.68
0.51

Potassium (mEq/L)

0.50

Gender (Female)
Non Caucasian/European*
Total Cholesterol (mmol/L)

-0.31

-0.35
0.64

Current HbA1c (%)

0.48

Triglyceride (mmol/L)
Physical Activity Level (self-report)

3

0.56
0.49

#

-0.48

SES (higher)^
-0.34
BMI = Body mass index; SBP = Systolic blood pressure; HDL = High density lipoproteins; HbA1c =
Glycated haemoglobin A1c.
kg/m2 = kilograms/metres2; mmHg = millimetres of mercury; mmol/L = millimoles per litre; mEq/L =
milliequivalents per litre; µmol/L = micromoles per litre; mg/g = milligrams per gram; mL/min =
millilitres per minute; µm = micrometres.
^SES = Socio-economic status as determined using Socio-Economic Indexes for Areas
*Non-Caucasian; South-East Asian, African, Middle Eastern, Melanesian/Polynesian, Indigenous
Australian (parent’s country of birth).
#
Physical Activity; 1 = Minimal, 2 = Adequate, 3 = Active, 4 = Very active, based on self-report.
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Table 19. PCA components for the three risk profiles identified in study 1 with CRAE in
the model (n = 205).

Component
1
Creatinine (µmol/L)

0.82

Age (years)

0.79

Lying SBP (mmHg)

0.68

Abnormal eGFR (<59 ml/min)

0.56

2

BMI (kg/m )

2

0.56

HDL Cholesterol (mmol/L)

-0.39

Duration of Diabetes (years)

0.32

CRAE (µm)

3

0.54

-0.30

Chloride (mEq/L)

-0.72

Sodium (mEq/L)

0.36

-0.68

Potassium (mEq/L)

0.50

Urea (mmol/L)

0.49

Gender (female)

-0.33

-0.37

0.31

Non Caucasian/European*
Total Cholesterol (mmol/L)

0.64

Current HbA1c (%)
Physical Activity Level (self-report)

0.50
#

0.54
-0.48

Triglyceride (mmol/L)

0.48

SES (higher)^
-0.35
BMI = Body mass index; SBP = Systolic blood pressure; HDL = High density lipoproteins; HbA1c =
Glycated haemoglobin A1c.
kg/m2 = kilograms/metres2; mmHg = millimetres of mercury; mmol/L = millimoles per litre; mEq/L =
milliequivalents per litre; µmol/L = micromoles per litre; mg/g = milligrams per gram; mL/min =
millilitres per minute; µm = micrometres.
^SES = Socio-economic status as determined using Socio-Economic Indexes for Areas.
*Non-Caucasian; South-East Asian, African, Middle Eastern, Melanesian/Polynesian, Indigenous
Australian (parent’s country of birth).
#
Physical Activity; 1 = Minimal, 2 = Adequate, 3 = Active, 4 = Very active, based on self-report.

CRAE loaded inversely in risk profile 1. In order of magnitude, loadings in component 1
were as follows: higher serum creatinine, older age, higher SBP, abnormal eGFR (<59
ml/min), higher BMI, lower HDL cholesterol, higher serum sodium, longer duration of
diabetes, male gender and narrower CRAE.
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Table 20. PCA components for the three risk profiles identified in study 1 with CRVE in
the model (n = 205).

Component
1
Age into Study (years)

0.81

Creatinine (µmol/L)

0.81

Lying SBP (mmHg)

0.67

2

BMI (kg/m )

0.59

Abnormal eGFR (<59 ml/min)

0.57

HDL Cholesterol (mmol/L)

-0.39

Duration of Diabetes (years)

0.32

Chloride (mEq/L)

2

3

0.50

-0.76

Sodium (mEq/L)

0.34

-0.71

Current HbA1c (%)

0.56

Potassium (mEq/L)

0.48

Urea (mmol/L)

0.47

0.47

Non Caucasian/European*
Total Cholesterol (mmol/L)
Physical Activity Level (self-report)

0.66
#

-0.47

CRVE (µm)

0.45

Triglyceride (mmol/L)
Gender (female)

0.33

0.40

-0.32

0.39

SES (higher)^
-0.31
BMI = Body mass index; SBP = Systolic blood pressure; HDL = High density lipoproteins; HbA1c =
Glycated haemoglobin A1c.
kg/m2 = kilograms/metres2; mmHg = millimetres of mercury; mmol/L = millimoles per litre; mEq/L =
milliequivalents per litre; µmol/L = micromoles per litre; mg/g = milligrams per gram; mL/min =
millilitres per minute; µm = micrometres.
^SES = Socio-economic status as determined using Socio-Economic Indexes for Areas
*Non-Caucasian; South-East Asian, African, Middle Eastern, Melanesian/Polynesian, Indigenous
Australian (parent’s country of birth).
#
Physical Activity; 1 = Minimal, 2 = Adequate, 3 = Active, 4 = Very active, based on self-report.

CRVE loaded positively in risk profile 3. In order of magnitude, loadings in component 3
were as follows: higher total cholesterol level, higher BMI, lower physical activity level,
higher HbA1c, wider CRVE, higher triglyceride levels, female gender and lower socioeconomic status.

120

6.1.5.3 - Linear Regression Analysis
In order to further investigate the association between non-modifiable confounding
variables and measures of retinal vascular calibre; age, pubertal status, gender and ethnicity
were used in linear regression analysis to investigate the predictive value of these on CRAE,
CRVE and AVR (Appendix 12). The results of linear regression analysis are in line with
previous univariate analysis (Tables 15 and 16) for CRAE, CRVE and AVR. That is, the
strongest predictor of wider CRAE was female gender (p <0.0001), the strongest predictors
of wider CRVE were female gender (p <0.0001) and non-Caucasian ethnicity (p = 0.021),
while the strongest predictors of lower AVR were older age (p = 0.049) and Caucasian
ethnicity (p = 0.039), after adjusting for all other variables in the model. However, pubertal
status was no longer related to CRVE or AVR, indicating the crude association was a
confounded one (Appendix 12).
A second linear regression analysis was performed whereby retinal vascular calibre
measures were removed from the three PCA-derived risk profiles (Tables 19 and 20) and
standardized components scores were automatically generated for the three principal
components for each participant and used in subsequent linear regression analysis to
evaluate the three risk profiles as predictors of CRAE and CRVE. Component scores for
each risk profile for each individual are the summed and standardised loadings that have
been weighted by an individual’s level of each variable in the PCA analysis. See Table 21
for linear regression analysis results using the PCA-derived component (risk profile) scores
as predictors of CRAE and CRVE.
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Table 21. Predictive value of the three PCA-derived risk profiles on CRAE and CRVE (n
= 483)
CRAE
Exp B
(95%CI for B)
Risk profile 1
-2.43 (-4.10/-0.76)
-1.30 (-2.97/0.37)
Risk profile 2
-0.29 (-1.96/1.37)
Risk profile 3
Model adjusted for CRVE/CRAE.

p value
0.004
0.125
0.728

CRVE
Exp B
(95%CI for B)
p value
-1.41 (-3.65/0.82)
0.214
-1.13 (-3.37/1.11)
0.322
3.38 (1.14/5.62)
0.003

The results of linear regression analysis are in line with PCA results (Tables 19 and 20) for
both CRAE and CRVE. That is, the strongest predictor of CRAE was PCA-derived risk
profile 1, after adjusting for all other factors in the regression model. This indicates that
participants with a combination of risk factors including: older age, higher serum creatinine,
higher SBP, higher BMI, abnormal eGFR (<59 ml/min), lower HDL cholesterol, longer
duration of diabetes and higher serum sodium were more likely to display narrower CRAE.
PCA-derived risk profile 3 predicted wider CRVE suggesting that a specific risk profile,
including higher total cholesterol level, higher BMI, lower physical activity level, higher
HbA1c, higher triglyceride levels, female gender and lower socio-economic status,
predicted wider CRVE.
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6.1.6 - Summary of CRAE and CRVE Associations
Clinical variables that were significantly related to narrower CRAE and wider CRVE in
univariate analysis, partial correlations, PCA and linear regression are displayed in
Figures 10 and 11.

Partial correlations
Univariate ssociations

Higher SBP

Higher SBP

Higher DBP

Higher DBP

Higher BMI

Higher ACR

Higher total cholesterol

Higher serum creatinine

Higher HbA1c
Higher LDL cholesterol

 CRAE
Linear Regression

PCA

Higher serum creatinine

Higher serum creatinine

Higher SBP

Higher SBP

Abnormal eGFR

Abnormal eGFR

Higher BMI

Higher BMI

Lower HDL cholesterol

Lower HDL cholesterol

Higher serum sodium

Higher serum sodium

Longer duration diabetes

Longer duration diabetes

= Variables significantly associated with narrower CRAE across all four analysis methods.

Figure 10. Summary of variables that were significantly related to narrower CRAE in
univariate and multivariate analysis. Variables are listed in order of magnitude of
associations.
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Univariate
Higher BMI

Partial Correlations

Higher total cholesterol

Higher BMI

Higher LDL cholesterol

Higher HbA1c

Higher HbA1c

Higher total cholesterol

Longer duration diabetes

Higher LDL cholesterol

Lower SBP

Higher triglyceride levels

Lower physical activity levels

Lower physical activity
levels

Higher triglyceride levels

 CRVE
Linear regression

PCA

Higher total cholesterol

Higher total cholesterol
Higher BMI

Higher BMI

Lower physical activity
levels

Lower physical activity levels
Higher HbA1c

Higher HbA1c

Higher triglyceride levels

Higher triglyceride levels

= Variables significantly associated with wider CRVE across all four analysis methods.

Figure 11. Summary of variables that were significantly related to wider CRVE in
univariate and multivariate analysis. Variables are listed in order of magnitude of
associations.
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In order to further investigate inter-relationships between the systemic variables that were
associated with CRAE and CRVE and potentially shed light on the mechanisms responsible
for alterations in retinal vascular calibre, bivariate correlations were performed utilising
these variables. Figures 12 and 13 depict a summary of the results. The complete correlation
matrix for associations with both CRAE and CRVE is presented in Appendix 13.

SBP

Creatinine

BMI

Total Cholesterol

↑ = Higher; ↓ = Lower
Figure 12. Inter-relationships between identified correlates of CRAE. Overlap depicts
significant relationship.

Physical Activity

BMI
Cholesterol

HbA1c
Triglycerides

↑ = Higher; ↓ = Lower
Figure 13. Inter-relationships between identified correlates of CRVE. Overlap depicts
significant relationship.
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6.2 - Diabetic Retinopathy Associations
In order to examine the relationship between diabetic retinopathy and possible risk factors
including changes in retinal vascular calibre in this cohort initial crude analysis was
performed followed by PCA and logistic regression modelling.

6.2.1 - Crude Analysis
Depending on whether variables were normally or not-normally distributed an Independent
samples t-test or Mann-Whitney U test was conducted to compare various clinical variables
and retinal vascular calibre measures for participants with and without diabetic retinopathy.
The means and standard deviations are presented in Tables 22 and 23. A higher mean
HbA1c and BMI, and lower serum HDL cholesterol was observed in participants with
diabetic retinopathy. There was also a trend towards participants with diabetic retinopathy
displaying a higher triglyceride level.
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Table 22. Crude differences in characteristics between individuals with and without
diabetic retinopathy.
DR Absent
(n = 472 )
Characteristic

DR Present
(n = 11 )

Mean

SD

Mean

SD

Age (years)

14.46

2.83

15.97

2.03

0.066

HbA1c (%)

8.29

1.25

9.23

1.56

0.008

Diabetes duration (years)

6.96

3.28

8.49

3.78

0.168

Lying SBP (mmHg)

125.19

14.82

130.73

18.18

0.224

Sodium (mEq/L)

139.93

2.65

140.83

3.25

0.812

4.39

0.32

4.21

0.12

0.093

101.83

2.39

101.83

2.32

0.927

Urea (mmol/L)

4.94

1.17

5.50

1.63

0.448

Creatinine (µmol/L)

54.09

11.61

62.17

12.51

0.112

Total Cholesterol (mmol/L)

4.54

0.93

4.41

1.17

0.573

HDL Cholesterol (mmol/L)

1.52

0.34

1.20

0.31

0.006

Triglycerides (mmol/L)

1.44

1.11

1.89

1.17

0.169

BMI (kg/m2)

23.10

4.60

27.38

5.33

0.009

ACR (mg/g)

1.81

12.70

2.04

6.10

0.155

Potassium (mEq/L)
Chloride (mEq/L)

P value*

*P values based on Mann-Whitney U (not-normally distributed variables) or independent samples t-test
(normally distributed variables) comparing characteristics of participants with DR and without DR
BMI = Body mass index; SBP = Systolic blood pressure; HDL = High density lipoproteins; ACR =
Albumin:creatinine; HbA1c = Glycated haemoglobin A1c.
kg/m2 = kilograms/metres2; mmHg = millimetres of mercury; mmol/L = millimoles per litre; mEq/L =
milliequivalents per litre; µmol/L = micromoles per litre; mg/g = milligrams per gram.
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An independent samples t-test revealed no statistically significant difference in CRAE
between participants with diabetic retinopathy (M = 163.78 µm, SD = 12.5 µm) compared
to participants without retinopathy (M = 164.15 µm, SD = 12.50 µm; p = 0.921). Similar
results were also observed when comparing CRVE between the two groups, with no
statistically significant difference found between participants with retinopathy (M = 232.50
µm, SD = 15.66 µm) and participants without retinopathy (M = 232.72 µm, SD = 17.24
µm; p = 0.921). Furthermore, no significant differences were found between the two groups
in relation to AVR (Table 23).
Table 23. Crude differences in retinal vascular calibre between individuals with and without
diabetic retinopathy.
DR Absent
(n = 472)

DR Present
(n = 11)

RVC measure

Mean

SD

Mean

SD

P value*

CRAE (µm)

164.15

12.50

163.78

13.40

0.921

CRVE (µm)

232.72

17.24

232.50

15.66

0.965

AVR (µm)

0.707

0.05

0.706

0.04

0.901

*P values based on independent samples t-test
µm = micrometre

6.2.2 - Principal Components Analysis
In PCA, the variable of diabetic retinopathy (0 = absent, 1 = present) was added to the
previously extracted components that included CRAE and CRVE (Tables 19 and 20). PCA
was applied with the diabetic retinopathy variable included separately for CRAE and CRVE
due to the strong relationship that exists between them. Due to the small number of
participants with diabetic retinopathy in this cohort (n = 11) mean substitution of missing
values was utilised for missing data. In using this method the researcher was prepared to
dilute the effect size in order to ascertain the inclusion of all retinopathy cases in the
analysis. For this reason, loadings were suppressed to 0.1 rather than 0.3 to avoid
overlooking any variable loadings that had been diluted due to the use of this method. See
Appendix 14 for a copy of the complete component loading matrix for the three PCAderived components when diabetic retinopathy was added to analysis. See Tables 24 and
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25 for PCA results for CRAE and CRVE when diabetic retinopathy was included in
analysis.

Table 24. CRAE model of component loading matrix for the three risk profiles identified
in study 1 with the introduction of retinopathy status (n = 483)

Component
1

2

3

Age (years)

0.80

0.14

Creatinine (µmol/L)

0.76

-0.19

Lying SBP (mmHg)

0.67

2

BMI (kg/m )

0.59

Abnormal eGFR (<59 ml/min)

0.56

HDL Cholesterol (mmol/L)

-0.35

Duration of Diabetes (years)

0.32

CRAE (µm)

0.21

Sodium (mEq/L)

0.22

Chloride (mEq/L)
Potassium (mEq/L)
0.11

Triglyceride (mmol/L)
Gender (female)

-0.76

0.12

-0.75

0.18

0.52

-0.17

0.48

0.17

0.46

0.29
0.56

0.47
-0.19

Urea (mmol/L)
Non Caucasian/European*

0.18

-0.16

Total Cholesterol (mmol/L)
Physical Activity Level (self-report)#

0.17

-0.22

Retinopathy presence

Current HbA1c (%)

0.50

-0.48
0.27

-0.10

0.48
-0.46
0.35

SES (higher)^
-0.13
-0.31
BMI = Body mass index; SBP = Systolic blood pressure; HDL = High density lipoproteins; ACR =
Albumin:creatinine; HbA1c = Glycated haemoglobin A1c.
kg/m2 = kilograms/metres2; mmHg = millimetres of mercury; mmol/L = millimoles per litre; mEq/L =
milliequivalents per litre; µmol/L = micromoles per litre; mg/g = milligrams per gram; mL/min =
millilitres per minute; µm = micrometres.
^SES = Socio-economic status as determined using Socio-Economic Indexes for Areas
*Non-Caucasian; South-East Asian, African, Middle Eastern, Melanesian/Polynesian, Indigenous Australian
(parent’s country of birth).
#
Physical Activity; 1 = Minimal, 2 = Adequate, 3 = Active, 4 = Very active, based on self-report.
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Table 25. CRVE model of component loading matrix for the three risk profiles identified
in study 1 with the introduction of retinopathy status (n = 483)

Component
1

2

3

Age (years)

0.81

0.11

Creatinine (µmol/L)

0.76

-0.20

Lying SBP (mmHg)

0.65

2

BMI (kg/m )

0.58

Abnormal eGFR (<59 ml/min)

0.57

HDL Cholesterol (mmol/L)

-0.36

Duration of Diabetes (years)

0.33

Retinopathy presence

0.22

Chloride (mEq/L)

0.48
0.16

-0.76

Sodium (mEq/L)

0.21

Potassium (mEq/L)
Current HbA1c (%)

0.11

Triglyceride (mmol/L)
Gender (female)

-0.76
0.53

-0.15

0.47

0.18

0.44

0.29

-0.16

0.55

CRVE (µm)

0.54

Total Cholesterol (mmol/L)
Physical Activity Level (self-report)

0.16

0.44
#

-0.18

Urea (mmol/L)
Non Caucasian/European*

-0.45
0.29

-0.12

0.49
-0.42
0.35

SES (higher)^
-0.11
-0.30
BMI = Body mass index; SBP = Systolic blood pressure; HDL = High density lipoproteins; ACR =
Albumin:creatinine; HbA1c = Glycated haemoglobin A1c.
kg/m2 = kilograms/metres2; mmHg = millimetres of mercury; mmol/L = millimoles per litre; mEq/L =
milliequivalents per litre; µmol/L = micromoles per litre; mg/g = milligrams per gram; mL/min =
millilitres per minute; µm = micrometres.
^SES = Socio-economic status as determined using Socio-Economic Indexes for Areas
*Non-Caucasian; South-East Asian, African, Middle Eastern, Melanesian/Polynesian, Indigenous Australian
(parent’s country of birth).
#
Physical Activity; 1 = Minimal, 2 = Adequate, 3 = Active, 4 = Very active, based on self-report.

Retinopathy presence loaded strongly only in component 1 together with a number of
established retinopathy risk factors and narrower CRAE (Table 24). In order of magnitude,
loadings on component 1 (Table 24) when retinopathy presence was added were as follows:
age, higher serum creatinine, higher SBP, higher BMI, abnormal eGFR (<59 ml/min),
lower HDL cholesterol, longer duration of diabetes, higher serum sodium, narrower CRAE
and diabetic retinopathy presence.
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In the CRVE model, retinopathy presence loaded strongly with a similar set of established
retinopathy risk factors but not CRVE (Table 25).
6.2.3 - Logistic Regression
After the three PCA components were extracted for CRAE and CRVE (Tables 19 and 20),
respectively, standardised component scores were automatically generated for each of the
three components for each participant. These component scores were subsequently used in
logistic regression analysis to investigate whether the three PCA components were
predictors of retinopathy status. See Table 26 for logistic regression analysis results using
CRAE (model 1) and CRVE (model 2) component scores as predictors of diabetic
retinopathy status.
Table 26. Predictive value of CRAE and CRVE risk profiles on diabetic retinopathy (n =
483)
DR Presence
ExpB (95%CI for B)

p value

Model 1*
Risk profile 1

2.50 (1.31/4.77)

0.005

Risk profile 2

1.06 (0.59/1.88)

0.850

Risk profile 3

0.93 (0.51/1.69)

0.811

Risk profile 1

2.60 (1.36/4.96)

0.004

Risk profile 2

1.09 (0.61/1.92)

0.778

Model 2#

Risk profile 3
0.88 (0.49/1.59)
0.677
DR = Diabetic retinopathy
*Model 1: Using PCA-derived CRAE component scores
#
Model 2: Using PCA derived CRVE component scores

PCA-derived component 1 predicted diabetic retinopathy, after controlling for all other
factors in the model, with an odds ratio of 2.50 and 2.60 for CRAE and CRVE models,
respectively. This indicates participants scoring high on a specific risk profile including:
older age, higher serum creatinine, higher SBP, higher BMI, abnormal eGFR (<59 ml/min),
lower HDL cholesterol, longer duration of diabetes, higher serum sodium, narrower CRAE
were over two times more likely to display diabetic retinopathy than low scorers. It is
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evident that the results of logistic regression are consistent with PCA results presented in
Table 24 with both methods linking diabetic retinopathy to strikingly similar risk profiles.

6.3 - Renal Biochemistry Associations: Estimated Glomerular Filtration Rate
(eGFR) and Microalbuminuria
In order to examine the relationship between renal function and retinal vascular calibre
initial crude analysis was performed followed by PCA and logistic regression modelling.
The variables: Microalbuminuria presence (0 = normoalbinuria, 1 = microalbuminuria) and
eGFR (0 = normal eGFR, 1 = abnormal eGFR) were used in assessing this relationship.
6.3.1 - Crude Analysis
Depending on whether variables were normally or not-normally distributed an Independent
samples t-test or Mann-Whitney U test was conducted to compare various clinical variables
and retinal vascular calibre measures for participants with and without microalbuminuria
(ACR of >3.5mg/mmol in females and >2.5 mg/mmol in males) (Table 27). The same
comparisons were made for participants who displayed normal and abnormal eGFR (<59
ml/min) (Table 28). Chi-square test was conducted to assess the relationship between
various key categorical variables including eGFR, microalbuminuria and retinopathy
status.
CRAE was narrower in participants with microalbuminuria (M =159.07 µm, SD = 9.93
µm) compared to those with normo-albuminuria (M = 164.49 µm, SD = 12.45 µm; p =
0.006). Participants with microalbuminuria also displayed lower BMI (M = 21.75 kg/m2,
SD = 3.79 kg/m2) compared to those with normo-albuminuria (M = 23.29 kg/m2, SD = 4.68
kg/m2; p = 0.040). Furthermore, there was a trend towards individuals with

microalbuminuria displaying narrower CRVE, higher SBP, and lower serum cholesterol.
The presence of abnormal eGFR on the other hand, was associated with older age, higher
SBP, higher duration of diabetes, lower serum HDL cholesterol, higher BMI and a lower
AVR.
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Chi-square test weakly revealed that the presence of abnormal eGFR was associated with
diabetic retinopathy in this study (p = 0.05). However, the presence of microalbuminuria
was not related to the presence of abnormal eGFR or diabetic retinopathy.

133

Table 27. Crude differences in characteristics and retinal vascular calibre measures
between individuals with and without microalbuminuria.
Normoalbinuria

Microalbuminuria^

(n = 331)
Characteristic

(n = 38)

Mean

SD

Mean

SD

Age (years)

14.49

2.77

14.68

2.69

0.844

HbA1c (%)

8.30

1.28

8.38

1.16

0.576

Diabetes duration (years)

7.06

3.29

6.34

3.13

0.265

Lying SBP (mmHg)

124.94

14.89

129.32

15.06

0.064

Sodium (mEq/L)

139.98

2.62

139.60

3.29

0.643

4.39

0.32

4.30

0.28

0.242

101.83

2.30

102.04

3.01

0.583

Urea (mmol/L)

4.96

1.19

4.99

1.15

0.841

Total Cholesterol (mmol/L)

4.56

0.91

4.34

1.05

0.064

HDL Cholesterol (mmol/L)

1.51

0.33

1.52

0.47

0.848

Triglycerides (mmol/L)

1.45

1.14

1.38

0.86

0.993

BMI (kg/m2)

23.29

4.68

21.75

3.79

0.040

CRAE (µm)

164.49

12.45

159.07

9.93

0.006

CRVE (µm)

233.12

17.29

226.9

17.12

0.054

AVR

0.708

0.05

0.703

0.05

0.610

Potassium (mEq/L)
Chloride (mEq/L)

P value*

*P values based on Mann-Whitney U (not-normally distributed variables) or independent samples t-test
(normally distributed variables), comparing characteristics of participants with microalbuminuria to those
with normoalbinuria.
BMI = Body mass index; SBP = Systolic blood pressure; HDL = High density lipoproteins; HbA1c =
Glycated haemoglobin A1c.
kg/m2 = kilograms/metres2; mmHg = millimetres of mercury; mmol/L = millimoles per litre; mEq/L =
milliequivalents per litre; µmol/L = micromoles per litre; mg/g = milligrams per gram; mL/min =
millilitres per minute; µm = micrometres.
^Microalbumiburia = ACR of >3.5mg/mmol in females and >2.5 mg/mmol in males.
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Table 28. Crude differences in characteristics and retinal vascular calibre measures between
individuals with normal and abnormal eGFR.
Normal eGFR

Abnormal eGFR^

(n = 331)
Characteristic

(n = 37)

Mean

SD

Mean

SD

Age (years)

14.06

2.57

18.67

0.55

<0.0001

HbA1c (%)

8.30

1.26

8.43

1.05

0.375

Diabetes duration (years)

6.98

2.99

9.28

4.42

0.002

Lying SBP (mmHg)

124.36

14.59

135.43

13.67

<0.0001

Sodium (mEq/L)

139.93

2.66

140.00

2.75

0.913

4.39

0.32

4.35

0.28

0.715

101.87

2.40

101.41

2.42

0.273

Urea (mmol/L)

4.46

1.21

4.83

0.91

0.604

Total Cholesterol (mmol/L)

4.56

0.92

4.72

1.13

0.441

HDL Cholesterol (mmol/L)

1.56

0.34

1.39

0.3

0.008

Triglycerides (mmol/L)

1.45

1.15

1.48

1.13

0.561

BMI (kg/m2)

22.92

4.55

25.78

4.91

<0.001

Potassium (mEq/L)
Chloride (mEq/L)

P value*

CRAE (µm)

164.13

12.74

162.63

10.71

0.491

CRVE (µm)

231.50

18.62

236.04

13.39

0.159

0.711

0.05

0.691

0.05

0.020

AVR

*P values based on Mann-Whitney U (not-normally distributed variables) or independent samples t-test
(normally distributed variables), comparing characteristics of participants with normal and abnormal
eGFR.
BMI = Body mass index; SBP = Systolic blood pressure; HDL = High density lipoproteins; HbA1c =
Glycated haemoglobin A1c.
kg/m2 = kilograms/metres2; mmHg = millimetres of mercury; mmol/L = millimoles per litre; mEq/L =
milliequivalentss per litre; µmol/L = micromoles per litre; mg/g = milligrams per gram; mL/min =
millilitres per minute; µm = micrometres.
^ Abnormal eGFR = Estimated glomerular filtration rate between 0 -59 ml/min

135

6.3.2 - Principal Components Analysis
The variable ‘abnormal eGFR’ was included in previous PCA models (Tables 19 and 20).
Table 19 illustrates that abnormal eGFR loaded strongly (>0.30) only in component 1, with
a number of vascular risk factors and narrower CRAE. Furthermore, eGFR remained
strongly loaded only in component 1 after diabetic retinopathy presence was added to the
previously extracted components (Table 24).

The variable microalbuminuria presence (0 = normoalbinuria, 1 = microalbuminuria) was
added to the previously constructed set of variables used in PCA of diabetic retinopathy
and eGFR (Tables 19 and 20). The researcher chose to use microalbuminuria status as
opposed to ACR in all analysis as it takes into consideration the influence of gender on
ACR and is therefore a more sensitive marker of an early decline in renal function
(Sabanayagam et al., 2009). PCA was applied with the microalbuminuria variable included
separately for CRAE and CRVE due to the strong relationship that exists between them.
Due to the small number of participants with microalbuminuria (n = 38) mean substitution
of missing values was utilised. In using this method the researcher was prepared to dilute
the effect size in order to include all microalbuminuria cases in the analysis. On inspection
of the Scree plot the first clear break was revealed after the fourth component in both CRAE
and CRVE models. Therefore, it was decided to retain four components for further
investigation. The rotated solution revealed that all four components showed a number of
strong loadings (>0.30) with very few cross-loadings indicating PCA had extracted four
discrete components. Tables 29 and 30 depict the strong loadings (>0.3) within the PCAderived components for the CRAE model and CRVE model when the variable
microalbuminuria was added to the analysis. See Appendix 15 for the complete component
loading matrix for Tables 29 and 30.
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Table 29. CRAE model of component loading matrix for the four risk profiles identified
in study 1 with the introduction of microalbuminuria status (n = 369)

Component
1

2

Age (years)

0.82

Creatinine (µmol/L)

0.75

Lying SBP (mmHg)

0.68

2

BMI (kg/m )

0.63

Duration of Diabetes (years)

0.36

HDL Cholesterol (mmol/L)

-0.31

0.34
-0.75

Sodium (mEq/L)

-0.74

Current HbA1c (%)

0.56

Potassium (mEq/L)

0.51

Total Cholesterol (mmol/L)

0.48

Physical Activity Level (self-report)

4

0.34

Chloride (mEq/L)

Triglyceride (mmol/L)

3

0.39

0.48
#

-0.53

Non Caucasian/European*

0.52

SES (higher)

-0.45

Urea (mmol/L)

-0.44

Gender (female)

0.64

CRAE (µm)

0.57

Microalbuminuria^
-0.45
BMI = Body mass index; SBP = Systolic blood pressure; HDL = High density lipoproteins; HbA1c =
Glycated haemoglobin A1c.
kg/m2 = kilograms/metres2; mmHg = millimetres of mercury; mmol/L = millimoles per litre; mEq/L =
milliequivalentss per litre; µmol/L = micromoles per litre; mg/g = milligrams per gram; mL/min =
millilitres per minute; µm = micrometres.
^Microalbumiburia = ACR of >3.5mg/mmol in females and >2.5 mg/mmol in males.
*Non-Caucasian; South-East Asian, African, Middle Eastern, Melanesian/Polynesian, Indigenous
Australian (parent’s country of birth).
#
Physical Activity; 1 = Minimal, 2 = Adequate, 3 = Active, 4 = Very active, based on self-report.

