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The performance of an integrated model including retinal
information in predicting childhood hypertension
Yuan He1, Shi-Ming Li1, Qing Zhang2, Kai Cao2, Meng-Tian Kang1, Luo-Ru Liu3, He Li3,
Ningli Wang1 and on behalf of the Anyang Childhood Eye Study Group

BACKGROUND: The objective of this study was to examine the association of an integrated model (composed of retinal arteriolar
caliber, height, and sex) with blood pressure (BP) among a group of Chinese children, and assess the predictive value of the
integrated model for childhood hypertension.
METHODS: This study included 1460 candidates aged 12.634 ± 0.420 years. Height, weight, waist circumference, and BP were
obtained and ophthalmological measurements were taken. The computer-imaging program (IVAN, University of Wisconsin,
Madison, WI) was used to measure calibers of retinal vessels. Receiver-operating characteristic curve (ROC) analyses were performed
to assess the accuracy of the integrated model as a diagnostic test of elevated BP in children.
RESULTS: The accuracy of the integrated model (assessed by area under the curve) for identifying elevated BP was 0.777 (95%
confidence interval: 0.742–0.812). The optimal threshold of the integrated model for defining hypertension was 0.153, and the
calculation formula for the specific predictive risk was: Logit (p/1− p)=−5.666− 0.261 × retinal arteriolar caliber+ 0.945 × sex+
0.438 × height. In identifying elevated BP, the sensitivity and specificity were 0.711 and 0.736, respectively.
CONCLUSIONS: The model containing eye message is a comprehensive and relatively effective index to identify elevated BP in 12-
year-old children, which can offer assistance to further understand childhood microcirculation disease.
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IMPACT:

● We firstly incorporated retinal vascular diameter, sex, and height into one integrated model to identify hypertension in 12-year-
old children.

● The current discrimination of hypertension in children is difficult. There have been some studies to simplify the diagnosis of
children’s hypertension, but they were limited to anthropometric measurements. We proposed a composed model containing
microcirculation information to predict childhood hypertension.

● Based on the knowledge that microcirculation is not only a means to study the manifestations but also early pathogenic
correlates of hypertension, the combined model containing microcirculation message as a method may provide new insights
into the diagnosis of childhood hypertension.

INTRODUCTION
High blood pressure (BP) is a major public health problem and
is responsible for 9.4 million deaths annually.1 In the past,
the judgments on an increased risk of hypertension (HTN)
had been practically focused on adults or relatively older
subjects. However, in the past few decades, due to the
increasing prevalence of obesity and unhealthy lifestyle habits
(such as excessive salt intake, lack of exercise, etc.) among
children,2–4 high BP in children and adolescents has become
more and more common in western countries and China.5–7

Longitudinal studies have reported that elevations of BP in
pediatric levels often turned into stable HTN and increased
cardiovascular burden on adulthood, and may provide a
window in the life course where timely and effective prevention

could be focused.8–10 Consequently, identifying children
most at risk of developing future HTN is of important
significance.
HTN has profound effects on the structure and function of the

microvasculature.11 With the development of computer-assisted
analysis systems, retinal fundus examination was employed by
population-based studies to measure individual arterioles and
venules and combine them into central retinal arteriolar
equivalent and central retinal venule equivalent, representing
the average arteriolar and venular caliber of that eye, respec-
tively.12 What deserves attention is that a few studies have
shown that elevated BP in children is associated with retinal
vessel caliber, suggesting that elevated BP may affect the retinal
microvascular system in young children.13–16
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In fact, identifying HTN in children and adolescents is much
more complicated than in adults because there are 476 sex-, age-,
and height-specific cutoffs to assess elevated BP among children
aged 1–17 years for both sexes,7 which are less easily used by
even professional pediatricians in clinical practice. Being aimed at
the diagnosis problems with elevated BP in children, this study
examined the association of an integrated model (combined three
covariates: retinal arteriolar caliber, height, and sex) with elevated
BP among 12-year-old children in a relatively large population of
China and to assess the predictive value of the integrated model
to elevated BP in adolescents aged 12 years.

MATERIALS AND METHODS
Study population
The Anyang Childhood Eye Study is a school-based cohort study
designed to observe the occurrence and development of myopia
as well as other diseases in schoolchildren living in Anyang urban
area, Henan Province, Central China. The detailed methodology of
the study has been previously described.17 In brief, 1460 grade
7 students aged 12.634 ± 0.420 years have been examined from
October 2011 to December 2011. The flowchart of participants
included in the present study was shown in Fig. 1. Ethics approval
was obtained from the institutional review board of Beijing
Tongren Hospital, Capital Medical University, and followed the
tenets of the Declaration of Helsinki. Informed written consent
was obtained from at least one parent. Verbal assent was obtained
from each child.

