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Abstract

Purpose

Childhood obesity is associated with adult cardiometabolic disease. We postulate that the
underlying microvascular dysfunction begins in childhood. We thus aimed to compare retinal
vascular parameters between obese and non-obese children.

Methods

This was a cross-sectional study involving 166 children aged 6 to 12 years old in Malaysia.
Ocular examination, biometry, retinal photography, blood pressure and body mass index
measurement were performed. Participants were divided into two groups; obese and non-
obese. Retinal vascular parameters were measured using validated software.

Results

Mean age was 9.58 years. Approximately 51.2% were obese. Obese children had signifi-
cantly narrower retinal arteriolar caliber (F4,159) = 6.862, p = 0.010), lower arteriovenous
ratio (F(1,159) = 17.412, p <0.001), higher venular fractal dimension (F (1 159)=4.313,p =
0.039) and higher venular curvature tortuosity (F (1,158 = 5.166, p = 0.024) than non-obese
children, after adjustment for age, gender, blood pressure and axial length.

Conclusions

Obese children have abnormal retinal vascular geometry. These findings suggest that child-
hood obesity is characterized by early microvascular abnormalities that precede develop-
ment of overt disease. Further research is warranted to determine if these parameters
represent viable biomarkers for risk stratification in obesity.
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Introduction

The prevalence of childhood obesity has been increasing worldwide [1, 2]. Childhood obesity
has adverse long-term health implications, especially for cardiometabolic conditions like
hypertension, diabetes and ischaemic heart disease [3]. The underlying pathology in these dis-
eases occurs at the level of the microvasculature [4, 5].

Obesity-related endothelial function has been observed in both animal and human studies.
Among obese rats, obesity has been found to increase endothelial susceptibility to hyperglycae-
mia-induced oxidative stress [6]. Interestingly, animal models have shown that this protein
kinase C-mediated endothelial damage is also central to the pathogenesis of diabetic microvas-
cular complications [7] such as retinopathy [8, 9] and nephropathy [10]. This pathway is like-
wise operative in humans, in whom protein kinase C blockade reduces endothelial dysfunction
secondary to hyperglycaemia, both in diabetic [11] and non-diabetic subjects [12].

Although obesity is often linked with metabolic disease, increased body weight per se is
independently associated with impaired endothelium-related coronary vessel function [13].
Healthy obese adults have been noted to have poorer endothelial function than their non-
obese counterparts [14-16]. Similarly, endothelial dysfunction has been demonstrated in
obese children [17, 18]. In these children, compensatory elevation of circulating endothelial
progenitor cell counts suggest that in early life, obesity-mediated endothelial dysfunction may
still be reversible [19].

Microvasculature abnormalities in obesity may be visualized non-invasively via digital
retinal vessel analysis [20]. Based on the optimum design principle, the architecture of the
human microvasculature is designed to be energy-efficient, i.e, to provide adequate perfu-
sion with the minimum of energy expenditure [21]. Retinal vascular geometry not only
reflects the complexity of the vascular tree, but also provides insight into the ‘optimality’ of
the microcirculation [22]. Retinal vascular caliber has previously been shown to be abnor-
mal in obese adults [23]. These changes begin even in childhood, with an inverse association
between body mass index and arteriolar caliber [24, 25]. Newer retinal vascular parameters,
such as fractal dimension, branching coefficient, and tortuosity have been associated with
obesity-linked microvascular diseases including hypertension [26], diabetes [27] and stroke
[28]. However, few studies have examined the effect of obesity per se on these novel vessel
parameters [24, 29]. Our study thus aimed to compare retinal vascular geometry between
obese and non-obese children.

Materials and methods
Study population

This was a cross-sectional prospective study conducted in the Eye Clinic of Hospital Universiti
Sains Malaysia between January 2015 and March 2016. A total of 166 children aged 6 to 12
years old were recruited. The study was approved by the Human Research Ethics Committee
of Universiti Sains Malaysia. The conduct of the study followed the tenets of the declaration of
Helsinki.

