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Independent and Synergistic Effects of High 
Blood Pressure and Obesity on Retinal 
Vasculature in Young Children: The Hong 
Kong Children Eye Study
Agnes Ho, MBChB*; Carol Y. Cheung , PhD*; Jason S. Wong, MBChB; Yuzhou Zhang, MSc; Fang Yao Tang, 
PhD; Ka Wai Kam, MBBS, MSc; Alvin L. Young, MBBCh, MMedSc; Li Jia Chen, BMed, MMed, PhD;  
Patrick Ip, MBBS, MPH; Tien Y. Wong, MD, PhD; Chi Pui Pang, DPhil; Clement C. Tham , BM BCh;  
Jason C. Yam , MBBS, MPH

BACKGROUND: High blood pressure (BP) and obesity are becoming increasingly prevalent among children globally. Although 
prior studies have shown their adverse impacts on macrovascular health, less is known about their effects on microvascular 
heath. This study aims to evaluate the independent and synergistic effects of hypertensive BP and obesity on retinal vascu-
lature in young children.

METHOD AND RESULTS: 1006 children aged 6 to 8 years were recruited from the Hong Kong Children Eye Study. Quantitative 
retinal vascular parameters, including central retinal arteriolar and venular equivalents and retinal arteriolar and venular fractal 
dimensions, were measured from retinal photographs following a standardized protocol. BP and body mass index were cat-
egorized according to reference values from American Academy of Pediatrics and International Obesity Task Force guidelines 
respectively. Children with hypertensive systolic BP had the narrowest central retinal arteriolar equivalents compared with 
children with either elevated or normotensive systolic BP (162.4, 164.6, and 167.1 µm; P-trend <0.001). Increased standardized 
systolic BP was associated with narrower central retinal arteriolar equivalents (β=−2.276 µm, P<0.001), wider central retinal 
venular equivalents (1.177, P=0.007), and decreased arteriolar fractal dimensions (β=−0.004, P=0.034). Children with obesity 
had the smallest arteriolar fractal dimensions compared with children with overweightness and normal weight (1.211, 1.234, 
and 1.240; P-trend=0.004). Children with both hypertensive BP and either overweightness or obesity had the narrowest cen-
tral retinal arteriolar equivalents and smallest arteriolar Df (P-trend<0.001 and P-trend=0.007).

CONCLUSIONS: Our findings demonstrate the potential synergistic or additive effects for both hypertensive BP and obesity on 
retinal vasculature in children.
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Hypertension and obesity are two of the most 
important cardiovascular risk factors globally. 
Over the past few decades, the prevalence of 

both childhood hypertension and obesity have been 
increasing worldwide in relation to a paradigm shift in 

health-related behaviors, including reduced physical 
activity levels, a more sedentary lifestyle, increased 
screen time, and less healthy dietary patterns.1–3 In 
some countries, nearly 1 in 4 children is overweight 
or obese.4 Given the increase in evidence suggesting 
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that hypertension and obesity in childhood track 
through adulthood5,6 and predict the future develop-
ment of adverse cardiovascular events,7,8 it is essen-
tial to understand the early and potentially reversible 
effects of high blood pressure (BP) and obesity on 
vascular health in children. Although there have been 
many prior studies concerning the adverse impacts 
of hypertension and obesity on large vessel struc-
tures (ie, the macrovascular level),9–11 there are fewer 
such studies concerning their effects on the health of 
smaller vessels (ie, the microvascular level).12

Retinal arterioles and venules, measuring 100 to 
300 µm in size, are the only visible and optically ac-
cessible small blood vessels in the human body. In 
the past 2 decades, advances in retinal vascular im-
aging have provided a possible window for access-
ing the human microvasculature using noninvasive 
techniques.13,14 Numerous population-based studies 

of older adults have shown alternations in retinal vas-
culature (eg, retinal arteriolar narrowing and retinal 
venular widening) among individuals with hyperten-
sion15,16 and obesity.17 A few studies among children 
have also shown that similar alterations, particularly 
retinal arteriolar narrowing, are associated with in-
creased BP and body mass index (BMI),18–21 sug-
gesting that preclinical changes in the microvascular 
network may commence in early life. Yet such stud-
ies may have overlooked the effect of fat distribu-
tion on retinal vasculature. Some evidence suggests 
that waist-to-height ratio (WHtR), a marker of central 
obesity, is a better predictor for cardiovascular risk 
factors in children than BMI.22,23 Nevertheless, the 
baseline association of WHtR with retinal vasculature 
in children remains unclear. Evaluating such an as-
sociation may add to understandings of the under-
lying pathophysiological pathway between the two. 
Moreover, not much is known about any indepen-
dent and potentially synergistic effects of childhood 
BP and obesity on retinal vasculature. Identifying 
such relationships may have clinical implications for 
interventional approaches.

In this study, we investigated the independent and 
synergistic effects of childhood BP, BMI, and WHtR on 
quantitative retinal vascular parameters in a popula-
tion-based sample of school-aged children. Findings 
from our study will offer insights into the microvascu-
lar effects of cardiovascular risk factors on children, 
as well as add further clinical value to pediatric clinical 
guidelines.

METHODS
Materials supporting the findings of this study are avail-
able from the corresponding author upon reasonable 
request.

Study Design and Participants
This current study was a substudy of the HKCES 
(Hong Kong Children Eye Study), an ongoing popula-
tion-based cohort study of eye conditions in more than 
4000 children (n=4257) from grades 1 to 3 (aged about 
6–8 years) among primary schools in Hong Kong.24–26 
In brief, the HKCES was designed to observe the de-
velopment of children’s eyes. Sample selection was 
based on a stratified and clustered randomized sam-
pling frame. Invitations to join the cohort were sent to 
primary schools registered in the Education Bureau 
based on ranking numbers generated randomly by 
computer. Data for this study were collected from par-
ticipants recruited consecutively from January 2016 
to July 2017. Except refractive errors, children with 
ocular diseases were excluded from the analysis. All 
participants underwent a full ophthalmic examination, 

CLINICAL PERSPECTIVE

What Is New?
• In this population-based study, our results 

showed that narrower retinal arteriolar caliber 
and smaller arteriolar fractal dimension were 
associated with elevated blood pressure, hy-
pertensive blood pressure, and obesity.

• Children with both hypertensive blood pressure 
and either overweightness or obesity had the 
narrowest retinal arterioles and smallest arteri-
olar fractal dimension, suggesting the potential 
additive or synergistic effect of categorical hy-
pertensive blood pressure and overweightness 
or obesity on retinal vasculature in children.

What Are the Clinical Implications?
• Our findings offer insights into the microvascu-

lar effects of cardiovascular risk factors on chil-
dren, as well as add further clinical value to the 
pediatric clinical guidelines.

• More proactive interventional approaches 
should be implemented in children with cardio-
vascular risk factors to prevent the development 
of microvascular impairments.
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a physical examination, and a standardized interview. 
The study adhered to the Declaration of Helsinki, 
with the study protocol being approved by the Ethics 
Committee Board of Prince of Wales Hospital and the 
Chinese University of Hong Kong. The parents of all 
participating children were asked to sign a declaration 
of informed consent.

Retinal Photography
Retinal photographs were taken using a digital fun-
dus camera (TRC-50DX; Tropcon, Tokyo, Japan) after 
pupil dilation with 1% cyclopentolate (Alcon, Belgium) 
and 1% tropicamide (Santen, Japan) under standard-
ized settings. Two retinal photographs, centered at the 
optic disc and fovea respectively, were obtained from 
each eye. The photograph centered at the optic disc 
of the right eye of each participant was used in our 
analysis; in the case the photograph for the right eye 
was ungradable, measurements were performed on 
that for the left eye.