Retinal photography and measurement of retinal vascular caliber
The children were examined at the health examination station of
the Anyang Eye Hospital. A non-mydriatic fundus camera (Canon
CR-2, Tokyo, Japan) was used to capture 45° fundus images
centering on the optic disc and macular area of children’s right
eyes by a well-trained operator. Children with abnormal fundus
images (such as confounding pathology, out of focus, or too dark)
would also undergo left eye measurements.
According to a standardized protocol described previously,12

the computer-imaging program (IVAN, University of Wisconsin,
Madison, WI) was used to measure calibers of all retinal arterioles
and venules. One grader masked to children’s identity and
characteristics performed all measurements. Before starting the

measurement, 50 randomly selected retinal images were repeat-
edly measured by the grader with an interval of 2 weeks. The
reliability was high with interclass correlation coefficients of 0.85
for arteriolar caliber and 0.97 for venule caliber.

BP measurement
BP of children was measured in a seated position after 5 min of
rest using an automated sphygmomanometer (HEM-907, Omron,
Kyoto, Japan) with appropriate cuff size (bladder length ≈80% and
width at least 40% of the arm circumference, covering the upper
arm but not obscuring the antecubital fossa). Systolic and diastolic
BP (SBP and DBP, respectively) readings were taken. Two readings
were taken 5min apart and averaged for analysis.
We used the age- and sex-specific BP reference standard of

Chinese children and adolescents to identify the children with
elevated BP. That is, SBP or DBP ≥ 90th percentile of the SBP or
DBP with the same age and sex, or BP ≥ 120/80 mmHg, even if
this figure is <90th percentile, were defined as elevated BP.7

Other measurements
Any abnormality of the anterior segment was observed and
recorded using a slit-lamp (YZ5J, 66 Vision Tech Co, Suzhou,
China). Cycloplegic spherical equivalent refraction was measured
using an autorefractor (HRK7000 A, Huvitz, Gunpo, South Korea)
with three readings taken and averaged.18 Axial length was
measured using IOL Master (Carl Zeiss Meditec AG, Jena, Germany)
with five repeated measurements taken and averaged.19 Height
and weight were measured using an automatic and professional
integrated set. Body mass index (BMI) was calculated as weight/
height2 (kg/m2). Waist circumference was measured with a tape
measure and was defined as the narrowest part of the student’s
trunk. Birth information including gestational weeks, birth weight,
and birth length were collected by administrating questionnaires
to the parents.

Statistical analysis
The average value ± standard deviation was used to describe the
measurement data, and the frequency distribution was used to
describe the counting data. Before the single-factor analysis, the
normal state of the grouping data (according to the HTN
grouping) was tested by Shapiro test; p > 0.05 was considered to
conform to the normal distribution; if not satisfying the normal

2363 were eligible for ACES

2120 surveyed

420 had incomplete data,
and excluded from analyses

1460 had gradable photographs and ocular biometry
data, and were included for final analyses

1880 retinal photographs were
obtained

96 refused

240 not underwent
fundus photography

147 not surveyed

2267 given parental permission to
participate

Fig. 1 The flowchart of participants for this study. 1460 candidates were included in this study.
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state, the rank and test of two independent samples were
adopted, with the test level α= 0.05. The variants with statistical
significance in the single-factor analysis were incorporated into
multivariate logistic regression analysis. To facilitate the inter-
pretation of the results, the independent variables were converted
into quartile classification data before the regression analysis. The
receiver-operating characteristic curve (ROC) analyses were used
to examine the predictive value of the integrated model and to
determine the cut-off values by the Youden’s index. All analyses
were performed by SAS (SAS Institute Inc., 100 SAS Campus Drive
Cary, NC 27513-2414, USA). P < 0.05 were considered statistically
significant.

RESULTS
A total of 1460 subjects aged 12.634 ± 0.420 years were conducted
in our study; 52.95% (n= 773) were males. The prevalence of
elevated BP in children was 12.808% (males: 7.503%; females:
18.777%). Compared with boys, girls had higher SBP, higher waist
circumference and BMI, and narrower retinal arteriolar and venular
caliber. (The data were shown in Table 1.)