Children who fulfilled the inclusion and exclusion criteria were invited to participate. The
inclusion criteria was age between 6 and 12 years old at the time of examination, a best cor-
rected visual acuity better than 6/12, and a normal eye examination. Exclusion criteria was
strabismus, amblyopia, optic nerve abnormalities, high refractive errors (based on spherical
equivalent of 4.0 diopters], history of ocular trauma, ocular pathology, developmental delay,
and systemic illnesses like diabetes or hypertension. Informed written consent was obtained
from at least one parent, as well as verbal assent from the child.
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Ocular examination, refraction and axial length measurement

Upon arrival at the eye clinic, distance visual acuity was assessed monocularly using a Snellen
chart for distance (Reichert; NY) at six meters. A comprehensive eye examination including
pupillary examination, anterior segment examination and complete retinal evaluation was per-
formed. An autokeratorefractometer (Model RK5; Canon Inc, Tokyo, Japan) was used to
obtain three consecutive readings of sphere and cylinder, with a maximum acceptable differ-
ence of 0.25 diopters between the lowest and highest readings. Spherical equivalent was calcu-
lated as the value of the sphere plus half of the value of the cylinder. The right eye axial length
was measured using a non-contact partial coherence interferometer (IOL Master, Carl Zeiss
Meditec; Jena, Germany). The mean axial length was derived from a mean of five consecutive
readings. An acceptable reading had a signal-to-noise ratio of more than 2 mm, and a differ-
ence of 0.05 mm or less between the lowest and highest reading.

Anthropometric measurements

Blood pressure was measured in the sitting position after 5 minutes of rest, using a digital auto-
mated sphygmomanometer (Model SEM-1 [HEM-7051-C12], Omron Healthcare Co., Ltd.;
Kyoto, Japan) with an appropriate-sized cuff. The average systolic and diastolic blood pressure
was obtained from two readings. A third blood pressure reading would be obtained if the dif-
ference between the first two readings were greater than 10 mm Hg in systolic blood pressure
(SBP) and/or 5 mm Hg in diastolic blood pressure (DBP).

Height and weight were measured with a height and weight measuring scale (Model 220,
Seca; Hamburg, Germany) according to standard protocols. Height was recorded to the near-
est 1 mm. Weight was recorded to the nearest 0.1 kg. Body mass index (BMI) was calculated as
weight divided by the height squared (kg per meter squared). Obesity was classified as BMI
of > 2 SD (standard deviation) above the mean, based on World Health Organization age and
sex-specific growth charts.

Retinal examination and vascular analyses

Pupil dilation was achieved with a single drop of topical phenylephrine 2.5% and tropicamide
1%, after which 45 degree optic disc-centered retinal photographs were taken of both eyes
using a digital fundus camera (Model VX-10, Kowa; Tokyo, Japan). If both images were of
equivalent quality, the image from the right eye was selected. A single grader, masked to partic-
ipant identity, performed the retinal vessel analysis using a validated semi-automated com-
puted software, SIVA (Singapore I Vessel Assessment; National University of Singapore,
Singapore).

SIVA is a semi-automated program in which all retinal vessels greater than 25 um in diame-
ter located between one-half to two disc diameters from the optic disc margin are outlined and
their edges marked using a pixel density histogram. Retinal vascular parameters are estimated
based on measurements of the biggest six arterioles and venules in this area (zone C) (Fig 1).
Based on the Knudtson-Parr-Hubbard formula, the average retinal arteriolar and venular cali-
ber were calculated and summarized as the central retinal arteriolar equivalent (CRAE) and
central retinal venular equivalent (CRVE) [30]. The software also automatically provided their
ratio (arteriovenous ratio, AVR). Correction for the effect of ocular magnification on vessel
sizes was performed using the Bengtsson formula [31].

Retinal fractal dimension (Df) is calculated from the outlined retinal vessels using the ‘box-
counting method’. In this method, the digital retinal image is compartmentalized into equally-
sized squares (i.e. boxes), then the number of squares containing the skeletonized (i.e outlined)
segments of retinal vessels is calculated [32]. The process is then repeated with squares of
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Fig 1. Fundus photo centered on the optic disc in Singapore I Vessel Assessment (SIVA) software. Panel A shows
an example of a digital fundus photo pre-processing. Panel B shows a screenshot of the SIVA system. All retinal vessels
greater than 25 um in diameter located between one-half to two disc diameters from the optic disc margin (i.e. in Zone
C) are outlined and their edges marked using a pixel density histogram. The retinal arterioles are outlined in red, while
the venules are outlined in blue. In Panel C, the green lines overlying the segment of a vessel are referred to as ‘covers’.
A minimum of 5 covers are needed; based on these, the software will then provide an average of the mean retinal
arteriolar and venular calibers.

https://doi.org/10.1371/journal.pone.0191434.9001

differing sizes. The fractal dimension is the gradient of the logarithm of the number of squares
through which the vessel outline passes against the logarithm of the size of the square. Larger
values represent a more complex branching pattern.