Quantitative Measurements of the Retinal 
Vessel Calibers
Retinal photographs were analyzed quantitatively 
using a semiautomated computer-assisted program 
(Singapore I Vessel Assessment, version 4.0, National 
University of Singapore, Singapore).27 For each reti-
nal photograph, a trained grader, masked to the 
participants’ demographics, measured retinal vas-
cular parameters following a standardized protocol. 
Photographs with suboptimal qualities (eg, those out of 
focus or with cutoffs of the measured region) for grad-
ing were excluded from the analysis.

Retinal vessel calibers were calculated and sum-
marized as central retinal arteriolar equivalent (CRAE) 
and central retinal venular equivalent (CRVE) val-
ues using the Knudtson-Parr-Hubbard formula.28 
Fractional dimension (Df ) was measured in terms of 
both the whole vascular network and the arteriolar 
and venular networks separately, based on skeleton-
ized line tracings using the box counting method:29 a 
smaller Df value reflects a simpler vascular network, 
whereas a larger value indicates a more complex 
and denser vascular network. In this study, arteriolar 
(arteriolar Df ) and venular networks (venular Df ) were 
analyzed for a more specific reflection of changes in 
the 2 vascular systems.

Anthropometrics
BP was measured in the seated position after 5 min-
utes of rest using a digital autonomic blood pressure 
monitor (Vital Signs Monitor, Heal Force Bio-Meditech 
Holdings Group, Shanghai, China), with an appro-
priate cuff size for accurate measurements. Three 

measurements were taken for each subject, with the 
average result being used for further analysis. Both 
systolic (SBP) and diastolic blood pressure (DBP) val-
ues were classified into three groups using the age-, 
sex-, and height-specific BP cutoff values according to 
American Academy of Pediatrics guidelines.30 Children 
with BP values within the 90th percentile were classi-
fied as normotensive, between the 90th and 95th per-
centile as elevated BP, and above the 95th percentile 
as hypertensive BP rather than hypertension because 
of the inconclusiveness of a one-time visit. Body height 
and weight were measured using a professional in-
tegrated set (seca, Hamburg, Germany); height was 
measured to the nearest 0.1 cm and weight to the near-
est 0.1 kg. BMI was then calculated by dividing weight 
(in kg) by the square of height (in meters). Children were 
categorized as normal weight, overweight, and obese 
using the age- and sex-specific BMI cutoff values from 
International Obesity Task Force guidelines.31 Lastly, 
waist circumference was measured using a flexible 
tape wrapped horizontally around the navel. WHtR 
was then calculated by dividing the waist circumfer-
ence (in cm) by height (in cm).

Statistical Analysis
The characteristics of children included in our study 
were reported as means, SDs, and interquartile ranges. 
Independent t test or chi-square test was performed to 
compare the characteristics of the recruited population 
in this substudy versus that of the nonrecruited popu-
lation in HKCES. In the primary analysis, we aimed to 
determine the associations between the clinical BP 
and BMI categories, as defined by the current clinical 
guidelines, with retinal vascular parameters. In the sec-
ondary analysis, we aimed to correlate the Z scores for 
SBP, DBP, BMI, and WHtR derived from the original 
HKCES with retinal vascular parameters.

In the primary analysis, an ANCOVA was per-
formed (95% CI; level of significance, P<0.05) to 
estimate the means of retinal vascular parameters, 
including CRAE, CRVE, arteriolar Df, and venular Df, 
according to the clinical BP and BMI categories. Three 
models were performed. Model 1 was unadjusted 
(crude) and performed on all retinal vascular param-
eters. Model 2 was a multivariate model performed 
on CRAE and CRVE outcomes. Model 3 was a mul-
tivariate model performed on arteriolar and venular 
Df outcomes. Variables were entered into the models 
under main effect. We tested for trends by treating 
the clinical BP and BMI categories as continuous 
ordinal variables, namely normotensive BP, elevated 
BP, hypertensive BP; normal weight, overweight, and 
obese. Multiple comparisons were performed using 
the Bonferroni’s method to test for any differences 
between the groups. The Bonferroni alpha level was 
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0.05. To examine the presence of any additive effects 
between hypertension and obesity on retinal vessel 
parameters, we categorized our study subjects into 
four groups: (1) children with normal weight and nor-
motensive BP; (2) children with overweightness/obe-
sity and normotensive BP; (3) children with normal 
weight and hypertensive BP; and (4) children over-
weightness/obesity and with hypertensive BP. We 
also included a cross-product interaction term as 
independent variable in the ANCOVA (ie, yes/no hy-
pertensive BP and yes/no overweight/obese) to test 
for potential effect modifications.

In the secondary analysis, Z scores for SBP and DBP 
were calculated using the age-, sex-, and height-spe-
cific means and SDs; Z scores for BMI and WHtR were 
calculated using the age- and sex-specific means and 
SDs derived from the reference population (n=4257) of 
the HKCES.24 Multiple linear regression analysis was 
performed to correlate retinal vascular parameters with 
the Z scores for SBP, DBP, BMI, and WHtR. Potential 
effect modifiers were tested by including SBP×BMI Z 
scores, DBP×BMI Z scores, SBP×WHtR Z scores, and 
DBP×WHtR Z scores as interaction terms in the multi-
ple linear regression analysis. A significant P value was 
defined as <0.05. All statistical analysis was performed 
using SPSS (version 23, SPSS, Inc., Chicago, IL).

RESULTS
We recruited 1050 children, excluding 8 because of 
suboptimal retinal images for grading and 36 with in-
complete data on anthropometric or BP or axial length 
measurements. 1006 children were recruited for the 
final analysis. The mean age was 7.6  years; 50.8% 
were female and 49.2% were male. Table 1 summa-
rizes the participant demographics. Table S1 com-
pares the characteristics of the recruited population 
in this substudy (n=1006) versus that of the nonre-
cruited population (n=3251) from HKCES, showing no 
significant difference between the 2 groups. Based 
on American Academy of Pediatrics guidelines, 73% 
(n=739) and 71% (n=715) of children were classified 
as having normotensive SBP and DBP, 10% (n=102) 
and 11% (n=110) as having elevated SBP and DBP, and 
17% (n=165) and 18% (n=181) as having hypertensive 
SBP and DBP respectively. In our cohort, 8% children 
(n=80) had both hypertensive SBP and DBP. Based 
on International Obesity Task Force guidelines, 87% 
children (n=874) were classified as normal weight, 10% 
(n=96) as overweight, and 3% (n=36) as obese.

