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Purpose: The interpupillary distance is a measure of the width of the orbit and is important for spectacle design and proper head-
mounted displays in virtual reality. Extreme interpupillary distances may predispose to horizontal strabismus. The interpupillary
distance is thought to differ between ethnicities, but global data on this parameter have not been systematically explored, mapped and
compared.

Methodology: We performed a systematic review that compiled 243 studies reporting the interpupillary distance and mapped the data
geographically. We then compared the regional distribution of the mean interpupillary distance with the distribution of horizontal
strabismus patterns. The strabismus data, obtained from our previous systematic review of the literature, were used to map the relative
frequency of esotropia and exotropia according to 301 population-based studies. The mean interpupillary distance and esotropia/
exotropia ratio of major ethnicities were then analyzed by meta-regression analyses to determine an association between the two
parameters.

Results: Interpupillary distances are larger in Western Africa, South India, East Asia, in Latinos/Hispanics, in Native and African
Americans, and they are smaller in Europe, North Africa, the Middle East, Northwestern India, and in Inuit populations. Regression
analyses revealed an association between the interpupillary distance and the esotropia/exotropia ratio with R* values of 0.322 (major
ethnicities) and 0.409 (populations at higher resolution).

Conclusion: The mean interpupillary distance varies significantly between ethnicities. Orbital anatomical parameters contribute to
diverse horizontal strabismus patterns. Our findings may aid in the design of appropriate spectacles and the optimal size of head-
mounted displays, and help to better understand the pathogenesis of horizontal strabismus.
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Introduction

The interpupillary distance (IPD) is the distance between the centers of the right and left pupil and can be used as an
approximate measure of the orbital width."? The mean IPD differs between ethnicities, a notion that is based on
a relatively small number of studies from select populations.®* Despite many studies reporting the mean IPD in cohorts,
global data on this parameter have not been systematically explored, mapped and compared. Numerous studies from
dental schools examined and reported the IPD because of the importance of this craniofacial parameter for proportion-

ality of maxillary anterior teeth.”®

9-11 12-17

The IPD is important for spectacle design and for suitable head-mounted displays in virtual reality.

A mismatch between the user’s IPD and the IPD on the head-mounted display can cause discomfort.'® Inadequate
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ranges of such headsets are thought to be responsible for the female propensity to cybersickness.'® In fact, cybersickness
seen in virtual reality is thought to be due, largely, to an improper orbital range of the headsets.'®'®

Differences in the IPD have been proposed to explain ethnic differences in horizontal strabismus patterns.'**° Recent
studies provided evidence for surprisingly distinct and consistent ethnic differences in the prevalence and the patterns of
horizontal strabismus, with some populations having much more esotropia than exotropia, while other populations have
more exotropia than esotropia.>'** Historically, the orbital anatomy, and especially the IPD, was suspected to play a role
in strabismus, as first suggested in the 19™ century.'*?*?*3! However, this line of research has not been pursued for over
80 years.”> A large number of population-based studies has now been conducted and published, both on the global
distribution of the IPD,*? and on the global distribution of esotropia and exotropia.”* Such data make it possible to map
these parameters across populations and to determine an association between them at the population level. Does the
orbital width explain, in part, why horizontal strabismus patterns vary between different populations?

Our systematic review and meta-analysis compiles information about the IPD as a proxy of the orbital width. We
mapped the mean IPD side-by-side with strabismus patterns in different populations based on studies from 61 countries
throughout the world and examined whether a larger IPD is associated with a lower esotropia/exotropia ratio, as was

previously hypothesized.'®-20-0-33-34

Materials and Methods

To compile data on the orbital width, we conducted a systematic review of studies by searching Google Scholar, PubMed,
and the Web of Science with the key words “interpupillary distance” and/or “IPD,” last updated on 29 November, 2024
(Figure 1). We adhered to the PRISMA guidelines and completed the PRISMA checklist (Supplementary Material). The

references within relevant studies were examined for additional eligible sources. We included only data from adults and
35-43

from teenagers when they had reached adult values of the IPD or interorbital width (Supplemental Table S1).