Branching coefficient (BC) is a method of estimating the ratio between the diameters of the
main vessel and the diameters of its branches, or ‘daughter vessels’. It is given by the area ratio:

BC = (s%;ﬁ), where S is the root, or main segment of vessel, and S, and S, are its branches [33].
A higher BC reflects similarly sized vessel diameters between the main vessel and its branch,
while a lower BC is related to a decrease in the diameters of the branches compared to the
main vessel (Fig 2).

Retinal tortuosity is an index, represented as simple tortuosity (STORT) and curvature tor-
tuosity (CTORT). STORT is calculated by the actual length of vessel divided by the Euclidean
distance between the first and last points of that vessel (i.e., the length of the straight line con-
necting the two points) [34]. CTORT is defined as the integral of curvature square along the
path of the vessel divided by the total arc length [35]. A lower tortuosity index represents

straighter vessels.

Statistical analyses

Statistical analyses were performed using IBM SPSS Statistics for Windows, Version 24.0 (IBM
Corp, Armonk, NY). Chi-square test was used to determine the association between obese,
non-obese children and gender. Independent t-test was used to determine the mean differ-
ences of numerical variables between obese and non-obese children. Analysis of covariance
(ANCOVA) was performed to determine the mean differences in dependent variables (i.e.,

Fig 2. Diagrammatic illustration of branching coefficient. A portion of the retinal arteriole nasal to the disc is
shown, pre (panel A) and post-processing (panel B) by SIVA. Branching coefficient (BC) is calculated as BC = (S%SQ,
where S is the root, or main segment of vessel, and S; and S, are its branches. Note the relative thicknesses of the main
segment of the vessel compared to its branches, as artificially illustrated in panel C and D. A higher BC reflects
similarly sized vessel diameters between the main vessel and its branches (panel C), while a lower BC is related to a
decrease in the diameters of the branches compared to the main vessel (panel D).

https://doi.org/10.1371/journal.pone.0191434.g002
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caliber, Df, AVR, BC, sTORT, cTORT) between obese and non-obese children, with adjust-
ment for possible confounding variables (i.e., age, gender, SBP, DBP and axial length) [36].
Several models were tested for each dependent variable with correction for confounding vari-
ables in ANCOVA; Model 1 was adjusted for age and gender, Model 2 was adjusted for age,
gender, SBP and DBP, and Model 3 was adjusted for age, gender, SBP, DBP, and axial length.
P values of <0.05 were considered statistically significant.

Results

A total of 166 Malay children were included in this study. Their mean age was 9.58 years.
Approximately 50% were female. 51.2% were categorized as obese. Other systemic demo-
graphics and retinal vascular parameters are summarized in Table 1. Obese children had a sig-
nificantly lower retinal arteriolar caliber and arteriovenous ratio than non-obese children.
Conversely, the venular Df, BC and cTORT were significantly higher in obese children than in
non-obese children.

The differences in the arteriolar caliber, AVR, venular Df and venular cTORT between
obese and non-obese children remained significant after adjusting for age, gender, SBP, DBP
and axial length (Table 2). After multivariable adjustment, there was no significant difference
in venular BC between obese and non-obese children.

Discussion

Childhood obesity is a risk factor for various diseases, notably diabetes [37]. Diabetic patients
have previously been observed to have abnormal retinal vascular geometry [38]. However,

Table 1. Characteristics of participants in obese and non-obese groups.

Variables

Gender:

Age, years
SBP, mm Hg
DBP, mm Hg

Axial length, mm

Retinal Vascular Parameters:

Caliber

Arteriovenous ratio

Fractal dimension:

Branching coefficient:

Simple tortuosity:

Curvature tortuosity:

SBP, systolic blood pressure; DBP, diastolic blood pressure; SD, standard deviation
*Frequency (percentage)

PChi-square test and its p-value.