Microalbuminuria loaded strongly (inversely) only in component 4. In order of
magnitude, loadings in component 4 were as follows: female gender, wider CRAE,
presence of normo-albuminuria, higher total and HDL cholesterol.
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Table 30. CRVE model of component loading matrix for the four risk profiles identified
in study 1 with the introduction of microalbuminuria status (n = 369)

Component
1
Age (years)

0.81

Creatinine (µmol/L)

0.76

Lying SBP (mmHg)

0.69

2

BMI (kg/m )

0.61

Duration of Diabetes (years)

0.36

2

3

-0.30

Chloride (mEq/L)

-0.78

Sodium (mEq/L)

-0.76

Potassium (mEq/L)

0.54

Current HbA1c (%)

0.47

Triglyceride (mmol/L)

0.44

Total Cholesterol (mmol/L)

0.37

0.65

Gender (female)

0.63

CRVE (µm)

0.53

Microalbuminuria^
Physical Activity Level (self-report)

4

-0.32
0.58

#

Non Caucasian/European*

-0.53

SES (higher)

0.47
0.38

HDL Cholesterol (mmol/L)

0.43

Urea (mmol/L)
0.38
BMI = Body mass index; SBP = Systolic blood pressure; HDL = High density lipoproteins; HbA1c =
Glycated haemoglobin A1c.
kg/m2 = kilograms/metres2; mmHg = millimetres of mercury; mmol/L = millimoles per litre; mEq/L =
milliequivalentss per litre; µmol/L = micromoles per litre; mg/g = milligrams per gram; mL/min =
millilitres per minute; µm = micrometres.
^Microalbumiburia = ACR of >3.5mg/mmol in females and >2.5 mg/mmol in males.
*Non-Caucasian; South-East Asian, African, Middle Eastern, Melanesian/Polynesian, Indigenous
Australian (parent’s country of birth).
#
Physical Activity; 1 = Minimal, 2 = Adequate, 3 = Active, 4 = Very active, based on self-report.

Microalbuminuria loaded strongly (inversely) only in component 3. In order of
magnitude, loadings in component 3 were as follows: higher total cholesterol, female
gender, wider CRVE, presence of normo-albuminuria and higher HDL cholesterol.
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6.3.3 - Logistic Regression
After the variable ‘eGFR (0 = normal eGFR, 1 = abnormal eGFR)’ was removed from the
three component PCA (Tables 19 and 20), standardised component scores were
automatically generated for the three components for each participant. These component
scores were subsequently used in logistic regression analysis to investigate the predictive
value of the risk profiles on abnormal eGFR.

A second logistic regression analysis was performed whereby the variable
‘Microalbuminuria presence (0 = normoalbinuria, 1 = microalbuminuria)’ was removed
from the four component PCA (Tables 29 and 30) and standardised components scores
were automatically generated for the four components for each participant and used in the
logistic regression analysis to investigate the predictive value of the four principal
components (risk profiles) on microalbuminuria. See Tables 31 and 32 for logistic
regression analysis results using CRAE (model 1) and CRVE (model 2) component scores
as predictors of abnormal eGFR and microalbuminuria, respectively.
Table 31. Predictive value of CRAE and CRVE risk profiles on abnormal eGFR (n =
483).
Abnormal eGFR^
ExpB (95%CI for B)

p value

Model 1*
Risk profile 1

5.49 (3.31/9.13)

<0.0001

Risk profile 2

1.01 (0.71/1.43)

0.963

Risk profile 3

1.09 (0.75/1.58)

0.645

Risk profile 1

5.82 (3.46/9.77)

<0.0001

Risk profile 2

1.02 (0.72/1.45)

0.898

Model 2#

Risk profile 3
1.04 (0.71/1.52)
0.841
^Abnormal eGFR = Estimated glomerular filtration rate between 0 -59 ml/min
*Model 1: Using PCA-derived CRAE component scores
#
Model 2: Using PCA derived CRVE component scores
Models adjusted for CRVE/CRAE

PCA-derived component 1 predicted abnormal eGFR, after controlling for all other factors
in the model, with an odds ratio of 5.49 and 5.82 for CRAE and CRVE models, respectively.
This indicates that participants with a high score on a specific risk profile including: older
age, higher serum creatinine, higher SBP, higher BMI, abnormal eGFR (<59 ml/min),
lower HDL cholesterol, longer duration of diabetes, higher serum sodium, narrower CRAE
were over five times more likely to display an abnormal eGFR than low scorers on that risk
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profile. It is evident that the results of direct logistic regression are consistent with PCA
results in Table 19.

Table 32. Predictive value of CRAE and CRVE risk profiles on microalbuminuria (n =
369)

Model 1*
Risk profile 1
Risk profile 2
Risk profile 3
Risk profile 4

Microalbuminura^
Presence
ExpB (95%CI for B)

p value

0.68 (0.44/1.05)
0.93 (0.61/1.42)
1.41 (0.97/2.03)
0.14 (0.08/0.24)

0.089
0.730
0.079
<0.0001

Model 2#
Risk profile 1
0.81 (0.55/1.19)
0.277
Risk profile 2
1.11 (0.77/1.61)
0.581
Risk profile 3
0.24 (0.15/0.38)
<0.0001
Risk profile 4
0.61 (0.43/0.88)
0.007
^Microalbuminuria = ACR of >3.5mg/mmol in females and >2.5 mg/mmol in males
*Model 1: Using PCA-derived CRAE component scores
#
Model 2: Using PCA derived CRVE component scores
Models adjusted for CRVE/CRAE

The strongest predictor of normo-albuminuria was risk profile 4 in the CRAE model and
risk profile 3 in the CRVE model. This indicates that participants with high scores on the
profile characterised by female gender, wider CRAE, higher total and HDL cholesterol
were more likely to be normo-albuminuric than those with low scores for this risk profile.
Furthermore, those participants with high scores for the profile characterised by higher total
and HDL cholesterol, female gender and wider CRVE were more likely to be normoalbuminuric than those with low scores on that risk profile. It is evident that the results of
direct logistic regression are consistent with PCA results in Tables 29 and 30.

140

6.4 - Study 2 Results (follow-up data)
6.4.1 - Participants
Of the 483 participants who were included at baseline examination (study 1), an inspection
of appointment lists between January 2009 and March 2014 revealed a total of 137 children
and adolescents attended at least one follow-up retinal imaging (≥12 months following
baseline imaging) and 11 participants were scheduled for a second follow-up imaging
examination within the Diabetes Complication Screening clinic at the RCH. Of the 137
potential participants to be included in the first follow-up audit of historical clinical data,
112 (82%) had retinal images suitable for retinal vascular calibre measurement. All 11
children and adolescents who were scheduled for a second follow-up imaging examination
had suitable retinal images. Figure 14 depicts a flowchart for participants included in study
2, i.e. those who presented for at least one follow-up imaging appointment.
Total number of patients with clinical
data meeting the inclusion criteria at
baseline examination (study 1)
n = 483

Total number of patients who had followup imaging data available
n = 137 (28%)

Absentees to follow-up imaging
appointment
n = 346 (72%)

Excluded due retinal
image quality
n = 25 (18%)
Total number of participants with
clinical data meeting the inclusion
criteria at first follow-up
n = 112 (82%)*

Absentees to imaging
at second follow-up
n = 101 (90%)

Total number of participants with
clinical data meeting the inclusion
criteria at second follow-up
n = 11 (10%)*

*Number of participants included in analysis at first and second follow-up

Figure 14. Flow chart of participants in study 2.
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Key characteristics of patients who met the inclusion criteria at first and second follow-up
(participants) and those who did not meet the inclusion criteria (non-participants, i.e.
absentees to follow-up or inadequate image quality) are presented in Tables 33 and 34.
Excluded patients at follow-up were more likely to be non-Caucasian. There were no
significant differences between participants and absentees with respect to age, duration of
diabetes, serum cholesterol, HbA1c and BMI. Therefore, despite the substantial attrition
rate in study 2, it is likely that the results may be generalisable to the population of children
and adolescents who attended the Diabetes Complications Screening clinic during the study
period, particularly those of Caucasian ethnicity.
Table 33. Key characteristics of patients who met the inclusion criteria and those who did
not meet the inclusion criteria at first follow-up (time point 2).
Participants meeting

Non-participants

inclusion criteria

(Absentees/Poor image quality)

112 (23%)

371 (77%)

55

51

0.489

European/Caucasian

97

89

0.008

Non-Caucasian

3

11

SEIFA 1-4 (lowest SES)

22

25

SEIFA 5-6

22

23

SEIFA 7-10 (highest SES)

57

52

15.66 (± 2.35)

15.74 (± 2.91)

0.741

BMI (kg/m )

23.83 (± 4.37)

23.33 (± 4.77)

0.342

Cholesterol (mmol/l)

4.39 (± 0.85)

4.55 (± 0.91)

0.107

Duration of diabetes (years)

8.32 (± 3.27)

8.15 (± 3.33)

0.656

HbA1c (%)

8.23 (± 1.12)

8.31(± 1.36)

0.580

Characteristics
N
Sex (% male)

P value#

Ethnicity (%)

Socioeconomic status (%)

Age (years)
2

#

0.606

P values based on X2 categorical for categorical variables or independent samples t-test for continuous
variables, comparing characteristics of included participants and those who were not included due to being
absent to follow-up of having poor image quality.
SEIFA = Socio-Economic Indexes for Areas; BMI = Body Mass Index; HbA1c = Glycated haemoglobin
A1c.
kg/m2 = kilograms/metres2; mmol/L = millimoles per litre.
*Non-Caucasian; South-East Asian, African, Middle Eastern, Melanesian/Polynesian, Indigenous
Australian (parent’s country of birth).

142

Table 34. Key characteristics of patients who met the inclusion criteria and those who did
not meet the inclusion criteria at second follow-up (time-point 3).
Participants meeting

Non-participants

inclusion criteria

(Absentees/Poor image quality)

11 (2%)

472 (98%)

36

51

0.288

100

91

0.290

0

9

SEIFA 1-4 (lowest SES)

18

25

SEIFA 5-6

36

22

SEIFA 7-10 (highest SES)

45

53

Age (years)

16.94 (± 1.59)

16.91 (± 2.85)

0.975

BMI (kg/m2)

24.72 (± 4.36)

23.19 (± 4.66)

0.301

Cholesterol (mmol/l)

4.03 (± 0.88)

4.56 (± 0.94)

0.065

Duration of diabetes (years)

8.95 (± 2.89)

9.48 (± 3.31)

0.656

HbA1c (%)

8.29 (± 1.91)

8.32 (± 1.26)

0.946

Characteristics
N (%)
Sex (% male)

P value#

Ethnicity (%)
European/Caucasian
Non-Caucasian*
Socioeconomic status (%)
0.573

#

P values based on X2 categorical for categorical variables or independent samples t-test for continuous
variables, comparing characteristics of included participants and those who were not included due to being
absent to follow-up of having poor image quality.
SEIFA = Socio-Economic Indexes for Areas; BMI = Body Mass Index; HbA1c = Glycated haemoglobin
A1c.
kg/m2 = kilograms/metres2; mmol/L = millimoles per litre.
*Non-Caucasian; South-East Asian, African, Middle Eastern, Melanesian/Polynesian, Indigenous
Australian (parent’s country of birth).

6.4.2 - Longitudinal Analysis of Clinical Characteristics and Retinal Vascular
Calibre
Analysis was performed to compare measures of vascular calibre and clinical
characteristics of participants over the time points. Depending on the distribution of
variables, a one-way between groups ANOVA or Kruscall-Wallis Test was conducted to
compare clinical characteristics over the period of 3 appointment times. The means and
standard deviations are presented in Table 35. Apart from the expected significant changes
that occurred in age and duration of diabetes over the follow-up visits; an increase in serum
creatinine from baseline to first follow-up (p = 0.006) was observed. Furthermore, a
decrease in serum total cholesterol from baseline to second follow-up (p = 0.037) and a
trend to increase from baseline to second follow-up in standing DBP was observed (p =
0.046).
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Table 35. Comparison of clinical characteristics over consecutive visits to the diabetes
complications screening clinic (Mean ± SD).
Participants

Baseline

First follow-up

Second follow-up

Number of participants

n = 483

n = 112

n = 11

Gender (% male)

252 (52)

62 (55)

4 (36)

Age (years)

14.49 (± 2.83)

15.66 (± 2.35)

16.94 (± 1.59)

<0.000

Diabetes duration (years)

7.00 (± 3.30)

8.32 (± 3.27)

8.95 (± 2.89)

<0.000

HbA1c (%)

8.32 (± 1.27)

8.23 (± 1.12)

8.29 (± 1.91)

0.506

139.95 (± 2.66)

140.11 (± 2.52)

139.75 (± 3.50)

0.867

4.39 (± 0.32)

4.41 (± 0.35)

4.38 (± 0.30)

0.820

101.83 (± 2.40)

101.40 (± 2.36)

102.25 (± 2.63)

0.452

Sodium (mEq/L)
Potassium (mEq/L)
Chloride (mEq/L)
Urea (mmol/L)

P value*

4.95 (± 1.18)

4.98 (± 1.22)

4.38 (± 1.64)

0.615

54.22 (± 11.66)

59.41 (± 11.89)

52.75 (± 13.02)

0.005

Cholesterol (mmol/L)

4.54 (± 0.94)

4.39 (± 0.85)

4.03 (± 0.88)

0.037

Triglycerides (mmol/L)

1.45 (± 1.11)

1.46 (± 1.10)

1.07 (± 0.49)

0.322

HDL Cholesterol (mmol/L)

1.51 (± 0.34)

1.49 (± 0.34)

1.46 (± 0.29)

0.834

LDL Cholesterol (mmol/L)

2.37 (± 0.73)

2.23 (± 0.65)

2.09 (± 0.64)

0.105

Creatinine (µmol/L)

Urinary Albumin (mg/g)

18.41 (± 100.39)

30.36 (± 190.30)

8.70 (± 15.88)

0.330

Urinary Creatinine (mL/min)

11.25 (± 6.45)

12.58 (± 7.73)

9.81 (± 5.39)

0.319

ACR (mg/g)

1.78 (± 12.58)

1.96 (± 9.96)

1.03 (± 1.65)

0.613

Lying SBP (mmHg)

125.31 (± 14.92)

126.66 (± 14.33)

125.57 (± 12.25)

0.696

Lying DBP (mmHg)

65.52 (± 10.07)

66.44 (± 10.04)

65.00 (± 14.03)

0.654

Standing SBP (mmHg)

126.72 (± 15.95)

129.86 (± 16.19)

123.00 (± 16.94)

0.147

Standing DBP (mmHg)

71.74 (± 11.44)

72.58 (± 11.39)

82.29 (± 11.74)

0.046

BMI (kg/m )

23.20 (± 4.65)

23.83 (± 4.37)

24.72 (± 4.36)

0.145

CRAE (µm)

164.21 ± (12.55)

165.82 ± 10.82)

168.34 (± 12.27)

0.271

CRVE (µm)

232.75 ± (17.18)

232.95 ± 19.06)

237.25 (± 15.00)

0.700

0.707 ± (0.05)

0.710 ± 0.05)

0.710 (± 0.05)

0.349

2

AVR

All values represented as a mean (±SD).
*P value based on one-way between groups ANOVA (normally distributed variables) or Kruscall-Wallis
Test (not-normally distributed variables).
BMI = Body mass index; SBP = Systolic blood pressure; HDL = High density lipoproteins; LDL = Low
density lipoproteins; ACR = Albumin:creatinine; HbA1c = Glycated haemoglobin A1c.
kg/m2 = kilograms/metres2; mmHg = millimetres of mercury; mmol/L = millimoles per litre; mEq/L =
milliequivalentss per litre; µmol/L = micromoles per litre; mg/g = milligrams per gram; mL/min =
millilitres per minute; µm = micrometre.
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6.5 - Study 3 Results (Survey and Nutrition study)
6.5.1 - Participants
A total of one hundred and twenty two children and adolescents with type 1 diabetes, aged
7 to 19 years, attended the Diabetes Complications Screening clinic for retinal imaging
during the recruitment period for study 3 (July 2013 to April 2014). Of the 122 children
and adolescents who had retinal imaging, 118 (97%) agreed to complete the maternal
questionnaire (Appendix 3) and the ACAES (Appendix 2) for the collection of dietary,
maternal and physical activity information. Of the 118 subjects who agreed to complete the
questionnaire data, the return rate of questionnaires was 70% (68% of total potential
participants), with 83 participants (166 images) being included in the final analysis of study
3. All participants in this component of the research program had retinal images that were
of sufficient quality for retinal vascular calibre to be measured. Figure 15 depicts a
flowchart of the selection process for participants in study 3.

RCH patients with type 1 diabetes who
attended for retinal imaging during the
recruitment period for study 3
n = 122

Declined to complete the
two questionnaires
n = 4 (3%)

Agreed to complete the
two questionnaires
n = 118 (97%)

Failed to return
questionnaire data
n = 35 (29%)

Total number of participants with
clinical data meeting the inclusion
criteria who returned
the Maternal questionnaire and the
ACAES
n = 83 (68%)

Figure 15. Flow chart of the selection process for participants in study 3.
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Key characteristics of participants who met the inclusion criteria and returned the study
questionnaires and those who failed to return the study questionnaires are presented in
Table 36. Participants who completed the questionnaires were similar to those who did not
complete the questionnaires with respect to age, duration of diabetes, serum cholesterol,
HbA1c and BMI. However, participants who failed to return the study questionnaires were
more likely to be of non-Caucasian ethnicity (p = 0.016). Crude associations between
retinal vascular calibre measures and the clinical variables collected via an audit of
historical data from participant medical files are presented in Table 37.
Table 36. Key baseline and demographic characteristics of participants (i.e. met the
inclusion criteria and returned study questionnaires) and those who failed to return study
questionnaires (non-participants).
Characteristics
n (%)

Completed Questionnaires

Non-returned Questionnaires

P
value#

83 (70)

35 (30)

43

50

0.772

European/Caucasian

93

77

0.016

Non-Caucasian*

7

23

SEIFA 1-4

21

24

SEIFA 5-6

30

15

SEIFA 7-10

49

61

14.59 (± 2.76)

15.26 (± 2.19)

0.215

BMI (kg/m )

22.66 (± 4.04)

23.45 (± 5.32)

0.415

Cholesterol (mmol/l)

4.45 (± 0.87)

4.31 (± 0.84)

0.967

Duration of diabetes (years)

7.17 (± 3.30)

6.80 (± 4.09)

0.626

HbA1c (%)

8.18 (± 1.36)

8.33 (± 1.25)

0.590

Sex (% male)
Ethnicity (%)

Socioeconomic category (%)

Age (years)
2

#

P values based on X2 categorical for categorical variables or independent samples t-test for continuous
variables, comparing characteristics of participants who returned study questionnaires and those who did
not return questionnaire data.
SEIFA = Socio-Economic Indexes for Areas; BMI = Body Mass Index; HbA1c = Glycated haemoglobin
A1c.
kg/m2 = kilograms/metres2; mmol/L = millimoles per litre.
*Non-Caucasian; South-East Asian, African, Middle Eastern, Melanesian/Polynesian, Indigenous
Australian (parent’s country of birth).
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0.272

Common crude associations between study 3 and study 1 participants included narrower
CRAE were related to higher SBP and DBP, while wider CRVE were related to higher BMI
and higher HbA1c. A lower AVR was associated with age and higher BMI.
Table 37. Crude correlations between retinal vascular calibre and continuous clinical
variables in study 3.
CRAE (µm)
Characteristic

n

CRVE (µm)

Coefficient

P
value*

Coefficient

P
value*

AVR
Coefficient

P
value*

Age (years)

83

-0.08

0.464

0.15

0.178

-0.198

0.046

Blood Pressure
SBP (mmHg)

83

-0.39

<0.001

-0.36

0.002

-0.11

0.315

DBP (mmHg)

83

-0.37

<0.001

-0.19

0.108

-0.17

0.139

BMI (kg/m2)

81

-0.12

0.290

0.25

0.041

-0.23

0.033

Duration of Diabetes (years)

78

-0.04

0.723

0.17

0.143

-0.15

0.189

Current HbA1c (%)

83

-0.15

0.061

0.23

0.042

-0.16

0.148

Lipid Profile (serum)
Total Cholesterol (mmol/L)

78

-0.10

0.369

0.08

0.516

-0.19

0.102

HDL Cholesterol (mmol/L)

78

-0.21

0.065

-0.11

0.342

0.08

0.483

Triglycerides (mmol/L)

78

-0.09

0.412

0.05

0.694

-0.14

0.242

*P values based on Spearman rank order correlation (not-normally distributed variables) or Pearson
product-moment correlation (normally distributed variables).
BMI = Body mass index; SBP = Systolic blood pressure; DBP = Diastolic blood pressure; HDL = High
density lipoproteins; HbA1c = Glycated haemoglobin A1c.
kg/m2 = kilograms/metres2; mmHg = millimetres of mercury; mmol/L = millimoles per litre.
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6.5.2 - Maternal Questionnaire and Measures of Sedentary Behaviour (ACAES)
Results
6.5.2.1 - Distribution of Variables
As described previously, the statistical method utilised in study 3 for analysis was
dependent on whether variables were normally or not-normally distributed. All continuous
variables collected via the maternal questionnaire were normally distributed. A full list of
normally distributed variables and the Kolmogorov-Smirnov statistic can be found in
Appendix 16.
6.5.2.2 - Crude Associations Between Retinal Vascular Calibre and Variables from
Maternal Questionnaire and Sedentary Behaviours (ACAES)
Crude associations of retinal vascular calibre measures with the examined sedentary
behaviours (ACAES) and maternal and physical activity variables collected via the
maternal questionnaire are presented in Tables 38 and 39.
CRVE was found to be inversely related with physical activity and directly related with the
age at which lumpy/textured food was introduced. CRAE was found to be narrower in
participants who spent more time playing computer or video games (p = 0.030). A lower
AVR was also related to longer time spent playing computer or video games (p = 0.009).
Those participants whose mother smoked during the last trimester of pregnancy displayed
narrower CRAE (M = 144.99 µm, SD = 14.31 µm) compared to participants whose mothers
did not smoke during the last trimester (M = 167.30 µm, SD = 12.32 µm; p = 0.003).
Similarly, CRVE was also found to be narrower in participants whose mothers smoked
during the last trimester (n = 3) (M = 202.91 µm, SD = 27.26 µm) compared to participants
whose mothers did not smoke in the last trimester (n = 61) (M = 237.86 µm, SD = 18.02
µm; p = 0.002).
Participants who were exposed to cow’s milk in the first 12 months of life (n = 8) displayed
narrower CRVE (M = 218.04 µm, SD = 16.15 µm) than those who were not (n = 46) (M =
239.62 µm, SD = 16.49 µm; p = 0.001). CRAE was also narrower in participants who were
exposed to cow’s milk in the first 12 months of life (M = 156.45 µm, SD = 19.04 µm),
compared to those who were not (M = 168.32 µm, SD = 10.80 µm; p = 0.014).
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Mother’s BMI, participant’s birth weight, age at which solid food was introduced, duration
of breast feeding, presence of gestational diabetes, maternal education level and pregnancy
age and duration were not related with retinal vascular calibre measures in crude analysis.
Crude comparison of key variables (other than measures of retinal vascular calibre) was
conducted for participants whose mother smoked during the last trimester of pregnancy or
consumed cow’s milk in the first 12 months of life. It was revealed that those participants
whose mother smoked during the last trimester of pregnancy displayed a lower birth weight
(n = 3) (M = 3052.30 g, SD = 32.74 g) compared to those who were not exposed to smoking
during the last trimester (n = 61) (M = 3421.77 g, SD = 588.21 g; p = <0.0001). There was
a trend towards participants who were exposed to cow’s milk in the first 12 months of life
to display a higher HbA1c (n= 8) (M = 8.81%, SD = 1.65 %) than those who were not (n =
46) (M = 7.96 %, SD = 0.97 %; p = 0.046). Differences in ACR, BMI, total cholesterol and
SBP and DBP were negligible between the groups.
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Table 38. Crude correlations between retinal vascular calibre measures and continuous variables collected via the maternal questionnaire.
CRAE (µm)
Characteristic

CRVE (µm)
P value*

Correlation

AVR

N

Correlation

P value*

Correlation

P value*

Pregnancy Age (years)

63

0.04

0.780

0.03

0.837

0.01

0.918

Mother BMI (kg/m2)

49

-0.04

0.794

0.09

0.520

-0.02

0.313

Pregnancy duration (weeks)

60

0.18

0.161

0.18

0.151

-0.01

0.970

Participants birth weight (g)

61

0.11

0.402

0.08

0.528

0.04

0.747

Age solid food introduced (months)

55

0.16

0.233

0.14

0.328

0.02

0.888

Age lumpy/textured food
introduced (months)

49

0.25

0.077

0.29

0.035

-0.03

0.828

Physical activity (hours/week)

56

-0.13

0.353

-0.33

0.013

0.20

0.140

*P values based on Spearman rank order correlation (not-normally distributed variables) or Pearson product-moment correlation (normally distributed variables).
BMI = Body Mass Index.
kg/m2 = kilograms/metres2; g = grams; µm = micrometres.
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Table 39. Crude associations between retinal vascular calibre measures and categorical variables collected via the maternal questionnaire and
ACAES.
CRAE (µm)
Characteristic

N

Mean

SD

TV viewing time (hours/day)
0–1

34

165.13

15.66

2–3

35

165.46

4–5

9

6 or more

CRVE (µm)
P value*

Mean

SD

234.00

20.30

8.35

237.24

176.56

9.71

2

167.81

6.74

32

170.81

12.14

2–3

27

162.84

4–5

16

6 or more
Maternal education
Less than high school graduate

AVR
P value*

Mean

SD

0.707

0.06

16.39

0.700

0.05

250.36

15.85

0.706

0.03

226.41

7.31

0.742

0.05

235.28

17.12

0.727

0.04

9.78

233.14

13.74

0.700

0.05

166.11

12.10

245.11

18.77

0.679

0.06

6

159.52

20.76

239.43

36.03

0.670

0.06

4

159.50

12.14

237.27

9.63

0.674

0.03

High school graduate

23

164.45

15.46

235.81

24.13

0.701

0.06

Post high school tech training

11

173.44

11.44

244.92

14.76

0.709

0.04

Degree or higher

26

165.84

11.12

232.75

17.95

0.715

0.06

8

156.45

19.04

218.04

16.15

0.716

0.05

46

168.32

10.80

239.62

16.49

0.705

0.06

Time spent on computer or
video games (hours/day)
0–1

Cow's milk in first 12 months
Yes
No

0.069

0.030

0.211

0.014

151

0.099

0.209

0.203

0.001

P value*

0.722

0.009

0.477

0.602

Table 39 continued.
Characteristic

CRAE (µm)
N

Mean

SD

Duration of breast feeding
0 - 3 months

18

165.31

14.06

3 - 6 months

15

168.65

> 6 months

30

166.02

5

170.97

16.06

58

165.55

12.89

3

144.99

14.31

61

167.29

12.32

Gestational diabetes
Present
Absent
Smoker in last trimester
Yes
No

CRVE (µm)
P value*

Mean

0.881

SD

230.55

21.78

12.60

240.85

13.27

237.46

235.74

18.70

236.03

20.04

202.91

27.26

237.86

18.03

0.379

0.003

AVR
P value*

0.382

Mean

SD

0.72

0.06

21.08

0.705

0.07

17.84

0.701

0.05

0.704

0.06

0.726

0.04

0.706

0.06

0.717

0.03

0.975

0.002

P value*

0.686

0.395

0.738

*P values based on Independent samples t-test/One-way between-groups ANOVA (normally distributed variables) or Mann-Whitney U/Kruscall Wallis test (not-normally
distributed variables)
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6.5.2.3 - Multivariate Analysis
Adjustment for Age, Gender and Ethnicity
Partial correlation or linear regression analysis were used to explore the relationship
between retinal vascular calibre measures and maternal and physical activity variables
collected via the maternal questionnaire and ACAES, while controlling for age, gender,
ethnicity and CRVE/CRAE (Table 40 and 41).

A moderate, inverse, partial correlation between CRVE and physical activity level
remained (r = -0.29, n = 52, p = 0.036). However, age at which lumpy/textured food was
introduced was no longer related to CRVE (Table 40), indicating the crude association was
a confounded one.

Linear regression revealed that longer time spent playing computer or video games
remained related to narrower CRAE (p = 0.001) and lower AVR (p = 0.001), while a new
association between wider CRVE and longer time spent playing computer or video games
was revealed (p = 0.011), after adjustment (Table 41). TV viewing time was not associated
with retinal vascular calibre, after adjustment.

