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Abstract

Purpose: To determine the mean value and normative distribution of intraocular pressure (IOP)
in children and their association with demographic and ocular biometrics.

Methods: Cluster sampling was done to select the students in urban areas of Shahroud, northeast
Iran, while all students living in rural areas were selected. IOP was measured in mmHg using a non-
contact tonometer, along with corneal and retinal imaging and ocular biometric measurement.
Results: After applying the exclusion criteria, 9154 eyes of 4580 students were analyzed, of
whom 2377 (51.9 %) were boys. The mean age of the participants was 12.35+1.73 years (range:
9—15 years). The mean IOP was 15.58+2.83 (15.47—15.69) in total, 15.31+2.77 (15.17—15.46)
in boys, and 15.88+2.86 (15.73—16.03) in girls (p < 0.001). The mean IOP was 15.07 and 15.49
in students aged 9 and 15 years, respectively. The mean IOP was 15.7 + 2.64 (15.58—15.81) in
urban and 14.52+4.05 (14.27—14.77) in rural students (p < 0.001). In the multiple generalized
estimating equation model, IOP had a positive association with female sex (8=0.84, P < 0.001),
systolic blood pressure (8=0.02, P < 0.001), cup volume (8=0.99, P < 0.001), corneal thickness
(B=0.04, P < 0.001) and anterior chamber volume (8=0.007, P < 0.001) and a negative associa-
tion with living in the rural area (8=—0.65, P < 0.001), rim area (8=—0.39, P < 0.001), and cor-
neal diameter (B=—0.18, P = 0.045). Furthermore, individuals with myopia exhibited a
significantly higher IOP (8=0.35, P < 0.001) compared to those with emmetropia.

Conclusion: This study showed the normative distribution of IOP and its associated factors in
children. The results can be used in diagnosis and management of glaucoma.

List of abbreviations: SSCECS, Shahroud Schoolchildren Eye Cohort Study; SD, Standard Deviation; 95% Cl, 95% Confidence Intervals; IOP,
Intraocular Pressure; CCT, Central Corneal Thickness; GEE, Generalized Estimating Equations; GAT, Godman Applanation Tonometry.
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Introduction

Intraocular pressure (IOP) has a positive relationship with
ocular physiology and pathophysiology. ™ A high IOP in chil-
dren not only results in corneal edema and its enlargement
as well as changes in the Descemet membrane but it is also a
modifiable risk factor for glaucoma.?> Glaucoma can cause
severe ocular abnormalities, including blindness, in chil-
dren. It has been reported that 1.2 % of the children in the
UK* and 3 % and 7 % of the children in north® and south® India
are blind due to glaucoma, respectively. It is obvious that
early diagnosis and treatment of this disease in early stages
can prevent vision disorders in children.”

While glaucoma is now defined based on certain
functional and structural changes of the visual system, IOP
measurement is one of the most accepted methods for cate-
gorizing different types of glaucoma across the world.?
Hence, several studies have evaluated the normative distri-
bution of I0P in different populations.’'* The inconsistency
in the results of studies, even those conducted in ethnically
similar populations, '>'* and the importance of IOP as a mod-
ifiable risk factor in the diagnosis and referral of glaucoma
highlight the necessity of conducting studies on subjects at
different ages from diverse ethnic backgrounds, since these
studies can improve our understanding of the prevalence of
glaucoma and its risk factors in different parts of the world.

A limited number of studies have evaluated the norma-
tive distribution of IOP in children but their results are dif-
ferent considering their demographic and methodological
differences.’*'® Moreover, no population-based studies
have been conducted in Iranian children to date. The aim of
the present study was to evaluate the normative distribution
of I0P and its association with other biometric variables in
children participating in the Shahroud Eye Cohort Study.

Methods

The present study was part of the second phase of Shahroud
Schoolchildren Eye Cohort Study, which was conducted in
Shahroud, a city in the northeast of Iran. The methodology
of this study has been described in detail elsewhere.' In
brief, the first phase of this study was conducted in 2015.