Teenagers were judged to have reached adult IPD levels when their mean IPD ceased to increase and was within the
range of adults in that same population. Relatively sparse reports of the IPD in younger ages were not considered because
the growth trajectories differ not only between sexes but also between ethnicities, thereby introducing confounding
variables. When studies examined and reported both near-vision and far-vision IPD, the far-vision IPD data were used.
Studies using any traditional method of measuring the IPD were included, since the results of such methods (other than
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Figure | PRISMA Flowchart of the search and screening strategy for studies on the interpupillary distance (IPD). The information about searches for the literature on the
IPD is shown in regular black font. The search was last updated on November 29, 2024. The PRISMA checklist is included in the Supplemental Material. The number of
studies eligible for analysis of the esotropia/exotropia (ET/XT) is shown in light gray (boxes and text, at lower right), because they were obtained from our previous
systematic review and meta-analysis22 (for the 301 references on the ET/XT ratio, see Supplemental Material S1).

mobile phone applications) tend to differ very little. Studies that explicitly acknowledged biased data collection, by
omitting extreme IPD values, were excluded.**

The studies reporting strabismus prevalence were taken from our previous systematic reviews and meta-analyses.
We only included studies that reported numerical values on prevalence of esotropia and exotropia. We excluded studies
that were limited to subjects 2 years of age or younger, because strabismus often develops after 2 years of age.**>! We
excluded clinic-based studies, case reports, and we removed duplicate studies reporting on the same cohorts. Since we
are interested in the potential association of the IPD with idiopathic childhood horizontal strabismus, the most common

form of strabismus, rather than adult-onset strabismus (which is mostly paralytic strabismus), we included all reports of

22,45
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horizontal strabismus prevalence after 2 years of age; the vast majority of strabismus prevalence reports are on children
approximately 3 to 16 years of age — only 13 of 288 studies are on adult-only cohorts.*

We created two types of geographical maps, the first one shows the global distribution of the mean IPD, and
the second one shows the distribution of horizontal strabismus patterns, based on representative samples of the
populations. Maps of the mean IPD were designed by using a graded heat map with color-coding of narrow (<61 mm,
blue), intermediate-narrow (61-62 mm, green), intermediate (62—63 mm, yellow), relatively wide (63—-64 mm, brown),
and very wide distances (>64 mm, red). The heat maps were adjusted in the ranges to optimize visualization of
differences and gradients between populations. National data (subjects in cohorts comprised from the entire country)
are indicated in the center of the country. Ethnicities other than the predominant one of the country are indicated with
special symbols. Likewise, cohorts of people with Down syndrome are coded separately. When studies from regions with
multiple ethnicities did not report the ethnicities or the predominant ethnicity of the cohort, we researched the
predominant ethnicity within that region and reported that if conclusive; when a predominant ethnicity was unclear,
we reported the results in the category of “multiple ethnicities.”

Strabismus maps were created by calculating the esotropia/exotropia ratio (ET/XT ratio) for each study or cohort. We
plotted the ET/XT ratio in a graded heat map with a lower than 0.25 ratio in red, 0.25 to 0.75 ratio in brown, 0.75 to 1.25
ratio in yellow, 1.25 to 3.0 ratio in green, and higher than 3.0 in blue. Ratios were adjusted in the ranges for optimal
visualization of gradients. The size of the symbols is representative of the size of the cohort, with different symbols
(circle, square, triangle, star, pentagon, rhombus) indicating different ethnicities (in countries with multiple ethnicities
when ethnicity-specific information was reported). The ET/XT ratios for small cohorts were adjusted to avoid having
a “0” in the numerator or in the denominator (Supplemental Table S2).>?

We calculated mean IPDs and ET/XT ratios for the different regions and major ethnicities by adding up the mean
times the sample size for each sample, and dividing this number by the sum of the sample sizes. We used these data to
conduct a bivariate regression analysis that measured the strength of correlation between the IPD and the ET/XT ratio.
Since some studies examined only male IPDs, some studies examined only females IPDs, and some studies reported only
the mean IPD of males and females combined, we estimated any missing values by using a consistent formula for each
ethnicity, as indicated in the Supplemental Table S1. The mean of the male value plus the mean of the female value
divided by 2 was used for the overall IPD estimate. The IPD data were plotted against the ET/XT ratio of the same
population, region or ethnicity. We pursued two strategies: pairing the IPD and ET/XT values only for major ethnicities,

as well as pairing values derived at a higher resolution, from cohorts within 81 regions where data was available for both
parameters (Supplemental Table S3). Outliers were identified using Tukey’s Hinges with k=3.0 and were excluded from

the regression analysis.