Table  2 shows the relationships between retinal 
vascular parameters and SBP categories. Narrower 
CRAE was associated with higher SBP categories in 
Models 1 and 2 (all P-trend<0.001). In the multivariable 
Model 2, children with hypertensive SBP had narrower 

CRAE than those with normotensive SBP (162.4  µm 
versus 167.1  µm, P<0.001); the difference was insig-
nificant when comparing children with hypertensive 
SBP and those with elevated SBP (162.4  µm versus 
164.6 µm, P=0.191). Children with elevated SBP had 

Table 1. Baseline Characteristics of the Study Population 
(n=1006)

Parameter No. Mean SD
Interquartile 

Range

Subject age, y 1006 7.6 1.0 6.8 to 8.4

Sex

Female 511

Male 495

Height, cm 1006 124.7 7.9 119.0 to 130.0

Weight, kg 1006 25.0 5.7 21.1 to 27.6

Normal weight 874

Overweight 96

Obese 36

Head circumference, cm 1006 51.9 2.4 51.0 to 53.0

Waist circumference, cm 1006 57.8 6.6 53.0 to 60.5

Waist circumference Z 
score

1006 −0.045 0.841 −0.600 to 0.305

Waist-to-height ratio Z 
score

1006 −0.002 0.960 −0.592 to 0.520

Body mass index, kg/m2 1006 16.0 2.4 14.4 to 16.9

Body mass index Z score 1006 −0.076 0.806 −0.601 to 0.254

Heart rate, bpm 1006 79.6 10.7 72.0 to 86.0

Systolic blood pressure, 
mm Hg

1006 101.4 10.8 94.0 to 108.5

Normotensive SBP 739

Elevated SBP 102

Hypertensive SBP 165

Systolic blood pressure 
Z score

1006 −0.065 0.991 −0.729 to 0.613

Diastolic blood pressure, 
mm Hg

1006 65.1 8.4 59.0 to 70.5

Normotensive DBP 715

Elevated DBP 110

Hypertensive DBP 181

Diastolic blood pressure 
Z score

1006 0.029 0.989 −0.682 to 0.640

Mean arterial blood 
pressure, mm Hg

1006 77.2 8.4 71.5 to 82.7

Central retinal arteriolar 
equivalent, μm

1006 166.1 12.0 157.8 to 174.1

Central retinal venular 
equivalent, μm

1006 232.4 16.1 221.8 to 243.3

Arteriolar Df 1006 1.238 0.051 1.205 to 1.275

Venular Df 1006 1.221 0.049 1.189 to 1.254

Axial length, mm 1006 23.2 1.0 22.5 to 23.7

Spherical equivalence, 
diopter

1006 0.11 1.6 −0.5 to 1.0

DBP indicates diastolic blood pressure; Df, fractal dimension; and SBP, 
systolic blood pressure.
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narrower CRAE (164.6 µm versus 167.1 µm, P=0.037), 
compared with children who were normotensive after 
adjusting for axial length, CRVE and BMI. A similar 
inverse relationship was observed between arteriolar 
Df and SBP categories in Model 1 (P-trend=0.011). 
As illustrated in Model 1, smaller arteriolar Df was ob-
served among children with hypertensive SBP com-
pared with the normotensive SBP group (1.229 versus 
1.241, P=0.019). However, the trend was attenuated 
after further adjusting for axial length or CRVE or BMI. 
No significant associations were found between SBP 
categories versus CRVE and venular Df respectively. 
Similar significant inverse correlations were observed 
between DBP categories and CRAE (Table S2).

Table  3 shows the relationships between clinical 
BMI categories and retinal vascular parameters. Model 
1 shows that clinical BMI categories were associated 
with CRAE (P-trend=0.033), with children with obesity 
having narrower CRAE compared with children with 
normal weight (161.2 µm versus 166.4 µm, P=0.032); 
however, this trend became attenuated after further 
adjusting for axial length or CRVE or mean arterial 
blood pressure. In the multivariate Model 3, children 
with obesity had the smallest arteriolar Df compared 
with children with overweightness and normal weight 
(1.211, 1.234, 1.240, P=0.004) independent of axial 
length, CRAE, CRVE, and mean arterial blood pres-
sure. No significant associations were found be-
tween BMI categories versus CRVE and venular Df 
respectively.

Table  4 shows the relationships between the com-
bination of BP and BMI categories with retinal vascular 
parameters. Children with both hypertensive BP and ei-
ther overweightness or obesity had the narrowest CRAE 
(Figure 1) and smallest arteriolar Df (Figure 2) in both the 
univariable and multivariable analysis (all P-trend<0.05). No 

significant interaction effect between BMI and BP catego-
ries was found in relation to CRAE (P-interaction=0.272; 
Figure 1) and arteriolar Df (P-interaction=0.956; Figure 2). 
Likewise, no significant relationship was found between 
BMI and BP categories with CRVE and venular Df.

Table 5 shows the multiple linear regression analysis 
between the Z scores of SBP, DBP, BMI, and WHtR 
and retinal vascular parameters. In the multivariable 
analysis, a higher SBP Z score was significantly 
associated with narrower CRAE (−2.276  µm, 
P<0.001), wider CRVE (1.177  µm, P=0.007), and 
smaller arteriolar Df (−0.004, P=0.034). Similar 
patterns were observed between DBP Z scores 
and retinal vascular parameters. In the multivariable 
analysis, a higher BMI Z score was associated with 
smaller arteriolar Df (−0.004, P=0.046). A higher 
WHtR Z score was significantly related with smaller 
arteriolar Df only in the unadjusted Model 1 (−0.005, 
P=0.020). WHtR Z score was not associated with 
the vascular parameters in the multivariate adjusted 
model. There were no significant interaction effects 
between SBP×BMI Z scores, DBP×BMI- Z scores, 
SBP×WHtR Z scores, and DBP×WHtR Z scores on 
retinal vascular parameters.

DISCUSSION
We demonstrated the impact of categorical hypertensive 
BP and obesity, as defined by contemporary pediatric 
clinical guidelines, on retinal vasculature in children aged 
6 to 8 years old. Unlike adult hypertension and obesity, 
which are defined based on certain cutoff values, child-
hood BP and BMI categories are age, sex, and height 
specific, thus, the need to take into account their re-
spective normally distributed data.30,31 We also showed 

Table 2. Analysis of Covariance of Retinal Vascular Parameters in Relation to Clinical Systolic Blood Pressure Categories

Parameters Model

Adjusted Mean (95% CI)

P-Trend* P Value† P Value‡ P Value§
Normotensive SBP 

(n=739)
Elevated SBP  

(n=102)
Hypertensive SBP 

(n=165)

CRAE, μm 1 167.3 (166.5–168.2) 164.4 (162.1–166.7) 161.8 (160.0–163.6) <0.001 0.065 <0.001 0.234

2 167.1 (166.5–167.8) 164.6 (162.8–166.5) 162.4 (160.9–163.9) <0.001 0.037 <0.001 0.191

CRVE, μm 1 232.7 (231.5–233.8) 232.9 (229.8–236.0) 230.8 (228.4–233.3) 0.394 >0.9 0.561 >0.9

2 231.9 (230.9–232.8) 234.5 (232.0–237.0) 233.4 (231.3–235.4) 0.100 0.162 0.617 >0.9

Arteriolar Df 1 1.241 (1.238–1.245) 1.232 (1.222–1.242) 1.229 (1.221–1.237) 0.011 0.293 0.019 >0.9

3 1.240 (1.237–1.244) 1.232 (1.222–1.242) 1.233 (1.225–1.241) 0.139 0.394 0.369 >0.9

Venular Df 1 1.221 (1.218–1.225) 1.223 (1.213–1.232) 1.220 (1.213–1.228) >0.9 >0.9 >0.9 >0.9

3 1.222 (1.218–1.225) 1.221 (1.211–1.230) 1.220 (1.212–1.227) 0.887 >0.9 >0.9 >0.9

Model 1: not adjusted. Model 2: adjusted for axial length and fellow vessel caliber, BMI. Model 3: adjusted for axial length, CRAE, CRVE, and BMI. BMI 
indicates body mass index; CRAE, central retinal arteriolar equivalent; CRVE, central retinal venular equivalent; Df, fractal dimension; and SBP, systolic blood 
pressure.