This study entailed the collection of samples from both
urban and rural areas in Shahroud. Due to the significant num-
ber of students living and studying in the city, a multi-stage
cluster sampling method was utilized for the urban student
population. In urban areas, each classroom was considered a
cluster. In total, 200 clusters were selected from the 473 clus-
ters available in Shahroud proportional to the number of class-
rooms in each school. In rural areas, the limited student
population required the inclusion of all students from the vil-
lage who were enrolled in local schools, employing a census.

The second phase of this study was conducted in 2018
with a similar setting. All students who partook in phase one
were invited to participate in phase two on a predetermined
day.

After selecting the students and transferring them to the
examination site, they were interviewed to record their demo-
graphic data and past medical history. Then, their blood pres-
sure and anthropometric indexes were measured. Optometric
examinations included the measurement of visual acuity and
refraction. Uncorrected distance visual acuity was measured
using the Nidek CP-770 chart projector at 3 m. Then, non-
cycloplegic refraction was measured using the Nidek ARK-510A
auto refractometer and the results were refined using the
Heine Beta 200 retinoscope ((HEINE Optotechnic, Hersching,
Germany). Subjective refraction was conducted on students
exhibiting unaided visual acuity worse than 20/20.

Finally, all students underwent cycloplegic refraction
using cyclopentolate 1 % drops. IOP was measured using a
non-contact tonometer (NT-530, NCT Nidek Co., Ltd., Aichi,
Japan), before cycloplegia. The IOP measurements were
conducted again for 95 students one hour after the initial
assessment. Intraclass correlation coefficients (ICC) were
then calculated to assess the reliability of the IOP measure-
ments. To calculate ICC, a three-level mixed model was ini-
tially fitted. In this model, the IOP measurements were
nested within eyes, and eyes were nested within individuals.
The ICCs were then defined at the eye level using the “estat
icc” command in STATA software (College Station, TX: Stata-
Corp LLC) after running the mixed model.

The Allegro Biograph (WaveLight AG, Erlangen, Germany)
was used for biometric measurements and the optical coher-
ence tomography (OCT) (ZEISS Cirrus™ HD-OCT Model 4000
(Carl Zeiss-Meditec, Dublin, CA) was used for macular and
optic nerve head imaging. Corneal imaging was done using
the Pentacam HR. OCT imaging and IOP measurement were
only done in the second phase. OCT imaging for retinal indi-
ces was done after cycloplegia with dilated pupils to obtain
more accurate images.

Exclusion criteria

The students with a history of ocular surgery, amblyopia, tro-
pia, a best corrected visual acuity of worse than 20/30 were
excluded from the study. The Pentacam images with OK quality
and OCT images with S5>0.6 were included in the study.

Definitions

Cycloplegic refraction was used to determine refractive
error. Similar to previous studies conducted in children,?
we also considered a spherical equivalent of equal to or
worse than —0.5D as myopia and +2D or worse as hyperopia.
A spherical equivalent ranging from —0.49 D to +1.99 D was
classified as emmetropia.

Statistical analysis

The mean, standard deviation (SD), 95 % confidence interval
(95 % Cl), normal range, and 25 %, 50 %, 75 %, and 95 %
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percentiles of IOP were reported according to the study vari-
ables. The mean value £2 SD was considered to calculate
the normal range. The cluster effect was considered for
accurate estimation of standard error, and a sampling weight
was applied considering the sampling method in urban and
rural areas. Since the results of both eyes were analyzed,
simple and multiple generalized estimating equation (GEE)
models were used to evaluate the association of I0P with
ocular biometrics and other independent variables.