We also used random effects meta-analysis to calculate a pooled mean IPD estimate for each ethnicity that
incorporated between-study variation. We used mean and standard deviation data from each cohort with the meta-gen
function with the inverse variance method for pooling from the R-meta package, version 4.9-5, in R software (R
Foundation for Statistical Computing, Vienna, Austria) to estimate mean pooled IPD with 95% confidence intervals.>
Approximately 77% of the cohorts (n=222/288) in this review included standard deviation data (or data from which it
could be calculated), and were eligible to be included in the meta-analyses (Supplemental Table S4). Heterogeneity

across studies was assessed using the Maximum-likelihood estimator, Higgins’ 12 and Cochran’s Q method. We used
a subgroup test to examine differences in pooled random IPD between participants of different ethnicities and estimate
95% confidence intervals for each group. Ethnic groups with at least three studies were included in the meta-analysis.
Significance was defined at p=0.05.

Results

The maps depicted in the Results are organized such that Europe is shown first (Figure 2A for the IPD, Figure 2B for the
ET/XT ratio), followed by Africa (Figure 3A for the IPD, Figure 3B for the ET/XT ratio), the Middle East (Figure 3C for
the IPD, Figure 3D for the ET/XT ratio), Asia and Oceania (Figure 4A for the IPD, Figure 4B for the ET/XT ratio), and
the Americas (Figure 5A for the IPD, Figure 5B for the ET/XT ratio).
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Figure 2 Europe. Geographical mapping of the interpupillary distance (IPD) (A) and the esotropia/exotropia ratio (ET/XT ratio) (B) . The size of the circles denotes the size
of the cohort examined. The ranges of the IPD and the ET/XT ratio are color-coded in a heat map as indicated. Cohorts of people with Down Syndrome are shown as
squares. Data from one cohort of Inuit (Eskimos) in Greenland is shown in Figure 5A. National data (subjects in cohorts comprised from the entire country) are indicated in
the center of the country.

Clinical Ophthalmology 2026:20 https://doi.org/10.2147/OPTH.S584478 5



Zehra et al

IPD Cohort ET/IXT Cohort
@ <1 e <20 @ = ® <500

61-63 @ 250-500 1.25-3 @ 501-1000

63.1-65 @ 501-750 0.75-1.24 @1001-2500

. 65.1-67 @ 751-1000 .0.25-0.75 @ 2501-5000

@7 @ >0 @ <025 @ >s000

Figure 3 Africa and Middle East. Geographical mapping of the interpupillary distance (IPD) (A) and the esotropia/exotropia ratio (ET/XT ratio) (B) in Africa, and mapping of
the IPD and ET/XT ratio ((C and D) respectively) in the Middle East. The size of the circles denotes the size of the cohort examined, and the ranges of the IPDs and the ET/
XT ratios are color-coded in a heat map as indicated in (A) for the IPD, and (B) for the ET/XT ratio.

Mapping of the Interpupillary Distance (IPD)

Eligible studies were mapped geographically by the size of the cohort. Only data from adults or teenagers 14 years and
older were included, except for Down syndrome cohorts where adult IPDs are reached at an earlier age.*>’ We report on
the mean IPD from n=243 studies reporting on 128,100 subjects in 288 cohorts.*?

a. Europe. We found 42 studies reporting on 48 cohorts, with a total number of 15,968 subjects in all cohorts
combined. 12714173888 The geographical map for Europe is shown in Figure 2A. Most of the mean IPDs in
Central Europe range from ~ 60 mm to 63 mm, with larger mean IPDs (62—-65 mm) present in Eastern Europe,
Eastern Turkey and the South Caucasus.
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Figure 4 Asia and Oceania. Geographical mapping of the interpupillary distance (IPD) (A) and the esotropia/exotropia ratio (ET/XT ratio) (B). The size of the circles
denotes the size of the cohort examined, and the ranges of the IPDs and the ET/XT ratios are color-coded in a heat map as indicated. Data from Korea and Japan are shown
in the magnified regions to better resolve the location of the cohorts. The multiple ethnicities in Oceania are indicated with different symbols, as indicated.