A trend towards narrower CRAE was found in participants whose mother smoked during
the last trimester of pregnancy (p = 0.052), however, smoking in the last trimester of
pregnancy was no longer related to CRVE. Cow’s milk exposure in the first 12 months of
life remained related to narrower CRVE (p = 0.036) but not CRAE, after adjustment.
Like crude analysis, mother’s BMI, participant’s birth weight, age at which solid food was
introduced, duration of breast feeding, presence of gestational diabetes, maternal education
level and pregnancy age and duration were not related with retinal vascular calibre
measures, after adjustment.
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Table 40. Partial correlations between retinal vascular calibre measures and continuous variables collected via the maternal questionnaire
while controlling for age, gender, ethnicity.
CRAE (µm)
Characteristic

N

Correlation

CRVE (µm)
P value*

Correlation

AVR
P value*

Correlation

P value*

Pregnancy Age (years)

59

0.05

0.688

0.02

0.877

0.02

0.888

Mother BMI (kg/m2)

46

-0.10

0.524

0.14

0.320

-0.16

0.305

Pregnancy duration (weeks)

56

0.13

0.335

0.05

0.735

0.05

0.728

Participants birth weight (g)

57

0.10

0.474

0.01

0.939

0.06

0.643

Age solid food introduced (months)

51

0.04

0.781

0.11

0.441

-0.05

0.747

Age lumpy/textured food
introduced (months)

49

-0.02

0.909

0.22

0.130

-0.14

0.352

Physical activity (hours/week)

52

0.15

0.301

-0.29

0.036

0.23

0.102

*P values based on partial correlations using Pearson product-moment correlation while controlling for age, gender and ethnicity.
BMI = Body Mass Index.
kg/m2 = kilograms/metres2; g = gram
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Table 41. Predictive value of sedentary behaviour measures (ACAES) and maternal variables on retinal vascular calibre, adjusting for age,
gender and ethnicity.

n

CRAE
Exp B
(95%CI for B)

p value

CRVE
Exp B
(95%CI for B)

p value

AVR
Exp B
(95%CI for B)

p value

Model 1: TV viewing time
(hours/day)

83

1.65 (-1.33/4.62)

0.274

0.57 (-4.12/5.25)

0.810

0.002 (-0.01/0.02)

0.739

Model 2: Time spent on
computer or video games
(hours/day)

83

-4.39 (-6.97/-1.81)

0.001

5.45 (1.30/9.60)

0.011

-0.02 (-0.03/-0.01)

0.001

Model 3:
Maternal education#

64

1.54 (-1.23/4.32)

0.272

-1.05 (-5.29/3.180)

0.621

0.01 (-0.01/0.020)

0.363

Model 4: Cow's milk in first
12 months (No/Yes)

54

4.90 (-4.70/14.50)

0.310

12.87 (0.88/24.86)

0.036

0.01 (-0.05/0.04)

0.743

Model 5: Duration of
breastfeeding*

63

-0.83 (-4.12/2.45)

0.614

3.26 (-1.59/8.12)

0.184

-0.01 (-0.03/0.01)

0.218

Model 6: Gestational diabetes
(Yes/No)

63

2.33 (-8.55/13.21)

0.670

-7.31 (-23.78/9.15)

0.378

0.20 (-0.03/0.07)

0.470

Model 7: Smoker in the last
trimester (Yes/No)

64

-12.95 (-26.47/0.59)

0.052

-16.55 (-37.22/4.12)

0.114

0.002 (-0.06/0.06)

0.955

Adjusted for; age, gender, ethnicity and CRVE/CRAE, respectively.
#
Mothers Education; Less than high school graduate, high school graduate, post high school tech training, degree or higher (highest level completed).
*Duration of Breastfeeding; 0-3 months, 3-6 months, 6-12 months.
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6.5.3.4 - Principal Components Analysis (Non-Dietary)
Risk profiles based on individual risk factors were developed using PCA in order to enable
regression of risk on retinal vascular calibre. PCA was performed for non-dietary variables
including: clinical variables retrieved via audit of participant medical files (study 1 clinical
data) and lifestyle (physical activity, sedentary behaviours) and maternal variables
collected via the maternal questionnaire and ACAES (Table 42). Furthermore, due to a
recent change in clinical protocol at the RCH from the study 1 period, some baseline
biochemical information (serum creatinine, sodium, chloride, potassium and urea) was no
longer available from clinical records and therefore could not be included in the analysis in
study 3.

On inspection of the Scree plot, a break was revealed after the third component. Therefore,
it was decided to retain the first three components for further investigation. In order to avoid
unrealistic assumptions of independence between components, oblimin rotation was
performed. The rotated solution revealed that all three components showed a number of
strong loadings (>0.30) with very few cross loadings, indicating PCA had extracted three
discrete risk profiles (Table 42). See Appendix 17 for a copy of the complete component
loading matrix for the three PCA-derived risk-profiles in study 3.
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Table 42. PCA analysis of non-dietary variables for study 3 participants (n = 83)

Component
Age (years)

1
0.75

BMI (kg/m2)

0.69

Lying SBP (mmHg)

0.63

Duration of Pregnancy (weeks)

0.54

Screen Viewing Time (hours/week)

0.51

Mother's Education#

-0.42

Physical Activity Level (hours/week)

-0.40

2

3

Child's Birth Weight (g)
Age Solid Food Introduced (months)

0.63

Age Lumpy/Textured Food Introduced (months)

0.62

Introduction of cow’s milk (>12 months)

0.51

Duration of Diabetes (years)

-0.41

Duration of Breast Feeding (months)

0.38

Mother's Age at Pregnancy (years)

-0.37

Non-Caucasian/European*

0.37

SES (higher)^
Mother's Pre-Pregnancy BMI (kg/m2)
Total Cholesterol (mmol/L)

0.81

HbA1c (%)

0.76

HDL Cholesterol (mmol/L)

-0.30

-0.55
0.50

Triglycerides (mmol/L)
0.34

Gender (female)

0.37

Maternal smoking
BMI = Body mass index; SBP = Systolic blood pressure; HDL = High density lipoproteins; ACR =
Albumin:creatinine; HbA1c = Glycated haemoglobin A1c.
kg/m2 = kilograms/metres2; mmHg = millimetres of mercury; mmol/L = millimoles per litre; mg/g =
milligrams per gram; µm = micrometres; g = gram.
^SES = Socio-economic status as determined using Socio-Economic Indexes for Areas
*Non-Caucasian; South-East Asian, African, Middle Eastern, Melanesian/Polynesian, Indigenous
Australian (parent’s country of birth)
#
Mothers Education; Less than high school graduate, high school graduate, post high school tech training,
degree or higher (highest level completed)
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6.5.3.5 - Linear Regression Analysis of Risk Profiles on Retinal Vascular Calibre
After the three component PCA model was extracted for non-dietary risk profiles (Table
42), standardized components scores were automatically generated for the three identified
risk profiles for each participant. Component scores for each risk profile for each individual
are the summed and standardised loadings that have been weighted by an individual’s level
of each risk factor in the PCA analysis.
Subsequent linear regression analysis was conducted to evaluate the PCA-derived risk
profiles as predictors of retinal arteriolar and venular calibre, after adjusting for alternate
vascular calibre measurement (Table 43).
Table 43. Predictive value of the PCA-derived risk profiles on retinal vascular calibre (n =
83).
CRAE

CRVE

ExpB (95% CI for B)

p value

ExpB (95% CI for B)

p value

Risk profile 1

-4.47 (-7.83/1.12)

0.010

2.10 (-0.25/4.45)

0.059

Risk profile 2

1.25 (-1.10/3.65)

0.287

2.46 (-0.98/5.91)

0.159

-1.18 (-3.47/1.11)

0.310

0.97 (-2.39/4.34)

0.568

Risk profile 3

Model adjusted for CRAE/CRVE

In the model, PCA-derived risk profile 1 predicted narrower CRAE, after controlling for
all other factors in the model. This indicates that participants who scored highly on a profile
characterised by a combination of risk factors that included: older age, higher BMI, higher
SBP, greater gestational age, longer screen viewing time, lower maternal education level,
lower physical activity levels and lower HDL concentrations were more likely to display
narrower CRAE, after controlling for all other factors in the model. There was also a trend
towards this same risk profile predicting wider CRVE.
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6.5.3 - Dietary Results
Australian Child and Adolescent Recommended Food Score (ACARFS)
The Australian child and adolescent recommended food score (ACARFS) was calculated
for 83 children and adolescents. From a possible maximum score of 73, the median
ACARFS score was 31 with a maximum of 57 and a minimum of 8. As per Marshall and
co-workers (2012) classification system for diet quality based on ACARFS, Table 44
highlights the percentage of the study population with a good, moderate or poor quality
diet. As stated previously an ACARFS of 32 and above was reflective of a good quality
diet, a score of 19 to 31 a moderate diet quality and an ACARFS of 18 or less suggestive
of a poor quality diet. Based on this classification system females were more likely to
display a good quality diet (51%) compared to their male counterparts (41%).
Table 44. Diet quality of participants in study 3 based on the ACARFS derived from the
ACAES
Diet Quality Category (Total ACARFS score)

All (%)

Males (%)

Females (%)

83 (100%)

38 (46%)

45 (53%)

Good diet quality (≥ 32), %

46

41

51

Moderate diet quality (19-31), %

44

46

42

Poor diet quality (≤ 18), %

10

13

7

n (%)

ACARFS = Australian Child and Adolescent Recommended Food Score

To provide an overview of guideline compliance of this cohort of participants, individual
dietary intake items from the ACAES were collapsed into 6 groups based on the Australian
Guide to Healthy Eating food groups which included: fruit, vegetables, diary, grains, meat
and alternatives and liquids (Table 45). For each intake group mean daily intake in grams
(g/day) was calculated and then compared to the recommended daily serving suggestions
according to the Australian Guide to Healthy Eating (NHMRC, 2013a).
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Participant mean number of servings per day of four of the six dietary intake groups met
the Australian Guide to Healthy Eating guidelines (meat, fruit, vegetables and water).
However, the intake of grains and dairy were sub-optimal.
Table 45. Mean self-reported food group consumption (grams) by study participants using
the ACAES compared to the Australian guide to healthy eating recommended daily
serves for children and adolescents (n = 83).
Participant serves/day (Australian
guidelines)

Food group

g/day

Serve size

Vegetables
Fruit

342
313

75
150

5.00 (5)
2.00 (2)

Dairy:
Milk
Yogurt
Cheese
Other
Total

352
56
23
28
458

250
200
40
40

1.50
0.25
0.50
0.50
2.75 (3.50)

Grains:
Rice and Pasta
Breads
Muesli and porridge
Other
Total

143
34
28
45
250

100
40
75
30

1.50
1.00
0.50
1.50
4.50 (5-7)

Meat and
Alternatives:
Red meat
Chicken
Processed meat
Fish
Eggs
Legumes
Total

111
58
42
17
12
6
246

65
80
65
100
120
30

1.70
0.70
0.70
0.20
0.10
0.20
3.60 (2.5)

Liquids:
Water
Soft drink/Cordial
Fruit Juice

953
232
123

250
250
250

4.00 (4-8)
1.00
0.50

All values represented as a mean.
*Serving size information taken from The Australian Guide To Healthy Eating (NHMRC, 2013a)
(www.eatforhealth.gov.au/)
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Participant macronutrient intakes in addition to the Australian Paediatric Endocrine Group
(APEG) guidelines for children and adolescents with type 1 diabetes and the 2011-12
Australian Health Survey (AHS) of average values are reported in Table 46 (ABS, 2014;
NHMRC, 2005a). Participant’s macronutrient intake as a percentage of total daily energy
was comparable to that reported by the APEG and/or the 2011-12 AHS for protein and
poly-unsaturated and mono-unsaturated fat intake (NHMRC, 2005d), while participant’s
saturated fat and total fat intake were higher than that recommended by the APEG.
Carbohydrate intake, on the other hand, was marginally lower than that recommended by
the APEG.
Key micronutrient intakes of study participants compared to the 2011-12 AHS of average
values and Nutrient Reference Values (NRV’s) for Australia and New Zealand based on
age are reported in Table 47. Participant daily intakes of vitamin C, fibre and iron were all
higher than NRV’s for Australia and New Zealand based on age, while the intake of calcium
was adequate. However, the average dietary intake of folate in participants aged 14-18
years was sub-optimal. A reference list of 10 foods high in vitamin C, folate, calcium, iron
and fibre (nutrients in the ACAES) is presented in Appendix 18 for guidance.
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Table 46. Percentage of total energy from macronutrients of study participants compared
to the 2011-12 Australian health survey (AHS) and the Australian paediatric endocrine
group (APEG) guidelines for children and adolescents with type 1 diabetes based on age.
N

kJ/day

AHS*

APEG^

Total Energy (kJ/day)

83

9479

8882

ND

Macronutrient

N

% Total Energy

AHS

APEG

9 - 13yrs

23

49

50%

50-55%

14-18yrs

60

48

49%

50-55%

9 - 13yrs

23

20

16%

15-20%

14 - 18yrs

60

19

17%

15-20%

9 - 13yrs

23

32

31%

30%

14 - 18yrs

60

33

32%

25-30%

9 - 13yrs

23

14

13%

≤ 10%

14 - 18yrs

60

14

13%

≤ 10%

9 - 13yrs

23

4

4%

ND

14 - 18yrs

60

4

4%

ND

9 - 13yrs

14

12

12%

ND

14 - 18yrs

37

12

12%

ND

Carbohydrate

Protein

Total Fat

Saturated Fat

Poly-unsaturated fats

Mono-unsaturated

*AHS, Australian Health Survey 2011-12, Australian Bureau of Statistics (ABS, 2014).
^APEG, Australian Paediatric Endocrine Group (APEG) guidelines for children and adolescents with type 1
diabetes based on age. Approved by the NHMRC on the 9 th of March, 2005 (NHMRC, 2005c).
ND = Not determinable; kJ/day = kilojoules a day.
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Table 47. Mean daily micronutrient intake of study participants compared to the 2011-12
Australian health survey of average values and the nutrient reference values (NRV’s) for
Australia and New Zealand based on age.
Micronutrient

N

Daily intake

AHS*

NRV's^

Vitamin C (mg)
9 - 13yrs

23

130

97

40

14 - 18yrs

60

148

103

40

9 - 13yrs

23

333

497

300

14 - 18yrs

60

349

500

400

9 - 13yrs

23

29

21

22

14 - 18yrs

60

29

21

25

9 - 13yrs

23

1229

853

1000-1300

14 - 18yrs

60

1267

833

1000-1300

9 - 13yrs

23

14

10

8

14 - 18yrs

60

15

11

13

Folate (mg)

Fibre (g)

Calcium (mg)

Iron (mg)

All values represented as a mean.
*AHS, Australian Health Survey 2011-12, Australian Bureau of Statistics (ABS, 2014).
^NRV’s, Nutrient Reference Values for Australia and New Zealand based on age (NHMRC, 2005d).
mg = milligrams; g = gram.
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6.5.3.1 - Principal Components Analysis (Diet)
Due to the large number of dietary variables assessed via the ACAES, this study utilised
PCA to aggregate individual food items into summary variables representing patterns of
food consumption relevant to this study population (Table 48).

On inspection of the Scree plot, a break was revealed after the third component (Appendix
19). Therefore, it was decided to retain the first three components for further investigation.
In order to avoid unrealistic assumptions of independence between components, oblimin
rotation was performed. The rotated solution revealed that all three components showed a
number of strong loadings (>0.30) with very few cross loadings, indicating PCA had
extracted three discrete dietary patterns (Table 48). See Appendix 20 for a copy of the
complete component loading matrix for the three PCA-derived dietary patterns in study 3.

The three major dietary patterns that were revealed using PCA were labelled as; 1)
Processed, 2) Plant-based and 3) Vegetable/fish avoidance. Table 48 depicts the strong
loadings (>0.3) for the three PCA-derived dietary patterns in study 3. The processed pattern
had high component loadings for processed meats, high fat takeaway foods (hamburgers
and pizza) and snacks, indicating that high scores on this pattern had a higher intake of
these foods than their lower scoring counterparts. The plant-based pattern had high
component loadings for a number of fruits including, but not limited to, pineapple, grapes
oranges and mangos as well as a smaller number of vegetables, including beans and leeks.
The vegetable and fish avoidance pattern had high inverse component loadings for canned
and fresh fish as well as a number of vegetables including, but not limited to, pumpkin,
green beans, broccoli, sweet potato and cabbage indicating that high scores on this profile
had a lower intake of these foods than their higher scoring counterparts.
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Table 48. Component loading matrix for the three major dietary patterns identified from
119 food variables (ACAES) in study 3 (n = 83)

Food Patterns Identified

Foods

Processed

Pork with sauce no veg

0.68

Pork with sauce and veg

0.63

Fish crumbed/battered

0.61

Creamy soup

0.60

Sweet pies

0.60

Beef/lamb with sauce without veg

0.60

Sausages

0.55

Sweet combination snacks

0.55

Mince dish

0.54

Snack bars

0.53

Savoury pastries

0.53

Hamburger

0.52

Pizza

0.51

Cheese

0.49

Muesli

0.48

Other seafood

0.47

Cheese spread

0.46

Ice block creamy

0.42

Pasta

0.41

Celery, cucumber

0.41

Clear soup with rice or noodles

0.38

Muesli bars

0.37

Tea/coffee

0.36

Cream/sour cream

0.35

Hotdog

0.32

Pie/Sausage roll

0.31

Pineapple

0.32

Plant-based

0.31

0.31
-0.31
-0.33

-0.37
0.31

0.68

Peach, nectarine, plum, apricot

0.63

Mango, paw-paw

0.59

Grapes, berries

0.58

Diet soft drink

-0.56

Orange, mandarin, grapefruit

0.56

Melon

0.51

Beans other

0.49

Hot chips shop

Vegetable/Fish Avoidance

0.30

-0.49

Onion/leek

0.45
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0.40

Table 48. Continued
Foods

Processed
(unhealthy)

Fruits (healthy)

Canned fruit

0.43

Plain chicken without veg

-0.43

Crumbed chicken

-0.42

Hot chips home

-0.40

Ice cream

0.31

Vegetable/Fish
avoidance

0.37

Tomato sauce

-0.34

Lettuce

-0.66

Pumpkin

-0.64

Canned fish

-0.63

Fresh fish not crumbed

-0.60

Green beans

-0.58

Broccoli

-0.56

Sweet potato

-0.54

Plain chicken with veg

-0.37

-0.53

Cabbage/brussel sprouts

-0.52

Cauliflower

-0.47

Tomatoes

-0.45

Nuts

-0.41

Potato boiled, baked

-0.38

Chicken with sauce no veg

0.36

Cream or choc biscuits

0.30

Zucchini, eggplant, squash

-0.34

0.36

0.31

-0.36

Mushrooms

-0.35

Carrots

0.33

-0.34

Plain meat without veg

0.34

Twisties/Corn chips

0.32

PCA of 119 food variables (ACAES), 30 deleted due to non-contribution (Loadings < 0.1).
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6.5.3.2 - Linear Regression Analysis
After the three component PCA model was extracted for dietary patterns (Table 48),
standardized components scores were automatically generated for the three identified
dietary patterns for each participant. Component scores for each dietary pattern for each
individual are the summed and standardised loadings that have been weighted by an
individual's intake of each food item in the PCA analysis. Subsequent linear regression
analysis was then conducted to evaluate dietary patterns (Table 49) as predictors of retinal
arteriolar and venular calibre.
Two regression models were constructed. The first simply investigated dietary patterns as
predictors of CRAE and CRVE adjusting for age, gender, ethnicity and CRAE/CRVE,
while subsequent analysis adjusted the three PCA-derived risk profiles. Table 49 shows the
linear regression analysis results of the two regression models.
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Table 49. Predictive value of dietary patterns and vascular risk profiles on retinal vascular calibre (n = 83).
CRAE

CRVE

ExpB (95% CI for B)

p value

ExpB (95% CI for B)

p value

Model 1
Processed

-0.40 (-3.44/2.64)

0.794

-1.20 (-5.36/2.96)

0.566

Plant-based

-0.39 (-3.45/2.67)

0.799

1.28 (-2.91/5.47)

0.543

Vegetable/Fish avoidance

1.59 (-1.47/4.65)

0.303

5.00 (0.82/9.18)

0.020

Processed

0.54 (-2.09/3.19)

0.685

-0.98 (-4.56/2.59)

0.585

Plant-based

-1.57 (-4.29/1.15)

0.255

1.12 (-2.63/4.87)

0.553

Vegetable/Fish avoidance

Model 2

-0.30 (-2.99/2.39)

0.823

3.67 (0.11/7.24)

0.039

Risk profile 1

-2.43 (-4.92/0.06)

0.041

3.21 (-0.19/6.62)

0.059

Risk profile 2

2.44 (-0.74/5.64)

0.131

3.06 (-1.31/7.43)

0.167

Risk profile 3
0.952
0.805
0.09 (-2.83/3.01)
0.24 (-3.75/4.22)
Both models adjusted for; age, gender, ethnicity and CRVE/CRAE
PCA-derived risk profile 1 consists of: older age, higher BMI, higher SBP, longer duration of pregnancy, longer screen viewing time, lower maternal education, lower
physical activity level and lower HDL cholesterol.
PCA-derived risk profile 2 consists of: older age at which solid food was introduced, older age at which lumpy/textured food was introduced, introduction of cow’s milk
after 12 months of age, shorter duration of diabetes, lower mother’s age at the time of pregnancy, non-Caucasian ethnicity and male gender.
PCA-derived risk profile 3 consists of (study 1): higher total cholesterol level, higher HbA1c, lower HDL cholesterol, higher triglyceride levels and male gender.
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In model 1, the PCA-derived “vegetable/fish avoidance” dietary pattern was a predictor of
CRVE (p = 0.020). This indicates that adherence to a dietary pattern characterised by a low
intake of vegetables and fish is significantly related to wider retinal venular calibre in this
subset of children and adolescents with type 1 diabetes. PCA-derived dietary patterns did
not predict CRAE in the unadjusted model.
In model 2, after adjusting for all other factors in the model, the PCA-derived
“vegetable/fish avoidance” dietary pattern remained a significant predictor of wider CRVE.
As with model 1, none of the PCA-derived dietary patterns were significantly related to
CRAE after controlling for all other factors in the model.
Similarly to previous linear regression (Table 43), PCA-derived risk profile 1 remained a
predictor of narrower CRAE, after controlling for dietary patterns. Furthermore, a trend
remained towards this same risk profile predicting wider CRVE after adjusting for dietary
patterns and the remaining vascular risk factors.
In summary, PCA confirms earlier analysis that indicate known, emerging and novel
vascular risk factors seem to influence vascular calibre, especially arteriolar calibre early
in the course of type 1 diabetes. Furthermore, independent of these risk factors, PCA has
identified a dietary pattern that is associated with an adverse (wider) retinal venular calibre
in children and adolescents with type 1 diabetes.
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6.6 - Summary of CRAE, CRVE and AVR Associations in Study 1 & 3
Variables that were significantly related to CRAE, CRVE and AVR in study 1 and 3 are
displayed in Table 50 (no noteworthy association between study variables and retinal
vascular calibre were revealed in study 2 and thus study 2 data is not presented).
Table 50. Summary of associations between study variables and retinal vascular calibre in
study 1 (n = 483) and 3 (n = 83).
Variables

CRAE

CRVE

AVR

Study 1

Study 3

Study 1

Study 3

Study 1

Study 3

Older Age (years)

-

-

n.s.

n.s.

-

n.s.

Gender (Male)

-

-

-

n.s.

+

+

n.s.
-

n.s.

Ethnicity (Non-Caucasian)*

n.s.
+

Pubertal status (post-pubertal)

n.s.

Demographics

+

n.s.

-

Clinical Measures
Higher SBP (mmHg)

-

-

n.s.

-

-

-

Higher DBP (mmHg)

-

n.s.
+

n.s.
+

-

-

-

-

n.s.
+

n.s.
+

n.s.

n.s.

-

n.s.

Higher BMI (kg/m )

-

n.s.
-

Longer duration of diabetes (years)

-

-

Higher current HbA1c (%)

-

-

Higher Initial HbA1c (%)

n.s.

2

n.s.

n.s.

Lipid Profile (serum)
Higher Total Cholesterol (mmol/L)
Lower HDL Cholesterol (mmol/L)

n.s.
-

Higher LDL Cholesterol (mmol/L)

-

Higher Triglycerides (mmol/L)

n.s.
-

n.s.

n.s.

+

n.s

-

n.s.

n.s.
+

n.s.

n.s.

n.s.

+

n.s.

-

n.s.

Biochemical (serum)
Higher Sodium (mEq/L)

-

n.s.

n.s.

Higher Potassium (mEq/L)

n.s.

n.s.

n.s.

Higher Chloride (mEq/L)

n.s.

n.s.

n.s.

Higher Urea (mmol/L)

n.s.

n.s.

Higher Creatinine(µmol/L)

n.s.
-

n.s.

n.s.

Higher Urinary Albumin (mg/g)

n.s.

n.s.

n.s.

Lifestyle measures
Lower physical activity levels
(hours/week)
Longer TV viewing time (hours/day)

n.s.

n.s.

Longer time spent on computer or
video games (hours/day)
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+

n.s.

+
n.s.

-

+

-

n.s.
n.s.
-

Table 50. Continued
Variables
Conditions
Coeliac disease presence

CRAE
Study 1

CRVE

Study 3

Study 1

AVR

Study 3

Study 1

n.s.
-

n.s.

n.s.

Diabetic retinopathy presence

n.s.

Abnormal eGFR (<59 ml/min)

-

n.s.

n.s.
-

Microalbuminuria^

-

-

n.s.

Dietary Patterns
Processed

n.s.

n.s.

Plant-based

n.s.

n.s.

Vegetable/fish avoidance

n.s.

+

Risk Profiles
11

-

-

n.s.

n.s.

22

n.s.

n.s.

n.s.

n.s.

33

n.s.

n.s.

+

n.s.

Study 3

Maternal Factors
Higher pregnancy age (years)

n.s.

n.s.

n.s.

Higher mother's BMI (kg/m2)

n.s.

n.s.

n.s.

Longer pregnancy duration (weeks)

n.s.

n.s.

n.s.

Higher participants birth weight (g)
Older age solid food introduced
(months)
Older age lumpy/textured food
introduced (months)
Cow's milk in first 12 months (Yes)
Longer duration of breast feeding (<6
months)
Gestational diabetes (Present)

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.
n.s.

n.s.
-

n.s.

n.s.

n.s.

n.s.
n.s.

n.s.

n.s.
n.s.
-

Smoker in last trimester (Yes)

n.s.

n.s.

Significant associations: + denotes larger calibre; - denotes smaller calibre and inverse association; n.s.
denotes not significant associations.
BMI = Body mass index; SBP = Systolic blood pressure; DBP = Diastolic blood pressure; HDL = High
density lipoproteins; LDL = Low density lipoproteins.
kg/m2 = kilograms/metres2; mmHg = millimetres of mercury; mmol/L = millimoles per litre; mEq/L =
milliequivalentss per litre; µmol/L = micromolar per litre; mg/g = milligrams per gram; mL/min =
millilitres per minute; µm = micrometres
*Non-Caucasian; South-East Asian, African, Middle Eastern, Melanesian/Polynesian, Indigenous
Australian (parent’s country of birth).
^Microalbumiburia = ACR of >3.5mg/mmol in females and >2.5 mg/mmol in males
1
PCA-derived risk profile 1 consists of (study1): older age, higher serum creatinine, higher SBP, higher
BMI, abnormal eGFR, lower HDL cholesterol, longer duration of diabetes and higher serum sodium.
2
PCA-derived risk profile 2 consists of (study 1): lower chloride, lower sodium, higher HbA1c, higher
potassium, higher urea, higher triglycerides and male gender.
3
PCA-derived risk profile 3 consists of (study 1): higher total cholesterol level, higher BMI, lower physical
activity level, higher HbA1c, higher triglyceride levels, female gender and lower socio-economic status.
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CHAPTER 7 - DISCUSSION
7.1 - Study 1 Discussion
7.1.1 - Non-physiological Factors and Retinal Vascular Calibre
The future development of calibre reference values to help monitor disease risk relies on
identifying non-pathological sources of variation in vascular calibre. Whilst studies have
examined the relationship between demography and vascular calibre in the general
population (N. Cheung, Islam, et al., 2007; Kaushik, Kifley, Mitchell, & Wang, 2007; H.
Leung et al., 2003; Rochtchina et al., 2008; T. Wong, Kamineni, et al., 2006), very few
studies have done so in type 1 diabetic cohorts (Benitez-Aguirre et al., 2011; R. Klein,
Klein, Moss, et al., 2003). The current study of children and adolescents is useful when
investigating this relationship as potentially confounding age-related systemic, lifestyle and
environmental influences should be lower than in adult populations.
Investigation into the relationship between non-physiological factors (age, pubertal status,
gender and ethnicity) and retinal vascular calibre in children and adolescents with type 1
diabetes in the present study revealed noteworthy findings. An inverse association between
age and retinal vascular calibre has been consistently demonstrated in various adult
populations (R. Klein, Klein, Moss, et al., 2006; H. Leung et al., 2003; T. Wong, Islam, &
Klein, 2006). In the current study, age was inversely related to AVR but not individual
measures of vascular calibre in multivariate analysis (Appendix 12). This is consistent with
previous research conducted on a cohort of individuals with type 1 diabetes and supports
the suggestion that increasing age is associated with a poorer retinal microvascular profile
(narrower arterioles and/or wider venules) (R. Klein, Klein, Moss, et al., 2003).
Pubertal stage was associated with retinal venular and AVR in crude analysis (Table 16).
That is, post-pubertal participants displayed wider venules and lower AVR compared to
those in the peri-pubertal stage. However after adjusting for age, gender and ethnicity,
pubertal status was no longer related to venular calibre or AVR indicating the crude
association was a confounded one. It is likely that the finding in crude analysis was simply
a surrogate for the post-pubertal participants being older, which the current study and
previous research (R. Klein, Klein, Moss, et al., 2003) have revealed as a correlate of retinal
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vascular calibre. These findings indicate that pubertal status may not be crucial to control
for in future studies of retinal vascular calibre.
The results of previous research that have examined the relationship between gender and
retinal vascular calibre in type 1 diabetic cohorts have been inconsistent. The current study
reports that females displayed wider retinal arteriolar and venular calibres compared to their
male counterparts in multivariate analysis (Appendix 12). This is consistent with the results
of a similarly aged cohort of type 1 diabetes populations (Benitez-Aguirre et al., 2011). In
contrast, several studies that examined this relationship in slightly older individuals with
type 1 diabetes have reported no significant associations (R. Klein, Klein, Moss, et al.,
2003; R. Klein et al., 2010; T. Wong, Shankar, Klein, & Klein, 2004). These findings
suggest that gender may be a predictor of retinal arteriolar calibre in individuals with type
1 diabetes during childhood and adolescence. However, its influence may reduce in
adulthood. It has been hypothesised that this gender difference may be due to the role that
oestrogen plays in protecting the coronary artery (Wellman, Bonev, Nelson, & Brayden,
1996). Furthermore, as mentioned previously, oestrogen has been implicated in vessel
vasodilation through increases in nitric oxide production (Mendelsohn & Karas, 2005).
An ethnicity-based variability in retinal vascular calibre was also observed in the current
study. Participants of European and Caucasian ethnicity displayed narrower venular calibre
compared to their non-Caucasian counterparts of South East Asian and African ethnicity
(Table 16 and Appendix 12). There was also a trend towards European and Caucasians
participants displaying a narrower arteriolar calibre when compared to African participants
(Table 16). This is the first evidence for an ethnicity-calibre relationship in a young type 1
diabetes population. However, previous research in non-diabetic cohorts has also reported
that African American, Hispanic and East Asian individuals display wider vascular calibre
measures compared to their Caucasian counterparts (Rochtchina et al., 2008; T. Wong,
Islam, & Klein, 2006). It remains uncertain whether the observed ethnicity-based calibre
differences are due to genetic or lifestyle factors or due to measurement error related to
variations in retinal pigmentation. Nonetheless, these results highlight that ethnicity is a
potential confounder of retinal vascular calibre.
From this research it is evident that several non-physiological variables may influence
retinal vascular calibre in children and adolescents with type 1 diabetes. This highlights the
importance of adjusting for these variables in all calibre analyses in similar cohorts in order
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to not misinterpret as pathological vascular calibre differences that are related to nonmodifiable factors, such as age, gender and ethnicity. Consequently, these results suggest
that future research to develop calibre reference values for type 1 diabetes and its
complications should adjust for age, gender and ethnicity.
It must be noted that although this research minimised potential age-related confounders
through the study of children and adolescents, it is possible that the associations between
these factors and retinal vascular calibre may be a surrogate for various lifestyle and/or
environmental factors. For example, as previous research has revealed associations between
some dietary constituents and retinal microvasculature in children, it may be that the ethnic
differences in retinal vascular calibre are a surrogate for variances in dietary intake between
the ethnic groups (Gopinath et al., 2012). As such, further investigation into the
mechanisms responsible for the observed relationship between these non-physiological
variables and retinal vascular calibre is required.
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7.1.2 - Retinal Arteriolar Calibre: Associations and Potential Pathways for
Narrower Arteriolar Calibre
7.1.2.1 - Associations with Retinal Arteriolar Calibre
This chapter discusses the associations that were exposed and thus shed light on potential
pathways contributing to retinal arteriolar narrowing. Univariate and multivariate analysis
revealed SBP as the strongest predictor of retinal arteriolar calibre in this cohort of children
and adolescents with type 1 diabetes. Serum creatinine concentrations and BMI were also
associated with retinal arteriolar calibre.
The finding of a strong inverse relationship between retinal arteriolar calibre and SBP and
DBP (Tables 15 and 17) is consistent with previous research conducted on older cohorts
(>30yrs) of type 1 and 2 diabetes populations (R. Klein, Klein, Moss, et al., 2006; R. Klein
et al., 2010; T. Wong, Klein, et al., 2004; T. Wong et al., 2005). Furthermore, this
association has been uniformly demonstrated across various non-diabetic child and adult
populations (Hubbard et al., 1999; R. Klein et al., 2010; Sharrett et al., 1999). It is clear
from correlation coefficients in the current study that a much stronger link exists between
SBP retinal arteriolar calibre compared to that of DBP which is also consistent with
previous research conducted on type 1 diabetes populations (Grauslund et al., 2009).
An inverse relationship between serum creatinine concentration, BMI and retinal arteriolar
calibre was also exposed in multivariate analysis (Tables 19 and 21). Unlike SBP,
consistent links between these markers of cardiovascular health and retinal arteriolar calibre
have not been reported in previous literature. Similarly to the present study, Wong and coworkers (2004) reported that serum creatinine concentrations were related to arteriolar
calibre in a cohort of adult diabetic and non-diabetic participants. Previous research
investigating the relationship between BMI and retinal vascular calibre on the other hand,
has consistently reported strong links with retinal venular calibre not arteriolar calibre in
child and adult populations (N. Cheung et al., 2006; R. Klein, Klein, Moss, et al., 2006; T.
Wong, Islam, & Klein, 2006). To the best of the researcher’s knowledge, Wong and coworkers (2006) research in a multi-ethnic adult population is the only study to date to report
a similar inverse relationship between BMI and retinal arterioles.
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7.1.2.2 - Potential Pathways for Narrower Retinal Arteriolar Calibre
Previous research conducted on adult populations has reported retinal arteriolar narrowing
may predict subsequent CVD (Liew, Wang, Mitchell, et al., 2008; McGeechen et al., 2008;
Witt et al., 2002). However, whether the presence of retinal arteriolar narrowing in children
and adolescents predicts future cardiovascular risk is still poorly understood. Due to the
cross-sectional nature of this study, the researcher can only infer that retinal arteriolar
narrowing is associated with exposure to higher blood pressure, serum creatinine and BMI.
Therefore, it cannot be ascertained whether the described adverse changes in retinal
arterioles represent physiological changes or more permanent structural changes. The
results of multivariate analysis (Tables 19 and 21) provide evidence for the latter theory
revealing a possible combination of intercorrelated cardiovascular risk factors related with
retinal arteriolar narrowing. In addition to the aforementioned predictors of retinal arteriolar
calibre, included within this group of variables were serum sodium and total cholesterol
concentrations.
Before developing a model of potential pathways involved in retinal arteriolar narrowing,
one must consider the associations between this group of variables. The researcher
hypothesises that the mentioned cardiovascular risk factors may not only have a direct
influence on retinal arterioles but also an indirect influence through alterations in SBP.
As the kidney is the main target of organ damage in individuals with high blood pressure
it is not unusual that an association between SBP and serum creatinine was observed in the
current study (Schillaci et al., 2001). Previous research has suggested that displaying a
higher serum creatinine concentration is an important marker of target end organ damage
and even mild elevations have been associated with an increase in all-cause mortality
(Rossin, Hougaard, Borch-Johnsen, & Parving, 1996). Serum creatinine levels have also
been associated with the severity of atherosclerosis in diabetes (Bendick, Glover, Keubler,
& Dilley, 1983). Therefore, a possible explanation for the findings of this study is that a
higher creatinine level is a by-product of systemic exposure to elevated blood pressure and
an indicator of damage to blood vessels within the kidney.