The results of single-factor analysis were provided with
Table 2, with the test level α= 0.05; if subjects with elevated
BP might be affected by retinal arteriolar caliber, axial length,
waist circumference, BMI, birth weight, age, weight, height,
and sex (P < 0.05), then these nine indices were chosen into
multiple logistic regression model, and the results were shown
in Table 3, and the logistic regression assignment list was shown
in Table 4. Consequently, retinal arteriolar caliber, sex, and
height were selected from the nine indices to predict elevated
BP in children, and integrated covariates were also made, as
showed in Table 5.
Based on the area under the curve (AUC) of the integrated

covariates in the prediction of elevated BP in children, we could
see that the AUC of integrated covariates was significantly higher
than that of other indices such as retinal arteriolar caliber, sex, and
height in the prediction of children hypertension.
According to the results of multivariate regression, we

simultaneously fitted a regression formula to predict the risk of
elevated BP in children, the formula was as follows:
Logit(p/1− p)=−5.666 – 0.261 × retinal arteriolar caliber+

0.945 × sex+ 0.438 × height.

Table 1. Demographic, anthropometric, and blood pressure variables of the children included in the study.

Boys (n= 773) Girls (n= 687) Z P

Retinal arteriolar caliber (μm) 146.350 (137.520–155.080) 142.890 (134.670–151.640) −5.027 <0.001

Retinal venular caliber (μm) 212.550 (203.480–224.350) 210.840 (198.590–222.480) −3.047 0.002

Axial length (mm) 23.920 (23.290–24.610) 24.350 (23.610–25.160) 7.720 <0.001

WC (cm) 68.000 (63.400–73.450) 70.000 (64.500–78.000) 4.706 <0.001

BMI (kg/m2) 18.669 (16.920–20.939) 19.219 (17.274–22.494) 4.135 <0.001

SER (diopters) −1.625 (−3.000 to −0.375) −1.125 (−2.750 to 0.250) 4.414 <0.001

Birth weight (kg) 3200 (3000–3500) 3400 (3100–3700) 6.3062 <0.001

Birth length (cm) 50 (50–51) 50 (50–51) 2.4839 0.013

Pregnancy week 40 (38–40) 39.5 (38–40) −0.5301 0.596

Age (year) 12.624 (12.315–12.893) 12.619 (12.334–12.942) 1.0213 0.307

Weight (kg) 45.000 (39.900–51.000) 46.800 (40.500–55.300) 3.745 <0.001

Height (m) 1.550 (1.510–1.590) 1.550 (1.500–1.600) 0.647 0.518

SBP (mmHg) 106.000 (99.5000–112.000) 107.500 (101.000–113.500) 3.422 0.003

DBP (mmHg) 65.500 (61.500–70.500) 65.000 (61.000–70.000) −1.171 0.241

BMI body mass index, SER spherical equivalent refraction, WC waist circumference, SBP systolic blood pressure, DBP diastolic blood pressure.

Table 2. The results of single-factor analysis between normal BP and elevated BP subjects.

Normal BP (n= 1273) Elevated BP (n= 187) Z P

Retinal arteriolar caliber (μm) 145.340 (136.630–154.270) 139.910 (132.410–148.310) −4.968 <0.001

Retinal venular caliber (μm) 212.070 (201.420–223.550) 210.580 (196.340–223.620) −1.572 0.115