30:42.69.82.89-11 Two basic patterns are

b. Africa. We found 27 studies reporting on 31 cohorts with 13,169 subjects.
present: North and East Africa have populations with a narrower IPD of 61-64 mm, while West Africa has
populations with the widest IPD, of 65 to over 70 mm (Figure 3A).

c. Middle East. We found 36 studies reporting on 35 cohorts with 15,041 subjects.'®''?"1*> Most studies from this
region report a narrow (<63 mm) IPD, including Arabs, Jews, some Iranians, and most Turks. In Eastern Turkey

and Azerbaijan, the mean IPD is higher with 63 to 67 mm (Figure 3C).
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Figure 5 Americas. Geographical mapping of the interpupillary distance (IPD) (A) and the esotropia/exotropia ratio (ET/XT ratio) (B) . The size of the symbols denotes the
size of the cohort examined. The ranges of the IPDs and ET/XT ratios are color-coded in a heat map as indicated. The multiple ethnicities in North and South America are
indicated with different symbols, as indicated in the lower right-hand corner, along with the pooled estimate of the ET/XT ratio for five different ethnicities. Asterisks within
symbols indicate that the cohorts were from multiple sites or represent national data; n.d., not determined: a pooled ratio was not determined, because only one study
reported the ET/XT ratio for East Asians within the Americas. Greenland is included in this map because of its vicinity to North America.
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d. Asia and Oceania. We found 50 studies reporting on 51 cohorts with 13,980 subjects in South Asia,'':*3-7-82:146~

191 46 studies with 27,168 subjects in 57 cohorts from East Asia,!8:36-38:40.82,184,192-232 14 7 studies with 1925

subjects in 11 cohorts from Oceania, including Australia®*>~**? (Figure 4A). The studies from the Northwest of

the Indian subcontinent mostly showed a narrow IPD of less than 61 mm, while Central India and especially the
South of India had larger IPDs of 61 to over 65 mm. The studies from East Asia report IPDs of 61 to 63 mm in
China, and larger IPDs in Japan and Korea, mostly 63 to over 65 mm. For Oceania, studies reported on multiple
ethnicities, Caucasians or indigenous populations (Maoris and Samoans). Caucasians had an IPD in the same
range as those in the Americas (61-62 mm), similar to Maoris, while Samoans had a somewhat wider IPD
(63.1 mm).>*?

e. Americas. We found 52 studies reporting on 54 cohorts with 40,773 subjects; 46 studies were from North America
(38,884 subjects),t 7-29-33-36:41.82.240-264 5,4 6 studies from South and Central America (1889 subjects).?¢-5%265-269
The studies from North and Central America included 28 studies with 26,576 Caucasian subjects, 11 studies with
3902 African Americans, 3 studies from North America on multiethnic cohorts (7503 subjects), 9 studies from
North and South America with 2766 Latinos/Hispanics, and one study on 26 Native Americans (Figure 5A). As
expected for a continent with multiple ethnicities, the five major ethnicities (Caucasian, Latino/Hispanic, African
American, Native American, Inuit/Eskimo) show a large diversity of mean IPDs. Inuit (Eskimos) have a very
narrow IPD of 59-60 mm,*® while Native Americans have a wide IPD of over 65 mm.* Most studies on
Caucasians in North America report an IPD similar to Caucasians in Europe. African Americans have a wider
IPD, of 64—68 mm, which is similar to Africans from West Africa. In South and Central America, most studies on
Latinos/Hispanics report an intermediate to wide IPD of 63—64 mm.