Similarly to the findings relating to serum creatinine, Raff (2012) suggested that higher
concentrations of serum sodium may be a by-product of end organ damage from chronic
exposure to high blood pressure, i.e. salt retention. Alternatively, the link between serum
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sodium and blood pressure may also reflect a high dietary salt intake and an increase in
extracellular volume which may contribute to vascular end organ damage (Sacks et al.,
2001).

As with the evidence presented in the current study, measures of obesity and blood pressure
have shown to increase in parallel across a broad spectrum of ethnic populations (Kaufman,
Durazo-Arvizu, Rotimi, McGee, & Cooper, 1996; Ledoux, Lambert, Reeder, & Despres,
1997). The common pathway linking BMI and blood pressure appears to be inadequate
vessel vasodilation as a result of increased cardiac output and blood volume, which are the
expected consequences of an increased body mass (Doll et al., 2002).

An association between BMI and cholesterol concentrations was also observed in the
current study. This is consistent with previous research that reports individuals who display
a higher BMI also report higher dietary intakes of cholesterol-rich foods (Faheem et al.,
2010). As displaying a higher BMI may play a major role in the development of higher
SBP the researcher speculates that serum cholesterol concentrations are indirectly related
to higher SBP through BMI (Berglund, Ljungman, Hartford, Wilhelmsen, & Bjorntorp,
1982; Messerli, Christie, & DeCarvalho, 1981; Sendhu, Koley, & Sabdhu, 2008).

Although the current project was cross-sectional in design, there are a number of potential
pathways that could explain the observed arteriolar findings. It has been hypothesised that
arteriolar narrowing may be a consequence of permanent structural changes in arterioles
that is likely to indicate exposure to chronic high blood pressure levels (Mitchell et al.,
2007; Sharrett et al., 1999). That is, persistent elevation in SBP has been shown to lead to
intimal thickening, hyperplasia and hyalinization of the tunica media and in doing so
reducing the internal diameter of retinal arterioles (Tso & Jampol, 1982). Alternatively,
retinal arteriolar narrowing may represent physiological changes driving active constriction
in response to blood pressure or sympathetic activity (Mitchell et al., 2007; Sharrett et al.,
1999). Specifically, elevated blood pressure may initiate the process of autoregulation
through increased arteriolar tone and lead to subsequent generalised arteriolar narrowing
(Wang et al., 2003). Although this study investigated children and adolescents, the latter
theory is less plausible due to the fact that arteriolar narrowing was also associated with a
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group of adverse cardiovascular risk factors that included higher serum sodium and
creatinine concentrations, known markers of end organ damage.
Caution must be observed in interpreting the findings described in the present study, as the
analyses were cross-sectional. One must keep in mind that the presence of a correlation
between two variables does not necessarily imply a cause-and-effect relationship. Despite
this, the findings from multivariate analysis (Tables 21) in the present study were in the
most part consistent with that of univariate and partial correlations, highlighting the robust
nature of the results from the cross-sectional study.
In summary, these findings support evidence that cardiovascular disease may have its
origins early in life. The current study demonstrates that higher SBP appears to be the
strongest predictor of retinal arteriolar narrowing in children and adolescents with type 1
diabetes. However, the researcher proposes that several other cardiovascular risk factors
including higher BMI and higher total cholesterol concentrations appear to have possible
indirect influences on retinal arterioles through alterations in SBP. As previous research in
adults has reported retinal arteriolar narrowing may predict subsequent cardiovascular
disease, these findings may have implications for cardiovascular disease preventative
action early in life (Liew, Wang, Mitchell, et al., 2008; McGeechen et al., 2008; Witt et al.,
2002).
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7.1.3 - Retinal Venular Calibre: Associations and Potential Pathways for Wider
Venular Calibre
7.1.3.1 - Associations with Retinal Venular Calibre
Increasing evidence suggests that microvascular disease may have a pathophysiologic role
in the development of cardiovascular related diseases (T. Wong, Kamineni, et al., 2006).
Wider retinal venular calibre has been previously associated with incident cardiovascular
disease, stroke and cerebral hypoxia (Liew, Wang, Mitchell, et al., 2008; McGeechen et al.,
2009; McGeechen et al., 2008). The findings from study 1 suggest that the strongest
associations with retinal venular calibre are a higher BMI, poorer lipid profile, higher
HbA1c and lower physical activity levels. The findings in relation to BMI are consistent
with previous vascular calibre research (N. Cheung et al., 2006; Wang et al., 2004).
The finding in univariate and multivariate analysis in the present study of a relationship
between BMI and wider venular calibre (Tables 15, 17, 20 and 21) has been widely
demonstrated in

previous research conducted on non-diabetic children and adult

populations (N. Cheung et al., 2006; R. Klein, Klein, Knudtson, et al., 2006; Wang et al.,
2004; T. Wong, Islam, & Klein, 2006). Furthermore, this finding is also consistent with
those of Klein (2003) and Wong (2004) who examined a similarly aged cohort of
individuals with type 1 diabetes. These results highlight that similarly to the general
population, a higher BMI may be a mediator for retinal venular widening in children and
adolescents with type 1 diabetes. In addition, as links between physical activity and venular
calibre were also revealed in the present study (Tables 20 and 21) it is speculated that the
observed relationship between retinal venular calibre and BMI may be partially mediated
through a reduction in activity levels.
Previous research has reported elevated levels of serum LDL and total cholesterol are
associated with increased risk of cardiovascular disease, while displaying high levels of
HDL cholesterol is associated with a reduced risk of adverse cardiovascular events (Glew
et al., 2002). The mean serum LDL and HDL cholesterol concentrations of participants in
the current study met the recommended lipid guidelines for children and adolescents with
type 1 diabetes (LDL <2.59mmol/L, HDL >0.91mmol/L). However, participants mean
serum

total

cholesterol

(4.54mmol/L)

exceeded

the

recommended

guidelines

(<4.4mmol/L) (Schwab et al., 2008). Although higher triglyceride levels have been
associated with wider venular calibre in previous studies, the findings related to
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triglycerides in this study must be viewed with caution (H. Leung, Wang, & Rochtchina,
2005; T. Wong, Islam, Klein, et al., 2006). This is due to the fact that fasting has been
shown to significantly alter triglyceride levels, with lower values occurring following
fasting and higher values in non-fasting (Schwab et al., 2008). Therefore, as participants in
the current study did not fast prior to their lipid profile examination no robust interpretation
can be made regarding the role triglycerides may play on retinal vascular calibre. Despite
this, previous research suggests that fasting status has no clinically relevant influence on
any measure of serum cholesterol (Schwab et al., 2008), therefore a greater emphasis will
be placed on the association between cholesterol concentrations and retinal venular calibre
in this chapter.
To the best of the researcher’s knowledge, this is the first study to demonstrate a significant
relationship between cholesterol and retinal venular calibre in children and adolescents with
type 1 diabetes (Tables 17, 20 and 21). However, similar findings have been reported in
non-diabetic and type 2 diabetic adult cohorts (T. Wong, Kamineni, et al., 2006; T. Wong
et al., 2005). Furthermore, displaying a higher total cholesterol has been linked with wider
retinal venular calibre in adults with type 1 diabetes (T. Wong, Shankar, Klein, & Klein,
2004). As higher total and LDL cholesterol concentrations are considered risk factors for
future cardiovascular disease, the study findings suggest that displaying a poorer lipid
profile may adversely influence microvasculature early in life.
A consistent association between HbA1c and retinal venular calibre was revealed in
univariate multivariate analysis in the current study (Tables 15, 17, 20 and 21). Findings
from previous research conducted on individuals with type 1 diabetes have been
inconsistent when examining this relationship. Grauslund and co-workers (2009) research
in a population of adults with type 1 diabetes reported no significant association between
venular calibre and HbA1c. However, similarly to the present study, previous research
conducted on relatively younger cohorts of individuals with type 1 diabetes revealed
significant associations between wider venular calibre and higher HbA1c (R. Klein, Klein,
Moss, et al., 2003; T. Wong, Shankar, Klein, & Klein, 2004). These findings suggest that
the influence of a higher HbA1c on calibre may be more pronounced in younger individuals
with type 1 diabetes when compared to their older counterparts.
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7.1.3.2 - Potential Pathways for Wider Retinal Venular Calibre
The results of multivariate analysis (Tables 20 and 21) suggest that the aforementioned
associations with retinal venular calibre may represent a set of inter-related risk factors
involved in the pathway of retinal venular widening. While in the current study SBP
appears to be the main potential mediator within the pathway of retinal arteriolar narrowing,
BMI appears to play a key role in the pathway responsible for retinal venular widening.
However, it appears that a poorer lipid profile, higher HbA1c and a lower physical activity
level may also have a direct influence on retinal venules while also having a possible
indirect influence through changes in BMI.
The observed association between HbA1c and dyslipidaemia in the current study is similar
to previous research conducted on children with type 1 diabetes (Schwab et al., 2008).
Schwab and co-workers (2008) revealed that higher plasma concentrations of LDL and
total cholesterol and lower concentrations of HDL cholesterol were associated with higher
HbA1c in a similarly aged cohort of individuals with type 1 diabetes. Furthermore, research
conducted on individuals with type 2 diabetes has reported that HbA1c may be a useful
predictor of dyslipidaemia (Singh & Kumar, 2011). This may be in part be explained by
the fact that abnormal insulin production affects liver apolipoprotein A-I production (Singh
& Kumar, 2011). The role of the apolipoprotein A-I is to regulate the cholesterol ester
transport protein. Therefore, it has been hypothesised that a reduction in the production of
this protein mediated by abnormal insulin production may result in an increase in serum
cholesterol levels.
Sub-optimal blood glucose and lipid profiles have also been linked to obesity and physical
inactivity (Schwab et al., 2008). This is in line with the results of the current study and may
in part explain the positive effect physical activity has on cardiovascular health. Previous
research reports that changes in individual risk factors in response to physical activity tend
to be modest, in the order of 5% for blood lipids and 1% for HbA1c (Mora, Cook, Buring,
Ridker, & Lee, 2007). Despite this, much larger reductions in cardiovascular disease risk
(30-50%) occur in response to physical activity (Mora et al., 2007). The mechanism
involved in the influence of exercise on glucose control may be that exercise can increase
the rate of glucose uptake into skeletal muscles (Tanasescu et al., 2003). Furthermore,
higher levels of physical activity levels have been associated with improvements in lipid
profiles, in particular, increases in HDL cholesterol levels (Vella et al., 2001). This
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association between HDL cholesterol and physical activity may partly explain the
relationship between higher physical activity levels and decreased cardiovascular risk
(Schwab et al., 2008).
The potential pathways behind retinal venular widening in this population of children and
adolescents with type 1 diabetes are likely multifactorial in nature. It has been proposed
that higher levels of adipose fat tissue may be responsible, at least in part, for the production
of increased concentrations of serum inflammatory markers in individuals with higher BMI
and who are less physically active (Bastard, Jardel, & Brucket, 2000; Esposito et al., 2003;
Kasapis & Thomson, 2005; Mora et al., 2007; Ouchi et al., 2003). (Bastard et al., 2000;
Esposito et al., 2003). Esposito and co-workers (2003) highlighted this relationship when
their research revealed that reducing body weight by 10% or more was effective in reducing
circulating levels of inflammatory markers. Therefore, the researcher speculates that those
participants in the present study who displayed wider venular calibre may have an
underlying pro-inflammatory state.
This is consistent with previous calibre research in adult populations who have reported
that higher levels of systemic inflammatory markers are related with wider venular calibre
(C. Cheung et al., 2011; N. Cheung et al., 2006; Ikram et al., 2004; T. Wong, Islam, &
Klein, 2006). In particular, C-reactive proteins (CRP) and interleukin 6 concentrations have
been implicated as the most important markers in this process (C. Cheung et al., 2011; T.
Wong, Islam, & Klein, 2006). As such, these findings suggest these inflammatory processes
may largely contribute to the observed association between several adverse cardiovascular
risk factors and wider venular calibre in the current study. The results of the current study
support the hypothesis that wider venular calibre may occur as a pathophysiological
response to an adverse combination of cardiovascular risk factors that are associated
inflammatory processes that may occur quite early in life. Normal physiological processes
may also play a role in the observed changes in retinal venular calibre in the current study.
As veins are the main capacitance vessels in the body, a higher BMI may produce the
regulatory response of retinal venular dilation as a result of a higher total blood volume (N.
Cheung et al., 2006).
Caution must be observed in interpreting the findings described in the present study due to
some limitations. While BMI is currently one of the most common tools used in research
as a measure of adiposity/fatness, its effectiveness has been called into question (Khuller,
182

Agarwal, & du Plessis, 2014). This is due to the fact that weight is not directly related to
fat but also to muscle mass. Therefore, the use of BMI as a measure of body fat may be
seen as a potential limitation as it is not an effective measure of visceral fat which is most
closely associated with the adverse effects of obesity. Despite this, BMI remains the most
popular method of measurement for assessing obesity as a clinical measure and by
researchers (Khuller et al., 2014) and is utilised by the World Health Organisation (WHO).
In summary, the results of the current study suggest that displaying a higher BMI in
association with the direct and/or indirect influence of lower physical activity levels, poorer
lipid profile and/or poorer metabolic control appear to be potential mediators within the
pathway responsible for wider retinal venular calibre. These findings provide further
support for the hypothesis that retinal venular widening may result indirectly from systemic
inflammatory processes and/or directly as a regulatory response to a higher BMI. As wider
retinal venular calibre has been previously associated with incident cardiovascular disease
these findings support the value of ongoing analysis of the microcirculation in children and
adolescents with type 1 diabetes as it may provide additional benefits for future
cardiovascular risk prediction.
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7.1.4 - Retinal Vascular Calibre and Micro-Vascular Complications in Children and
Adolescents with Type 1 Diabetes
7.1.4.1 - Kidney Function and Retinal Vascular Calibre
The lifetime risk of developing end stage renal disease has been reported as 10-35% in type
1 diabetes (Finne, Reunanen, Stenman, Groop, & Gronhagen-Riska, 2005; Krowleski,
Egger, & Warram, 1996; Skupien et al., 2012). Furthermore, diabetes is the primary cause
of chronic kidney disease (CKD) in Australia (AIHW, 2003-2007). Despite this, current
methods utilised to detect individuals at high risk of developing nephropathy are limited
(Schieppati & Remuzzi, 2005). As human retinal and renal microcirculation are believed
to share similar physiological characteristics, it has been suggested that retinal vascular
calibre assessment may provide important information about the risk of renal disease in
individuals with diabetes (T. Wong, Shankar, Klein, & Klein, 2004). A primary aim of the
current study was to shed further light on the relationship that exists between retinal
vascular calibre and kidney function in children and adolescents with type 1 diabetes.
Particular focus was placed on microalbuminuria and estimated glomerular filtration rate
(eGFR) as markers of kidney function and their relationship with retinal vascular calibre
and other cardiovascular risk factors in children and adolescents with type 1 diabetes. As
mentioned previously a decline in eGFR is considered to be the best measure of kidney
disease. The current study simply classified participants into two categories according to
their eGFR. Normal eGFR was considered greater than 60 mL/min and abnormal eGFR
was considered less than 60 mL/min. However, previous literature suggests that the
diagnosis of early CKD may be made with the presence of a eGFR of less than 90 mL/min
(Johnson, 2012). Furthermore, according to the National Kidney Foundation classification
system (moderate decreased eGFR = 30-59 mL/min, severely reduced eGFR = 15-29
mL/min, kidney failure = <15 mL/min), an eGFR of less than 60 mL/min signifies
moderately decreased eGFR at a minimum (NKF, 2014). Therefore, it can be suggested
with relative confidence that those participants categorised as having abnormal eGFR in
the present study were those who were at advanced risk of developing advanced CKD.
Although eGFR is believed to be the most important measure in monitoring chronic kidney
disease (CKD), the process of renal function decline is believed to begin in the
microalbuminuria stage when eGFR may still be normal (Perkins et al., 2007). Therefore,
microalbuminuria presence can precede a decline in filtration rate and may be a sensitive
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marker of early kidney dysfunction (Sabanayagam et al., 2009). This has been highlighted
in previous research that has established microalbuminuria as a strong predictor of future
nephropathy in populations with type 1 diabetes (Mogensen & Christenen, 1984; Perkins
et al., 2007). As microalbuminuria is the first clinically identifiable sign of risk of diabetic
nephropathy and other vascular complications it has been proposed that treatment aimed at
renal disease should begin when microalbuminuria is detected (AIDNTG, 2001; Mogensen
et al., 1995).
In this cohort of children and adolescents with type 1 diabetes, 10% of participants
displayed an abnormal eGFR, 8% showed the presence of microalbuminuria and less than
1% displayed a combination of both. Interestingly, there no significant relationship between
the presence of abnormal eGFR and microalbuminuria in Chi-square analysis suggesting
that each marker of renal dysfunction may exist mutually exclusive in children and
adolescents with type 1 diabetes. This is consistent with previous research that has
suggested that the coexistence of reduced eGFR and microalbuminuria manifests largely in
the presence of end stage kidney disease and is associated with an increased risk for
cardiovascular disease and all-cause mortality (Foster et al., 2007).
The presence of abnormal eGFR (<60 ml/min) in this study was found to be related to a
lower AVR in univariate analysis (Table 28). A lower AVR signifies retinal arteriolar
narrowing and/or venular widening and is therefore consistent with displaying a poorer
retinal microvascular profile. It is evident from multivariate analysis (Tables 19 and 31)
that retinal arteriolar narrowing loaded with abnormal eGFR in PCA suggesting that
arterioles may be the main driver for the observed lower arterio-venous ratio. Upon
examination of other key clinical characteristics, it was also revealed that the presence of
abnormal eGFR was related to age, higher SBP, longer duration of diabetes, lower serum
HDL cholesterol and higher BMI. This suggests that the poorer microvasculature profile
observed in participants with reduced eGFR may be partly related to the presence of other
key cardiovascular risk factors.
Retinal arteriolar narrowing was associated with the presence of microalbuminuria in
univariate analysis (Table 27). Additionally, there was a trend towards those participants
with microalbuminuria displaying narrower retinal venular calibre than their normoalbuminuria counterparts (Table 27). These findings were consistent with multivariate
analysis results that suggested participants of male gender who displayed narrower retinal
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arteriolar or venular calibre and had lower total and HDL cholesterol were more likely to
display microalbuminuria than those who did not (Tables 29 and 32). It is evident from
univariate analysis and logistic regression odds ratios that narrower arteriolar calibre was
closely related to the presence of microalbuminuria than narrower venules (Tables 27 and
32). It is also clear from the results that, in the most part, adverse cardiovascular signs that
were related to eGFR were less apparent in those patients with microalbuminuria. This is
likely to reflect severity of disease processes related to the different markers of kidney
function. As the presence of microalbuminuria is considered an early marker of renal
disease, often preceding a decline in filtration rate, it is expected that adverse changes to
various other key clinical characteristics would be less severe compared to those
participants who have a reduction in eGFR. However, it is worth noting that participants
with microalbuminuria displayed a trend towards a higher SBP compared to participants
who displayed normoalbuminuria. This is consistent with previous research that has
highlighted that SBP is often raised in patients with microalbuminuria and can be associated
with an increased risk of progressive renal function decline (Jafar et al., 2003; Mogensen
et al., 1995).
Few previous studies have examined the association between retinal vascular calibre and
renal function and have reported variable results. The Cardiovascular Health Study found
no associations between retinal vascular calibre and renal function (Edwards et al., 2005).
Despite this, previous research conducted on adult cohorts with diabetes has reported that
wider retinal venular calibre may be associated with severe renal dysfunction (Ooi et al.,
2011; T. Wong, Coresh, et al., 2004). However, as these studies examined elderly
participants, survival and selection biases may have obscured the interpretation of results.
Data from the present study suggests that retinal vessel narrowing, but not widening, is
associated with a decline in renal function. Only one study to date has reported similar
findings that retinal venular narrowing was related to a decline in renal function (Daien et
al., 2013). However, the finding of an association between arteriolar narrowing and
abnormal eGFR and microalbuminuria is consistent with previous research conducted on
apparently healthy individuals and those with type 1 or 2 diabetes (Grauslund et al., 2009;
R. Klein, Klein, Moss, et al., 2003; Sabanayagam et al., 2009; Yau et al., 2011). Yau (2012)
and Sabanayagam and co-workers (2009) examined cohorts of adults with and without
diabetes and revealed that, similar to the results of the present study, narrower retinal
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arteriolar calibre was associated with incident chronic kidney disease as defined by a eGFR
of <60 ml/min. Sabanayagam and co-workers (2009) also suggested that narrower retinal
arteriolar calibre was related to the presence of microalbuminuria. This relationship with
microalbuminuria is consistent with previous research conducted on individuals with type
1 diabetes diagnosed before 30 years old and on normoglycaemic adults (Daien et al., 2013;
R. Klein, Klein, Moss, et al., 2003). Grauslund and co-workers (2009) further reinforced
the link between arteriolar calibre and renal function when they revealed older individuals
with type 1 diabetes with narrower retinal arteriolar calibre were more likely to have
nephropathy. These findings are consistent with that of the present study in that narrower
arteriolar calibre was present both as an early marker of renal damage (microalbuminuria)
and also a measure of renal function (eGFR <60 ml/min).
The results of the current study suggest that an abnormal eGFR may be related to retinal
arteriolar narrowing through small vessel damage resulting from concurrent exposure to
the cardiovascular risk factors of age, SBP, duration of diabetes and BMI. As noted
previously in this thesis the same adverse variables may play a role in mediating retinal
arteriolar

narrowing

thereby

highlighting

arteriolar

narrowing

as

a

possible

pathophysiologic link for the development of chronic kidney disease in children and
adolescents with type 1 diabetes.
Although it appears that the relationship between retinal vascular calibre and eGFR may be
a result of concurrent exposure to key cardiovascular risk factors, the relationship revealed
between retinal arteriolar narrowing and microalbuminuria appears to also occur
independently of these systemic processes. However, as blood pressure was negatively
correlated with retinal arteriolar size in the microalbuminuria group it may be that changes
in arteriolar vessels represent an autoregulation process similar to that occurring in the
glomerular vessels of the kidney, aiming at protecting the kidney against the effects of
higher SBP (Daien et al., 2013; Terai, Eberhard, et al., 2012). Regardless of the mechanism
these results suggest that retinal arteriolar narrowing may forecast a decrease in renal
function.
To the best of this researcher’s knowledge the present study is the first to examine the
relationship between retinal vascular calibre and renal function in children and adolescents
with type 1 diabetes. The results of the current study support the suggestion that retinal and
renal microvasculature could share similar determinants of early damage (Daien et al.,
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2013). However, results must be considered in light of three potential limitations. First, the
study consisted of a relatively young population with type 1 diabetes, and, therefore, the
results may not be generalisable to the elderly or to those with type 2 diabetes. Second,
selection bias may have been introduced due to the exclusion of several participants
because of missing ACR. Third, microalbuminuria was determined from a single spot
urinary measurement which may have under or overestimated micro- or macroalbuminuria. Despite this, results were fundamentally similar when abnormal eGFR was
used as an outcome. The finding from the present study of retinal vessel narrowing in
individuals with microalbuminuria is of particular interest as it highlights that retinal
microvascular changes may precede a decline in glomerular filtration rate. This suggests
that retinal vessel narrowing, in particular arteriolar narrowing, may be a pre-clinical
marker of nephropathy. If confirmed in future longitudinal cohort and intervention studies,
these findings support clinical evaluation of function in individuals with narrower retinal
arterioles for earlier detection of individuals at high risk of developing nephropathy
(Sabanayagam et al., 2009).
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7.1.4.2 - Diabetic Retinopathy: Prevalence, Risk Factors and Relation to Retinal
Vascular Calibre
Prevalence of Diabetic Retinopathy
In the early 1990’s diabetic retinopathy was found in approximately half of adolescents in
Australia who had type 1 diabetes for a median duration of 9 years (R. Klein, Klein, &
Moss, 1990). Nonetheless, there is strong evidence for a decreasing prevalence of diabetic
retinopathy in more recent research conducted on study populations with type 1 diabetes
similar to that in the current study (Downie et al., 2011; Eppens et al., 2006; Moshin et al.,
2005). This is perhaps best highlighted by longitudinal research out of the Children’s
Hospital at Westmead in Sydney that reported a significant decline in the prevalence of
diabetic retinopathy in children and adolescents with type 1 diabetes over a 20 year (199094 = 53%, 1995-99 = 38%, 2000-03 = 12%) (Downie et al., 2011).
The present study report a lower retinopathy prevalence rate with mild-moderate nonproliferative diabetic retinopathy found in only 11 participants (2.3%). The lower than
expected prevalence of diabetic retinopathy in this cohort may be due in part to selection
biases. That is, patients who did not attend their scheduled imaging appointment (nonparticipants) displayed a higher HbA1c when compared to participants (Table 13).
Consequently, excluded patients were at a higher risk of diabetic retinopathy and if imaged
may have contributed to higher retinopathy rates.
However, this finding could also be potentially attributed to the recognised association
between retinopathy and age, duration and HbA1c. The cohort in the current study was
approximately 2 years younger, had diabetes for approximately 2 years shorter duration and
also displayed a mean HbA1c that was lower than that of Downie’s (2011) recent research
out of the Westmead

Hospital in Sydney (HbA1c = 8.3% vs 8.5%, respectively).