*P-trend across normotensive, elevated SBP, and hypertensive SBP groups.
†P value between normotensive and elevated SBP groups after Bonferroni correction.
‡P value between normotensive and hypertensive SBP groups after Bonferroni correction.
§P-value between elevated SBP and hypertensive SBP groups after Bonferroni correction.
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that standardized BP and BMI—analyzed as continuous 
variables—were associated with retinal vascular param-
eters. Specifically, narrower retinal arteriolar caliber and 
smaller arteriolar Df were significantly associated with el-
evated or hypertensive BP and obesity. Our findings add 
to the growing evidence that microvascular alterations, 
particularly in the arteriolar network, owing to childhood 
hypertension and obesity occur early in life before the 
manifestation of cardiovascular diseases.

Notably, our results demonstrated that retinal 
arteriolar narrowing was already observable in chil-
dren with elevated BP, revealing possible deleterious 
impacts of preclinical hypertension on the retinal 
vasculature. Our results extended previous findings 
supporting an inverse relationship between BP level 
and retinal arteriolar caliber for both adults and chil-
dren.18–21,32 Among adults, previous studies have 
shown that both retinal arteriolar narrowing and ve-
nular widening predict hypertension,14–16 in addition 
to cardiovascular morbidity and mortality,33,34 inde-
pendently of traditional risk factors. Similar retinal 
vascular changes observed in our children could 
therefore represent preclinical markers for future 
pathophysiological changes to the cardiovascu-
lar system in adulthood. With increasing evidence 
showing an association between childhood BP levels 
and higher future risks of hypertension and cardio-
vascular mortality,35,36 the early detection of retinal 
vascular alterations in children with prehypertension 
and hypertension may have implications for the fu-
ture development of cardiovascular diseases among 
them. Longitudinal studies of our cohort would be 
essential for confirming these predictions.

In our study, we demonstrated an association be-
tween smaller arteriolar Df, and increase BP Z scores 
in children. Our results extend previous findings from 
a Singaporean study showing a negative correlation 

between BP levels and retinal vascular Df in chil-
dren.37 Given that fractal analysis is a quantitative 
measure of the overall geometry of a retinal vascular 
system, a smaller arteriolar Df reflects retinal arterio-
lar rarefaction. According to Murray’s principle, the 
vascular branching pattern develops to allow effi-
cient blood flow at the least possible expense of en-
ergy from shear stress exerted on the vessel wall.38 
Functionally, a sparser vascular network indicates 
reduced efficiency in blood flow, which is postulated 
to be associated with a higher risk of microcircula-
tory damage. Because microvascular rarefaction is 
hypothesized to be both a primary defect and down-
stream consequence of long-standing hyperten-
sion,39 examining the retinal vascular Df may offer us 
further information on the optimality of the microvas-
culature. In adults, alterations in retinal vascular Df 
are correlated with an increased risk of stroke40 and 
other cardiovascular diseases.41 On the other hand, 
the long-term complications of reduced arteriolar Df 
in children needs to be evaluated through future lon-
gitudinal studies.

Our results revealed a new association between 
smaller arteriolar Df and childhood obesity, which 
echoed a recent Australian study demonstrating an 
inverse correlation between BMI level and arterio-
lar Df in children 11 to 12  years old.42 This is in line 
with our understanding of microvascular adaptations 
due to obesity, which itself is associated with reti-
nal endothelial dysfunction and vascular agenesis.43 
Remarkably, these microcirculatory alterations are al-
ready evident in children at ages 6 to 8, suggesting 
that adverse changes may begin even earlier. Similar 
to the Australian study,42 we did not find any significant 
associations with retinal venular Df; this is inconsistent 
with a previous Malay study of 166 children aged 6 to 
12 years that showed otherwise.44 Although we do not 

Table 3. Analysis of Covariance of Retinal Vascular Parameters in Relation to Clinical Body Mass Index Categories

Parameters Model

Adjusted Mean (95% CI)

P-Trend* P Value† P Value‡ P Value§Normal Weight (n=874) Overweight (n=96) Obese (n=36)

CRAE, μm 1 166.4 (165.6–167.2) 165.5 (163.1–167.9) 161.2 (157.3–165.1) 0.033 >0.9 0.032 0.197

2 166.2 (165.6–166.8) 165.9 (164.0–167.8) 165.3 (162.2–168.4) 0.839 >0.9 >0.9 >0.9

CRVE, μm 1 232.3 (231.2–233.4) 234.3 (231.0–237.5) 229.5 (224.2–234.7) 0.288 0.773 0.914 0.389

2 232.2 (231.4–233.0) 234.0 (231.4–236.5) 232.7 (228.5–237.0) 0.442 0.609 >0.9 >0.9

Arteriolar Df 1 1.240 (1.237–1.244) 1.233 (1.222–1.243) 1.209 (1.192–1.225) <0.001 0.494 <0.001 0.049

3 1.240 (1.237–1.243) 1.234 (1.224–1.245) 1.211 (1.194–1.228) 0.004 0.905 0.004 0.069

Venular Df 1 1.221 (1.218–1.225) 1.220 (1.210–1.230) 1.220 (1.204–1.236) 0.954 1.000 1.000 1.000

3 1.222 (1.218–1.225) 1.219 (1.209–1.229) 1.219 (1.203–1.235) 0.862 >0.9 >0.9 >0.9

Model 1: not adjusted. Model 2: adjusted for axial length and fellow vessel caliber, MABP. Model 3: adjusted for axial length, CRAE, CRVE, and MABP. CRAE 
indicates central retinal arteriolar equivalent; CRVE, central retinal venular equivalent; Df, fractal dimension; and MABP, mean arterial blood pressure.

*P-trend across normal weight, overweight, and obese groups.
†P value between normal weight and overweight groups after Bonferroni correction.
‡P value between normal weight and obese groups after Bonferroni correction.
§P value between overweight and obese groups after Bonferroni correction.
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have a definitive explanation for the inconsistency, dif-
ferences in ethnicity, sample size, and classifications of 
the study group could be possible reasons.

Our results showed that WHtR, a marker of central 
obesity, was not associated with retinal vascular pa-
rameters in young children. This echoed to a Swiss 
study that showed no significant relationship be-
tween WHtR and retinal vascular diameters.45 Some 
evidence previously suggested that compared with 
BMI, WHtR is more strongly correlated with cardio-
vascular risk factors in children,22,23 thus making it a 
better predictor of cardiovascular disease outcomes 
in adulthood.46 Very few studies have investigated the 
effect of fat distribution on microvasculature in young 
children. Given the increasing evidence suggesting 
effect of obesity on microcirculation commences in 
early life, and a study showing higher WHtR trajec-
tory over the past decade could predict retinal arte-
riolar narrowing in mid-childhood47; we hypothesized 
that higher WHtR may also correlate with retinal 
vascular parameters in young children age 6 to 8. 
However, our results showed that only BMI is asso-
ciated with alterations in retinal vasculature but not 
WHtR. This may suggest the effect of central obesity 
on small vessels is cumulative and the change may 
be more evident only as it progresses in mid-child-
hood. The effect of WHtR on microcirculation in the 
pediatric population has to be further investigated. 
Longitudinal studies for our children with high WHtR 
would be crucial to study its long-term implications, 
as well as to compare the strength of the predic-
tive value and cumulative effect of BMI and WHtR on 
microcirculation.

Potential synergistic or additive effects of child-
hood hypertension and obesity on the retinal vascu-
lature were also examined in our analysis. Children 
with both hypertensive BP and either overweightness 
or obesity had the narrowest CRAE and smallest 
Df among the 4 study groups. Given that numer-
ous studies have already shown that retinal vascular 
changes have predictive value for systemic diseases, 
we suggest that for those with already observable 
microvascular changes at a young age, more pro-
active interventions (eg, diet control, weight reduc-
tion, exercise, and lifestyle modifications) should be 
encouraged to prevent the development of hazard-
ous diseases and further microvascular impairments. 
Future follow-up studies could evaluate the validity of 
retinal imaging as a monitoring tool for interventional 
responses in this group. Notably, the small sample 
size of our study group may be prone to bias; further 
large-scale studies are thus required to examine the 
additive effect more effectively.