Results

Of 5620 students who participated in phase one, 5292 partook
in phase two. After applying the exclusion criteria, 9154 eyes
of 4580 students were analyzed, of whom 2377 (51.9 %) were
male. The mean age of the students was 12.35+1.73 years

(9—15 vyears). The ICC recorded were 0.85 (95 % CI:
0.79—0.89), indicating a good reliability in IOP measurements.
Table 1 presents the mean, SD, and 95 % Cl of IOP in all
subjects according to age and sex. The mean IOP was
15.58+2.83 mmHg (15.47—15.69). Table 2 shows the normal
range of IOP in the participants according to age and sex.
The normal range of I0P was 9.92 to 21.24 mmHg in all stu-
dents with a skewness and kurtosis of 0.353 and 0.174,
respectively. Table 3 presents the 25 %, 75 %, 95 %, and 99 %
percentiles of IOP in the students according to age and sex.
According to Table 1, the mean IOP was higher in female
students. GEE analysis showed that the difference was sig-
nificant (p < 0.001). IOP changes with age were non-linear.
The mean I0P was 15.7 £+ 2.64 mmHg (15.58—15.81) in
urban and 14.52+4.05 mmHg (14.27—14.77) in rural stu-
dents. GEE analysis showed that the mean IOP was signifi-
cantly higher in urban students (p < 0.001). Fig. 1 shows the
mean IOP according to the refractive error. The lowest and

Table 1 The mean, standard deviation and 95 % confidence intervals (in parenthesis) of intraocular pressure (mmHg) by age and

sex.

Age groups (year) Total Male Female
Total 15.58 + 2.83 (15.47—15.69) 15.31 £2.77 (15.17—15.46) 15.88 +2.86 (15.73—16.03)
9 15.07 £ 2.71 (14.66—15.48) 14.95 £ 2.79 (14.38—15.51) 15.20 £ 2.60 (14.59—15.81)
10 15.74 £+ 2.68 (15.53—15.94) 15.61 £ 2.65 (15.27—15.95) 15.86 +£2.70 (15.63—16.10)
11 15.67 £+ 2.73 (15.46—15.87) 15.50 £+ 2.87 (15.19—15.81) 15.84 £+ 2.57 (15.58—16.10)
12 15.62 £+ 2.81 (15.35—15.89) 15.30 £ 2.72 (14.96—15.64) 15.94 £+ 2.86 (15.55—16.32)
13 15.63 + 2.82 (15.41—15.85) 15.50 + 2.74 (15.26—15.74) 15.81 £2.91 (15.43—16.20)
14 15.42 £+ 2.93 (15.10—15.74) 14.90 £ 2.74 (14.53—-15.27) 16.02 £ 3.02 (15.58—16.46)
15 15.49 + 3.00 (15.24—15.74) 15.11 £+ 2.79 (14.83—15.38) 15.90 + 3.16 (15.55—16.24)

Table 2 The normal range of Intraocular pressure (mmHg) by age and sex.

Age groups (year) Total Male Female
Total 9.92 to 21.24 9.77 t0 20.85 10.16 to 21.60
9 9.65 to 20.49 9.37 t0 20.53 10.00 to 20.40
10 10.38 t0 21.10 10.31 to 20.91 10.46 to 21.26
11 10.21 to 21.13 9.76 to 21.24 10.70 to 20.98
12 10.00 to 21.24 9.86 to0 20.74 10.22 to 21.66
13 9.99 to 21.27 10.02 t0 20.98 9.99 to 21.63
14 9.56 to 21.28 9.42 t0 20.38 9.98 to 22.06
15 9.49 to 21.49 9.53 t0 20.69 9.58 to 22.22
Table 3  Percentiles of Intraocular pressure (mmHg) by age and sex.
Age and sex groups Percentiles 25 % 75 % 95 % 99 %
Total 13.7 17.3 20.3 23.0
Sex Male 13.3 17.0 20.0 22.7
Female 14.0 17.3 21.0 23.0
Age 9 13.3 16.7 19.7 21.0
10 13.7 17.3 20.7 22.7
11 13.7 17.3 20.3 22.7
12 13.7 17.3 20.3 22.3
13 13.7 17.0 20.7 23.3
14 13.3 17.0 20.7 23.3
15 13.3 17.0 20.7 23.0
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Fig. 1 The mean and 95 % confidence interval of intraocular pressure (mmHg) by refractive errors.

highest I0P was seen in hyperopic and myopic participants,
respectively. GEE analysis showed a significantly higher IOP
in myopic subjects compared to emmetropic ones
(p < 0.001) while no difference was observed between myo-
pic and hyperopic individuals (p = 0.361).