Axial length (mm) 24.080 (23.390–24.820) 24.260 (23.670–25.090) 2.667 0.008

WC (cm) 68.000 (63.500–74.000) 75.000 (68.000–83.000) 7.866 <0.001

BMI (kg/m2) 18.611 (16.920–21.160) 21.433 (18.780–25.120) 8.963 <0.001

SER (diopters) −1.375 (−2.880 to 0.000) −1.250 (−3.130 to 0.160) 0.376 0.707

Birth weight (kg) 3300 (3000–3600) 3350 (3100–3650) 5.183 0.022

Birth length (cm) 50 (50–51) 50 (50–51) 0.995 0.318

Pregnancy week 40 (38–40) 40 (38–40) 0.043 0.965

Age (year) 12.611 (12.300–12.900) 12.717 (12.390–12.990) 2.718 0.006

Weight (kg) 44.800 (39.600–51.900) 55.200 (47.000–65.500) 10.848 <0.001

Height (m) 1.540 (1.500–1.590) 1.590 (1.550–1.640) 8.904 <0.001

Sex Boys (56.17%) Boys (31.02%) χ2= 41.398 <0.001

BMI body mass index, SER spherical equivalent refraction, WC waist circumference.
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DISCUSSION
Unlike the definition used in the diagnostic criteria for adult HTN,
which is supported by thhe outcome data such as cardiovascular
morbidity and mortality, investigators recommend using
population-based normative data to define pediatric HTN because
BP approximates a normal distribution. BP between the 90th and
95th percentile is pre-HTN, and in adolescents, BP ≥ 120/80mm
Hg is pre-HTN even if this figure is <90th percentile, and BP ≥ 95th
percentile may be HTN. However, these percentiles have to be
adjusted for children’s age, sex, and height percentiles, which are
variables known to influence BP.20 The age-, sex- and height-
specific standards of SBP and DBP are less easily used by even
professional pediatricians in clinical practice.21,22 Therefore,
improved or auxiliary diagnostic methods are more important
for children with HTN, and nowadays, different methods have
been put forward to simplify the diagnosis of HTN among
children.23–25 In this study, we proposed an integrated model to
predict the risk of elevated BP in adolescents, which is composed
of three elements (retinal arteriolar caliber, height, and sex). When
using the integrated covariates as a whole to predict HTN in
adolescents, the overall predictive validity is 0.777, and the
optimal cut-off point of the integrated covariates is 0.153. In
identifying elevated BP in adolescents, the sensitivity is 0.711 and
the specificity is 0.736.
Our integrated model has several advantages in practice for

predicting the risk of elevated BP in adolescents:
First, the three key elements in our formula are all significantly

related to BP in children. Retinal arteriolar caliber is associated
with elevated BP in several epidemiological studies based on the
pediatric population, with each 10mmHg increase in SBP/DBP

associated with a 1.70–2.08 μm decrease in retinal arteriolar
caliber from preschoolers to adolescents.13–16 The other two
important components, sex and height, are closely associated with
BP in adolescents, and identifying HTN in children and adolescents
is based on a set of sex- and height-specific references of SBP and
DBP.21,26–28

Second, although BP has been generally accepted as a
reasonable diagnostic criterion, it still has potential limitations.
The value of BP measurement is susceptible to external
environments and conditions. More importantly, a physician or
researcher must be able to accurately judge out whether a child
has white-coat HTN or masked HTN. The reported frequency of
white-coat HTN varies, perhaps as a result of the criteria used to
establish the diagnosis, with values ranging from 1% to as high as
44%,29 and the masked HTN occurs in ~10% of children and
adolescents.30 The two phenomenons are less well determined in
children than in adults. Sometimes ambulatory BP monitoring is
required to make this diagnosis, and in fact, there is little
consensus on how to manage children with white-coat HTN or
masked HTN.30,31 However, the three indexes included in our
formula are relatively objective measurements, less influenced by
the subject’s emotion and psychology, and do not need repeated
measurements on different occasions.
Third, the retina is the only part of the body that microvascular

system can be observed directly, and retinal vascular imaging is a
technology that allows objectively noninvasive in vivo assessment
and monitoring of the microvasculature. The examination and
analysis process of fundus blood vessels can be achieved by
professionals using ophthalmic equipment and software. The
presence of microvascular disease is regarded as an important
pathological feature of HTN.11 At the same time, the increase in
peripheral vascular resistance relates to changes in the microcircula-
tion, which has also played an important role in the pathogenesis
and development of HTN.11,32 In the past, the studies on the
simplified prediction of elevated BP in children were confined to
anthropometric measurements such as BP itself, height, weight,
waist circumference, hip circumference, and so on.24,33,34 Since the
importance of microcirculation as both a means to study the
manifestations and early pathogenic correlates of HTN, we firstly
incorporated retinal microscopic vascular diameter into the
predictive model expecting to achieve a more comprehensive,
relatively effective prediction of elevated BP in children. Since BP is
still considered a reasonable diagnostic standard, this study also
used BP as a reference to examine the effectiveness of the model,
and we hope that this composed model can play an active role in
the diagnosis of elevated BP in children.
Fourth, in our study, the comprehensive model combined three

factors closely related to HTN, and the diagnostic value of this

Table 3. Multiple logistic regression results.