Certain underlying pathophysiological mech-
anisms may already explain our current observa-
tions. Hypertension is associated with the reduced Ta
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bioavailability of nitric oxide (NO), leading to endothelial 
dysfunction and myogenic vasoconstriction, given that 
NO is crucial to vasodilation.39,48 Chronic hypertension 
may hence lead to an overwhelmed vasoconstrictive 
response and even complete closure of the vessels. 

This then results in microvascular rarefaction, which 
reflects a reduced genomic complexity in the micro-
vascular network resulting from vessel destruction 
and insufficient angiogenesis.39 In obese individuals, 
inflammation and the oxidative stress exerted in the 

Figure 1. Mean central retinal arteriolar equivalent (CRAE) in relation to clinical blood pressure 
(BP) and body mass index (BMI) categories, adjusted for axial length and fellow vessel caliber.
 

Figure 2. Mean arteriolar fractal dimension (arteriolar Df) in relation to clinical blood pressure 
(BP) and body mass index (BMI) categories, adjusted for axial length, central retinal arteriolar 
equivalent (CRAE), and central retinal venular equivalent (CRVE).
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microvascular bed could lead to arteriolar narrowing 
due to a reduction in NO production.49 Because NO 
is also an important factor stimulating the expression 
of vascular endothelial growth factors for angiogenesis 
during vascular budding,50 an NO deficit may also lead 
to microvascular rarefaction.

The primary strength of our study is its popula-
tion-based design. Our retinal data are obtained ob-
jectively using semiautomated computer software with 
minimal user input and following a standardized proto-
col. Each retinal photograph was analyzed by trained 
graders who were masked to the participants’ identi-
ties. Regarding the limitations of our study, although 
we demonstrated correlations between retinal vascu-
lar changes and hypertensive BP and obesity, exact 
causal relationships could not be established and 
thus need to be evaluated through further longitudinal 
studies. Longitudinal studies are similarly required to 
investigate the predictive value of retinal vascular pa-
rameters on future cardiovascular events. In addition, 
our study measured BP readings from one, instead of 
multiple, clinical setting for the diagnosis of hyperten-
sion; the prevalence of elevated BP and hypertension 
in our study therefore may not be directly compara-
ble with reported statistics. Lastly, we cannot exclude 
the white-coat phenomenon that resulted in higher BP 
readings for our study.

In summary, our study ascertained the existence 
of the independent and synergistic effects of hyper-
tensive BP and obesity, as defined by pediatric clini-
cal guidelines, on associations of retinal microvascular 
health in young children. We demonstrated the pres-
ence of early and measurable effects of cardiovascular 
risk factors on microvascular health, even in early life, 
before the development of clinical cardiovascular dis-
eases. With the prevalence of childhood obesity and 
hypertension increasing globally, our study supports 
the importance of implementing broad public health 
measures in schools and communities for cardiovas-
cular risk prevention.

ARTICLE INFORMATION
Received July 27, 2020; accepted December 11, 2020.

Affiliations
From the Department of Ophthalmology and Visual Sciences, The Chinese 
University of Hong Kong, Hong Kong SAR, China (A.H., C.Y.C., J.S.W., 
Y.Z., F.Y.T., K.W.K., A.L.Y., L.J.C., C.P.P., C.C.T., J.C.Y.); Department of 
Ophthalmology and Visual Sciences, Prince of Wales Hospital, Hong 
Kong SAR, China (K.W.K., A.L.Y., L.J.C., C.C.T., J.C.Y.); Hong Kong Hub of 
Paediatric Excellence, The Chinese University of Hong Kong, Hong Kong 
SAR, China (L.J.C., C.P.P., C.C.T., J.C.Y.); Department of Paediatrics and 
Adolescent Medicine, LKS Faculty of Medicine, The University of Hong 
Kong, Hong Kong SAR, China (P.I.); Singapore Eye Research Institute, 
Singapore National Eye Center, Duke-NUS Medical School, National 
University of Singapore, Singapore (T.Y.W.); Hong Kong Eye Hospital, 
Hong Kong SAR, China (C.C.T., J.C.Y.); and Department of Ophthalmology, 
Hong Kong Children’s Hospital, Hong Kong SAR, China (J.C.Y.).Ta

b
le

 5
. 

M
u

lt
ip

le
 L

in
ea

r 
R

eg
re

ss
io

n 
A

n
a

ly
si

s 
fo

r 
Z

 S
co

re
s 

o
f 

S
ys

to
lic

 B
lo

o
d

 P
re

ss
u

re
, D

ia
st

o
lic

 B
lo

o
d

 P
re

ss
u

re
, B

o
d

y 
M

as
s 

In
d

ex
, a

n
d

 W
a

is
t-

to
-H

ei
g

h
t 

R
at

io
 W

it
h 

R
et

in
a

l 
V

as
cu

la
r 

P
a

ra
m

et
e

rs

P
ar

am
et

er
M

o
d

el

C
R

A
E

, μ
m

C
R

V
E

, μ
m

A
rt

er
io

la
r 
D

f
V

en
u

la
r 
D

f

B
 (9

5%
 C

I)
P

 V
al

u
e

B
 (9

5%
 C

I)
P

 V
al

u
e

B
 (9

5%
 C

I)
P

 V
al

u
e

B
 (9

5%
 C

I)
P

 V
al

u
e

S
ys

to
lic

 b
lo

od
 p

re
ss

ur
e 

Z 
sc

or
e

1
−

2.
37

9 
(−

3.
11

5 
to

 −
1.

64
3)

<
0.

00
1

−
0.

35
8 

(−
1.

36
2 

to
 0

.6
46

)
0.

48
5

−
0.

00
5 

(−
0.

00
8 

to
 −

0.
00

2)
0.

00
1

−
0.

00
1 

(−
0.

00
4 

to
 0

.0
02

)
0.

47
3

2
−

2.
27

6 
(−

2.
87

9 
to

 −
1.

67
3)

<
0.

00
1

1.
17

7 
(0

.3
27

 to
 2

.0
26

)
0.

00
7

−
0.

00
4 

(−
0.

00
7 

to
 <

0.
00

1)
0.

03
4

−
0.

00
2 

(−
0.

00
5 

to
 0

.0
01

)
0.

19
9

D
ia

st
ol

ic
 b

lo
od

 p
re

ss
ur

e 
Z 

sc
or

e
1

−
2.

14
5 

(−
2.

88
6 

to
 −

1.
40

4)
<

0.
00

1
−

0.
15

8 
(−

1.
16

4 
to

 0
.8

49
)

0.
75

8
−

0.
00

5 
(−

0.
00

8 
to

 −
0.

00
2)

0.
00

3
−

0.
00

1 
(−

0.
00

4 
to

 0
.0

02
)

0.
69

3

2
−

2.
04

7 
(−

2.
64

1 
to

 −
1.

45
3)

<
0.

00
1

1.
26

8 
(0

.4
39

 to
 2

.0
97

)
0.

00
3

−
0.

00
4 

(−
0.

00
7 

to
 <

0.
00

1)
0.

03
3

−
0.

00
2 

(−
0.

00
5 

to
 0

.0
01

)
0.