Furthermore, although mean HbA1c values in this study were higher than the recommended
glycaemic target for children and adolescents with type 1 diabetes (<7.5%), previous
research conducted on large population-based Australian cohorts have reported that less
than 25% of children and adolescents actually meet this target (Craig et al., 2002).
Therefore, relative good metabolic control is indicated in the current study as 34% of
participants displayed a HbA1c of <7.5%.
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Improvements in glycaemic control in diabetes populations in Australia appear to be largely
due to changes in diabetes care over the past 20 years (Downie et al., 2011; Eppens et al.,
2006; Moshin et al., 2005). The increasing use of insulin analogues and pumps along with
the greater use of multiple daily injections and blood glucose monitoring appear to have
played a major role in the observed improvement in metabolic control (Moshin et al., 2005).
Although it remains most likely that the decline in prevalence rates can be attributed to
improved glycaemic control, other potential modalities should also be considered. Mean
SBP and DBP measurements in this cohort were 125mmHg and 66mmHg respectively,
which is lower than the recommended guidelines for children and adolescents with type 1
diabetes (SBP = 130mmHg & DBP = 80mmHg) (NHMRC, 2005b). Furthermore, as a
whole this cohort displayed an advantageous lipid profile with mean LDL cholesterol
concentrations (2.37 mmoL) lower than recommended guidelines (<2.59 mmoL) and a
HDL concentration (1.51 mmoL) higher than that of recommended guidelines (>0.91
mmoL) (Schwab et al., 2008).
In conclusion, a lower than anticipated prevalence of diabetic retinopathy was observed in
this cohort of children and adolescents with type 1 diabetes. This may be explained in part
by selection biases involved in the current study and/or attributed to an increased intensity
of diabetes management at the Royal Children’s Hospital with subsequent advantageous
control of blood sugar levels and other key modifiable retinopathy risk factors.
Retinopathy Risk Factors
In the current study, participants with retinopathy were approximately 1.5 years older and
had diabetes for approximately 1.5 years longer than participants without retinopathy
(Table 22). This is consistent with previous reports that age and duration are the strongest
predictors for the development and progression of retinopathy among younger persons with
type 1 diabetes (Burger, Hovener, & Dusterhus, 1986; Fong et al., 2003). Furthermore,
HbA1c values were significantly higher in participants with retinopathy compared to those
without (HbA1c = 9.2% vs 8.3%, respectively, p = 0.008) (Table 22). Exposure to chronic
hyperglycaemia has consistently been reported as a strong independent predictor of diabetic
retinopathy in individuals with type 1 diabetes (R. Klein et al., 1998b; L. Zhang et al.,
2001a). There was also a trend towards participants with retinopathy displaying higher
SBP and DBP (Table 22). SBP and DBP are important predictors of retinopathy progression
with previous research highlighting that tight blood pressure control significantly reduces
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retinopathy progression rates (Cundiff & Nigg, 2005; Fong et al., 2003; R. Klein et al.,
1998b; R. Klein et al., 1984).

Despite these well-established risk factors for retinopathy development the pathogenesis of
diabetic retinopathy remains incompletely understood. Furthermore, it is clear that
established risk factors do not fully explain retinopathy risk in type 1 diabetes. This is
evident in the results of the DCCT, whereby 10% individuals with good metabolic control
developed retinopathy and more than 40% of patients with poor metabolic control did not
develop retinopathy (L. Zhang et al., 2001a).

Lipids and lipoproteins are significantly implicated in large vessel disease in diabetes.
However, their role in diabetes-related microvascular complications, such as retinopathy,
is not well understood (Chait & Montes, 2011). The finding that individuals with
retinopathy displayed lower HDL cholesterol concentrations compared to those without
retinopathy (HDL = 1.2 v 1.5, respectively, p = 0.006) is noteworthy and may provide
additional information in understanding disease mechanisms. Several studies have reported
similar associations between diabetic retinopathy and HDL cholesterol concentrations
(Lyons et al., 2004; Sasongko, Wong, & Nguyen, 2011). It has been suggested that this
finding may be mediated in part by the paraoxonase activity associated with this lipoprotein
which detoxifies lipid peroxidation and is believed to have a protective role against
retinopathy (Kao, Donaghue, Chan, Knight, & Silink, 1998). Furthermore, the protective
role HDL plays in cardiovascular disease may help explain the relationship between this
lipoprotein class and retinopathy (Chait & Montes, 2011). HDL cholesterol is believed to
have antioxidant, anti-inflammatory and anti-thrombotic properties that have been
postulated to play a part in HDL’s role as an atheroprotective lipoprotein class (Miller &
Miller, 1975). Therefore, it is plausible that some of these atheroprotective properties
associated with HDL may also play a role in preventing retinopathy (Chait & Montes,
2011). Further longitudinal studies are required to confirm the relationship between lipids
and retinopathy and later determine whether lipid-altering therapy is beneficial in
preventing the onset and progression of diabetic retinopathy (Chait & Montes, 2011).

BMI is not considered a traditional risk factor for the development of diabetic retinopathy.
Despite this, a higher BMI was found in participants with diabetic retinopathy in the current
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study when compared to those without retinopathy (BMI = 27.4 vs 23.1, respectively, p =
0.009) (Table 22). The results of previous research have been inconsistent in reporting the
relationship between BMI and diabetic retinopathy. However, similar findings to that of the
present study have been reported among type 1 diabetes patients (Chaturvedi et al., 2001).
The EURODIAB study found that measures of obesity were independently related to the
incidence of diabetic retinopathy in individuals with type 1 diabetes (Chaturvedi et al.,
2001). These findings may in part be explained by the fact that obesity is a marker for
insulin resistance, which has been implicated in microvascular complications in
populations with type 1 diabetes (Yip et al., 1993).

These findings highlight the multifactorial nature of diabetic retinopathy development,
which, apart from traditional well-established risk factors, appears also to be related to lipid
concentrations and BMI.

Diabetic Retinopathy and Renal Function
In this study the presence of an abnormal eGFR (<60 ml/min) was related to the presence
of diabetic retinopathy in univariate (Chi-square) and PCA (Table 24). This suggests that
in children and adolescents with type 1 diabetes, retinal pathology may present with a
significant decrease in renal function, i.e. co-morbidities. These findings are consistent with
previous research conducted on older non-diabetic and diabetic cohorts and further indicate
that common systemic microvascular processes may be responsible for the concurrent
development of pathology in the kidneys and eyes (Sabanayagam et al., 2009; T. Wong,
Coresh, et al., 2004). Previously proposed mechanisms behind this association include
alterations in prorenin, renin and angiotensin which have all been associated with ischemic
retinal changes (Winocour, Durrington, & Ishola, 1987).
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Diabetic Retinopathy and Retinal Vascular Calibre
The current study examined the relationship between retinal vascular calibre and the
presence of mild-moderate non-proliferative diabetic retinopathy in children and
adolescents with type 1 diabetes. Retinal arteriolar or venular calibres were not related to
the presence of diabetic retinopathy in univariate analysis (Table 23). However, in
multivariate analysis retinopathy presence was related to a risk profile that included the
presence of several key retinopathy risk factors (older age, higher SBP, higher BMI, lower
HDL cholesterol, longer duration of diabetes) and retinal arteriolar narrowing (Tables 24
and 26). These findings are not consistent with majority of recent evidence in children and
adolescents with type 1 diabetes that have reported wider retinal arteriolar calibre is present
in early stages diabetic retinopathy and that arteriolar dilation plays an important role in the
pathogenesis of developing diabetic retinopathy in type 1 diabetes (Alibrahim et al., 2006;
Benitez-Aguirre et al., 2011; N. Cheung, Rogers, et al., 2008; Rogers et al., 2008).
Previous studies have reported associations between narrower retinal arteriolar calibre and
diabetic retinopathy in individuals with type 1 diabetes. However, these study populations
were significantly older when compared to the current study population (Grauslund et al.,
2009; R. Klein, Klein, Moss, et al., 2003). Furthermore, there have been some reports of a
relationship between narrower arteriolar diameter and an increasing severity of retinopathy
(Grauslund et al., 2009; R. Klein, Klein, Moss, et al., 2003). As only mild-moderate nonproliferative abnormalities were diagnosed in the current study these results cannot be
directly compared to these previously reported findings as different disease processes may
exist in adolescents with early retinopathy changes compared to adults with more severe
retinopathy.
The finding in the current study that retinopathy was related to several other key
microvascular and retinopathy risk factors may explain the absence of an association
between retinal arteriolar calibre and retinopathy. Participants with retinopathy were more
likely to have higher SBP, higher serum creatinine levels and higher BMI, all previously
reported to be associated with narrower retinal arteriolar calibre. Therefore, the observed
link between narrower retinal arterioles and retinopathy presence is likely to be explained
by the underlying presence of several cardiovascular risk factors. These findings suggest
that measures of retinal vascular calibre do not provide additional information about the
risk of early diabetic retinopathy in children and adolescents with type 1 diabetes, but rather
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alterations in arteriolar calibre that coincide with more advanced retinopathy reflect a
microvascular response to chronic exposure to several known cardiovascular risk factors.
However, these results must be viewed in light of one major limitation. That is, when
compared to previous research that examined the relationship between calibre and
retinopathy risk in children and adolescents with type 1 diabetes the number of participants
with retinopathy in the present study is considerably smaller and therefore the observed
calibre-retinopathy relationship may not be reliable.
In summary, a lower than anticipated prevalence of diabetic retinopathy was observed in
this cohort of children and adolescents with type 1 diabetes. However, findings from the
present study are consistent with recent research that has reported a marked reduction in
the prevalence of diabetic retinopathy over the last 20 years. A focus of this research was
to identify predictors of retinopathy outside of the already well-established risk factors.
This is important for screening for the development of this complication. The results of the
present study do not support the suggestion that retinal vascular calibre provides additional
prognostic information for early retinopathy detection or that arteriolar dilation plays an
important role in the pathogenesis of developing diabetic retinopathy. However, the results
of the current study support the concept that the pathogenesis of diabetic retinopathy is
likely due to the combined influence of various risk factors. Furthermore, the results of
univariate and multivariate analysis provide novel evidence for the possible benefit of more
frequent diabetic retinopathy screening for persons with a high BMI and low HDL level as
it appears that these factors may contribute to the pathogenesis of diabetic retinopathy in
this cohort of children and adolescents with type 1 diabetes.
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7.2 – Study 2 Discussion
7.2.1 - Longitudinal Changes in Clinical Measures and Retinal Vascular Calibre
Despite the substantial attrition rate in the longitudinal component of this project, there
were no significant differences in key clinical characteristics between attendee participants
and absentees at initial follow-up and the final follow-up appointment (Tables 33 and 34).
Therefore, it may be assumed that the results of the present study are generalisable to the
population of patients with type 1 diabetes who attended the diabetes complications
screening clinic during the study period.
A significant increase in age and duration of diabetes is consistent with the finding of a
trend towards an increase in BMI across the longitudinal component of this study (Table
35). This is most likely explained by physical maturation that occurs as a result of normal
increases in growth hormone levels during this pubertal period of adolescence (Baseline
mean age =14.5yrs, final follow-up mean age = 17yrs) (Rose et al., 1990).
No noteworthy changes in retinal venular calibre were observed across the longitudinal
component (mean time from baseline and final follow-up = 2.45yrs) of this study. However,
there was a trend towards an increase in retinal arteriolar calibre (Table 35). This finding is
not consistent with previous research that has reported that an inverse relationship exists
between age and retinal arteriolar calibre (R. Klein, Klein, Moss, et al., 2006; H. Leung et
al., 2003; T. Wong, Islam, & Klein, 2006). Rather, as wider retinal arteriolar calibre is
considered an optimal pattern of microvascular architecture, this finding is suggestive that
those participants who attended final follow-up displayed an improved microvascular
profile over the study period.
An overall improvement in participants’ lipid profile (lower triglyceride and lower total
and LDL cholesterol concentrations) was observed at final follow-up compared to earlier
appointments (Table 35). Early research suggested that serum cholesterol levels in children
were believed to be a relatively stable entity. That is, after an initial increase during the
newborn period, average serum cholesterol levels in children do not change during the years
of growth (V. Lee, 1967). However, later research has suggested that significant changes
in serum cholesterol levels take place in the growing child (V. Lee, 1967; Orchard, Rodgers,
Hedley, & Mitchell, 1980). In particular, during the period of rapid adolescent growth a
decrease in serum total cholesterol levels occurs, with this trend being stronger in males
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compared to females (Freedman et al., 1985). These findings are consistent with the
findings from the current study, albeit the current study investigated a slightly older
population.
An increase in standing DBP was observed in this cohort of participants from baseline
examination to the final follow-up examination (Table 35). However, interestingly there
was a concurrent trend towards a decrease in standing SBP. Previous research has suggested
that either a higher SBP or DBP is a risk factor for cardiovascular disease (MacMahon et
al., 1990). However, more recent evidence suggests that SBP plays a greater role in
determining cardiovascular health than DBP (Benetos, Thomas, Safar, Bean, & Guize,
2001). This is consistent with the cross-sectional results of the current study that suggest
SBP has a stronger influence on retinal arteriolar calibre (narrowing) than DBP. It has also
been suggested that increases in DBP may indicate improvements in coronary blood flow
reserves and coronary perfusion of the myocardium (Cruickshank, 1988). Improvements in
serum creatinine levels were also observed from the initial follow-up to the second followup appointment (Table 35). As mentioned previously, this is likely to reflect an
improvement in renal function, as increases in serum creatinine have been suggested to
reflect deteriorating renal function (Wyss & Kaddurah-Daouk, 2000).
Improvements in serum creatinine concentrations, lipid profile, SBP and a wider retinal
arteriolar calibre suggests that those participants who attended final follow-up assessment
were more likely to display a favourable cardiovascular risk profile. Displaying an overall
superior cardiovascular health may be an indication that the parents of the children and
adolescents who attended the second follow-up were more involved in their child’s diabetes
care.
The trend towards a widening in retinal arteriolar calibre in this longitudinal analysis is
most likely a result of the previously stated concurrent changes in SBP and serum
creatinine. As a strong inverse relationship between both SBP and serum creatinine
concentrations with retinal arteriolar calibre was revealed in the cross-sectional component
of the current study, it is plausible that the favourable alterations in retinal arteriolar calibre
may be a result of the trend towards a reduction in these clinical measures. This provides
further evidence that SBP may influence the human microvasculature quite early in life.
Finally, these longitudinal findings indicate that changes in arteriolar calibre may reflect
medium-term (years) rather than long-term (decades) changes in blood pressure. Despite
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this, the small number of participants included at final follow-up (n=11) may have obscured
the interpretation of results. Alternatively, the inclusion of greater numbers at final followup may have yielded significant associations for SBP and arteriolar calibre, highlighting
that evaluation is warranted in larger cohorts.
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7.3 – Study 3 Discussion
7.3.1 - Retinal Vascular Calibre and Maternal Factors
Due to the small number of participants exposed to maternal smoking in the last trimester
of pregnancy (n = 3) and to cow’s milk before 12 months of age (n = 8), this component of
the study was not adequately powered to make extensive adjustments for highly
confounding variables. However, the findings from crude analysis suggest that further
evaluation is warranted in larger cohorts.
7.3.1.1 - Maternal Smoking and Retinal Vascular Calibre
Five percent (n = 3) of mothers of participants reported that they smoked during the last
trimester of pregnancy. This is lower than the 10% previously reported in western societies
but is similar to the 4.5 % reported in birth cohorts in the Netherlands (Kallio et al., 2007;
Katier, Uiterwaal, de Jong, Kimpen, & Van Der Ent, 2005). In crude analysis, offspring of
mothers who smoked had a 22.4 micron narrower arteriolar calibre (p = 0.003) and 35
micron narrower venular calibre (p = 0.002) than offspring of mothers who did not smoke
during the last trimester of pregnancy (Table 39). After adjusting for age, gender, ethnicity
and alternate vascular calibre measurement, a trend towards narrower arteriolar calibre was
observed in the offspring of mothers who smoked during pregnancy (p = 0.052), while
narrower venular calibre was no longer associated with maternal smoking exposure (p =
0.114) (Table 41).
Crude analysis also revealed that those participants whose mothers smoked during
pregnancy displayed a lower birth weight compared to those who did not. However, this
relationship did not remain after multivariate adjustments indicating the crude association
was a confounded one (Table 42). Alternatively, this may reflect an inadequately powered
study as a result of the small sample size examined and therefore further evaluation is
warranted in larger cohorts.
The finding from the current study that participants whose mother smoked

during

pregnancy displayed a lower birth weight in crude analysis is consistent with previous
research that has suggested that maternal smoking is related to foetal growth (Kramer,
1987). Several other adverse health outcomes for offspring have been linked with maternal
smoking including higher blood pressure and total cholesterol levels and an increased
prevalence of obesity during adulthood (Geerts, Bots, Grobbee, & Uiterwaal, 2008).
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Furthermore, maternal smoking has been associated with permanent vascular damage in
young adulthood (Geerts et al., 2008). In particular, maternal smoking has been associated
with an increase in Carotid Intima Media Thickness (CIMT) in offspring, a known measure
of cardiovascular disease risk (Geerts et al., 2008).
To the best of the researcher’s knowledge, this is the first study to indicate that maternal
smoking in the last trimester of pregnancy may be related with narrower arteriolar calibre
in children and adolescents with type 1 diabetes. In contrast to this finding, previous
research that has investigated the relationship between smoking and retinal vascular calibre
in older persons has consistently reported a relationship between wider venular calibre and
smoking (Ikram et al., 2004; Kifley, Liew, et al., 2007; R. Klein, Klein, Knudtson, et al.,
2006; R. Klein, Klein, Moss, et al., 2006; T. Wong, Islam, Klein, et al., 2006). Unlike the
present study, no associations between retinal arteriolar calibre and smoking have been
reported. Therefore, in contrast to research in older populations, the findings from the
current study suggest that narrowing and not widening of retinal vessels may occur in
children and adolescents with type 1 diabetes.
The potential pathways responsible for narrower retinal arteriolar calibre in children whose
mother smoked during the last trimester of pregnancy remain unclear. The question remains
whether findings reflect a direct influence of smoking exposure on retinal microvasculature
or an indirect effect through the elevation of other known cardiovascular risk factors or
unmeasured confounders of maternal smoking. Sun (2009) suggested that the
microvascular alterations observed in individuals of low birth weight are likely related to
individual specific factors such as different foetal nutrient supplies. However, this
hypothesis is not supported by the present study which did not reveal a significant
relationship between participant’s birth weight and retinal arteriolar calibre.
These findings suggest that maternal smoking may be a marker for microvascular variations
in childhood and adolescence. Whether these changes can be attributed to the direct
vascular influences of smoking exposure or via confounding factors remains unclear. These
findings must be repeated in future research utilising larger cohorts before any significant
inferences can be drawn.
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7.3.1.2 - Early Infancy Cow’s Milk Exposure and Retinal Vascular Calibre
The NHMRC infant feeding guidelines suggest that exclusive breastfeeding in the first 12
months of life protects against infection and other chronic disease risk factors such as high
blood pressure, obesity and elevated total and LDL cholesterol levels (Allen & Hector,
2005; NHMRC, 2013b). It also recommends that pasteurised full cream milk should not be
introduced until after 12 months of age (NHMRC, 2013b). Despite being an excellent
source of protein, calcium and other nutrients, the early introduction of cow’s milk has been
linked to several adverse health outcomes later in life (A. Leung & Sauve, 2003). These
include iron deficiency anaemia, ischaemic heart disease, atherosclerosis, higher incidence
of type 1 diabetes and higher renal solute load which can contribute to progressive renal
failure (Allen & Hector, 2005; A. Leung & Sauve, 2003).
The early introduction of cow's milk has been associated with increased risk of type 1
diabetes (Allen & Hector, 2005; Ziegler, Schmidt, Hubar, Hummel, & Bonifacio, 2003).
Evidence for this relationship first came from research that reported countries with the
lowest prevalence of breast feeding at 3 months of age have the highest incidence of type
1 diabetes (Gerstein, 1994). This same review of the topic revealed a 1.5-fold increased risk
of type 1 diabetes in individuals with early cow’s milk exposure. The mechanisms behind
this association are believed to be attributed to a process by which the proteins contained
within cow’s milk elicit antibody formation to insulin in genetically susceptible children
(Gerstein, 1994; Luopajarvi et al., 2008; Sheard, 1993). In particular, the protein albumin
contained within cow’s milk may mediate the destruction of beta cells by exposing them to
an immune attack, and destruction of beta cells is implicated in the development of type 1
diabetes (Sheard, 1993).
The present study investigated whether exposure to cow’s milk in the first year of life was
associated with retinal vascular calibre in children and adolescents with type 1 diabetes.
Fifteen percent (n = 8) of participants were exposed to cow’s milk in the first year of life.
In crude analysis, participants who were exposed to cow’s milk in the first year of life had
11.9 microns narrower arteriolar calibre (p = 0.014) and 21.6 microns narrower venular
calibre (p = 0.001) compared with participants who were not (Table 39). After adjusting
for age, gender, ethnicity and alternate vascular calibre measurement, narrower venular
calibre remained associated with the introduction of cow’s milk before 12 months of age
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(p = 0.036), however, arteriolar calibre was no longer associated with the early introduction
of cow’s milk (p = 0.310) (Table 41).
Potential pathways for the association between narrower retinal vascular calibre and age of
cow’s milk exposure are unclear. Various nutritional benefits of human milk when
compared to cow’s milk have been reported in the literature. Cow’s milk contains proteins
that are inhibitors of iron absorption, with previous research reporting that 50% of iron in
breast milk is absorbed compared to only 10% of that in cow’s milk (Oksi, 1993).
Furthermore, higher concentrations of amino acids cysteine and taurine which are essential
for the development of immature infants are found in human milk (De Andraca, Castillo,
& Walter, 1997). Human milk also contains a greater concentration of beneficial lipids such
as linoleic acid and polyunsaturated fatty acids compared to whole cow’s milk (A. Leung
& Sauve, 2003). Furthermore, an increase in renal solute load seen in individuals with the
early introduction of cow’s milk is believed to be attributed to increased concentrations of
sodium, protein, potassium, chloride and phosphorus found in cow’s milk (A. Leung &
Sauve, 2003).
These results must be considered in light of several potential limitations. As maternal
smoking and cow’s milk exposure data were only complete for 77% and 66% of
participating families respectively, significant bias may have occurred. Furthermore, this
data were obtained by questionnaires, therefore, self-reporting bias cannot be excluded.
However, this would most likely have led to a dilution of the association. Lastly, a very
small sample of participants exposed to maternal smoking (n=3) and cow’s milk in the first
12 months of life (n=8) were included in this study. While these findings based on a small
sample may underestimate associations, a large body of literature demonstrates that
maternal smoking and early introduction of cow's milk are highly confounded exposures
that require a large sample size calculated on that basis.
In summary, the findings from the present study suggest that maternal smoking in the last
trimester and early exposure to cow’s milk may be associated with retinal vascular calibre
in childhood and adolescence. These findings must be confirmed in future research utilising
larger cohorts before any causal inferences can be drawn.
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7.3.2 - Modifiable Lifestyle Risk Factors Associated with Retinal Vascular Calibre
7.3.2.1 - Physical Activity, Sedentary Behaviours and Retinal Vascular Calibre
To the best of the researcher’s knowledge this is the only study to date that has investigated
the relationship between physical activity, sedentary behaviours and retinal vascular calibre
in children and adolescents with type 1 diabetes. The results of the current study suggest
that physical activity and sedentary behaviours in the form of ‘screen viewing time’ are
associated with human microvasculature early in life.
Physical activity has been established as a modifiable risk factor for the development of
cardiovascular disease (CVD) and mortality (Anuradha et al., 2010). Large reductions in
cardiovascular disease risk (30-50%) have been reported in response to increased physical
activity levels (Mora et al., 2007). Furthermore, it has been suggested that physical activity
and CVD risk factors track from childhood and adolescents into adulthood (Kapoor, 2006;
Malina, 1996). Recent research has proposed that an adverse retinal microvascular profile
(retinal arteriolar narrowing and venular widening) predicts a 10-year increased risk of
coronary heart disease (CHD) (McGeechen et al., 2008). Therefore, as individuals with
type 1 diabetes have a significantly higher lifetime risk of developing micro-and macrovascular related diseases, research into the influence of physical activity and sedentary
behaviours on retinal microvasculature during childhood and adolescence is important to
future interventions aimed at decreasing CVD (Gopinath et al., 2012).
The findings from study 1 and 3 show that physical activity is inversely related to retinal
venular calibre in children and adolescents with type 1 diabetes (Tables 16, 20, 21, 38 and
40). Furthermore, the findings from study 3 show that those who spend more time in
sedentary behaviours display an adverse microvascular profile (narrower retinal arteriolar
and wider retinal venular calibre) (Tables 39, 41 and 43).
Only one study to date has investigated the relationship between physical activity,
sedentary behaviours and retinal vascular calibre in children. Gopinath (2011) assessed a
large non-diabetic cohort of Australian school children aged six years old and reported that
higher levels of physical activity were associated with wider retinal arterioles, whereas
longer screen viewing time was associated with narrower retinal arterioles. Similarly to the
Gopinath’s (2011) study, the findings of the current study suggest that longer time spent in
sedentary behaviours, in the form of TV viewing and playing computer/video games, is
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associated with narrower arteriolar calibre. It was further revealed that longer time spent in
sedentary behaviours was associated with wider venular calibre. This is consistent with
previous research conducted on adult males without diabetes (Anuradha et al., 2010;
Gopinath et al., 2011).
Contrary to Gopinath’s (2011) findings, the present study reports that retinal venular calibre
not arteriolar calibre was related to physical activity levels. In particular, wider retinal
venular calibre was consistently associated with lower physical activity levels across both
cohorts of participants (study 1 and 3) in the present study. This finding is consistent with
recent research conducted on adult populations demonstrating that higher levels of physical
activity during work and organised sport were associated with a lower prevalence of
diabetic retinopathy as well as narrower retinal venular calibre (Tikellis et al., 2010). The
exact mechanisms behind this association between venules and physical activity are
unknown. However, it may be that lower physical activity levels result in an increase in
inflammatory markers and/or poorer endothelial function associated with venular dilation
(Tikellis et al., 2010). Furthermore, the beneficial influence of physical activity on vessels
may be secondary to improvements in other cardiovascular risk factors such as lipid profile,
in particular, an increase in the HDL cholesterol level (Vella et al., 2001).
As alluded to previously, physical inactivity has often been related to weight gain, higher
blood pressure levels and poorer lipid profiles (Pardee, Norman, Lustig, Preud'homme, &
Schwimmer, 2007). This is consistent with the findings in the present study from PCA and
regression analysis that suggest a risk factor profile including longer time spent in sedentary
behaviours, higher SPB, higher BMI and lower HDL cholesterol, predicts an increased
likelihood of both retinal arteriolar narrowing and venular widening (Tables 43 and 49).
Therefore, the researcher hypothesises that physical inactivity and sedentary behaviour is
related to a poorer retinal microvascular profile (narrower arterioles and wider venules) and
this association is possibly linked with other known cardiovascular risk factors.
The findings from the present study are of particular relevance as they provide the first
evidence for the association between an adverse microvascular profile (narrower arterioles,
wider venules) and physical inactivity and sedentary behaviour early in the course of type
1 diabetes. Similarly to Gopinath and co-workers (2012) research, this study highlights that
the association between an adverse retinal microvascular profile and poor lifestyle choices
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may occur as early as other established CVD risk factors (Freedman, Dietz, Srinivasan, &
Berenson, 1999) and therefore may provide supporting evidence for early intervention.
Physical activity and sedentary behaviours were self-reported in study 1 (indirectly to
clinician) and 3 (directly to researcher) which may be a limitation. However, similar
associations with venular calibre were observed with clinician-graded physical activity
level in the study 1 cohort, which was different from the study 3 cohort.
In summary, these findings suggest that the influence of lifestyle factors (physical activity
and sedentary behaviours) on microcirculation may emerge early in life. The outcomes of
this study propose that exposure to these modifiable risk factors may affect systemic
physiology, which is reflected in microvasculature. Moreover, these results suggest that
retinal vascular calibre may provide prognostic information beyond current traditional
cardiovascular risk factors and also support the early initiation of an exercise program as a
strategy for reducing the risk of both microvascular and macrovascular complications of
diabetes.
7.3.2.2 - Diet: Overview and Relationship with Retinal Vascular Calibre
7.3.2.3 - Overall Diet Quality
As evident from the ACARFS score, this cohort of children and adolescents with type 1
diabetes had an overall moderate-good quality diet, with only 10% of the cohort reporting
a poor quality diet (Table 44). Female participants were more likely to report a good quality
diet (51%) compared to their males counterparts (37%). Furthermore, the finding of an
overall good quality diet in this cohort is largely due to the finding that fruit and vegetable
daily serves met the Australian Guide to Healthy Eating guidelines, and vitamin C and fibre
intakes exceeded the NRV’s for age groups in this population.
7.3.2.4 - 5 Food Group Intakes
Mean number of servings per day of four of the six dietary intake groups either met (fruit,
vegetables and water) or exceeded (meat) the Australian Guide to Healthy Eating
guidelines. However, the intake of grains and dairy were sub-optimal (Table 45).
The intake of “meat and alternatives” exceeded that recommended by Australian guidelines
for all age groups which is consistent with the fact that saturated fat and iron intakes
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exceeded the NRV’s. Participant’s mean water intake met the recommended Australian
guidelines.
Fruit and vegetable intakes met the Australian Guide to Healthy Eating guidelines for this
cohort of participants. This is consistent with the finding that Vitamin C intakes (largely
derived from fruits and vegetables) exceeded NRV’s. Folate was the only micronutrient
whereby intakes were less than NRV’s for participants aged 14-18 years. This may reflect
a decrease in the variety of participant’s fruit and vegetable intakes, in particular leafy green
varieties. Folate is of interest as an adequate intake is important for female participants of
reproductive age in order to reduce the risk of birth defects such as neural tube defects
(Houghton et al., 1997).
Despite the finding of an overall good quality diet, dairy intake was lower than that
recommended by Australian Guide to Healthy Eating guidelines (Table 41). This finding
however, is not consistent with the fact that calcium intakes were adequate when compared
to NRV’s for all age groups. A similar inconsistency was noted in grains intake, whereby
this cohort fell marginally short of Australian Guide to Healthy Eating guidelines despite
fibre intake exceeding NRV’s for all age groups. This discrepancy however, may be
explained by the fact that this cohort met the recommended guidelines for fruit and
vegetable intake, contributing to a high soluble fibre intake.