Pooled Estimates of the IPD and Subgroup Meta-Analysis by Ethnicity

The pooled mean estimate of the IPD in different ethnicities ranged from 56.1 mm in Down syndrome populations to 69.9 mm
in West Africans (Figure 6A), with Down syndrome = 54.2 to 58.8 mm, Eskimo/Inuit = 59.5 mm, Northwestern South Asia =
60.93 mm, Maoris =61.2 mm, Caucasians (from Europe = 62.3 mm, from Americas, Oceania = 62.5 mm); Middle East =
62.5 mm, East Asians = 62.8 mm, South Asians in South/Central/East = 63.3 mm, Northeast African = 63.9 mm, Latinos/
Hispanics = 64.0 mm, Native Americans = 65.1 mm, African Americans = 66.4 mm; West Africans = 69.9 mm. Males had
amean IPD that was 2.0 to 3.3 mm larger than that of females in that same ethnic population, with the exception of people with
Down syndrome, where the mean male IPD was 0.9 mm smaller than the mean female IPD (Supplemental Table S1).

To calculate a pooled estimate of the IPD that incorporated between-study variation, the pooled IPD means for the major
ethnicities were examined by random effects meta-analysis (77% of cohorts qualified for this analysis, Supplemental Table

S4). Nearly all pooled IPD estimates derived from the complete cohorts were within the 95% confidence intervals defined by
the meta-analysis. Two ethnicities were borderline (West Africa at 69.8 mm vs 69.9 mm; Middle East at 62.7 vs 62.5 mm), and
North/East/South Africa was much lower (63.9 mm) than the low range of the 95% CI, at 66.7 mm, presumably because two
studies with nearly half of the total cohort was excluded from the meta-analysis due to lack of SD information. Overall, the
meta-analysis supported the mean IPD data reported above and illustrated in Figure 6A, while controlling for differences in
study sample sizes and variability and estimating 95% confidence intervals for point estimates.

Mapping of Horizontal Strabismus Patterns — Esotropia/Exotropia (ET/XT) Ratios
We report on the global distribution of ET and XT (n=301 studies reporting on 334 cohorts with 2,159,669 subjects).22

a. Europe. We found 83 population-based studies that met our inclusion criteria, reporting on ET and XT of
1,090,036 subjects in 88 cohorts (References S1-S83, Supplemental Table S2, Supplemental Material S1). The
highest ET/XT ratio (>3.0) was found in Western and Central Europe, with somewhat lower ET/XT ratios
(1.25-3.0; 0.75-1.25) in the northern parts of Sweden, in Finland, Northern parts of Russia, in Portugal, and
the Balkans (Figure 2B). We included ratios reported for people with Down syndrome from four regions in
Europe (total of 2770 subjects).*’
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Figure 6 Mean IPD by ethnicity (A) and Regression Analysis of IPD versus ET/XT Ratio for major ethnicities (B) and for regional pairs at higher resolution (C). (A) The mean IPD
(average of male and female) for major ethnicities and populations. Error bars show the standard error (SE) when n=2 or more cohorts. The mean IPD for Down syndrome is shown
separately for Caucasians (C) and for non-Caucasians (NC). (B) Regression analysis of the mean IPD versus the log of the esotropia/exotropia (ET/XT) ratio for the major ethnicities and
populations. The R? value of 0.32 is indicated (p=0.012041). The linear regression equation for the trendline is y =—2.21In(x) + 63.772. The three orange datapoints are the ones farthest
from the trendline; the possible significance of these “outliers” is explained in the Discussion. The data point for Africans in North, East and South Africa also is somewhat remote from
the trendline but is more difficult to interpret because it entails multiple ethnicities. (C) Regression analysis of the mean IPD versus the log (ET/XT ratio) at a higher resolution for 81
different regions where information for both parameters was available (Supplemental Table $3). Note that the R? value increased to 0.41 (p=0.00000169), indicating that 41% of the ET/
XT variation may be explained by the IPD. The linear regression equation for the trendline is y = —1.492In(x) + 62.461.
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b. Africa. We found 32 population-based studies reporting on ET and XT (50,100 subjects in 32 cohorts, References
S84-S115, Supplemental Material S1). Africa has two main types of strabismus patterns. Most populations in
West Africa have a low ET/XT ratio (<0.75), while most populations in North Africa (Arabs) and in East Africa
(Sudan, Kenya) have more ET than XT with ET/XT ratios between 1.0 and 7.0 (Supplemental Table S2 and
Figure 3B).