30
4

B
M

I Z
 s

co
re

1
−

0.
86

0 
(−

1.
78

2 
to

 0
.0

62
)

0.
06

7
0.

31
6 

(−
0.

91
9 

to
 1

.5
52

)
0.

61
5

−
0.

00
6 

(−
0.

01
0 

to
 −

0.
00

2)
0.

00
5

<
0.

00
1 

(−
0.

00
4 

to
 0

.0
04

)
0.

97
2

3
−

0.
12

1 
(−

0.
86

6 
to

 0
.6

25
)

0.
75

1
0.

46
4 

(−
0.

55
8 

to
 1

.4
86

)
0.

37
3

−
0.

00
4 

(−
0.

00
8 

to
 <

0.
00

1)
0.

04
6

<
0.

00
1 

(−
0.

00
4 

to
 0

.0
04

)
0.

95
9

W
ai

st
-t

o-
he

ig
ht

 r
at

io
 Z

 
sc

or
e

1
−

0.
82

0 
(−

1.
70

4 
to

 0
.0

63
)

0.
06

9
0.

26
9 

(−
0.

91
5 

to
 1

.4
52

)
0.

65
6

−
0.

00
5 

(−
0.

00
8 

to
 −

0.
00

1)
0.

02
0

0.
00

1 
(−

0.
00

3 
to

 0
.0

04
)

0.
67

4

3
0.

04
8 

(−
0.

67
1 

to
 0

.7
67

)
0.

89
5

0.
50

1 
(−

0.
48

5 
to

 1
.4

87
)

0.
31

9
−

0.
00

3 
(−

0.
00

7 
to

 0
.0

01
)

0.
11

3
0.

00
1 

(−
0.

00
3 

to
 0

.0
04

)
0.

77
9

M
od

el
 1

: 
no

t 
ad

ju
st

ed
. 

M
od

el
 2

: 
ad

ju
st

ed
 fo

r 
ax

ia
l l

en
gt

h,
 fe

llo
w

 v
es

se
l c

al
ib

er
, 

an
d 

B
M

I. 
M

od
el

 3
: 

ad
ju

st
ed

 fo
r 

ax
ia

l l
en

gt
h,

 C
R

A
E,

 C
R

V
E,

 a
nd

 m
ea

n 
ar

te
ria

l b
lo

od
 p

re
ss

ur
e.

 C
R

A
E

 in
d

ic
at

es
 c

en
tr

al
 r

et
in

al
 a

rt
er

io
la

r 
eq

ui
va

le
nt

; C
R

V
E,

 c
en

tr
al

 r
et

in
al

 v
en

ul
ar

 e
q

ui
va

le
nt

; a
nd

 D
f, 

fr
ac

ta
l d

im
en

si
on

.



J Am Heart Assoc. 2021;10:e018485. DOI: 10.1161/JAHA.120.018485 10

Ho et al High BP and BMI on Retinal Vessels in Children

Acknowledgments
We thank the children and families who participated in our study. We also 
thank our colleagues for all their hard work and dedication in collecting 
the data for this study. We are very grateful to Mandy P.H. Ng from the 
Department of Ophthalmology and Visual Sciences, the Chinese University 
of Hong Kong for her help in coordinating and organizing the logistics of the 
study.

Sources of Funding
The study was supported in part by the CUHK Jockey Club Children Eye 
Care Programme, the General Research Fund (GRF), Research Grants 
Council, Hong Kong (14111515 [Yam]); UBS Optimus Foundation Grant 8984 
(Yam); and a grant from the Chinese University of Hong Kong (CUHK), Hong 
Kong (Direct Grant 2015.1.046 [Cheung]). The funding organizations had no 
role in the design or conduct of this research.

Disclosures
None.

Supplementary Material
Tables S1–S2

REFERENCES
 1. Song P, Zhang Y, Yu J, Zha M, Zhu U, Rahimi K, Rudan I. Global preva-

lence of hypertension in children: a systematic review and meta-analy-
sis. JAMA Pediatr. 2019;173:1–10.

 2. Kumar S, Kelly A. Review of childhood obesity: from epidemiology, eti-
ology, and comorbidities to clinical assessment and treatment. Mayo 
Clin Proc. 2017;92:251–265.

 3. Karatzi K, Moschonis G, Botelli S, Androutsos O, Chrousos G, Lionis C, 
Manios Y. Physical activity and sedentary behavior thresholds for iden-
tifying childhood hypertension and its phenotypes: the Healthy Growth 
Study. J Am Soc Hypertens. 2018;12:714–722.

 4. Broyles ST, Denstel KD, Church TS, Chaput JP, Fogelholm M, Hu G, 
Kuriyan R, Kurpad A, Lambert EV, Maher C, et al. The epidemiological 
transition and the global childhood obesity epidemic. Int J Obes Suppl. 
2015;5:S3–S8.

 5. Field A, Cook N, Gillman M. Weight status in childhood as a predictor 
of becoming overweight or hypertensive in early adulthood. Obes Res. 
2015;13:163–169.

 6. Field A, Cook N, Gillman M. High normal weight status in childhood as 
a predictor of being overweight or hypertensive in early adulthood. J 
Adolesc Health. 2003;32:125.

 7. Juonala M, Magnussen CG, Berenson GS, Venn A, Burns TL, Sabin 
MA, Srinivasan SR, Daniels SR, Davis PH, Chen W, et al. Childhood 
adiposity, adult adiposity, and cardiovascular risk factors. N Engl J Med. 
2011;365:1876–1885.

 8. Baker JL, Olsen LW, Sorensen T. Childhood body-mass index and the risk 
of coronary heart disease in adulthood. N Engl J Med. 2007;357:2329–2337.

 9. Kjeldsen S. Hypertension and cardiovascular risk: general aspects. 
Pharmacol Res. 2018;129:95–99.

 10. Wilson PW, D’Agostino RB, Sullivan L, Parise H, Kannel WB. Overweight 
and obesity as determinants of cardiovascular risk: the Framingham ex-
perience. Arch Intern Med. 2002;162:1867–1872.

 11. Kappus RM, Fahs CA, Smith D, Horn GP, Agiovlasitis S, Rossow L, 
Jae SY, Heffernan KS, Fernhall B. Obesity and overweight associated 
with increased carotid diameter and decreased arterial function in 
young otherwise healthy men. Am J Hypertens. 2014;27:628–634.DOI: 
10.1093/ajh/hpt152

 12. Dearborn JL, Schneider ALC, Sharrett AR, Mosley TH, Bezerra DC, 
Knopman DS, Selvin E, Jack CR, Coker LH, Alonso A, et al. Obesity, 
insulin resistance, and incident small vessel disease on magnetic res-
onance imaging: Atherosclerosis Risk in Communities study. Stroke. 
2015;46:3131–3136.DOI: 10.1161/STROK EAHA.115.010060

 13. Liew GJ, Wang JY, Mitchell P, Wong T. Retinal vascular imaging: a 
new tool in microvascular disease research. Circ Cardiovasc Imaging. 
2008;1:156–161.DOI: 10.1161/CIRCI MAGING.108.784876

 14. Cheung CY, Ikram MK, Sabanayagam CY, Wong T. Retinal micro-
vasculature as a model to study the manifestations of hyperten-
sion. Hypertension. 2012;60:1094–1103.DOI: 10.1161/HYPER TENSI 
ONAHA.111.189142

 15. Ikram MK, Witteman JC, Vingerling JR, Breteler MM, Hofman A, 
de Jong PT. Retinal vessel diameters and risk of hypertension: the 
Rotterdam Study. Hypertension. 2006;47:189–194.DOI: 10.1161/01.
HYP.00001 99104.61945.33