Boy
Girl

Arterial

Venular

Arterial
Venular
Arterial
Venular
Arterial
Venular
Arterial

Venular

Obese Non-obese t-statistic p-value
(n=85) (n=81) (df =164)

Mean + SD Mean + SD

47 (55.3%)" 33 (40.7%)° 3.52 (1)° 0.06°
38 (44.7%)* 48 (59.3%)"

9.53 +1.62 9.64 £ 1.75 -0.43 0.668
109.40 + 11.84 107.53 £ 11.55 1.03 0.304
69.95 + 10.24 65.27 £ 8.39 3.21 0.002*
23.22+£0.80 23.01 £0.75 1.74 0.084
165.84 + 11.87 172.39 + 13.25 3.36 0.001*
253.41 + 18.66 250.35 + 16.22 -1.13 0.261
0.66+0.04 0.69£0.05 -4.83 <0.001*
1.21 £ 0.05 1.22 £ 0.05 -1.44 0.152
1.21 £ 0.05 1.19 £ 0.05 2.04 0.043*
1.41 £0.41 1.43 £0.27 -0.37 0.716
1.33£0.32 1.24 £ 0.25 2.05 0.042*
1.10 £ 0.02 1.09 £ 0.02 1.46 0.146
1.10 £ 0.01 1.10 £ 0.02 0.568 0.571
6.41 £ 1.04 6.24 £ 1.11 1.06 0.292
6.73 £0.90 6.43 +0.71 2.37 0.019*

*Statistical difference (p < 0.05) between the obese and non-obese group

https://doi.org/10.1371/journal.pone.0191434.t001
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Table 2. Comparison of retinal vascular parameters (caliber, fractal dimension, branching coefficient, tortuosity) between obese and non-obese children.

Retinal Vascular Parameters Obese (n = 85) Adjusted mean | Non-obese (n = 81) Adjusted mean Mean difference F (df) P value
(95% CI) (95% CI) (95% CI)
Caliber:
Arterial Model 1 166.035 172.046 -6.011 9.369 (1, 162) 0.003*
(163.348, 168.721) (169.278, 174.813) (-9.889, -2.133)
Model 2 166.196 171.879 -5.683 7.928 (1, 160) 0.005*
(163.483, 168.909) (169.081, 174.677) (-9.669, -1.697)
Model 3 166.557 171.581 -5.023 6.862 (1, 159) 0.010%
(163.983, 169.132) (168.927, 174.234) (-8.810, -1.236)
Venular Model 1 253.544 250.118 3.426 1.538 (1, 162) 0.217
(249.765, 257.322) (246.225, 254.011) (-2.030, 8.881)
Model 2 253.521 250.144 3.377 1.380 (1, 160) 0.242
(249.658, 257.385) (246.159, 254.129) (-2.299, 9.054)
Model 3 253.873 249.853 4.020 2.036 (1, 159) 0.156
(250.090, 257.657) (245.954, 253.752) (-1.545, 9.585)
Arteriovenous ratio Model 1 0.656 (0.647, 0.666) 0.689 (0.679, 0.699) -0.033 (-0.046, -0.019) 21.288 (1, 162) <0.001*
Model 2 0.657 (0.647, 0.667) 0.688 (0.678, 0.698) -0.031 (-0.046, -0.017) 18.392 (1, 160) <0.001*
Model 3 0.657 (0.648, 0.667) 0.688 (0.678, 0.698) -0.030 (-0.045, -0.016) 17.412 (1, 159) <0.001*
Fractal dimension:
Arterial Model 1 1.206 (1.196, 1.217) 1.219 (1.208, 1.229) -0.012 (-0.027, 0.003) 2.597 (1, 162) 0.109
Model 2 1.207 (1.196, 1.217) 1.218 (1.207, 1.229) -0.011 (-0.027, 0.004) 2.052 (1, 160) 0.154
Model 3 1.207 (1.197, 1.218) 1.218 (1.207, 1.228) -0.010 (-0.026, 0.005) | 1.721 (1, 159) 0.191
Venular Model 1 1.208 (1.198, 1.218) 1.195 (1.184, 1.205) 0.013 (-0.001, 0.028) 3.158 (1, 162) 0.077
Model 2 1.208 (1.198, 1.218) 1.194 (1.184, 1.205) 0.014 (-0.001, 0.029) 3.454 (1, 160) 0.065
Model 3 1.209 (1.199, 1.219) 1.193 (1.183, 1.204) 0.015 (0.001, 0.030) 4.313 (1, 159) 0.039*
Branching coefficient:
Arterial Model 1 1.409 (1.335, 1.484) 1.433 (1.356, 1.509) -0.023 (-0.131, 0.084) 0.184 (1, 162) 0.669
Model 2 1.413 (1.338, 1.489) 1.429 (1.350, 1.507) -0.015 (-0.127, 0.096) 0.072 (1, 160) 0.789
Model 3 1.414 (1.338, 1.490) 1.428 (1.349, 1.507) -0.014 (-0.126, 0.098) 0.061 (1, 159) 0.805
Venular Model 1 1.323 (1.262, 1.385) 1.247 (1.183, 1.310) 0.076 (-0.012, 0.165) 2.891 (1, 162) 0.091
Model 2 1.314 (1.252, 1.377) 1.256 (1.192, 1.321) 0.058 (-0.034, 0.150) 1.563 (1, 160) 0.213
Model 3 1.314 (1.251, 1.376) 1.257 (1.192, 1.321) 0.057 (-0.035, 0.150) 1.496 (1, 159) 0.223
Simple tortuosity:
Arterial Model 1 1.099 (1.095, 1.104) 1.094 (1.089, 1.098) 0.006 (0.001, 0.012) 3.352 (1, 162) 0.069
Model 2 1.099 (1.095, 1.103) 1.094 (1.090, 1.099) 0.005 (-0.002, 0.011) 2.200 (1, 160) 0.140
Model 3 1.099 (1.095, 1.103) 1.094 (1.090, 1.098) 0.005 (-0.001, 0.011) 2.546 (1, 159) 0.113
Venular Model 1 1.097 (1.094, 1.100) 1.096 (1.093, 1.099) 0.001 (-0.003, 0.005) 0.144 (1, 162) 0.705
Model 2 1.097 (1.094, 1.100) 1.096 (1.093, 1.099) 0.001 (-0.003, 0.005) 0.226 (1, 160) 0.635
Model 3 1.097 (1.095, 1.100) 1.096 (1.093, 1.099) 0.002 (-0.003, 0.006) 0.500 (1, 159) 0.481
Curvature tortuosity:
Arterial Model 1 6.437 (6.209, 6.665) 6.200 (5.964, 6.435) 0.237 (-0.092, 0.567) 2.019 (1, 161) 0.157
Model 2 6.426 (6.194, 6.658) 6.211 (5.971, 6.452) 0.214 (-0.127, 0.556) 1.535(1, 159) 0.217
Model 3 6.428 (6.195, 6.662) 6.209 (5.967, 6.451) 0.220 (-0.124, 0.563) 1.593 (1, 158) 0.209
Venular Model 1 6.727 (6.551, 6.903) 6.436 (6.254, 6.618) 0.291 (0.036, 0.545) 5.092 (1, 161) 0.025*
Model 2 6.727 (6.549, 6.905) 6.436 (6.251, 6.620) 0.291 (0.030, 0.553) 4.832 (1, 159) 0.029*
Model 3 6.733 (6.555, 6.911) 6.431 (6.246, 6.615) 0.302 (0.040, 0.565) 5.166 (1, 158) 0.024*