The association of IOP with age, sex, living place, systolic
and diastolic blood pressure, BMI, macular thickness, macular
volume, rim area, average vertical cup/disk ratio, disc area,
cup volume, central corneal thickness, lens thickness, corneal
diameter, anterior chamber depth, anterior chamber volume,
anterior chamber angle, mean keratometry reading, and
refractive errors was evaluated in a multiple GEE model. Con-
sidering the association between variables and to prevent col-
linearity, a number of variables were not included in the
model. The results of the final model are presented in Table 4.
The final model’s collinearity was assessed, revealing a maxi-
mum variance inflation factor (VIF) of 1.69 for the ACV.

The GEE model revealed a positive association between IOP
with female sex, systolic and diastolic blood pressures, cup vol-
ume, corneal thickness, and anterior chamber volume. In con-
trast, IOP showed a negative relationship with living in rural
regions, rim area, and corneal diameter. Furthermore, individ-
uals with myopia exhibited a significantly higher IOP (8=0.35,
P < 0.001) compared to those with emmetropia.

Fig. 2 presents the correlation of IOP with central corneal
thickness and axial length.

Discussion

A population-based study was conducted to determine the
normative distribution of IOP in a large sample of children
aged 9—15 years and its association with a nhumber of bio-
metric variables. A few studies have investigated the distri-
bution of this parameter in children across the world.">"®
The normative distribution of IOP in Iranian children and its
association with biometric parameters were investigated in
the present study for the first time.

The mean IOP was 15.58+2.83 mmHg in the present
study, which was close to the mean IOP of children measured

in studies conducted in Iran,?" Singapore,?* China,”*** and
Malaysia.?

However, it was lower than the mean IOP of children mea-
sured in studies conducted in Turkey (17.42 and
17.9 mmHg),?>*’ East China (17.6 mmHg),”® and USA (black
children: 19.3 mmHg, White children: 17.7 mmHg).%’ It should
be noted that all of the studies that reported similar IOP values
used non-contact methods for IOP measurement while the
studies that reported higher values used other methods such as
the tono-pen. Moreover, studies that compared tono-pen with
non-contact”’ or rebound tonometry’® methods reported a
higher mean IOP value with tono-pen compared to other meth-
ods. Therefore, in addition to differences in the ethnicity, sam-
ple size, and age group across studies, differences in the 10P
measurement methods can also affect the distribution of IOP.
Additionally, an intriguing factor that may influence I0P mea-
surement is the variability in corneal stiffness among individu-
als from diverse geographical regions and ethnic backgrounds.
This variation could be attributed to genetic differences or the
effects of sunlight exposure and natural crosslinking.*°

In this study, there was no statistically significant relation-
ship between age and IOP based on the multiple GEE model.
Although some studies reported different results,?>?*?” Jiang
et al.?® found similar findings in children aged 4—18 years.
Their research indicated that, although IOP increased until the
age of 10 years, a notable decline was recorded between the
ages of 10 and 18 years, establishing a positive correlation
between elevated IOP and younger age.

The results of the present study showed a significantly
higher mean IOP value in female subjects. Although this find-
ing was previously reported in some studies in children?*27-?¢
and adults,'?>" some other studies showed no significant
inter-gender difference in the mean I0P.2>>*2° |t is difficult
to explain the reason for the higher I0P values in girls and
more studies are required in this regard.

The mean IOP was higher in urban areas (15.7 £ 2.64 mmHg)
versus rural areas (14.52+4.05 mmHg). Studies that have been
conducted in this regard have reported different results. While
Xu et al. found no correlation between IOP and living place
(urban or rural),** Jiang et al. reported similar results to our
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Table 4  Association of intraocular pressure (mmHg) with demographic and ocular variables in simple and multiple generalized

estimating equations models.