 16. Ding J, Wai KL, McGeechan K, Ikram MK, Kawasaki R, Xie J, Klein R, 
Klein BBK, Cotch MF, Wang JJ, et al. Retinal vascular caliber and the 
development of hypertension: a meta-analysis of individual participant 
data. J Hypertens. 2014;32:207–215.DOI: 10.1097/HJH.0b013 e3283 
6586f4

 17. Wang JJ, Taylor B, Wong TY, Chua B, Rochtchina E, Klein R, Mitchell P. 
Retinal vessel diameters and obesity: a population-based study in older 
persons. Obesity. 2006;14:206–214.DOI: 10.1038/oby.2006.27

 18. Kochli S, Endes K, Infanger D, Zahner L, Hanssen H, Koechli S. Obesity, 
blood pressure, and retinal vessels: a meta-analysis. Pediatrics. 
2018;141:e20174090. DOI: 10.1542/peds.2017-4090

 19. Köchli S, Endes K, Steiner R, Engler L, Infanger D, Schmidt-Trucksäss 
A, Zahner L, Hanssen H. Obesity, high blood pressure, and physical 
activity determine vascular phenotype in young children: the EXAMIN 
YOUTH study. Hypertension. 2019;73:153–161.DOI: 10.1161/HYPER 
TENSI ONAHA.118.11872

 20. Gishti O, Jaddoe VWV, Felix JF, Klaver CCW, Hofman A, Wong TY, Ikram 
MK, Gaillard R. Retinal microvasculature and cardiovascular health in child-
hood. Pediatrics. 2015;135:678–685.DOI: 10.1542/peds.2014-3341

 21. Kurniawan ED, Cheung CY, Tay WT, Mitchell P, Saw SM, Wong TY, 
Cheung N. The relationship between changes in body mass index and 
retinal vascular caliber in children. J Pediatr. 2014;165:1166–1171.

 22. Savva SC, Tornaritis M, Savva ME, Kourides Y, Panagi A, Silikiotou N, 
Georgiou C, Kafatos A. Waist circumference and waist-to-height ratio 
are better predictors of cardiovascular disease risk factors in children 
than body mass index. Int J Obes. 2000;24:1453–1458.

 23. Wicklow BA, Becker A, Chateau D, Palmer K, Kozyrskij A, Sellers EA. 
Comparison of anthropometric measurements in children to predict 
metabolic syndrome in adolescence: analysis of prospective cohort 
data. Int J Obes. 2015;39:1070–1078.DOI: 10.1038/ijo.2015.55

 24. Yam JC, Tang SM, Kam KW, Chen LJ, Yu M, Law AK, Yip BH, Wang 
YM, Cheung CYL, Ng DSC, et al. High prevalence of myopia in children 
and their parents in Hong Kong Chinese Population: the Hong Kong 
Children Eye Study. Acta Ophthalmol. 2020;98:E639–E648.

 25. Yuan N, Li J, Tang S, Li FF, Lee CO, Ng MPH, Cheung CY, Tham CC, 
Pang CP, Chen LJ, et al. Association of secondhand smoking exposure 
with choroidal thinning in children aged 6 to 8 years: the Hong Kong 
Children Eye Study. JAMA Ophthalmol. 2019;137:1406–1414.

 26. Cheung CY, Li J, Lam A, Tang FY, Tham CC, Pang CP, Chen LJ, Yam 
JC. Quantitative retinal microvasculature in children using swept-source 
optical coherence tomography: the Hong Kong Children Eye Study. Br 
J Ophthalmol. 2019;103:672–679.

 27. Cheung CY, Tay WT, Mitchell P, Wang JJ, Hsu W, Lee ML, Lau QP, 
Zhu AL, Klein R, Saw SM, et al. Quantitative and qualitative reti-
nal microvascular characteristics and blood pressure. J Hypertens. 
2011;29:1380–1391.

 28. Knudtson MD, Lee KE, Hubbard LD, Wong TY, Klein R, Klein BE. 
Revised formulas for summarizing retinal vessel diameters. Curr Eye 
Res. 2003;27:143–149.

 29. Sherman TF. On connecting large vessels to small. The meaning of Murray’s 
law. J Gen Physiol. 1981;78:431–453.DOI: 10.1085/jgp.78.4.431

 30. Flynn JT, Kaelber DC, Baker-Smith CM, Blowey D, Carroll AE, Daniels 
SR, de Ferranti SD, Dionne JM, Falkner B, Flinn SK, et al. Clinical prac-
tice guideline for screening and management of high blood pressure in 
children and adolescents. Pediatrics. 2017;140:e20171904.

 31. Cole TJ, Bellizzi MC, Flegal K, Dietz WH. Establishing a standard defi-
nition for child overweight and obesity worldwide: international survey. 
BMJ. 2000;320:1240–1243.

 32. Wong TY, Mitchell P. Hypertensive retinopathy. N Engl J Med. 
2004;351:2310–2317.

 33. Wong TY, Kamineni A, Klein R, Sharrett AR, Klein BE, Siscovick DS, 
Cushman M, Duncan BB. Quantitative retinal venular caliber and risk 
of cardiovascular disease in older persons—the Cardiovascular Health 
Study. Arch Intern Med. 2006;166:2388–2394.

 34. Ikram MK, De Jong FJ, Bos MJ, Vingerling JR, Hofman A, Koudstaal PJ, 
de Jong PT, Breteler MM. Retinal vessel diameters and risk of stroke: 
the Rotterdam Study. Neurology. 2006;66:1339–1343.

 35. Campbell M, Laitinen T, Hughes A, Pahkala K, Juonala M, Kähönen M, 
Wong TY, Lehtimäki T, Hutri-Kähönen N, Raitakari OT, et al. Impact of 
ideal cardiovascular health in childhood on the retinal microvasculature 

https://doi.org/10.1093/ajh/hpt152
https://doi.org/10.1161/STROKEAHA.115.010060
https://doi.org/10.1161/CIRCIMAGING.108.784876
https://doi.org/10.1161/HYPERTENSIONAHA.111.189142
https://doi.org/10.1161/HYPERTENSIONAHA.111.189142
https://doi.org/10.1161/01.HYP.0000199104.61945.33
https://doi.org/10.1161/01.HYP.0000199104.61945.33
https://doi.org/10.1097/HJH.0b013e32836586f4
https://doi.org/10.1097/HJH.0b013e32836586f4
https://doi.org/10.1038/oby.2006.27
https://doi.org/10.1542/peds.2017-4090
https://doi.org/10.1161/HYPERTENSIONAHA.118.11872
https://doi.org/10.1161/HYPERTENSIONAHA.118.11872
https://doi.org/10.1542/peds.2014-3341
https://doi.org/10.1038/ijo.2015.55
https://doi.org/10.1085/jgp.78.4.431


J Am Heart Assoc. 2021;10:e018485. DOI: 10.1161/JAHA.120.018485 11

Ho et al High BP and BMI on Retinal Vessels in Children

in midadulthood: Cardiovascular Risk in Young Finns Study. J Am Heart 
Assoc. 2018;7:e009487. DOI: 10.1161/JAHA.118.009487

 36. Ingelfinger JR. Pediatric antecedents of adult cardiovascular disease–
awareness and intervention. N Engl J Med. 2004;350:2123–2126.

 37. Kurniawan ED, Cheung N, Cheung CY, Tay WT, Saw MS, Wong TY. 
Elevated blood pressure is associated with rarefaction of the retinal vas-
culature in children. Invest Ophthalmol Vis Sci. 2012;53:470–474.