CI, confidence interval; Model-1, adjusted for age and gender; Model-2, adjusted for age, gender, SBP, DBP; Model-3, adjusted for age, gender, SBP, DBP and axial

length

*Statistical difference (p < 0.05) between the obese and non-obese group

https://doi.org/10.1371/journal.pone.0191434.t1002
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among obese individuals, data regarding these vessel parameters is scarce. Retinal vessel analy-
sis in obese children may identify early changes prior to the development of obesity-linked
microvascular disease. Our study demonstrates unique differences in retinal vascular parame-
ters between obese and non-obese primary school children.

We found that obese children had significantly narrower retinal arterioles than non-obese
children. Among studies which have evaluated the effect of BMI on retinal vessels, significant
differences in retinal arteriolar caliber have been noted between subjects in the lowest and
highest BMI quartiles [24, 25]. Although obese children showed a trend towards wider venules,
this difference was not statistically significant, which is consistent with the literature [39, 40].
BMI may have an indirect effect on the microvasculature via its association with increased
blood pressure [41, 42], but our finding that the differences in retinal arteriolar caliber between
obese and non-obese children persisted after adjustment for blood pressure supports the
hypothesis that the arteriolar narrowing in obese children represents impaired vasodilatory
function [20]. These results are substantiated in animal studies; Frisbee et al demonstrated that
in obese Zucker rats, there is enhancement of vasoconstrictor processes and impairment of
endothelium-dependent vasodilator responses [43]. The latter process may be mediated by
nitric oxide (NO) [44], as evidenced by studies showing NO-dependent improvement in
microvascular function after therapeutic interventions in obese rats [45, 46].