Simple model

Multiple model

Independent variables Coefficient (95 %Cl) p-value Coefficient (95 %Cl) p-value
Sex (Female/male) 0.6 (0.44 t0 0.75) <0.001 0.80 (0.67 to 0.94) <0.001
Age (year) 9 0 NR
10 0.63 (0.11 to 1.15) 0.018
11 0.53 (0.01 to 1.05) 0.045
12 0.47 (—0.05 to 0.98) 0.077
13 0.47 (—0.05 t0 0.99) 0.074
14 0.29 (—0.23 t0 0.81) 0.279
15 0.37 (—0.16 to 0.89) 0.169
Residence Place (Rural/urban) —1.18 (—1.37 to —0.98) <0.001 —0.56 (—0.72 to —0.4) <0.001
Body mass index 0.05 (0.03 to 0.06) <0.001 NR
Systolic blood pressure (mm/Hg) 0.01 (0 to 0.02) 0.014 0.01 (0.01 to 0.02) <0.001
Diastolic blood pressure (mm/Hg) 0.04 (0.03 to 0.05) <0.001 NR
Macular thickness () —0.001 (0 to 0) 0.168 NR
Macular volume (mm?3) —0.06 (—0.14 to0 0.02) 0.119 NR
Rim area (mm?) —0.36 (—0.53 to —0.19) <0.001 —0.38 (—0.55 to —0.21) <0.001
Disc area (mm?) 0.001 (—0.12 to 0.13) 0.984 NR
Average vertical cup-disc ratio 0.72 (0.4 to 1.03) <0.001 NR
Cup volume (mm?) 1.07 (0.66 to 1.49) <0.001 0.96 (0.57 to 1.36) <0.001
Central corneal thickness (micron) 0.04 (0.04 to 0.04) <0.001 0.04 (0.04 to 0.04) <0.001
Anterior chamber depth (mm) —0.47 (—0.75 to —0.19) <0.001 NR
Lens thickness (mm) —0.02 (—0.36 t0 0.31) 0.888 NR
Axial length (mm) 0.22 (0.12 t0 0.32) <0.001 NR
White-to-white corneal diameter (mm) —0.2 (—0.37 to —0.02) 0.026 —0.19 (—0.37to 0) 0.045
Anterior chamber volume (mm?3) —0.003 (—0.005 to 0) 0.028 0.006 (0.003 to 0.008) <0.001
Anterior chamber volume (degree) —0.002 (—0.006 to 0.002) 0.295 NR
Mean keratometry (diopter) —0.1 (—0.15 to —0.05) <0.001 NR
Refractive errors Emmetropia 0 0
Myopia 0.47 (0.23t0 0.71) <0.001 0.35 (0.13 to 0.56) 0.001
Hyperopia 0.15 (—0.17 to 0.47) 0.361 0.11 (—0.19 to 0.4) 0.483

NR: not retained in multiple model.
Multiple model fit: AIC = 36,114.98; BIC = 36,191.94.

study.”® A positive correlation between IOP and time spent
indoors,?® which is far more in the urban lifestyle, can be a
good reason for the higher IOP value in urban versus rural stu-
dents.

The analysis conducted using the multiple GEE model did
not reveal a significant association between axial length and
IOP. The literature is contradictory in this regard.** While
some studies found a significant positive correlation between
axial length and IOP in children,**:** some other failed to find
such a relationship.?®** Saeedi et al. found a positive rela-
tionship between IOP and axial length in an adult popula-
tion.% In their study, AL was measured in 21 patients before
and after |OP reduction following trabeculectomy. The results
showed a decrease in AL after IOP reduction, which could be
due to reduced mechanical pressure on ocular tissues like the
sclera and cornea resulting in scleral relaxation and axial
length reduction. Therefore, the relationship between higher
IOP values and longer ALs in this study could be due to
increased biomechanical pressure on the globe wall resulting
in ocular enlargement in subjects with higher IOP values.

Several studies evaluated the relationship between IOP
and refractive errors in children?®*” and many of them found

a positive correlation between IOP and myopia development
and progression.Z8:3’

The findings of this study indicated that the average 10P
in individuals with myopia was significantly elevated in the
final model, which is consistent with previous research.