c. Middle East. We found 32 population-based studies reporting on ET and XT in 154,934 subjects from 33 cohorts
(References S116-S147, Supplemental Material S1). Most populations in the Middle East have a higher ET/XT
ratio (1.25-3.0), with the exception of the population in current Iran, Azerbaijan, and possibly Afghanistan.
Nearly all studies (11/14) from Iran report a low ET/XT ratio (0.14-0.77) (Figure 4B). The large majority of
studies from countries surrounding Iran report an ET/XT ratio between 1.48 and 5.0 (Figure 3D and Supplemental
Table S2).

d. Asia, including Oceania. We found a total of 96 population-based studies reporting on 115 cohorts with a total of
636,658 subjects. These included 55 studies reporting on ET and XT in East Asia (total number of subjects in 59
cohorts = 392,141), 25 studies from South Asia (total number of subjects = 131,847 in 25 cohorts), and 18 studies
from Oceania (total number of subjects in 31 cohorts = 112,670). (References S148-S246, Supplemental Table
S2, Supplemental Material S1). The lowest ET/XT ratios (<0.25) were reported in East Asia, including China,
Nepal, South Korea and Japan. On the Indian subcontinent, most of the populations in the Northwest showed

larger ET/XT ratios (1.14-6.25), while nearly all populations in the Central, Southern and Eastern regions had
lower ET/XT ratios (0.11-0.69). Populations in Thailand, Malaysia and Singapore also had a lower ET/XT ratio.
In Australia, New Zealand and other parts of Oceania, most indigenous populations had lower ET/XT ratios
(0.09-1.00), while Caucasians had similar ratios as in North America (1.09-3.33), and populations of East Asian
ancestry had lower ET/XT ratios, similar to those in East Asia (0.22—0.63, Figure 4B).

e. Americas. We found 54 population-based studies reporting on ET and XT, with 35 studies from North America (a
total of 197,409 subjects in 45 cohorts), and 19 studies from South and Central America with 54,407 subjects in
21 cohorts (References S247-S301, Supplemental Table S2, Supplemental Material S1). As detailed for five
major ethnicities, ET/XT ratios depended on ethnicity. Nearly all studies on Native Americans report a low ET/
XT ratio (0.07-1.00), based on eleven studies from Alaska to the Amazon (Figure 5B). On the other hand, Inuit
(Eskimos) have a high ET/XT ratio of 1.67 to 3.00. Caucasians in the Americas have an ET/XT ratio of 2.25
(n=17 studies in North America, n=8 in South America) that is lower than for Caucasians in Europe (4.35).

African Americans (n=8 studies) have an ET/XT ratio of 1.71 (range from 0.22 to 9.5). Latinos/Hispanics in the
Americas (n=11 studies) have an ET/XT ratio of 0.92 (range from 0.24-2.00). People with Down syndrome have
a high ET/XT ratio (40.43).

Regression Analysis

We compiled the information about the mean IPD (Figure 6A) and mean ET/XT ratio for all major ethnicities as well for
distinct geographic regions (“higher resolution”) and performed regression analyses to determine whether there was
a correlation between the two parameters (Supplemental Table S3). Because the ET/XT ratios extend over nearly three

orders of magnitude, we used a logarithmic scale for the y-axis (Figure 6B and C). For the major ethnicities, the trendline
was R? = 0.322 between the ET/XT ratio and the IPD (p=0.012041), while for the “higher resolution” regional pairing of
values, the trendline was R = 0.409 (p=0.00000169). This difference likely reflects better matching due to regional
pairing, because it takes into account trends and gradients within larger countries. The R? value of 0.409 suggests that
41% of the variation in the ET/XT ratio can be explained by the IPD.