7.3.2.5 - Comparison of Intakes of Macro- and Micro-nutrients with the Australian
Health Survey (AHS)
Surprisingly, the mean total energy intake reported by this cohort (9479 kJ/day) was higher
than that reported in the most recent AHS (2011-12) (8882 kJ/day), despite similar total
and saturated fat intakes and higher protein intakes (Table 46). Differences in assessment
tools may potentially explain this inconsistency as AHS utilised the daily food consumption
(24-hour recall) method as the main indicator of food intake compared with the current
study which utilised a validated 135-item FFQ.
The mean, fibre, vitamin C, calcium and iron intakes of participants in all age groups in
this study exceeded that reported in the AHS (2011-12) (Table 47). Furthermore,
participants in this study displayed mean protein, carbohydrate, total fat, saturated fat and
poly-unsaturated fat intakes that were comparable to AHS intakes for all age groups. These
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results suggest that the diet quality of this cohort may be better than the population that was
assessed in the most recent AHS (2011-12).

7.3.2.6 - Diet and Diabetic Retinopathy (Study 3)
Retinal imaging was performed on all study 3 participants (n=83) prior to the completion
of the ACAES. Diabetic retinopathy was not diagnosed in any participant who completed
the ACAES. This finding may be explained by the relatively small sample size employed.
However, as previous research has revealed significant correlations between diet and
retinopathy (Cundiff & Nigg, 2005), the lower than anticipated prevalence of diabetic
retinopathy could be partly explained by a higher diet quality in participants within this
cohort when compared to previous AHS data.
To date, the extent of the relationship between diet and diabetic retinopathy is yet to be
fully determined. Furthermore, whether the influence of diet is direct or indirect through
alterations in various cardiovascular risk factors such as blood pressure, lipid profile and
BMI requires further investigation (Cundiff & Nigg, 2005). The DCCT reported inverse
associations between dietary fibre and carbohydrates with various retinopathy risk factors
and retinopathy progression and direct associations between saturated fat and retinopathy
progression. Furthermore, there has been suggestions that animal-based food products may
promote retinopathy more than plant-based products (Cundiff & Nigg, 2005). This is
consistent with the findings of Brazionis and co-worker’s (2009) who reported an increased
consumption of lutein- (e.g. green leafy vegetables) and lycopene-rich foods (e.g. tomatoes)
was associated with a lower risk of diabetic retinopathy in a cohort of participants with type
2 diabetes. A possible explanation for this may be that animal-based foods are high in
saturated fat and low in dietary fibre (Hu, 2003). Results of the current study revealed that
all macro- and micro-nutrient intakes, apart from folate, met or exceeded values reported
in the most recent AHS. This suggests that, on the whole, participants in this study reported
diets that were better than the AHS average diet. It may therefore be hypothesised that the
low prevalence of diabetic retinopathy reported within this study may be in part explained
by good diet quality. Despite this, it must be noted that selection bias may have played a
role in the reduced diabetic retinopathy prevalence rates noted within study 3. As the
overall response rate for the ACAES survey was 71%, it may be assumed that included
participants may be those whose parents were more motivated and concerned about their
206

child’s health and diabetes control. However, if this was the case it may be therefore
assumed that these parents would be more driven to provide a good quality diet for their
child which may in fact provide further support for the diet-retinopathy hypothesis.
7.3.2.7 - Diet & Retinal Vascular Calibre
In investigating the relationship between diet and retinal vascular calibre in study 3, rather
than searching for a single micronutrient, a more practical approach of considering whole
foods and dietary patterns and their relationship with retinal vascular calibre was employed.
The study of overall diet quality (as opposed to individual nutrients) is gaining increasing
priority by researchers, as nutrients are not consumed independently but rather within a
variety of foods in the diet (Gopinath et al., 2013; McEvoy et al., 2013). The present study
utilised PCA to aggregate individual food items into components representing patterns of
food consumption relevant to this study population. In study 3, three major dietary patterns
were identified: 1) processed, 2) plant based and 3) vegetable/fish avoidance. A relationship
was revealed between venular calibre and dietary patterns. In particular, a dietary pattern
characterised by lower intake of vegetables and fish predicted a higher risk of retinal
venular widening in children and adolescents with type 1 diabetes in both unadjusted and
adjusted linear regression models (Table 46). However, retinal arteriolar calibre was not
significantly related to any of the identified dietary patterns (Table 49).
As arteriolar calibre was not related to any of the three identified PCA-derived dietary
patterns in unadjusted or adjusted linear regression analysis, diet may not have an
independent influence on arteriolar calibre in type 1 diabetes. Rather, as mentioned
previously, the researcher hypothesises that retinal arteriolar narrowing appears to be more
related to leading a sedentary lifestyle and established risk factors (high SBP, high BMI,
poorer lipid profiles) in this subset of participants. This is not consistent with Gopinath and
co-workers (2012) where findings in children of a similar age group without type 1 diabetes
suggested that a higher GI diet was associated with a narrowing of retinal arterioles. While
Gopinath and co-worker’s (2012) utilised a validated FFQ, their findings may be limited
by the fact that the performance of the FFQ tool in accurately establishing GI levels has not
been investigated previously. In summary, this researcher was unable to establish a
relationship between the identified dietary patterns and retinal arteriolar calibre in this
population. However, before any conclusions can be drawn further research is warranted to
further elucidate the role of dietary patterns in relation to retinal vessel calibre.
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Investigation into which foods and dietary patterns were related to alterations in venular
calibre revealed a poorer quality diet, characterised by a lower intake of canned and fresh
fish as well as a number of vegetables including, but not limited to, pumpkin, green beans,
broccoli, sweet potato and cabbage predicted an increased risk of retinal venular widening
in children and adolescents with type 1 diabetes, after adjusting for potential confounders
(Table 49). This finding supports Gopinath and co-worker’s (2013) research in older adults
who reported the consumption of a high-quality diet was associated with an advantageous
retinal microvascular profile. In the current study, the fact that an unhealthy eating pattern
and wider retinal venular calibre were associated in adjusted models provides novel
information about the relationship between diet and retinal microcirculation. As wider
retinal venular calibre has been identified as a microvascular sign predicting incident
hypertension, diabetic retinopathy progression and a higher risk of stroke and other
cardiovascular diseases this finding may have important clinical implications (Grauslund
et al., 2009; Ikram et al., 2004; R. Klein, Klein, Moss, et al., 2003; McGeechen et al., 2009;
McGeechen et al., 2008; T. Wong & Mitchell, 2004) and so requires confirmation from
future studies.
The results of previous research that investigated associations between single foods and
nutrients and retinal venular calibre are in line with several of the foods contained within
the dietary pattern that was related to an adverse retinal venular profile. In the current study,
the presence of lower fish consumption within the dietary pattern that was related to wider
retinal venules is in line with Kaushik’s (2008) findings in adults. However, as Kaushik’s
(2008) findings were mainly observed in persons with hypertension the present study
provides the first evidence of a possible association between fish intake and retinal
microvasculature. The nutritional benefits of fish consumption come in part from long
chain omega-3 polyunsaturated fatty acids. Previous research has reported that omega-3
fatty acids significantly reduce the risk of stroke and cardiovascular disease (Appel et al.,
1997; Kris-Etherton et al., 2002; Kris-Etherton, Harris, & Appel, 2003; Mozaffarian &
Rimm, 2006). Therefore, the novel findings in the present study of an inverse relationship
between other omega-3 rich foods such as nuts (Table 49) with retinal venular calibre
provides further evidence to support the notion of the vascular protective properties of
omega-3. However, as omega-3 content varies considerably between nut varieties, i.e.
walnuts have more omega-3 than any other nut, this argument is limited due to insufficient
detail of specific nut categories within the ACAES (Ros, 2009). Furthermore, it may be that
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other elements such as selenium contained within fish and nuts contribute to the observed
retinal venular findings as previous research has reported inverse associations between
selenium and a range of systemic risk factors including; inflammatory markers, blood
pressure, BMI and total cholesterol (Rayman, 2012). These results suggest that the known
cardio-protective properties of fish may be partly mediated by advantageous effects of diet
on both microvasculature and macrovasculature.
In addition to fresh and canned fish, several vegetables loaded strongly and inversely within
the dietary pattern associated with wider retinal venular calibre in children and adolescents
with type 1 diabetes. Limited research has been conducted into the role fruit and vegetables
play in microvascular function. However, there is evidence that higher vegetable
consumption is related with the reduced risk of stroke and CHD (He, Nowson, &
Macgregor, 2006). Vegetables contain a wide range of beneficial components that are
potentially vaso-protective including fibre, antioxidants and folate (Macready et al., 2014).
Overall, the dietary pattern that predicted wider retinal venular calibre is consistent with a
high GI and low fibre diet (hot chips, sweet biscuits and twisties) (Table 49). This is
consistent with previous research on a similarly aged cohort that reported high GI diets
were related to small vessel dysfunction, in particular retinal venular widening (Gopinath
et al., 2012). Furthermore, similarly to the current study, previous research in adult
populations has reported that high fibre intake was associated with narrower venular calibre
(Kan et al., 2007).
The potential pathways behind the unfavourable retinal venular finding in relation to a
poorer diet quality, characterised by a lower intake of vegetables and fish and higher intake
of highly processed foods are likely multifactorial in nature. Previous research has reported
that a higher vegetable intake is associated with lower blood pressure, advantageous lipid
profiles and improvements in microvascular reactivity (Appel et al., 1997; Macready et al.,
2014). Similarly, various systemic benefits of the regular consumption of fish include a
reduction in triglyceride and remnant lipoprotein levels and improved endothelial function
(Kaushik et al., 2008; Kris-Etherton et al., 2002, 2003; Stone, 1996). Therefore, it is
conceivable that the microvascular findings observed in the current study may be linked to
other systemic factors. However, the ‘vegetable and fish avoidance’ dietary pattern
remained significantly related to retinal venules after adjusting for these potential
confounders, which suggests that additional mechanisms may be contributing to the
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observed changes in retinal venular calibre (Table 49). A high diet quality has been
associated with reduced oxidative stress and improved endothelial dysfunction (Fung et al.,
2005; J. Kim et al., 2011). As previous research has reported advantageous retinal
microvascular changes in association with improved endothelial function (Nagoaka, Kuo,
Ren, Yoshida, & Hein, 2008) and reduced oxidative stress (R. Klein, Klein, Knudtson, et
al., 2006), these maybe potential mechanisms mediating the inverse relationship between
diet quality and retinal venular calibre observed in the current study.
Perhaps the most plausible explanation for the observed venular calibre findings arise from
the relationship that exists between diet quality and systemic inflammatory markers (Fung
et al., 2005). Previous research has been consistent in reporting associations between lower
plasma inflammatory markers and diets that are high in fibre, fish and vegetables (Kaushik
et al., 2008; King, 2005; Kris-Etherton et al., 2002; Macready et al., 2014; Stone, 1996).
As previous calibre research in adult populations has consistently reported that an increase
in systemic inflammatory markers have been associated with wider venular calibre, the
researcher hypothesises that the unfavourable retinal microvascular finding in the current
study may be partly explained by the relationship between diet quality and systemic
inflammatory processes (C. Cheung et al., 2011; N. Cheung et al., 2006; Ikram et al., 2004;
T. Wong, Islam, & Klein, 2006).
Although PCA has been proven to have good validity and reproducibility when applied to
food frequency questionnaire data, the sample size (n=83) within study 3 may be seen as a
potential limitation, as in smaller samples, correlation coefficients among variables are less
reliable and do not generalise as well as larger samples (Hu & Willett, 2002). However, it
has been suggested that smaller sample sizes are sufficient if components have high loading
marker variables (≥0.6) (Pallant, 2011). This was evident in the reported analysis, with all
three extracted components containing such high loading variables.
The outcomes of this study provide the first evidence for a diet-calibre relationship in
children and adolescents with type 1 diabetes. These results are not in agreement with Lim
(2009) who hypothesised a possible cumulative relationship between diet on retinal
vasculature with the association only becoming evident later in life. These novel findings
support the premise that the vascular-protective influence of a higher quality diet may be
in part mediated through advantageous influences on retinal venules. This is in part likely
due to a corresponding and beneficial influence on biochemical activity, including the
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attenuation of inflammatory processes. As retinal venular widening has been clearly
implicated in diabetic retinopathy progression and several other microvascular
complications in diabetes populations (Crosby-Nwaobi et al., 2012; Islam et al., 2009;
Kifley, Wang, et al., 2007; R. Klein et al., 2007; R. Klein, Klein, Moss, et al., 2006; Tsai et
al., 2011) this finding may have important clinical implications.
In summary, these novel findings may have public health implications, as promotion of
healthy dietary intake patterns in children and adolescents could potentially protect against
changes in microvasculature that have been related to a reduced risk of cardio-vascular
related disease and retinopathy in adulthood (McGeechen et al., 2009; McGeechen et al.,
2008). As such, further longitudinal and intervention studies are warranted to investigate
the role dietary patterns play in retinal vascular calibre in children and adolescents with
type 1 diabetes.
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7.4 - Composite Model for Retinal Arteriolar Narrowing and Venular Widening

Based on the associations observed in studies 1, 2 and 3 between a variety pre-, peri- and
post-natal factors and retinal arteriolar and venular calibre, the researcher proposes a
biologically plausible model to suggest potential mediators of retinal arteriolar narrowing
(Figure 16) and venular widening (Figure 17) in this cohort of children and adolescents
with type 1 diabetes.
In this thesis, the researcher has identified nine factors associated with retinal arteriolar
narrowing in children and adolescents with type 1 diabetes (Figure 16). These are: age,
male gender, maternal smoking, longer screen viewing time, poorer lipid profile (higher
LDL and lower HDL), higher BMI, higher serum sodium, higher serum creatinine and
higher SBP.
In addition, the researcher has identified nine factors associated with retinal venular
widening in children and adolescents with type 1 diabetes (Figure 17). These are: age,
female gender, non-Caucasian ethnicity, dietary pattern low in vegetables and fish intakes,
lower physical activity levels, longer screen viewing time, higher HbA1c, higher BMI and
a poorer lipid profile (higher LDL and lower HDL).
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Key:
1 – Longer time spent playing computer/video games was associated with higher BMI (Table 42). This may be explained via adipose
tissue gain as a result of leading a sedentary lifestyle.
2 - Longer time spent playing computer/video games was associated with lower HDL cholesterol concentrations (Table 42). This
association may be mediated via a higher BMI as previous research has reported an inverse association between abdominal obesity and
HDL cholesterol (Mansfield et al., 1999).
3 - Higher serum total cholesterol concentrations were associated with higher BMI (Table 18 and 42). The potential pathway for this
association may be that individuals with a higher BMI may have a higher dietary intake of saturated and trans fats (Faheem et al., 2010).
4 - Longer screen viewing time was associated with narrower CRAE (Tables 39, 41 and 43).
5 - Higher BMI was associated with higher SBP (Tables 18 and 42). As proposed by Doll and co-workers (2002) the potential pathway
for this association may be that a higher BMI may result in increased cardiac output and blood volume and impaired vasodilation.
6 - Higher serum sodium was linked to higher SBP (Table 18). As proposed by Raff and co-workers (2012) a higher SBP may reflect
sodium retention and a consecutive increase in blood and extracellular volume. This association may also be partly mediated via dietary
salt intake as previous research reports a reduction in dietary sodium intake significantly lowers SBP in hypertensive and nonhypertensive individuals (Sacks et al., 2001).
7 - Higher SBP was linked to a higher serum creatinine concentration in the present study (Table 18 and Appendix 13). This association
may reflect the fact that the kidney is the main target of organ damage in individuals with high SBP and therefore a higher creatinine
level may be a by-product of systemic exposure to elevated blood pressure and an indicator of damage to blood vessels within the
kidney (Schillaci, Reboldi, & Verecchia, 2001).
8 - Higher SBP was associated with narrower CRAE in the present study (Tables 15, 17, 19, 21, 37 and 43). A potential pathway
proposed by Tso and co-workers (1982) suggests persistent elevation in blood pressure lead to retinal arteriolar narrowing through
intimal thickening, hyperplasia and hyalinization of the tunica media. An alternate pathway proposed by Mitchell and co-workers (2007)
current elevated blood pressure may initiate the process of auto-regulation through increased arteriolar tone and lead to subsequent
generalised arteriolar narrowing.

Figure 16. A model of proposed pathways for retinal arteriolar narrowing based on
associations from the present study.
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Key:
1 – Longer time spent playing computer/video games were associated with lower HDL cholesterol concentrations (Table 42). This association
may be mediated via a higher BMI as previous research has reported an inverse association between abdominal obesity and HDL cholesterol
(Mansfield, McPherson, & Koski, 1999).
2 – Longer time spent playing computer/video games were associated with higher BMI (Table 42). This may reflect adipose tissue gain as a
result of leading a sedentary lifestyle.
3 – Lower physical activity levels were associated with higher total cholesterol and lower HDL cholesterol concentrations (Table 20 and
Appendix 13). This is consistent with previous research reporting an inverse relationship between physical activity and HDL cholesterol (Vella,
Kravitz, & Janot, 2001).
4 – Lower physical activity levels were associated with higher BMI (Tables 20, 42 and Appendix 13). This may reflect adipose tissue gain as a
result of leading a less active lifestyle.
5 – Lower physical activity levels were associated with higher HbA1c (Table 20 and Appendix 13). As proposed by Tanasescu and co-workers
(2003) this association may be mediated via a lower rate of glucose uptake into skeletal muscles in response to physical inactivity.
6 – Longer screen viewing time was associated with wider CRVE (Table 41).
7 – Higher serum total cholesterol concentrations were associated with higher BMI (Table 20). The potential pathway for this association may be
that individuals who display a higher BMI also exhibit a higher dietary intake of saturated and trans fats (Faheem et al., 2010).
8 – Higher BMI was associated with higher HbA1c (Table 20 and Appendix 13). The potential pathway for this association may be via insulin
resistance and the possible clustering of other systemic risk factors such as poorer lipid profiles and higher SBP (Schwab et al., 2008).
9 – Lower physical activity levels were associated with wider CRVE (Tables 16, 20, 21, 38, and 40). As suggested by Tikellis and co-workers
(2010), it may be that lower physical activity levels are associated with an increase in systemic inflammatory markers and/or poorer endothelial
function which have been associated with venular dilation.
10 – A diet lower in vegetables and fish was associated with wider CRVE (Table 49). As suggested in previous research, potential pathways
behind this relationship may be a deterioration in systemic factors, increased oxidative stress, poorer endothelial dysfunction or higher systemic
inflammatory markers (Fung et al., 2005; J. Kim et al., 2011; King, 2005; Macready et al., 2014).
11 – Higher HbA1c, higher BMI and a poorer lipid profile were associated with wider CRVE in the present study (Tables 15, 17, 20 and 21). A
potential pathway proposed by Klein and co-workers (2006) proposes that higher levels of adipose tissue are associated with increased
concentrations of serum inflammatory markers which have been implicated in the development of wider venular calibre. An alternate pathway
proposed by Cheung and co-workers (2006) suggests that a higher BMI may produce the regulatory response of retinal venular dilation as a
result of a higher total blood volume.

Figure 17. A proposed model of pathways for retinal venular widening based on
associations in the present study.
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7.5 - Limitations
The limitations of the present study warrant consideration. Like much of the previous
research in this area, variations in pulsatility (the variability of blood velocity in a vessel
associated with peak systolic and minimum diastolic velocities) that have been estimated
to cause up to a 6% variation in retinal vessel diameters were not controlled for (George,
Wolbarsht, & Landers, 1990; Hill & Crabtree, 1984). However, as participants within this
study had retinal images taken at random times throughout the cardiac cycle, measurement
variability was likely random, thereby biasing results towards the null. Furthermore, as
previous research suggests that retinal vascular calibre may be influenced by genetics there
may be some residual confounding of the results in the current study by unmeasured genetic
factors. Therefore, this may be a limitation of this and many other calibre studies and may
explain some of the inconsistent findings between studies.
As many of the independent variables in this study were assessed by self-report, it is
possible that a more objective assessment of these factors may have influenced
associations with retinal vascular calibre. Furthermore, the utilisation of a food frequency
questionnaire (FFQ) for dietary intake may also be seen as a possible limitation. Caution
must be observed when using FFQ’s for dietary assessment purposes because the validity
for characterising absolute nutrient intakes and food groups has not been demonstrated in
previous research (Bingham et al., 1994; Schaefer et al., 2000). Furthermore, FFQ’s
typically overestimate intakes, so true intakes are likely to be lower than those estimated
(Watson et al., 2009). Despite this, Watson and co-workers (2009) evaluated
reproducibility and comparative validity of the ACAES FFQ using assisted food records
as the reference method. They found that when compared to assisted food records, the
ACAES demonstrated the ability to correctly classify participants into quintiles of intake.
Furthermore, when assessing validity and reliability they reported that the ACAES had
comparable results across a wide range of nutrients compared to other FFQ’s designed for
children and adolescents. In addition, utilisation of the Estimated Energy Requirement
(EER) from the Nutrient Reference Values for Australia and New Zealand, Executive
Summary confirmed that daily energy intakes were not overestimated in this cohort
(NHMRC, 2005e). Taking into consideration the mean age, height, weight and physical
activity level for male and female participants in this study the Nutrient Reference Values
for Australia and New Zealand, Executive Summary suggested that the EER for males
should be 11550kj/day and females 9850kj/day. These values are higher when compared
215

to the actual average daily energy intake of 9479kj found in the present study suggesting
overestimation of energy intake was unlikely. This finding supports the use of the ACAES
survey in this study for the assessment of dietary intake.
The utilisation of supine and SBP and DBP measurements may also be seen as a possible
limitation of the current study. The American Heart Association recommends that SBP and
DBP be measured in the seated position and this is reflected in the vast majority of previous
research in which blood pressure was the main focus (NHNES, 1999-2000). Despite this,
the NHMRC (NHMRC, 2004) recommends that in the clinical context measurement should
be performed in the standing and supine positions in individuals with diabetes as significant
postural effects on SBP may occur. A study by Krolewski (1985) highlighted this when
they observed orthostatic hypotension (a fall in SBP of > 30 mmHg) on standing in a
significant proportion of men and women with type 1 and 2 diabetes. Similarly, postural
hypotension has been shown to be an early clinical feature of diabetic autonomic
neuropathy (Ewing, Campbell, & Clarke, 1980).
In the general population there is a tendency for SBP and DBP to increase from the lying
to the sitting or standing positions (Beevers & Lip, 2001). Despite this, Netea (2003)
reported conflicting findings in that SBP and DBP was elevated in the supine position
compared to that of standing. However, perhaps the most consistent relationship reported
in the literature is that SBP and DBP readings in the sitting and supine position can be
considered equivalent if the arm is placed at heart level (ASH, 1992; Ramsay et al., 1999).
That is, the level of the right atrium. This suggests that arm position is a confounder of
blood pressure, and posture is unlikely to lead to significant error in measurement provided
the arm is supported in the correct position (Beevers & Lip, 2001). As all blood pressure
measurements in this study followed a standardised protocol (described in Chapter 5),
whereby arm position was supported at the level of the heart, it is envisaged that the
utilisation of SBP and DBP as an outcome measure in this study did not significantly
influence the findings of the present study.
The results of this study could be biased due to missing data, since 19% of eligible
participants were excluded due to retinal photographs that could not have retinal vascular
calibre measured. This may have contributed to the lower than anticipated prevalence of
diabetic retinopathy reported in this study. The reported diabetic retinopathy prevalence of
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2.3% in the present study is significantly lower than that reported in recent Australian
research in similar cohorts of participants (12%) (Downie et al., 2011; Eppens et al., 2006;
Moshin et al., 2005). However, it must be noted that these studies utilised the gold standard
in diabetic retinopathy screening, i.e. stereoscopic colour fundus photographs in the seven
standard fields so the difference in imaging protocols may have contributed to a lower
prevalence of diabetic retinopathy in the present study. However, it is worth noting that
retinal photographs of the seven standard fields are rarely utilised in clinical practice. As
this study involved auditing much of the data from a hospital-based clinical environment,
the retinal imaging protocol was beyond the researcher’s control. Consequently, as single
45-degree retinal images were available, the sensitivity for detection of diabetic retinopathy
could have been considerably reduced. The literature reports that the sensitivity for
detection of diabetic retinopathy using a single-field 45-degree fundus photograph ranges
from 38-100% sensitivity when compared to the gold standard of 7 fields or dilated
ophthalmoscopy by an ophthalmologist (Williams et al., 2004). Although there is a
possibility that early peripheral signs of diabetic retinopathy may have failed to be
diagnosed in some participants due to the decreased field size evaluated, the fact that an
ophthalmologist was responsible for the examination and diagnosis of diabetic retinopathy
from the retinal images is a strength of the current study.

Moreover, although best efforts were made in this study to control for all confounders of
retinal vascular calibre, the influence of other unmeasured lifestyle and social confounders
cannot be ruled out. Lastly, as study 1 and 3 utilised a cross-sectional design causality
cannot be inferred from the observed associations. This highlights the need for additional
longitudinal research in order to provide further insights into the significance of these
observations.
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7.6 - Concluding Comments, Study Implications and Future Research
Vascular disease is a dominant cause of morbidity and mortality globally. In addition to
macrovascular complications, individuals with type 1 diabetes have a significant lifetime
risk of developing microvascular complications, including retinopathy and nephropathy.
The measurement of retinal vascular calibre provides direct in vivo observation of the
body’s microvascular system. As such, this study employed retinal vascular calibre
measurements as a tool to investigate early life associations with adverse calibre profiles in
children and adolescents with type 1 diabetes.
The results of study 1 shed further light on the large gap in current knowledge posed in
hypothesis 1 regarding the identification of potential mediators involved in the complex
multifactorial pathways that determine retinal vessel calibre in children and adolescents
with type 1 diabetes. These results support the findings demonstrated by many previous
researchers while also identifying novel associations of retinal vascular calibre. Based on
the associations observed in study 1, 2 and 3 between a variety pre-, peri- and post-natal
factors and retinal arteriolar and venular calibre, the researcher proposes a biologically
plausible model to suggest potential mediators of retinal arteriolar narrowing and venular
widening in children and adolescents with type 1 diabetes. The outcomes of the present
study support the notion that retinal arteriolar and venular calibres appear to reflect different
mediating pathways. That is, variation in arteriolar calibre appears to be more strongly
related to blood pressure and to a lesser extent the possible direct and indirect influences of
BMI and serum sodium, cholesterol and creatinine concentrations. In contrast, retinal
venular calibre appears to be more strongly associated with obesity in association with a
possible direct and indirect influence of physical activity levels, diet, lipid profile
concentrations and HbA1c. Despite this, prospective and/or intervention studies are
required to determine whether the observed associations are involved in the causal pathway
for an adverse retinal vascular calibre profile.
The outcomes from the present study do not support hypothesis 2 (a) that postulated that
participants with wider retinal arteriolar calibre will be more likely to show signs of incident
diabetic retinopathy after adjusting for other confounders of retinal vascular calibre. On the
contrary, retinopathy presence was related to narrower retinal arteriolar calibre. Therefore,
the results of the present study do not support the growing evidence that retinal vascular
calibre provides additional prognostic information for early retinopathy development or
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that arteriolar dilation plays an important role in the pathogenesis of developing diabetic
retinopathy in type 1 diabetes. However, due to the lower than expected prevalence of
diabetic retinopathy revealed in the current study the calibre-retinopathy results must be
viewed with caution. Nonetheless, the retinopathy results from the present study provide
novel evidence that a higher BMI and lower serum HDL concentration, in addition to the
well-established retinopathy risk factors, may be implicated in the pathogeneses of diabetic
retinopathy in children and adolescents with type 1 diabetes.
The results of the current study support hypothesis 2 (b) that proposed that retinal vascular
calibre will share similar associations with the renal microcirculation in children and
adolescents with type 1 diabetes. This is evident given the finding that displaying an
abnormal eGFR was associated with retinal arteriolar narrowing in the presence of exposure
to several cardiovascular risk factors. Furthermore, the finding that an abnormal eGFR was
related to the presence of diabetic retinopathy further indicates that common systemic
microvascular processes may be responsible for the development of pathology in the kidney
and eye. However, perhaps most importantly, the finding of retinal arteriole narrowing in
individuals with microalbuminuria may be of relevance as it highlights that retinal
microvascular changes may precede a decline in kidney function independent of known
risk factors. If supported in future longitudinal studies and clinical calibre cut-offs were
determined for specific populations, these findings support the evaluation of kidney
function in individuals with retinal arteriolar narrowing for detection of individuals at a
high risk of developing nephropathy.
The outcomes of this study support hypothesis 3 (a & b) that children and adolescents with
type 1 diabetes who are physically inactive and/or exhibit unhealthy dietary patterns will
show an adverse retinal microvascular profile. In particular, this body of work proposes
that exposure to modifiable risk factors such as physical inactivity/sedentary behaviours
may affect systemic physiology, which is reflected in microvascular structure.
Additionally, this study identified a dietary pattern characterised largely by a low intake of
vegetables and fish that predicted an increased risk of retinal venular widening in the subset
of participants who completed the ACAES. As previous research has reported retinal
arteriolar narrowing and/or venular widening may predict subsequent cardiovascular
disease, these findings may have implications for cardiovascular disease preventative
action early in life. That is, encouragement of physical activity and healthy eating patterns
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may be the best strategy for reducing the risk of microvascular and later macrovascular
complications. Furthermore, these findings support the potential value of analysing
microcirculation in children and adolescents with type 1 diabetes as it may provide
additional information for future cardiovascular risk prediction.
Whilst the results of this study answered several questions, several other questions were
raised. The novel findings of a diet-calibre relationship needs to be repeated in larger
cohorts of type 1 diabetic and non-diabetic populations before any significant inferences
can be drawn. Longitudinal and intervention studies would be necessary to determine if
adverse retinal vascular calibre changes can be prevented and/or reversed through various
dietary and physical activity based interventions.
The predictive value of retinal vascular calibre for various micro- and macro-vascular
diseases associated with type 1 diabetes also needs further investigation. Although the
current study and previous research show strong links between retinal vascular calibre and
various micro-vascular complications of diabetes, no evidence exists as to whether
detection of these changes actually provides additional predictive value above traditional
screening methods. By incorporating retinal vascular calibre measures into traditional
screening protocols for diabetes-related vascular complications such as retinopathy and
nephropathy, the value of calibre in improving risk prediction could be evaluated.
Furthermore, in order to provide prognostic information and to evaluate clinical
implications, retinal vascular calibre reference values need to be established according to
disease status, gender and ethnicity, as well as the other confounding variables identified
within this study.
In summary, in a cohort of Australian children and adolescents with type 1 diabetes,
associations between a variety of factors and retinal arteriolar calibre and renal function,
independent of established risk factors were observed. Furthermore, in light of the findings
from the present study regarding the various systemic, environmental and lifestyle factors
associated with retinal vascular calibre, models were developed to highlight the
associations with narrower retinal arterioles and wider retinal venules. Perhaps most
importantly, this study revealed that exposure to modifiable risk factors may be related to
microvasculature, and this has possible implications for vascular disease preventative
action early in life.
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Appendix 3 - Maternal Questionnaire

Questionnaire 1
To be completed by the participants mother
I have received information regarding this research and had an opportunity to ask questions. I believe I understand the
purpose, extent and possible risks of my involvement in this project and I voluntarily consent to take part

Highest completed level of education:
Less than high school graduate

High school graduate

Post high school technical training

Degree or higher

Marital status:
First marriage

Subsequent marriage/s

Previously married

Never married

Number of children living in the family home (under 16 years old):
None

1

2

3

More than 4

What was your Country of Birth?