In a study by Jensen et al.,*® children aged 9—12 years that
had higher baseline IOP values, had higher rates of myopia pro-
gression, indicating a positive association between I0OP and
myopia development. IOP reduction can slow down scleral
remodeling and myopia progression through reducing mechani-
cal pressure on the sclera and choroidal vessels resulting in
increased choroidal blood flow and reduced scleral hypoxia.>®

In line with the present study, a comparable investigation
involving Iranian children aged 6 to 12 years reported that
IOP was elevated in those with myopia.?’

CCT was another parameter that was evaluated in the pres-
ent study. A significant positive correlation was found between
IOP and CCT, which is consistent with the results of several stud-
ies in children and adults.”>***° Tong et al.*’ and Li et al.>* con-
ducted studies in children with similar age ranges and
measurement methods to the present study and found a posi-
tive correlation between IOP and CCT. This positive relationship
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can result from the effect of the corneal tissue stiffness or soft-
ness on |OP estimation by the tonometer; in other words, the
thicker or stiffer the cornea, the higher the measured IOP. Kass
et al. found that tonometry underestimates IOP by up to
5 mmHg in thin corneas and overestimates IOP by as much as
7 mmHg in thick corneas.”! Therefore, more studies are
required to evaluate the effect of CCT in estimating true IOP.
Hypertension is a known risk factor for high IOP.*>** Several
studies have shown a positive relationship between IOP and
systolic blood pressure”*“> while fewer studies have
reported a relationship between IOP and diastolic blood
pressure.*>* The present study found a significant positive
correlation between IOP and systolic blood pressure. Although

The association of intraocular pressure with axial length (A) and central corneal thickness (B).

the exact mechanism of increased IOP in hypertension is not
clearly understood, increased production of the aqueous
humour with ultrafiltration due to raised ciliary artery pressure
or increased stimulation of the sympathetic system with a rise
in the serum corticosteroid level, which can cause a simulta-
neous elevation in the blood pressure and IOP, may be the rea-
son for this finding.*® Considering the fact that blood pressure
is a modifiable factor and high IOP is one of the most important
risk factors of glaucoma, blood pressure can be potentially
considered a modifiable risk factor for glaucoma.

Several studies have evaluated the effect of elevated IOP
on optic nerve head changes like the cup to disc ratio in ani-
mals*” and humans.”® In 1998, Azuara et al. found that short-
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term increase of IOP in a healthy eye raised eye wall mechani-
cal stress, caused displacement of the optic nerve head tis-
sues, and increased the cup volume.”® IOP is an important
determinant of the cup volume changes. The Blue Mountain
study is a well-known study in this regard which showed that
each 10-mmHg elevation in the IOP increased the cup to disc
ratio by as much as 0.04.* Moreover, Klein et al. evaluated
optic disc changes during five years. The results showed a sig-
nificant positive correlation between 10P and cup volume.>
Although the above studies were conducted in adult popula-
tions, the present study also revealed a significant positive cor-
relation between IOP and cup volume in children.

Several studies have shown that the neuroretinal rim area
is significantly less in patients with elevated I0P compared
to healthy subjects.’ The present study found a significant
negative relationship between IOP and rim area. Pardon et
al. conducted a study on macaques and reported similar
results. They found that short-term increase of IOP by 25
and 40 mmHg for two hours reduced the neuroretinal rim
area. They also reported that rim area changes were rela-
tively reversible by reducing the IOP to 10 mmHg in these
primates.>” In another study by Siaudvytyte et al., although
the neuroretinal rim area was smaller in patients with high-
pressure glaucoma compared to healthy subjects, which
confirms our results, patients with normal tension glaucoma
had the smallest neuroretinal rim area compared to the
other two groups indicating the effect of a unknown deter-
minant other than IOP requiring further research.>>

Considering the importance of IOP in detection of glau-
coma and given the fact that the normative distribution of
IOP is not similar across geographical regions and in different
age groups, the results of the present study can provide an
appropriate criterion for detection of this disease in chil-
dren. In the present study, non-contact tonometry was used
for IOP measurement. Hence, considering the marked differ-
ence in IOP between non-contact tonometry and other
methods, 0P measurement with Goldmann applanation
tonometry (GAT) may produce different results. However, it
was not possible to use GAT in the present study due to the
limitations associated with its use in children.
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