 38. Murray CD. The physiological principle of minimum work: I. The vas-
cular system and the cost of blood volume. Proc Natl Acad Sci USA. 
1926;12:207–214.

 39. Feihl F, Liaudet L, Waeber B, Levy B. Hypertension: a disease of the 
microcirculation? Hypertension. 2006;48:1012–1017.

 40. Cheung N, Liew G, Lindley R, Liu EY, Wang JJ, Hand P, Baker M, Mitchell 
P, Wong TY; Multi-Center Retina & Stroke Study Collaborative Group. 
Retinal fractals and acute lacunar stroke. Ann Neurol. 2010;68:107–111.

 41. Liew G, Mitchell P, Rochtchina E, Wong TY, Hsu W, Lee ML, Wainwright 
A, Wang JJ. Fractal analysis of retinal microvasculature and coronary 
heart disease mortality. Eur Heart J. 2011;32:422–429.

 42. Liu M, Lycett K, Wake M, Wong TY, Hsu W, Lee ML, Wainwright A, 
Wang JJ. Cardiovascular health and retinal microvascular geometry in 
Australian 11–12-years-olds. Microvasc Res. 2020;129:103966.

 43. Lammert A, Hasenberg T, Imhof L, Schnülle P, Benck U, Krämer BK, 
Hammes HP. High prevalence of retinal endothelial dysfunction in obe-
sity WHO class III. Microvasc Res. 2012;84:362–366.

 44. Tai ELM, Kueh YC, Wan Hitam WHW, Wong TY, Shatriah I. Comparison 
of retinal vascular geometry in obese and non-obese children. PLoS 
One. 2018;13:e0191434.

 45. Imhof K, Zahner L, Schmidt-Trucksäss A, Hanssen H. Association of 
body composition and blood pressure categories with retinal vessel di-
ameters in primary school children. Hypertens Res. 2016;39:423–429.

 46. Liu M, Lycett K, Wong TY, Kerr J, He M, Juonala M, Olds T, Dwyer T, 
Burgner D, Wake M. Do body mass index and waist-to-height ratio over 
the preceding decade predict retinal microvasculature in 11–12 year 
olds and midlife adults? Int J Obes. 2020;44:1712–1722.

 47. Siavash M, Sadeghi M, Salarifar F, Amini M, Shojaee-Moradie F. 
Comparison of body mass index and waist/height ratio in predicting 
definite coronary artery disease. Ann Nutr Metab. 2008;53:162–166.

 48. Hermann M, Flammer A, Lüscher TF. Nitric oxide in hypertension. J Clin 
Hypertens. 2006;8:17–29.

 49. Steinberg H, Chaker H, Leaming R, Johnson A, Brechtel G, Baron 
A. Obesity/insulin resistance is associated with endothelial dysfunc-
tion. Implications for the syndrome of insulin resistance. J Clin Invest. 
1996;97:2601–2610.

 50. Dulak J, Józkowicz A, Dembinska-Kiec A, Guevara I, Zdzienicka A, 
Zmudzinska-Grochot D, Florek I, Wójtowicz A, Szuba A, Cooke JP. 
Nitric oxide induces the synthesis of vascular endothelial growth fac-
tor by rat vascular smooth muscle cells. Arterioscler Thromb Vasc Biol. 
2000;20:659–666.

https://doi.org/10.1161/JAHA.118.009487


 

 

 

 

 

 

 

 

 

SUPPLEMENTAL MATERIAL 
 

 

 

 

 



Table S1. Comparison of baseline characteristics of the recruited population in this study versus the non-recruited 

population in the Hong Kong Children Eye Study by independent t-test or chi-squared test. 

  Recruited population      Non-recruited population   

Parameter n Mean SD n Mean  SD  P-value 

Subject age, years 1,006 7.6 1.0 3,251 7.6 1.0 0.38 

Sex        

   Male 495   1,681   0.17 

   Female 511   1,570    

Height, cm 1,006 124.7 7.9 3,251 125.1 8.3 0.07 

Weight, kg 1,006 25.0 5.7 3,251 25.4 6.1 0.27 

Head circumference, cm 1,006 51.9 2.4 3,251 51.9 2.2 0.51 

Waist circumference, cm 1,006 57.8 6.6 3,251 58.0 7.2 0.45 

Body mass index, kg/m2 1,006 16.0 2.4 3,251 16.1 2.6 0.78 

Heart rate, bpm 1,006 79.6 10.7 3,251 80.0 11.5 0.38 

Systolic blood pressure, mmHg 1,006 101.4 10.8 3,251 101.4 10.6 0.90 

Diastolic blood pressure, mmHg 1,006 65.1 8.4 3,251 65.4 9.8 0.40 

Mean arterial blood pressure, mmHg 1,006 77.2 8.4 3,251 76.9 8.6 0.27 

Axial Length, mm  1,006 23.2 1.0 3,251 23.2 0.9 0.52 

Spherical Equivalence, diopter   1,006 0.11 1.6 3,251 0.13 1.6 0.71 

 

SD, standard deviation 

 

 

 

 

 

 

 

 

 



 

Table S2. Analysis of covariance of retinal vascular parameters in relation to clinical diastolic blood pressure (DBP) categories. 

 

Parameters Model Adjusted mean (95% CI) P-trend* P-value† P-value‡ P-value§   
Normotensive DBP (n= 715) Elevated DBP (n=110) Hypertensive DBP (n=181)   

 
 

CRAE, μm 1 167.1 (166.3 - 168.0) 162.6 (160.4 - 164.8) 164.2 (162.4 - 165.9) <0.001 <0.001 0.009 0.824  
2 167.0 (166.3 - 167.7) 163.1 (161.4 - 164.9) 164.5 (163.1 - 165.9) <0.001 <0.001 0.005 0.731      

  
 

 

CRVE, μm 1 232.7 (231.5 - 233.9) 231.5 (228.5 - 234.5) 231.8 (229.4 - 234.1) 0.671 >0.9 >0.9 >0.9  
2 232.0 (231.1 - 233.0) 234.1 (231.7 - 236.5) 232.8 (230.9 - 234.6) 0.258 0.330 >0.9 >0.9      

  
 

 

Arteriolar Df 1 1.241 (1.237 - 1.245) 1.234 (1.225 - 1.244) 1.231 (1.223 - 1.238) 0.037 0.642 0.046 >0.9  
3 1.240 (1.236 - 1.244) 1.235 (1.226 - 1.245) 1.233 (1.225 - 1.240) 0.182 >0.9 0.246 >0.9      

  
 

 

Venule Df 1 1.222 (1.218 - 1.225) 1.218 (1.209 - 1.227) 1.221 (1.214 - 1.228) 0.750 >0.9 >0.9 >0.9  
3 1.222 (1.218 - 1.226) 1.216 (1.207 - 1.225) 1.221 (1.214 - 1.228) 0.514 0.748 >0.9 >0.9 

 

CRAE, central retinal arteriolar equivalent; CRVE, central retinal venular equivalent; Df, fractal dimension; BMI, body mass index 
*P-trend across normotensive, elevated DBP and hypertensive DBP groups. 
†P-value between normotensive and elevated DBP groups after Bonferroni correction. 
‡P-value between normotensive and hypertensive DBP groups after Bonferroni correction. 
§P-value between elevated DBP and hypertensive DBP groups after Bonferroni correction.  

Model 1: Not adjusted. Model 2: Adjusted for axial length, fellow vessel caliber, BMI. Model 3: Adjusted for axial length, CRAE, CRVE, BMI. 

 