Discussion

Our analysis provides the first mapping of the interpupillary distance (IPD) on a regional as well as a global scale.
A comprehensive IPD mapping of populations throughout the world has not been previously attempted. Based on our
analyses of data from over 128,000 subjects, we show that some ethnicities differ substantially in their mean IPDs
(Figure 6A), confirming and significantly extending previous conclusions from a study with a much smaller cohort (3976
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subjects).* Our mapping of the mean IPD may assist the design of proper spectacles for diverse populations, and may
also aid in optimizing the range of IPD settings on head-mounted displays for virtual reality applications. This may
ensure that adequate ranges of IPDs are covered, and prevent cybersickness due to mismatches of a subject’s IPD and the
IPD range on the head-mounted display for virtual reality.'®'® The IPD was previously examined in the context of

213,270 272.273 and a wider IPD was associated with an

stereoacuity, intelligence (“borderline” significance),>’" and beauty,
extroverted personality.’* In our discussion, we focus on the role of the IPD in spectacle design, head-mounted displays,
and the association with horizontal strabismus.

Our maps show that the mean IPD and the strabismus types (ET/XT ratio) vary between populations, in intriguingly
distinct and correlated patterns. Differences in the IPD between ethnicities point to genetic (anatomical) differences that
evolved from ancestral orbit types.?’>’® We explored at the ecological/population level whether one orbital parameter,
the orbital width — as measured by the IPD — is associated with the type of horizontal strabismus as quantified by the ET/
XT ratio. Our regression analysis shows that there is a moderate association between the ET/XT ratio and the IPD. We
conclude that the orbital anatomy and specifically the IPD contributes to the variation of strabismus patterns, as proposed
in the older strabismus literature.'®**?*73!2"7 In fact, the “growing out of strabismus” for children with esotropia has
been explained as being due to the natural growth of the orbit in teenage years.?%>>-78-280

Why and how does the width of the orbit affect strabismus? Mechanistic models postulate that when the IPD is large,
then the medial rectus muscles have to work harder to converge the eyes and achieve binocular fusion, and any failure
will tend to produce more XT than ET.20-23:26.66.277.280 when [PDs are extreme, either on the narrow side, or on the wide
side, then the horizontal muscles are more likely to fail to provide normal alignment, resulting in tropia. This is consistent
with the effects of extremely wide (pathological) IPDs in syndromic craniosynostosis such as Apert and Crouzon
syndromes, which frequently associate with XT,?”°?*? and the effects of extremely narrow IPDs, as in Down syndrome,
which most frequently associate with ET, although additional risk factors may also contribute.*> The ethnicity-specific
distribution of ET/XT ratios in cerebral palsy*®* are consistent with the proposed effect of the orbital width.

Our regression analysis provides evidence at the ecological/population level that the orbital anatomy plays a role in
determining the predominant type of horizontal strabismus. Thus, the higher risk or tendency in certain populations
towards either ET or XT is largely genetically determined. The R? values of 0.320 for major ethnicities and 0.410 for
populations at higher resolution show a moderately strong association between the IPD and the ET/XT ratio, indicating
that the IPD explains about 41% of the ethnic variation in the ET/XT ratio.

When we examined the paired data points in Figure 6B and C, we found that three ethnicities (West Africans, African
Americans, and East Asians) have mean ET/XT ratios that are farthest removed from the global trend line. Values for
Africans fall above the trend line, while values for East Asians fall below the trendline. Interestingly, Africans and
African Americans have high values of proptosis (protrusion of the eyeball) — another parameter of the orbit besides the
IPD which is known to affect horizontal strabismus and varies between ethnicities.>*** Africans have proptosis of about

285.286 while most East Asian cohorts have values at or below 14 mm.?®”2°° Therefore, the “flat” orbit in East

17 mm,
Asians may contribute to the low ET/XT ratio, besides the large IPD, while in Africans, the high proptosis may partially
offset the effect of a large IPD, resulting in a higher ET/XT ratio than would be expected based on the IPD alone. Indeed,
when the three outliers in Figure 6B are removed, the R? increases to 0.536, and when the three values are adjusted to lie
close to the trendline, the R* reaches 0.761 (data not shown). We propose that the combination of a flat orbit with a wide
IPD will cause more XT, while a steep orbit (large proptosis) with a narrow IPD will cause more ET. Additional
parameters of the orbit besides IPD and proptosis may further contribute to ethnic differences in strabismus. These
include differences in the orbital angle (nasomalar angle), and differences in the insertion or length of the extraocular
muscles,33:34:280.291-296
Regarding gender differences, we confirm that males generally have a slightly larger IPD than females from the same