___________________

What was your age at pregnancy?

___________________ years old

What was your pre-pregnancy weight? ___________________ Kilograms (kg’s)
What is your height?

___________________ Centimetres (cm’s)

Did you smoke in the last trimester of pregnancy?

YES/NO

(please circle correct response)

Did you have gestational diabetes?

YES/NO

(please circle correct response)

What was the duration of your pregnancy (your child’s birth term)?
What was your child’s birth weight?

______ (kg’s or pounds)
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______ weeks

Duration of breast feeding:
0 – 3 months

3 – 6 months

Longer than 6 months

Was liquid cow’s milk given during the first 12 months? YES/NO

(please circle correct response)

What age were solid foods introduced (age of weaning)?

______ months

What age were foods of a lumpy texture introduced?

______ months

Approximately how many hours of physical activity did your child undertake at school last week?
______ hour/s (please write ‘0’ if no physical activity or ‘<1’ if less than 1 hour was completed)
Approximately how many hours of physical activity did your child undertake at organised sports outside of school
last week?
______ hour/s (please write ‘0’ if no physical activity or ‘<1’ if less than 1 hour was completed)
Approximately how many hours of physical activity did your child undertake during leisure time last week?
______ hour/s (please write ‘0’ if no physical activity or ‘<1’ if less than 1 hour was completed)

239

Appendix 4 - Participant Information Statement (under 12 years)

HREC Project Number:

33019 A

Research Project Title:

Retinal vascular changes in children and adolescents with diabetes

Principal Researcher:

Dr Connie Koklanis, Chief Orthoptist, Department of Ophthalmology

Version Number:

3

Version Date:

02/07/2013

Dear Parent/Guardian,

Children and adolescence with type 1 diabetes have an increased risk of vision problems over their lifetime.
Eye problems usually occur due to the development of diabetic retinopathy, a complication of diabetes that
results in leaking of the blood vessels at the back of the eye. Early identification of high risk patients is critical
to prevent vision loss.
There is evidence that measurement of the diameter of retinal blood vessels may provide important
information regarding the risk of diabetes related eye problems. This study aims to examine the effect that
various nutrients have on the blood vessels at the back of eye which may be related to the development of
diabetic retinopathy in these children.
This is an unfunded project that is being performed as part of a Masters degree.
We would like you, on behalf of your child, to take part in our project by completing two Questionnaire’s at
today’s appointment. Questionnaire 1 asks questions about your child’s birth, early life and physical activity
levels. This will take approximately 5 minutes to complete and is to be completed by the child’s mother. The
second questionnaire will take about 20 minutes and is to be completed by the child’s parent or guardian.
This is a food survey that relates to your child’s diet - i.e. when it states ‘you’ it means ‘your child’.
As part of this project we will also access your child’s medical records to obtain information about recent
vision and blood tests your child has undertaken.
We do not expect that there will be any direct benefit to your child, however, we hope that the information
we gather will help give us some answers about diabetes related eye problems and therefore may help
children in the future.
We have been careful to make sure that the questions in the questionnaire do not cause you or your child
any distress. However, if you feel anxious about any of the questions you do not need to answer them. The
only inconvenience is the time that is required to complete the survey.
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All information collected for this research will remain confidential. We can disclose the information only with
your permission, except as required by law.
All information will be stored securely within the Dietetics Department at The Royal Children’s Hospital
(RCH), Melbourne.
The following people may access information collected in this project:
 The research team involved in the project
 The RCH Human Research Ethics Committee
The information collected will be de-identified, meaning that we will remove your child’s name and give the
information a special code number that only the principle and associate investigator will have access to. This
will ascertain that all data relating to your child will be re-identifiable.
We will keep the information obtained during this project until the youngest participant turns 25 years old.
In accordance with relevant Australian and/or Victorian privacy and other relevant laws, you have the right
to access and correct the information we collect and store about your child. Please contact us if you would
like to access the information.
When we write or talk about the results of this project, information will be provided in such a way that your
child cannot be identified.
Participation in this project is voluntary. You do not have to take part in the project and you can withdraw
from the project at anytime, without giving a reason. We will not use any of your child’s information if you
withdraw. If your child does not take part, or withdraws, it will not affect access to the best available
treatment options and care at the RCH.
We hope that you will take part. If you agree to take part please complete the attached questionnaire making
sure that you sign the consent form attached to this page. Participants will be sent a thank you letter and a
summary of the findings at the completion of the project. If you have any questions or would like any further
information about this project, please call Stuart on 0400597884.

Yours sincerely,
Principle Investigator
Dr Connie Koklanis
Chief Orthoptist
Ophthalmology Department

Associate investigator
Mr Stuart Keel
Research Student
La Trobe University

If you have any concerns and/or complaints about the project, the way it is being conducted or your child’s
rights as a research participant, and would like to speak to someone independent of the project, please
contact:
Director, Research Development & Ethics, The Royal Children’s Hospital on telephone: (03) 9345 5044.
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CONSENT FORM









HREC Project Number:

33019 A

Research Project Title:

Retinal vascular changes in children and adolescents with diabetes

Version Number:

3

Version Date:

02/07/2013

I have read, or had read to me in my first language, the information statement version listed above and I
understand its contents.
I believe I understand the purpose, extent and possible risks of my child’s involvement in this project.
I voluntarily consent for my child to take part in this research project.
I have had an opportunity to ask questions and I am satisfied with the answers I have received.
I understand that this project has been approved by The Royal Children’s Hospital Melbourne Human Research
Ethics Committee and will be carried out in line with the National Statement on Ethical Conduct in Human
Research (2007).
I understand I will receive a copy of this Information Statement and Consent Form.

Child’s Name

Parent/Guardian Name

Parent/Guardian Signature

Date

Declaration by researcher: I have supplied an Information Statement and Consent Form to the parent/guardian who
has signed above, and believe that they understand the purpose, extent and possible risks of their child’s involvement
in this project.

Research Team Member Name

Research Team Member Signature

Note: All parties signing the Consent Form must date their own signature.
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Date

Appendix 5 - Participant Information Statement (over 12 years)

HREC Project Number:

33019 A

Research Project Title:

Retinal vascular changes in children and adolescents with diabetes

Principal Researcher:

Dr Connie Koklanis, Chief Orthoptist, Department of Ophthalmology

Version Number:

2

Version Date:

02/07/2013

Dear Patient,

Children and adolescence with type 1 diabetes have an increased risk of vision problems over their lifetime.
Eye problems usually occur due to the development of diabetic retinopathy, a complication of diabetes that
results in leaking of the blood vessels at the back of the eye. Early identification of high risk patients is critical
to prevent vision loss.
There is evidence that measurement of the diameter of retinal blood vessels may provide important
information regarding the risk of diabetes related eye problems. This study aims to examine the effect that
various nutrients have on the blood vessels at the back of eye which may be related to the development of
diabetic retinopathy in these children.
This is an unfunded project that is being performed as part of a Masters degree.
We would like you and your parent/guardian, to take part in our project by completing two Questionnaire’s
at today’s appointment. Questionnaire 1 asks questions about your birth, early life and physical activity
levels. This will take approximately 5 minutes to complete and is to be completed by your mother. The
second questionnaire, which will take about 20 minutes to complete, is a food survey and asks questions
about your diet. This questionnaire can be completed by you or your parent/guardian on your behalf (Please
note: If the food survey is being filled in by the parent or guardian, when it states ‘you’ it means ‘your child’,
as all questions relate to the participants diet).
As part of this project we will also access your medical records to obtain information about recent vision and
blood tests you have undertaken.
We do not expect that there will be any direct benefit to you, however, we hope that the information we
gather will help give us some answers about diabetes related eye problems and therefore may help children
and adolescence in the future.
We have been careful to make sure that the questions in the questionnaire do not cause you or your mother
any distress. However, if you feel anxious about any of the questions you do not need to answer them. The
only inconvenience is the time that is required to complete the survey.
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All information collected for this research will remain confidential. We can disclose the information only with
your permission, except as required by law.
All information will be stored securely within the Dietetics Department at The Royal Children’s Hospital
(RCH), Melbourne.
The following people may access information collected in this project:
 The research team involved in the project
 The RCH Human Research Ethics Committee
The information collected will be de-identified, meaning that we will remove your name and give the
information a special code number that only the principle and associate investigator will have access to. This
will ascertain that all data relating to you will be re-identifiable.
We will keep the information obtained during this project until the youngest participant turns 25 years old.
In accordance with relevant Australian and/or Victorian privacy and other relevant laws, you have the right
to access and correct the information we collect and store about you. Please contact us if you would like to
access the information.
When we write or talk about the results of this project, information will be provided in such a way that you
cannot be identified.
Participation in this project is voluntary. You do not have to take part in the project and you can withdraw
from the project at anytime, without giving a reason. We will not use any of your information if you
withdraw. If you do not take part, or withdraw, it will not affect access to the best available treatment
options and care at the RCH.
We hope that you will take part. If you agree to take part please complete the attached questionnaire making
sure that you sign the consent form attached to this page. Participants will be sent a thank you letter and a
summary of the findings at the completion of the project. If you have any questions or would like any further
information about this project, please call Stuart on 0400597884.

Yours sincerely,
Principle Investigator
Dr Connie Koklanis
Chief Orthoptist
Ophthalmology Department

Associate investigator
Mr Stuart Keel
Research Student
La Trobe University

If you have any concerns and/or complaints about the project, the way it is being conducted or your child’s
rights as a research participant, and would like to speak to someone independent of the project, please
contact:
Director, Research Development & Ethics, The Royal Children’s Hospital on telephone: (03) 9345 504
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Appendix 6 - Supplementary serving size information
Food Group
Vegetables and
legumes/ beans

Standard serving sizes
 75g (1/2 cup) cooked green or Brassica or cruciferous vegetables
 75g (1/2 cup) cooked orange vegetables
 75g (1/2 cup) cooked dried or canned beans, chickpeas or lentils, no
added salt
 75g (1 cup) raw green leafy vegetables
 75g starchy vegetables (e.g. 1 small or 1/2 medium potato, or
equivalent of sweet potato, taro, sweet corn or cassava)
 75g other vegetables e.g. 1 small–medium tomato

Fruit







150g (1 piece) of medium-sized fruit e.g. apple, banana, orange, pear
150g (2 pieces) of small fruit e.g. apricots, kiwi fruit, plums
150g (1 cup) diced, cooked or canned fruit*
125mL (1/2 cup) 100% fruit juice ^
30g dried fruit*,^ e.g. 4 dried apricot halves, 1½ tablespoons of
sultanas

Grain (cereal) foods, mostly
wholegrain, such as breads,
cereals, rice, pasta, noodles,
polenta, couscous, oats,
quinoa and barley





1 slice of bread or 1/2 a medium roll or flat bread (about 40g)
1/2 cup cooked rice, pasta, noodles
1/2 cup cooked porridge or polenta 2/3 cup breakfast cereal flakes
(30g) or 1/4 cup muesli (30g)
3 crisp breads
1 crumpet (60g) or 1 small English muffin or scone (35g)
1/2 cup cooked barley, buckwheat, semolina, cornmeal, quinoa
1/4 cup flour

Lean meat and poultry, fish,
eggs, nuts and seeds, and
legumes/ beans











65g cooked lean red meats (e.g. beef, lamb, pork, venison or
kangaroo) or 1/2 cup of lean
mince, 2 small chops, 2 slices of roast meat (about 90 – 100g raw
weight)
80g cooked poultry (about 100g raw weight) e.g. chicken, turkey
100g cooked fish fillet (about 115g raw weight) or 1 small can of fish,
no added salt, not in brine
2 large eggs (120g)
1 cup (170g) cooked dried beans, lentils, chickpeas, split peas, or
canned beans
170g tofu
30g nuts or seeds or nut/seed paste, no added salt^







250mL (1 cup) milk – fresh, UHT long life or reconstituted dried
125mL (1/2 cup) evaporated unsweetened milk
200g (3/4 cup or 1 small carton) yoghurt
40g (2 slices, or 4x3x2cm piece) hard cheese (e.g. cheddar)
120g ricotta cheese







Milk, yoghurt, cheese
and/or
alternatives

Adapted from: The Australian Guide To Healthy Eating, eatforhealth.gov.au
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Appendix 7 - Sample size calculations

Sample size to detect a significant difference between two means

Inputs
Mean 1
Variance 1
Mean 2
Variance 2
Confidence level
Power
Ratio of sample sizes (n2/n1)
Tails

206.5
18.4
200.2
16.5
0.95
0.8
1
2

Results
Sample size
7
7
14

Sample size 1 (n1):
Sample size 2 (n2):
Total sample size (both groups):

Sample size calculations were based on results from Alibrahim et al. (2006) study
‘Retinal vascular caliber and risk of retinopathy in young patients with type 1 diabetes’.
References:
Sergeant, ESG, 2014. Epitools epidemiological calculators. AusVet Animal Health
Services and Australian Biosecurity Cooperative Research Centre for Emerging
Infectious Disease. Available at: http://epitools.ausvet.com.au
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Appendix 8 - List of normally and not normally distributed variables according to
Kolmogorov-Smirnov statistic

Normally Distributed
(Kolmogorov-Smirnov significance statistic)
Urea (0.200)
Lying Systolic Blood Pressure (0.200)
Standing Systolic Blood Pressure (0.078)
CRAE (ave) (0.200)
CRVE (ave) (0.200)
AVR (ave) (0.081)

Not Normally Distributed
(Kolmogorov-Smirnov significance statistic)
Physical activity level (0.000)
Sodium (0.000)
Potassium (0.000)
Chloride (0.000)
Creatinine (0.000)
Total Cholesterol (0.000)
LDL Cholesterol (0.000)
HDL Cholesterol (0.011)
Triglycerides (0.000)
Urinary Albumin (0.000)
Urinary Creatinine (0.000)
ACR (0.000)
HbA1c (initial) (0.000)
HbA1c (current) (0.000)
Lying Diastolic Blood Pressure (0.000)
Standing Diastolic Blood Pressure (0.024)
BMI (0.000)
Duration of diabetes (0.000)
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Appendix 9 - Correlations between right and left eyes for CRVE (a) and CRAE (b)

(a)

(b)
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Appendix 10 - Complete PCA for CRAE ( Table a) & CRVE (Table b)
Table a. Complete PCA of CRAE (n = 205).

Component
1

2

3

Creatinine (µmol/L)

0.82

0.02

-0.13

Age (years)

0.79

-0.13

0.19

Lying SBP (mmHg)

0.68

0.12

0.13

Abnormal eGFR (<59 ml/min)

0.56

-0.02

0.03

0.56

-0.20

0.54

HDL Cholesterol (mmol/L)

-0.39

0.07

0.09

Duration of Diabetes (years)

0.32

0.01

-0.00

CRAE (µm)

-0.30

-0.21

0.03

Chloride (mEq/L)

-0.07

-0.72

-0.24

Sodium (mEq/L)

0.36

-0.68

-0.22

-0.02

0.50

-0.04

Urea (mmol/L)

0.00

0.49

-0.19

Gender (female)

-0.33

-0.37

0.31

Non Caucasian/European*

-0.07

-0.24

0.14

Total Cholesterol (mmol/L)

-0.02

0.11

0.64

HbA1c (Most Recent Value)

0.01

0.50

0.54

-0.21

0.14

-0.48

Triglyceride (mmol/L)

0.01

0.27

0.48

SES (higher)^

0.01

0.04

-0.35

BMI

(kg/m2)

Potassium (mEq/L)

Physical Activity Level (Clinician)

BMI = Body mass index; SBP = Systolic blood pressure; HDL = High density lipoproteins
kg/m2 = kilograms/metres2; mmHg = millimetres of mercury; mmol/L = millimoles per litre; mEq/L =
milliequivalentss per litre; µmol/L = micromoles per litre; mg/g = milligrams per gram; mL/min =
millilitres per minute; µm = micrometres.
^SES = Socio-economic status as determined using Socio-Economic Indexes for Areas
*Non-Caucasian; South-East Asian, African, Middle Eastern, Melanesian/Polynesian, Indigenous
Australian (parent’s country of birth).
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Table b. Complete PCA of CRVE (n = 205).

Component
1

2

3

Age into Study (years)

0.81

-0.09

0.15

Creatinine (µmol/L)

0.81

0.02

-0.16

Lying SBP (mmHg)

0.67

0.12

0.05

BMI (kg/m )

0.59

-0.14

0.50

Abnormal eGFR (<59 ml/min)

0.57

-0.01

0.03

HDL Cholesterol (mmol/L)

-0.39

0.06

0.14

Duration of Diabetes (years)

0.32

0.02

0.02

Chloride (mEq/L)

-0.11

-0.76

-0.15

Sodium (mEq/L)

0.34

-0.71

-0.15

HbA1c (Most Recent Value)

0.04

0.56

0.47

Potassium (mEq/L)

-0.03

0.48

-0.07

Urea (mmol/L)

-0.01

0.47

-0.22

Non Caucasian/European*

-0.04

-0.19

0.13

Total Cholesterol (mmol/L)

0.01

0.17

0.66

Physical Activity Level (Clinician)

-0.24

0.08

-0.47

CRVE (µm)

-0.13

-0.11

0.45

0.04

0.33

0.40

Gender (female)

-0.29

-0.32

0.39

SES (higher)^

-0.02

-0.01

-0.31

2

Triglyceride (mmol/L)

BMI = Body mass index; SBP = Systolic blood pressure; HDL = High density lipoproteins
kg/m2 = kilograms/metres2; mmHg = millimetres of mercury; mmol/L = millimoles per litre; mEq/L =
milliequivalentss per litre; µmol/L = micromoles per litre; mg/g = milligrams per gram; mL/min =
millilitres per minute; µm = micrometres.
^SES = Socio-economic status as determined using Socio-Economic Indexes for Areas
*Non-Caucasian; South-East Asian, African, Middle Eastern, Melanesian/Polynesian, Indigenous Australian
(parent’s country of birth).
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Appendix 11 - PCA pattern matrix when missing values were replaced with mean
values (n = 483)

Component
1

2

Age of Entry (years)

0.80

Creatinine (µmol/L)

0.76

Lying SBP (mm/Hg)

0.67

BMI

(kg/m2)

3

-0.20

0.58

Abnormal eGFR (<59 ml/min)

0.56

HDL Cholesterol (mmol/L)

-0.34

Duration of Diabetes (years)

0.31

CRAE (µm)

0.49

-0.21

Sodium (mEq/L)

0.21

Chloride (mEq/L)

-0.75
-0.75

Potassium (mEq/L)

0.52

HbA1c (%)

0.48

Total Cholesterol (mmol/L)

0.47

0.47

Triglyceride (mmol/L)

0.46

0.28

Gender (female)

0.55

Physical Activity Level

-0.20

Urea (mmol/L)

-0.46
0.26

-0.46

Non Caucasion/European*

0.35

SES (higher)^

-0.29

BMI = Body mass index; SBP = Systolic blood pressure; HDL
= High density lipoproteins;
kg/m2 = kilograms/metres2; mmHg = millimetres of mercury;
mmol/L = millimoles per litre; mEq/L = milliequivalents per
litre; µmol/L = micromolar per litre; mg/g = milligrams per
gram; mL/min = millilitres per minute; µm = micrometres.
^SES = Socio-economic status as determined using SocioEconomic Indexes for Areas
*Non-Caucasian; South-East Asian, African, Middle Eastern,
Melanesian/Polynesian, Indigenous Australian.
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Appendix 12 - Linear regression results of the key demographic variables in the prediction of CRAE, CRVE and AVR (n = 483)

Age
Female
Non-Caucasian
Pubertal Status

CRAE
Exp B
(95%CI for B)
-0.28 (2.58/7.06)
4.82 (-3.35/4.43)
0.51 (-0.67/0.12)
0.19 (-2.71/3.08)

p value

CRVE
Exp B
(95%CI for B)

0.170
<0.0001
0.795
0.900

7.40 (-0.47/0.60)
6.19 (4.37/10.44)
0.07 (0.95/11.42)
1.43 (-1.90/4.96)

p value

AVR
Exp B
(95%CI for B)

p
value

0.813
<0.0001
0.021
0.399

-0.001 (-0.00/0.00)
-0.002 (-0.01/0.01)
-0.02 (-0.03/0.00)
-0.04 (-0.02/0.01)

0.049
0.623
0.039
0.529

252

Appendix 13 - Correlation matrix for variables associated with CRAE and CRVE
CRAE
Correlations
Creatinine

.389**

.332**

.

.177

.000

.000

370

354

348

367

-.072

1.000

.051

.229**

Sig. (2-tailed)

.177

.

.297

.000

N

354

455

425

436

.389**

.051

1.000

.336**

Sig. (2-tailed)

.000

.297

.

.000

N

348

425

450

436

**

**

**

1.000

Sig. (2-tailed)

Correlation Coefficient

Correlation Coefficient
SBP

Correlation Coefficient
BMI

BMI

-.072

N

Total Cholesterol

SBP

1.000

Correlation Coefficient
Creatinine

Total Cholesterol

.332

.229

.336

Sig. (2-tailed)

.000

.000

.000

.

N

367

436

436

462

CRVE
Correlations
Total

BMI

HbA1c

Physical Activity Triglyceride

Cholesterol
1.000

.229**

.214**

-.111*

.261**

.

.000

.000

.029

.000

455

436

453

391

455

.229**

1.000

.143**

-.309**

.160**

Sig. (2-tailed)

.000

.

.002

.000

.001

N

436

462

460

407

436

**

**

1.000

-.095

.225**

Correlation Coefficient
Total Cholesterol

Sig. (2-tailed)
N
Correlation Coefficient

BMI

Correlation Coefficient
HbA1c

Level

.143

.000

.002

.

.053

.000

N

453

460

478

413

453

-.111*

-.309**

-.095

1.000

-.037

Sig. (2-tailed)

.029

.000

.053

.

.468

N

391

407

413

415

391

**

**

**

-.037

1.000

Correlation Coefficient
Triglyceride

.214

Sig. (2-tailed)

Correlation Coefficient
Physical Activity

Level

.261

.160

.225

Sig. (2-tailed)

.000

.001

.000

.468

.

N

455

436

453

391

455
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Appendix 14 - Complete PCA Pattern Matrix for CRAE (a) and CRVE (b) with
Diabetic Retinopathy Status Included
Table a. Complete PCA of CRAE and the introduction of retinopathy status (n = 483)

Component
1

2

3

Age (years)

0.80

-0.06

0.14

Creatinine (µmol/L)

0.76

-0.07

-0.19

Lying SBP (mmHg)

0.67

0.04

-0.01

BMI (kg/m )

0.59

0.06

0.51

Abnormal eGFR (<59 ml/min)

0.56

0.00

0.01

HDL Cholesterol (mmol/L)

-0.35

0.17

-0.02

Duration of Diabetes (years)

0.32

0.08

0.01

-0.22

-0.06

0.12

Retinopathy presence

0.21

0.02

-0.03

Sodium (mEq/L)

0.22

-0.76

0.12

Chloride (mEq/L)

-0.05

-0.75

0.18

Potassium (mEq/L)

-0.06

0.52

-0.17

HbA1c (%)

0.11

0.48

0.17

Triglyceride (mmol/L)

0.07

0.46

0.29

-0.17

-0.06

0.56

0.02

0.47

0.48

-0.19

0.00

-0.48

0.05

0.27

-0.46

Non Caucasian/European*

-0.10

-0.06

0.35

SES (higher)^

-0.02

-0.14

-0.31

2

CRAE (µm)

Gender (female)
Total Cholesterol (mmol/L)
Physical Activity Level (clinician)
Urea (mmol/L)

BMI = Body mass index; SBP = Systolic blood pressure; HDL = High density lipoproteins;
kg/m2 = kilograms/metres2; mmHg = millimetres of mercury; mmol/L = millimoles per litre; mEq/L =
milliequivalents per litre; µmol/L = micromoles per litre; mg/g = milligrams per gram; mL/min =
millilitres per minute; µm = micrometres.
^SES = Socio-economic status as determined using Socio-Economic Indexes for Areas
*Non-Caucasian; South-East Asian, African, Middle Eastern, Melanesian/Polynesian, Indigenous
Australian (parent’s country of birth).
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Table b. PCA of CRVE and the introduction of retinopathy status (n = 483)

Component
1

2

3

Age (years)

0.81

-0.05

0.11

Creatinine (µmol/L)

0.76

-0.04

-0.20

Lying SBP (mmHg)

0.65

0.04

-0.03

BMI (kg/m )

0.58

0.04

0.48

Abnormal eGFR (<59 ml/min)

0.57

0.02

0.01

HDL Cholesterol (mmol/L)

-0.36

0.16

0.00

Duration of Diabetes (years)

0.33

0.09

0.04

Retinopathy presence

0.22

0.03

-0.04

Chloride (mEq/L)

-0.06

-0.76

0.16

Sodium (mEq/L)

0.22

-0.76

0.09

-0.06

0.53

-0.15

HbA1c (%)

0.11

0.47

0.18

Triglyceride (mmol/L)

0.07

0.44

0.29

Gender (female)

-0.17

-0.09

0.55

CRVE (µm)

-0.03

0.05

0.54

0.01

0.44

0.49

-0.18

0.02

-0.45

0.06

0.29

-0.42

Non Caucasian/European*

-0.11

-0.08

0.35

SES (higher)^

-0.01

-0.12

-0.30

2

Potassium (mEq/L)

Total Cholesterol (mmol/L)
Physical Activity Level (clinician)
Urea (mmol/L)

BMI = Body mass index; SBP = Systolic blood pressure; HDL = High density lipoproteins;
kg/m2 = kilograms/metres2; mmHg = millimetres of mercury; mmol/L = millimoles per litre; mEq/L =
milliequivalents per litre; µmol/L = micromoles per litre; mg/g = milligrams per gram; mL/min =
millilitres per minute; µm = micrometres.
^SES = Socio-economic status as determined using Socio-Economic Indexes for Areas
*Non-Caucasian; South-East Asian, African, Middle Eastern, Melanesian/Polynesian, Indigenous
Australian (parent’s country of birth).
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Appendix 15 - Complete PCA Pattern Matrix for CRAE (a) and CRVE (b) with
Microalbuminuria Status Included
Table a. Complete PCA of CRAE with introduction of microalbuminuria status (n = 369)

Component
1

2

3

4

Age (years)

0.82

-0.04

-0.05

0.10

Creatinine (µmol/L)

0.75

-0.05

-0.25

-0.14

Lying SBP (mmHg)

0.68

0.07

0.04

-0.27

BMI (kg/m )

0.63

0.08

0.34

0.24

Duration of Diabetes (years)

0.36

0.07

-0.27

0.20

HDL Cholesterol (mmol/L)

-0.31

0.16

-0.12

0.34

Chloride (mEq/L)

-0.03

-0.75

0.16

0.09

Sodium (mEq/L)

0.25

-0.74

0.08

0.04

HbA1c (%)

0.11

0.56

0.17

0.02

-0.06

0.51

-0.14

-0.08

Total Cholesterol (mmol/L)

0.07

0.48

0.30

0.39

Triglyceride (mmol/L)

0.08

0.48

0.28

0.09

Physical Activity Level (clinician)

-0.20

-0.02

-0.53

0.01

Non Caucasian/European*

-0.14

-0.05

0.52

-0.13

SES (higher)

0.02

-0.15

-0.45

0.11

Urea (mmol/L)

0.05

0.26

-0.44

-0.18

Gender (female)

-0.09

-0.07

0.25

0.64

CRAE (µm)

-0.16

-0.08

-0.12

0.57

Microalbuminuria^

-0.04

-0.01

0.12

-0.45

2

Potassium (mEq/L)

BMI = Body mass index; SBP = Systolic blood pressure; HDL = High density lipoproteins.
kg/m2 = kilograms/metres2; mmHg = millimetres of mercury; mmol/L = millimoles per litre; mEq/L =
milliequivalents per litre; µmol/L = micromoles per litre; mg/g = milligrams per gram; mL/min =
millilitres per minute; µm = micrometres.
^Microalbumiburia = ACR of >3.5mg/mmol in females and >2.5 mg/mmol in males.
*Non-Caucasian; South-East Asian, African, Middle Eastern, Melanesian/Polynesian, Indigenous
Australian (parent’s country of birth).
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Table b. PCA of CRVE with introduction of microalbuminuria status (n = 369)

Component
1

2

3

4

Age (years)

0.81

-0.08

0.05

0.00

Creatinine (µmol/L)

0.76

-0.05

-0.22

0.14

Lying SBP (mmHg)

0.69

0.05

-0.16

-0.02

BMI (kg/m )

0.61

0.02

0.29

-0.30

Duration of Diabetes (years)

0.36

0.02

0.25

0.27

Chloride (mEq/L)

-0.04

-0.78

0.12

-0.05

Sodium (mEq/L)

0.24

-0.76

0.02

-0.05

Potassium (mEq/L)

-0.06

0.54

-0.08

0.07

HbA1c (%)

0.11

0.47

0.11

-0.16

Triglyceride (mmol/L)

0.08

0.44

0.21

-0.21

0.37

0.65

0.02
-0.09

2

Total Cholesterol (mmol/L)

0.08

Gender (female)

-0.12

-0.15

0.63

CRVE (µm)

-0.01

0.00

0.53

-0.20

Microalbuminuria^

-0.02

0.03

-0.32

-0.14

Physical Activity Level (clinician)

-0.18

-0.02

-0.05

0.58

Non Caucasian/European*

-0.15

-0.02

-0.01

-0.53

SES (higher)