Variables Degrees of freedom Estimate Standard error Wald χ2 P OR OR 95% CI

Intercept 1 −5.666 0.595 90.826 <0.001

Retinal arteriolar caliber (μm) 1 −0.261 0.083 9.840 0.002 0.771 0.655 0.907

Sex 1 0.945 0.181 27.333 <0.001 2.574 1.806 3.669

WC (cm) 1 0.039 0.117 0.110 0.740 1.04 0.827 1.307

BMI (kg/m2) 1 0.176 0.173 1.033 0.309 1.192 0.849 1.673

Height (m) 1 0.438 0.112 15.278 <0.001 1.55 1.244 1.931

Birth weight (kg) 1 −0.021 0.081 0.068 0.795 0.979 0.836 1.147

Weight (kg) 1 0.382 0.205 3.461 0.063 1.466 0.98 2.192

Age (year) 1 0.113 0.078 2.118 0.146 1.12 0.961 1.305

Axial length (mm) 1 −0.123 0.085 2.121 0.145 0.884 0.749 1.043

BMI body mass index, WC waist circumference.

Table 4. Logistic regression assignment list.

Variables Assigning value

Sex 1=male 2= female

Retinal arteriolar caliber (μm) q1= 136.27 q2= 144.79 q3= 153.67

Axial length (mm) q1= 23.43 q2= 24.10 q3= 24.83

WC (cm) q1= 64.00 q2= 69.00 q3= 75.50

BMI (kg/m2) q1= 17.09 q2= 18.94 q3= 21.60

Birth weight (kg) q1= 3000 q2= 3300 q3= 3600

Age (year) q1= 12.32 q2= 12.62 q3= 12.92

Weight (kg) q1= 40.00 q2= 45.80 q3= 53.65

Height (m) q1= 1.50 q2= 1.55 q3= 1.59

BMI body mass index, WC waist circumference.
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comprehensive model for children with elevated BP was
evaluated by the ROC curve. With the model as a whole to
predict HTN, the cut-off value point was 0.153, and the overall
predictive effectiveness of the model could reach 0.777. The
results of this study underscore the importance of taking synthetic
covariants into account, because childhood HTN itself is very
complex and affected by many factors, and the benefits of the
comprehensive model reflect that HTN itself is a comprehensive
indicator that is affected by multiple factors.
According to the formula of our study, girls were more likely to

have elevated BP than boys. A few researchers had indicated that
the risk of developing sustained HTN was higher in boys
compared to that in girls.35 However, the effect of children’s sex
on HTN prevalence remains unclear, as data showed that on
controlling all covariates including BMI, BP had increased among
girls but decreased among adolescent boys aged 13–17 years
during 2003–2006 when compared with 1988–1994.36 Rosner
et al. also reported that the prevalence of elevated BP significantly
increased among girls (8.2 versus 12.6%; P= 0.007), but was only
of borderline significance among boys (15.8 versus 19.2%; P=
0.057), after analyzing a population-based sample of 3248 children
in National Health and Nutrition Examination Survey (NHANES)
III (1988–1994) and 8388 children in continuous NHANES
(1999–2008), aged 8–17 years.3 Compared with boys in our study,
girls were heavier and had higher waist and BMI, which might also
explain the BP difference between the two sexes to some extent,
considering the effects of weight and obesity on BP.
Our main outcome measure was elevated BP (SBP or DBP ≥90th

percentile or SBP/DBP ≥120/80 mmHg). The scope of this study
covered adolescents with HTN and pre-HTN/high-normal BP. Both
the United States20 and European Society of Hypertension
Guidelines37 introduced the concept termed “pre-hypertension/
high-normal BP”, defined as SBP or DBP ≥90th percentile
but <95th percentile or BP ≥ 120/80mmHg but below 95th
percentile. The previous data suggested that pre-HTN/high-
normal BP implies increased risk not only for future HTN but also
for the emergence of early target-organ damage.38,39 In our study,
the risk of HTN in adolescents with pre-HTN/high-normal BP was
also taken into account, hence the adolescents with pre-HTN/
high-normal BP were also treated as a target group.
There are some limitations in this study, first, it only included

Chinese adolescents 12 years old, limiting the ability to apply the
study results to other children groups. Second, the study design is
cross-sectional and does not provide temporal information on the
associations. Third, the possible selection bias giving rise to the
exclusion of students by ineligibility and ungradable retinal
photographs may play a part in the real association between BP
and retinal vessel diameters.
In conclusion, since the importance of the microcirculation as

both a means to study the manifestations and early pathogenic
correlates of HTN, we firstly incorporated retinal microscopic
vascular diameter into an integrated model, expecting to achieve
a more comprehensive and relatively effective prediction of

elevated BP in children, especially in the case of some complex
and uncertain conditions such as white-coat effect and masked
HTN. To better understand the role of microcirculation in the
diagnosis of HTN in children, and to further evaluate the predictive
ability of this composite model for other children groups, such as
children of different ages, different regions/countries, as well as
diseased children, more in-depth researches are needed.
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