ethnicity, with the mean gender difference ranging from 2.0 to 3.3 mm between ethnicities (Supplemental Table S1). If

a wider IPD associates with more XT, and a narrow IPD with more ET, why do females with a slightly narrower mean
IPD not have more ET, and males with their slightly larger mean IPD not have more XT?*°” It has to be considered that
the mean IPD is less relevant than the percentage of subjects in a cohort with extreme IPDs (low or high), since those are
most at risk for ET or XT, respectively.* Therefore, the kurtosis of the IPD data is crucial. Kurtosis is rarely reported in

12 https: Clinical Ophthalmology 2026:20


https://www.dovepress.com/article/supplementary_file/584478/584478%20Supplementary%20Material.pdf

Zehra et al

studies of the IPD, but in a few studies, the kurtosis can be estimated from the graphs, tables or scatter
plots,+:64:66.96.121.190.236 1 qeeqd there is some support from such studies that the kurtosis of the IPD differs between
males and females, and this may explain why there is no significant difference between males and females in ET and XT
prevalence, despite most studies reporting a gender difference in the mean IPD. Another possibility is a gender difference
in the strength (thickness) of some or all the extraocular muscles.??%2%°

The differences in orbital width between populations raises the question of how these differences may have evolved.
One plausible and intriguing explanation is that anatomically modern humans encountered and interbred to different
extents with archaic hominins such as Neanderthals and Denisovans.*°*>% Archaic hominins had much wider orbital
widths than anatomically modern humans.>*>>°” Depending on the extent of introgression of genes that regulate the

308,309

width of the developing orbit, populations in East and Central Asia appear to have evolved an orbit that is more

disposed to a larger IPD and an eyeball position in the orbit that favors XT over ET. This hypothesis is consistent with the
multiple Neanderthal introgression events in East Asia and the geographical distribution of Denisovans.??%*?1 39339 The
ethnic differences then further expanded and became refined by subsequent migrations, 60k to 10k years ago to Australia,
and to the Americas as well as within Africa.>'®>'? The wider orbit in present-day West Africans may reflect the fact that
they harbor significant amounts of gene introgression from an archaic population that likely diverged before the split of
anatomically modern humans and the ancestors of Neanderthals and Denisovans.®'* Our finding of gradients within India
is supported by a recent study showing that populations in the East of India have more Denisovan DNA than populations
in the North of India.*'*

Limitations of our review include that not all cohorts are ethnically “pure” or homogeneous — some noise is inevitable
In fact, there has been substantial mixing of populations, especially due to the migrations within Africa, migrations from
Europe to North and South America, and within Oceania. Consequences of some of these migrations on the IPD are
apparent, for example the Bantu migration from West Africa to Central and South Africa,”'> the migration of ancestors of

Native Americans from Central Asia,>'®

the migration from Europe into the Americas, and the migration from Central
Asia into Nepal. We acknowledge the lack of data or sparse information for several populations (Native Americans, Inuit/
Eskimos, indigenous populations in Oceania). Nevertheless, the narrow IPD in Eskimos is supported by studies

examining the interorbital width of skulls®>'’>!"?

and likewise the relatively large interorbital width in Native
Americans.*?® Ideally, we would like to have information about the IPD and the ET/XT ratio from exactly the same
cohorts, but such studies are sparse.”*>6-82:86:103:239:247 The rarely reported kurtosis may be more relevant as a risk factor

for strabismus than the mean IPD.

Conclusion

The interpupillary distance differs between ethnicities and associates with horizontal strabismus patterns (esotropia to
exotropia ratio), with an R? value of 0.41. A narrow orbit is associated with an increased frequency of esotropia, and
a wider orbit is associated with an increased frequency of exotropia. The significance of our work is that it provides
a better understanding of horizontal strabismus, its development and evolution, and greater appreciation for diverse
strabismus patterns; this is important for planning of vision care and risk factor awareness. Our work may also help with
appropriate spectacle design and proper head-mounted displays that are becoming increasingly popular in virtual

reality.*?!
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