0.03

-0.17

0.01

0.47

HDL Cholesterol (mmol/L)

-0.28

0.08

0.38

0.43

Urea (mmol/L)

0.08

0.28

-0.20

0.38

BMI = Body mass index; SBP = Systolic blood pressure; HDL = High density lipoproteins.
kg/m2 = kilograms/metres2; mmHg = millimetres of mercury; mmol/L = millimoles per litre; mEq/L =
milliequivalents per litre; µmol/L = micromoles per litre; mg/g = milligrams per gram; mL/min =
millilitres per minute; µm = micrometres.
^Microalbumiburia = ACR of >3.5mg/mmol in females and >2.5 mg/mmol in males.
*Non-Caucasian; South-East Asian, African, Middle Eastern, Melanesian/Polynesian, Indigenous
Australian (parent’s country of birth).
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Appendix 16 - Distribution of variables from the maternal questionnaire including
Kolmogorov-Smirnov statistics

Normally Distributed
(Kolmogorov-Smirnov significance statistic)
Physical Activity (0.153)
Participants birth weight (0.083)
Duration of pregnancy (0.216)
Mothers pre-pregnancy BMI (0.115)
Mothers age at pregnancy (0.111)
Age solid food introduced (0.297)
Age lumpy/textured food introduced (0.176)
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Appendix 17 - Complete PCA Pattern Matrix for Non-Dietary Variables in Study 3
(n = 83)

Component
Age (years)

1
0.75

2
-0.19

3
0.03

BMI (kg/m2)

0.69

0.09

0.07

Lying SBP (mmHg)

0.63

-0.25

0.07

Screen Viewing Time (hours/week)

0.54

-0.16

0.09

Duration of Pregnancy (weeks)

0.51

0.08

0.04

Mother's Education#

-0.42

-0.25

0.05

-0.40

-0.45

0.11

Child's Birth Weight (g)

0.28

-0.09

-0.03

Age Solid Food Introduced (months)

-0.21

0.63

0.14

Age Lumpy/Textured Food Introduced (months)

-0.13

0.62

0.09

Introduction of cow’s milk (>12 months)

0.29

0.51

-0.21

Duration of Diabetes (years)

0.27

-0.41

0.24

Duration of Breast Feeding (months)

-0.15

0.38

-0.00

Mother's Age at Pregnancy (years)

-0.19

-0.37

-0.27

Non-Caucasian/European*

-0.05

0.37

-0.11

SES (higher)^

-0.02

-0.28

-0.07

Mother's Pre-Pregnancy BMI (kg/m2)

0.03

0.24

-0.19

Total Cholesterol (mmol/L)

0.11

0.19

0.81

HbA1c (%)

0.08

-0.27

0.76

HDL Cholesterol (mmol/L)

-0.30

0.01

-0.55

Triglycerides (mmol/L)

0.18

0.18

0.50

Gender (female)

-0.16

0.34

0.37

Physical Activity Level (hours/week)

-0.02
0.02
-0.09
Maternal smoking
BMI = Body mass index; SBP = Systolic blood pressure; HDL = High density lipoproteins; ACR =
Albumin:creatinine; HbA1c = Glycated haemoglobin A1c.
kg/m2 = kilograms/metres2; mmHg = millimetres of mercury; mmol/L = millimoles per litre; mg/g =
milligrams per gram; µm = micrometres; g = gram.
^SES = Socio-economic status as determined using Socio-Economic Indexes for Areas
*Non-Caucasian; South-East Asian, African, Middle Eastern, Melanesian/Polynesian, Indigenous
Australian (parent’s country of birth)
#
Mothers Education; Less than high school graduate, high school graduate, post high school tech training,
degree or higher (highest level completed)
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Appendix 18 - Major food sources for micronutrients assessed by the ACAES

Vit C
1

Peppers/Capsicum

2

Leafy green vegetables

3

Kiwi fruit

4

Broccoli

5

Berries

6

Peas

1
2
3
4
5

89mg
58mg
60mg

Fortified cereals

8

Kidney beans

9

Citrus fruits

10

Tomatoes

Bran (corn)
Berries (raspberries)
Kidney beans
Squash
Cabbage

6

8
9
10

Celery
Mushrooms
Oranges

55mg

23mg

Content/
100g
79g
7g
6g
5g
3g
2g

Leafy greens (cos/romaine)

60mg

53mg

Cauliflower & Broccoli
7

120mg
92mg

7

Fibre

Content/
100g
183mg

2g
2g
2g
2g

Folate
Beans

181 µg

Lentils

194 µg

Spinach

149 µg

Asparagus
Lettuce (cos/romaine)

Bread (wheat bread)

Tropical fruits

Content/
100g
961mg
383mg
350mg

Tofu
Almonds
Whole milk
Low fat milk &
yogurt
Dark leafy greens
Cabbage
Broccoli
Green snap beans

mg = milligrams; g = grams; µg = micrograms
Adapted from www.healthaliciousness.com
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43 µg
39 µg

Oranges

Canned fish

85 µg
81 µg

Avocado

Low fat cheese

136 µg
108 µg

Broccoli

Calcium

Content/
100g
208 µg

264mg
125mg

Iron
Liver
Dark Chocolate
Nuts
Beef & lamb
Beans and pulses

125mg

Content/
100g
23mg
17mg
6mg
4mg
4mg
4mg

Dark leafy greens
120mg
105mg
47mg
37mg

Tofu
Dried apricots
Whole grains
Chicken

3mg
3mg
2mg
2mg

Appendix 19 - Scree Plot Revealing a Break after the Third Component for Dietary
Variables from the ACAES
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Appendix 20 - Complete PCA Pattern for the Three Major Dietary Patterns
Identified from 119 Food Variables (ACAES) in Study 3 (n = 83)

Food Patterns Identified
Foods

Processed

Plant-based

Vegetable/Fish Avoidance

Pork with sauce no veg

0.68

-0.10

0.17

Pork with sauce and veg

0.63

-0.28

-0.09

Fish crumbed/battered

0.61

-0.20

-0.15

Creamy soup

0.60

-0.04

0.10

Sweet pies

0.60

-0.12

0.11

Beef/lamb with sauce without veg

0.60

0.09

0.20

Sausages

0.55

-0.28

0.13

Sweet combination snacks

0.55

-0.25

0.06

Mince dish

0.54

-0.07

0.05

Snack bars

0.53

-0.23

0.08

Savoury pastries

0.53

0.31

0.09

Hamburger

0.52

-0.27

0.07

Pizza

0.51

-0.04

0.13

Cheese

0.49

-0.01

0.11

Muesli

0.48

0.31

-0.20

Other seafood

0.47

-0.21

-0.31

Cheese spread

0.46

-0.33

0.11

Ice block creamy

0.42

-0.05

-0.10

Pasta

0.41

-0.05

0.04

Celery, cucumber

0.41

0.08

-0.21

Clear soup with rice or noodles

0.38

0.12

-0.37

Muesli bars

0.37

0.31

-0.19

0.36

0.00

-0.07

0.35

-0.15

-0.11

0.32

-0.09

0.19

Pie/Sausage roll

0.31

-0.15

0.15

Pineapple

0.32

0.68

-0.15

Peach, nectarine, plum, apricot

-0.17

0.63

-0.11

Mango, paw-paw

-0.08

0.59

-0.10

Grapes, berries

-0.03

0.58

-0.05

Diet soft drink

0.17

-0.56

0.05

Orange, mandarin, grapefruit

-0.01

0.56

-0.08

Melon

-0.13

0.51

-0.02

Beans other

0.00

0.49

-0.11

Hot chips shop

0.30

-0.49

0.40

Onion/leek

0.01

0.45

-0.10

Tea/coffee
Cream/sour cream
Hotdog
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Processed (unhealthy)

Fruits (healthy)

Vegetable/Fish avoidance

Canned fruit

-0.10

0.43

-0.12

Plain chicken without veg

0.08

-0.43

-0.09

Crumbed chicken

0.06

-0.42

0.10

Hot chips home

0.20

-0.40

0.27

Ice cream

0.31

0.37

0.09

Tomato sauce

0.00

-0.34

0.01

Lettuce

-0.10

0.02

-0.66

Pumpkin

-0.21

0.01

-0.64

Canned fish

-0.02

0.09

-0.63

Fresh fish not crumbed

0.08

0.05

-0.60

Green beans

-0.11

0.10

-0.58

Broccoli

-0.18

0.16

-0.56

Sweet potato

0.12

0.09

-0.54

Plain chicken with veg

0.19

-0.37

-0.53

Cabbage/brussell sprouts

0.11

0.28

-0.52

Cauliflower

0.10

0.26

-0.47

Tomatoes

-0.10

0.24

-0.45

Nuts

0.08

0.19

-0.41

Potato boiled, baked

0.06

-0.02

-0.38

Chicken with sauce no veg

-0.06

-0.16

0.36

Cream or choc biscuits

0.30

-0.34

0.36

Zucchini, eggplant, squash

0.06

0.31

-0.36

Mushrooms

0.00

0.05

-0.35

Carrots

-0.22

0.33

-0.34

Plain meat without veg

0.03

-0.05

0.34

Twisties/Corn chips

0.02

0.12

0.32

Foods

PCA of 119 food variables (ACAES), 30 deleted due to non-contribution (Loadings < 0.1).
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3 - Dietary intake and retinal microvasculature: a systematic review (Accepted)
(relating to chapter 2.5.1)
Abstract and keywords
Aims: To summarise the available findings from published research that has focussed on the effect of diet
on retinal microvascular characteristics.
Design: Systematic review
Methods: A systematic Medline, EMBASE and PubMed search of relevant articles was conducted with
coverage from the January 1, 1970 up to the January 10, 2013. Search terms were pilot tested for accuracy
and modified. Articles were systematically excluded if the title and abstract were not relevant and full text
manuscripts were obtained for all studies that were potentially relevant.
Results: After combining all searches, 5370 abstracts were identified and screened. Of these 20 were
considered potentially relevant and full articles were retrieved for further evaluation. Eleven of these studies
did not meet the inclusion/exclusion criteria, leaving 9 studies to be included in the review.
Conclusions: To date, it has been suggested that a low glycemic Index (GI) diet, high dietary fibre intake
and regular fish consumption attenuate retinal arteriolar narrowing and retinal venular widening which has
been associated with adverse cardiovascular outcomes. Conversely, it has been suggested that a high GI diet
may predispose an individual to adverse retinal microvascular changes.
Keywords: Microvasculature; retinal blood flow; retinal vascular calibre; diet; nutrition

Background:
Retinal blood vessels are readily viewable via non-invasive retinal photography.(Liew, Wang, Duncan, et al.,
2008) Previous methods of measuring retinal vascular characteristics involved subjective clinical examination
of arterio-venous ratio (AVR) via fundoscopy, which proved variable and of limited value as a predictor of
increased risk of cardiovascular related diseases. More recently, reproducible computer-based imaging
programs have been employed to quantitatively measure retinal vasculature (T. Wong, Knudtson, et al.,
2004). These assessments provide a means to study early structural changes that provide important
information regarding the state of retinal microcirculation (N. Cheung, Islam, et al., 2007).
The vascular architecture of the retina is believed to follow an optimal pattern which allows for best possible
blood distribution while utilising the least amount of energy (Serre & Sasongko, 2011). Any deviations from
this normal structure, most notably in the form of retinal arteriolar narrowing and retinal venular dilation, can
be an indication of pathogenic processes (Serre & Sasongko, 2011). Research suggests that retinal
microvascular dysfunction may be a predictive factor in the development of various cardiovascular,
cerebrovascular and metabolic-related diseases (Liew, Wang, Mitchell, et al., 2008). Strong associations have
been found between wider retinal venular calibre and narrower retinal arteriolar calibre and the incidence of
coronary heart disease (CHD) (McGeechen et al., 2008) and vascular abnormalities in cerebral
microcirculation (Liew, Wang, Mitchell, et al., 2008). Furthermore, a definitive link between narrower retinal
arteriolar calibre and hypertension development (T. Wong, Islam, & Klein, 2006) and wider retinal venular
calibre and the increased risk of incident stroke (McGeechen et al., 2009) has been reported in the literature.
Previous research has established strong links between diet and the development of macrovascular (Kant et
al., 1995; Kushi et al., 1985; Niklas et al., 1989) and microvascular complications (Macready et al., 2014;
McCall et al., 2009). To date, several studies have suggested that diet may be a determinant of retinal vascular
structure. Dietary fibre and fish consumption as well as the consumption of high glycemic index (GI) foods
have been associated with retinal vascular alterations. Despite this, large gaps in current knowledge exist,
including the association between diet and retinal vascular calibre in healthy children and adolescents. This
information would reveal the physiological influence of diet on microcirculation while minimising
confounding systemic factors. The main aim of this review is to summarise the available information from
published research that has focussed on the effect of diet on retinal microvascular characteristics.
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Methods
Information sources and search strategy
A systematic Medline, EMBASE and PubMed search of relevant articles was conducted with coverage from
the January 1, 1970 up to the January 10, 2013. Search terms were pilot tested for accuracy and modified
until a final search strategy could be used to achieve the desired outcome using all 3 databases. All searches
included a combination of the key terms: retinal vascular calibre, retinal vascular caliber, retinal dilatation,
retinal blood flow, retinal blood vessel*, retinal vessel*, retinal vessel diameter, retinal microvascular caliber,
diet*, food, nutrition and nutrients. The search was not restricted by language but was limited to studies
conducted in humans. The reference lists of retrieved articles were utilised to identify additional resources.
Study selection
Two reviewers (SK & KK) independently searched the 3 databases and screened the resultant titles and
abstracts. Articles were systematically excluded if the title and abstract were not relevant and full text
manuscripts were obtained for all studies that were potentially relevant.
Eligibility and exclusion criteria
Randomised controlled trials, prospective, retrospective, cohort, case control, and cross sectional studies were
eligible for inclusion in the review. Studies that involved any dietary factor and incorporated retinal vessel
characteristics as a primary outcome measure were included. There was no restriction placed on the method
of vascular microvascular analysis. Nor was there any restriction on participant ethnicity. Those studies that
examined associations between lifestyle factors (E.g. smoking, supplement consumption and physical
activity) and retinal microvasculature were excluded. Review articles were excluded.
Results
After combining all searches, 5370 abstracts were identified and screened. Of these 20 were considered
potentially relevant and full articles were retrieved for further evaluation. Eleven of these studies did not meet
the inclusion/exclusion criteria, leaving 9 studies to be included in the review (Table 1). Of the excluded
studies, 3 were review articles, 2 were duplicates and 6 did not directly examine the association between
dietary factors and retinal vasculature (Fig 1). There was complete agreement between the reviewers for
eligibility. A meta-analysis was not performed due to the small number of articles.
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Table 1 continued.

Figure 1. Flowchart of study selection process.
Glycemic index
Dietary glycemic index (GI) provides a measure of carbohydrate quality, ranking carbohydrates according to
their effect on postprandial blood glucose excursions (Gopinath et al., 2012). Previous studies have suggested
that diets high in cereal fibre are associated with a lower risk of cardiovascular disease and lower blood
pressure (Gopinath et al., 2012). Conversely, it has been proposed that in the absence of a high fibre diet,
diets with a high glycemic load have been associated with small vessel dysfunction and therefore may
contribute to the development of diabetes, cardiovascular disease and stroke (Ross, 2005). Gopinath (2012)
examined the effects of high-GI and high-glycemic load diets, carbohydrates and main carbohydrate
containing food groups on retinal vascular calibre changes in 2353 pre-adolescent individuals and found that
those children who consumed soft drink once or more per day had a narrower retinal arteriolar calibre than
those who never or rarely consumed soft drinks (p=0.03). A higher-GI diet was associated with narrower
retinal arteriolar calibre in girls only. Overall, a greater consumption of carbohydrates and soft drinks was
associated with narrower retinal arterioles (p=0.01) and wider retinal venules (p=0.002). As previous research
(McGeechen et al., 2009; McGeechen et al., 2008; T. Wong, Islam, Klein, et al., 2006) has found associations
between microvascular signs of narrower retinal arterioles and wider venules to the future risk of
cardiovascular disease this finding may support the promotion of healthy dietary patterns, including lower
consumption of soft drinks and high-GI foods to children.
In alignment with Gopinath’s (2012) findings, associations between a high-GI diet and wider retinal venular
calibre have also been found in adults (Kaushik et al., 2009). Kaushik (2009) assessed the relationship
between dietary-GI and low cereal fibre and retinal vascular calibre characteristics in a large cohort of
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individuals (n=2897) over the age of 49 years and noted that a higher dietary-GI and lower cereal fibre intake
were associated with wider retinal venular calibre (p=<0.01). They further suggested that higher dietary-GI
and lower cereal fibre intakes were associated with double the risk of stroke related death, suggesting that a
high-GI diet may produce adverse changes in the bodies microvasculature (Kaushik et al., 2009). Although
the mechanisms underlying the changes in retinal venular calibre are still largely unknown it has been
postulated that a high GI diet may result in the formation of advanced glycation end products in venular walls
resulting in endothelial dysfunction and vascular damage (Qi et al., 2006; Ross, 2005).
Dietary fibre
Diets high in dietary fibre have been associated with a reduced risk of cardiovascular morbidity.(Bazzano et
al., 2003) Previous researchers have suggested that fibre may guard against hypertension, dislipidemea and
incident diabetes by attenuating arteriolar narrowing and venular widening, which are emerging risk factors
associated with these conditions (Ascherio et al., 1996; Stevens et al., 2002; T. Wong, Islam, & Klein, 2006).
To date, only one study has examined the association between dietary fibre intake and retinal vascular calibre
in adults (Kan et al., 2007). The Atherosclerosis Risk in Communities Study (ARIC) recruited a large sample
(n=15,792) of white and African Americans and found that a higher intake of fibre was associated with wider
retinal arteriolar calibre (p=0.002) and narrower retinal venular calibre (p=0.011). These findings are
associated with a lower risk of cardiovascular disease and support other findings in highlighting the benefit
of fibre intake in protecting against cardiovascular disease. By contrast, a similar population based cohort
study conducted on children is not in agreement with these findings (Lim et al., 2009). Lim (2009) assessed
the relationship between dietary fibre along with a number of other dietary factors (protein, fat, cholesterol,
carbohydrate and sugar intakes per day) and retinal vascular calibre in 823 healthy Singapore Chinese children
(mean age; 12.8±0.8) and found that no significant association existed between any of the dietary constituents
and retinal vascular calibre. These findings suggest that the effect of diet on microvasculature may only
become evident later in life which could provide evidence for a potential cumulative effect of diet on the
retinal microvasculature (Lim et al., 2009). Despite this, additional research is required to clarify these
findings as unexplained or unmeasured confounders may exist.
Fish consumption
Omega-3 polyunsaturated fatty acids appear to lower the risk of CHD and stroke (Kaushik et al., 2008). To
date only one study has examined the effects of fish consumption on retinal microvasculature.(2008) Kaushik
(2008) utilised a large sample (n=2683) of Australian adults (>49yrs) and found higher frequency of fish
consumption was significantly associated with wider retinal arteriolar (p=0.002) and narrower retinal venular
calibre (p=0.02). These findings suggest that a higher consumption of fish may help protect against vascular
changes associated with coronary heart disease and stroke (Kaushik et al., 2008). This association, however,
was mainly seen in persons with hypertension which may confound the outcome as retinal microvascular
changes have been strongly associated with hypertension in adults. As this is the only study to date to evaluate
the association between fish consumption and retinal vascular calibre before any conclusions can be drawn
concerning this relationship further research needs to be conducted.
Antioxidants
Several studies have highlighted the potential benefit of selected antioxidants on various eye diseases such as
diabetic retinopathy, uveitis and age related macula degeneration (AREDS, 2001; Bosch-Morell et al., 2002;
Brazionis et al., 2009; Juhl et al., 2004). However, the relationship between antioxidants and retinal
vasculature remains poorly understood. Pemp’s (2010) study on 21 adults aged 18-35 years found that the
administration of antioxidants attenuated arteriolar vasoconstriction during systemic hypoxia (p=0.04). This
supports the suggestion that antioxidants may reduce oxidative stress by reducing reactive oxygen species
which has been shown to contribute to cellular damage through endothelial dysfunction (Pemp et al., 2010).
Although these results suggests that dietary antioxidant consumption may be associated with positive
microvascular outcomes, no inferences can be made until the long term relationship between antioxidant
intake and retinal vascular calibre is explored.
Caffeine
Caffeine is the most frequently consumed stimulant worldwide, acting by increasing blood pressure while
increasing heart rate. Several studies have demonstrated the effects of caffeine on cerebral, coronary and
ocular blood flow (Bottcher et al., 1995; Lofti & Grunwald, 1991; Mathew & Wilson, 1985). A small
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prospective study (n=17) by Terai (2012). is the only study to date that has investigated the effect of caffeine
on retinal vessel diameter. A significant vasoconstrictory response of retinal arterioles (p=0.004) and venules
(0.005) occurred one hour following caffeine intake (Terai, Spoerl, et al., 2012). This finding is consistent
with earlier studies that assessed the effect of caffeine on retinal circulation and found that caffeine
significantly reduced retinal blood flow in the optic nerve head and choroid retina (Lofti & Grunwald, 1991;
Okuno et al., 2002). It has been hypothesised that these changes may be elicited by an auto-regulatory
response of retinal blood vessels to the increased blood pressure changes associated with caffeine intake.
Despite this, these results must be viewed with caution due to the small sample size and the fact a control
group was not employed to control for non-drug related effects on the measured variables. Furthermore,
Terai’s (2012) findings are contradictory to previous research that has suggested that the long term influence
of high caffeine consumption is not associated with cardiovascular disease risk (M. Ding et al., 2013) and in
fact may lower the risk of type 2 diabetes in younger to middle aged women (Dam et al., 2006). This highlights
the need for further research before any judgements can be made on the role caffeine plays on human
microvasculature.
Salt Intake
The role of sodium intake in end organ damage remains largely unknown, however, it is increasingly
becoming a focus of researchers due to its well described association with cardiovascular disease. Most
notably, strong associations have been reported between high sodium intake and systolic hypertension
(Kupari et al., 1994). Raff (2012) analysed the association between salt intake and retinal arteriolar structure
in 40 adults aged 44-75 years with treatment resistant hypertension. They found that retinal arteriole wall
thickness was directly associated with urinary sodium excretion (p=0.008). This suggests that salt intake may
influence the structure of retinal arterioles, independent of blood pressure (Raff et al., 2012). However, as this
study examined only structural changes in arterioles, the results cannot be directly related to retinal vascular
diameter measurements. Furthermore, these results may be confounded by the presence of treatment resistant
hypertension in participants as well as the use of multiple antihypertensive drug therapies which have been
shown to have different influences on vascular structure (Agabiti-Rosey et al., 2009; R. Klein et al., 2010).
Further research is required to aid in understanding the relationship between sodium intake and retinal
microvasculature. These studies should utilise standardised methods for retinal vascular calibre assessment
and focus on non-hypertensive participants as high current and previous blood pressure has been consistently
associated with retinal arteriolar narrowing in children and adult cohorts (Hubbard et al., 1999; Mitchell et
al., 2007; Sharrett et al., 1999; T. Wong, Hubbard, et al., 2002).
Plant sterol and –stanol consumption
Sterols such as sitosterol and campesterol are derived from various plant products such as plant oils, nuts and
seeds. Sterol and –stanol are often used as additives in foods such as margarine to reduce serum LDL
cholesterol concentrations (Kelly et al., 2011). Although these products have been suggested to lower
cardiovascular risk, some researchers have indicated that high sterol concentrations may be atherogenic (the
deposition of atheromas, lipids, and calcium in the arterial lumen) (Kelly et al., 2011). Kelly’s (2011)
randomised control trial on 30 participants aged 18 to 65 years is the only study to date to assess the effects
of long term plant sterol and -stanol consumption on retinal vessel diameter changes. They found that
increased serum campesterol concentrations were associated with a wider retinal venular diameter (p=0.033).
These results suggest that plant sterols may be a biomarker for pathological vascular function. However,
before any judgements can be made on plant sterol rich foods further research into the relationship between
plant sterol consumption and our microvascular system is required.

Discussion:
Previous research has found associations between reduced risk of vascular disease and the regular
consumption of fish, dietary fibre and low GI foods. Therefore, the finding that some correlation exists
between diet and retinal vessel diameter could be expected and may not add to clinical practice (King, 2005;
Kris-Etherton et al., 2002). However, emerging evidence has highlighted that the relationship between diet
and vascular disease may in fact be partly mediated by associated changes in the microcirculation (Kan et al.,
2007; Kaushik et al., 2008; Kaushik et al., 2009). As such, the use of retinal imaging to visualise human
microcirculation may potentially provide additional prognostic information beyond current traditional risk
factors.
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To date it has been suggested that a low GI diet, high dietary fibre intake, and greater frequency of fish
consumption may protect against vascular disease by attenuating retinal arteriolar narrowing and retinal
venular widening (Kan et al., 2007; Kaushik et al., 2008; Kaushik et al., 2009). Conversely, it has been
suggested that a high GI diet may predispose an individual to adverse microvascular changes (Gopinath et
al., 2012). Although some link between changes in retinal microvasculature and caffeine and antioxidants
intake has been suggested, further research is required before any judgements can be made as only short term
changes were examined. Furthermore, it is difficult to draw inferences into the role sodium and sterol and –
stanol play on human microvasculature until dietary intakes of these agents are the primary exposure.
Emerging evidence suggests that retinal vascular calibre assessment has the potential to become a tool to
better understand the pathophysiology of the body's microvasculature and aid in the prediction of several
vascular diseases. ARIC found that wider retinal venular calibre and narrower retinal arteriolar calibre were
associated with a 10 year increased risk of incident CHD in women (McGeechen et al., 2008). Retinal
arteriolar narrowing has also been found to precede the development of clinical hypertension by years in
patients who displayed blood pressure in the normal range at baseline (Liew, Wang, Mitchell, et al., 2008). It
has been postulated that decreases in internal arteriolar lumen calibre occur early in the development of
hypertension and these changes are responsible for altering the body's hemodynamics and ultimately resetting
blood pressure to a higher level (R. Klein, Klein, Knudtson, et al., 2006; Liew, Wang, Mitchell, et al., 2008;
T. Wong, Islam, & Klein, 2006). Furthermore, changes in retinal arterioles have been linked to changes in
small cerebral arteries that cause white matter lesions, while the presence and severity of coronary artery
occlusion has also been strongly associated with vascular calibre changes (Liew, Wang, Mitchell, et al., 2008;
Patton, Aslam, et al., 2005). A wider retinal venular calibre on the other hand, has been to increased risk of
incident stroke, independent of traditional risk factors (McGeechen et al., 2009).
The mechanisms behind the retinal microvascular changes in calibre are incompletely understood. Possible
mechanisms for the development of smaller retinal arteriolar calibre is that it is associated with hypertensive
and arteriosclerotic microvascular changes, endothelial dysfunction, and inflammatory changes which are
thought to be involved in the pathogenesis of various cardiovascular diseases (R. Klein et al., 2007; T. Wong,
Klein, et al., 2002). A widening of retinal venular calibre on the other hand, may reflect an increase in blood
flow to maintain the tissue oxygen levels which also may be attributed to the reduced supply of nutrients and
an increased concentration of waste products, e.g. lactic acidosis associated with retinal hypoxia (R. Klein,
Klein, Moss, et al., 2006; Sasongko et al., 2010). An alternate hypothesis behind venular dilation suggests
that inflammation associated with increased nitrous oxide levels may be partly responsible for this variation
in retinal venules (Islam et al., 2009). From this it appears that variations in retinal arteriolar and venular
calibre may reflect different pathophysiological processes.
Whilst many of these studies (Gopinath et al., 2012; Kan et al., 2007; Kaushik et al., 2008; Kaushik et al.,
2009; Lim et al., 2009) included large sample sizes, caution must be observed in interpreting the findings of
Raff (2012) Pemp (2010) Terai ( 2012) and Kelly (2011) due to the inclusion of a relatively small sample
sizes. Furthermore, several studies included in this review (Lofti & Grunwald, 1991; Okuno et al., 2002;
Pemp et al., 2010; Raff et al., 2012; Terai, Spoerl, et al., 2012) did not utilise standard protocols for retinal
vascular diameter assessment and therefore the results must be viewed cautiously. Additionally, some of the
studies (Gopinath et al., 2012; Kaushik et al., 2008). reported only small variations in retinal vascular calibre.
Despite this, it has been shown that even a small reduction in retinal arteriolar calibre is associated with
clinically significant changes in blood pressure. For example, a 1.1 micron reduction in arteriolar calibre was
associated with a 10 mmHg higher systolic blood pressure (Ikram et al., 2004). As computerised methods are
not available clinically, subjective AVR measurements may still have some utility clinically. More guidance
surrounding AVR assessment is required in future research.
The majority of the studies included in this review most assessed associations between dietary factors and
retinal microvasculature in adults. However, to develop an understanding of the effect of dietary factors on
retinal vessels the study of calibre in children may provide additional insights as they are generally exposed
to fewer potentially confounding systemic and environmental factors than adults. Lim’s(2009) study
suggested that the effect of diet on microvasculature may only become evident later in life and therefore
studying the effect of dietary factors on retinal vasculature in children is not warranted.(Lim et al., 2009)
However, the food frequency questionnaire utilised in that study was not validated in children and exposures
that have been shown to influence retinal vasculature, such as birth parameters, were not assessed and as such
their findings may have been confounded. Furthermore, more recent studies that have examined the effect of
carbohydrates on retinal vascular calibre in children and young adults have found significant associations
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(Gopinath et al., 2012; Terai, Spoerl, et al., 2012). These contradictory findings highlight that the
physiological influence of diet on retinal vascular calibre remains relatively unclear.
In summary, an individual with a healthy diet, including low GI foods, high dietary fibre intake and regular
fish consumption, is more likely to have a characteristic retinal microvascular pattern of wider retinal
arteriolar and narrower retinal venular diameters. Conversely, the opposite (narrower retinal arterioles and
wider venules) is more likely in those with a poor diet, consisting of high intakes high-GI foods. Narrower
retinal arterioles and wider venules have been suggested to reflect microvascular dysfunction associated with
the development of various cardiovascular, cerebrovascular and metabolic diseases. Despite this, it is
important to note that most of the inferences in this review are based on the findings from one study and as
such a major gap in the literature has been highlighted. Perhaps most importantly, the association between
diet and retinal vascular calibre in healthy child and adult cohorts in whom the association is less likely to be
confounded by disease states should be investigated.
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