We observed that venular Df was significantly higher in obese children than in non-obese
children. These results differ from those of Gopinath et al, who found that fractal dimension
was not significantly associated with body mass index [24]. However, the authors later noted
that carbohydrate intake and a high-glycaemic index diet were associated with greater retinal Df
in girls [47]. As nutrition and body mass index are inextricably intertwined, obese children may
have greater Df due to a complex interplay between these factors and the microvasculature. Df
is a proxy for the geometric complexity of the retinal branching pattern, and is associated with
hypertension [48] and lacunar stroke [28]. Diabetic patients have been observed to have higher
Df than controls [49]. We postulate that the higher Df in obese children may represent micro-
vascular alterations preceding the development of diabetes and its associated complications.

Retinal venular BC was higher in obese children than among non-obese children, but after
multivariable adjustment, the significance of these associations disappeared. To our knowl-
edge, no previous study has explored the relationship between obesity and BC. Venular BC
increases when the area of the branch venules increases disproportionately to that of the main
vessel. The selective effect on these venules is attributed to the fact that unlike in arterioles,
where wall shear stress is lower in second-order arterioles, shear stress, such as occurs with ele-
vated blood pressure, has been found to be similar in first and second-order venules [50]. The
thinner walls of second-order venules may less resistant to stress than first-order venules,
resulting in endothelial inflammation. In rat models, inflammation-induced vasodilation pre-
dominantly affects venules, substantiating our hypothesis [51]. Endothelial inflammation also
disrupts the delicate balance between reactive oxygen species and antioxidant defenses, result-
ing in damaged endothelial cells [52]. As subclinical endothelial dysfunction is present in
obese children, the underlying pathogenesis may be as discussed above [53].

Suboptimal BC is not only an indirect measure of endothelial dysfunction; it is also associ-
ated with altered shear stress across the retinal vascular network, thus propagating a vicious
cycle of inflammation and further injury [54]. The increased stress on the vasculature may be
compounded by various systemic factors, which may explain the lack of statistical significance
in BC after adjustment for confounders. Suboptimal BC has been linked to impairment in gen-
eral cognitive ability and verbal fluency [55]. Although the association of BC with cognition
has not been specifically assessed in obese children, obese individuals have been found to have
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poorer cognitive ability than controls [56]. Further studies are required to determine whether
these findings are reflective of the suboptimal BC in obese patients.

Although our STORT values were similar in both groups, we found a significantly higher
venular cTORT in obese than non-obese children. These results differed from those of
Sasongko et al, in which no association of body mass index with tortuosity was observed [29].
As sTORT cannot distinguish between true tortuosity (multiple points of inflection) and
increased length of the vessel due to bowing, cT'ORT may be a more accurate measure of vessel
tortuosity [57]. Increased retinal venular tortuosity is associated with diabetic retinopathy [58]
and cognitive impairment [59]. Vessels become more tortuous in response to increased trans-
mural pressure [60], which may explain the association of tortuosity with blood pressure [26].
The selective increase in venular tortuosity may be attributed to the relative paucity of smooth
muscle in venular walls, making them more vulnerable to distortion than arterioles, which
have a more developed tunica media. Furthermore, retinal arteriolar autoregulation in
response to various factors such as pressure, shear stress and metabolic demand may also
explain the observed lack of association of arteriolar parameters with obesity [61].

Evaluation of retinal vascular geometry in a cohort of obese children free of other systemic dis-
ease enables non-invasive identification of early retinal microvascular alterations prior to the
development of overt disease. Our study confirms the previous observations of retinal arteriolar
narrowing in obesity, and identifies novel abnormalities in venular Df and cTORT among obese
children. The strengths of this study include its objective quantification of retinal vascular geome-
try via a semi-automated, validated computer program, its sampling of subjects from a single eth-
nic group, adjustment for multiple confounders and the use of vessel indices that are independent
of magnification error and cardiac cycle [62]. However, the cross-sectional nature of this study
limits our ability to make inferences of a temporal nature, and body mass index merely acts as a
substitute for obesity. Combining body mass index with other adiposity-related measures such as
fat mass by skin-fold thickness may strengthen the clinical significance of these findings [40, 63].
There is also a need for prospective, longitudinal studies to demonstrate the sequential changes of
the microvasculature which occur in the development of obesity-related disease.

Conclusion

Obese children have abnormal retinal vascular geometry. These findings suggest that the
microvascular abnormalities observed in obesity-related diseases like diabetes have their ori-
gins in childhood. Retinal vascular geometry may thus represent a biomarker for risk stratifica-
tion, as well as a potential therapeutic target for obesity interventions.
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