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Methods: The depth, diameter, slope, and volume of the foveal pit were interpolated
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Caucasian individuals. Their association with age, sex, and ethnicity was investigated
using multilevel regression models.
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Conclusions: The morphology of the foveal pit differs between African and Caucasian
individuals. These anatomic differences should be considered when examining differ-
ences in prevalence and clinical features of vitreoretinal disorders involving the fovea
between the two populations.

the foveal pit between African and Translational Relevance: Differences in retinal anatomy may partly explain variationsin
Caucasian populations. Trans Vis Sci the prevalence and clinical features of retinal diseases between Africans and Caucasians.
Tech. 2020;9(5):24, Such differences should be adequately considered in diagnoses and monitoring of
https://doi.org/10.1167/tvst.9.5.24 ocular diseases in patients with African ancestry.

. dramatically between populations with Caucasian and
Introduction African ancestries. Clinical features associated with
some of these diseases also tend to differ between

The prevalence of many ocular disorders, includ-  these two populations. In AMD for instance, drusen
ing age-related macular degeneration (AMD),'?  are generally distributed pericentrally to the macula

glaucoma,%"‘ rgtinopathy of pyematuyityﬁ Vitl;eoma}c— in African Americans, whereas they tend to develop
ular adhesion,” and hypertensive retinopathy,” varies  within the central 1500 um macular zone in Caucasian
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Americans.”® Progressions from medium to large-sized
drusen!->® and to late-stage disease>® are also more
frequent in Caucasians. In diabetes, it was reported
that individuals with African-Caribbean ancestry had
wider retinal arterioles as compared to Caucasians,
which might explain the comparatively more severe
microvascular damages observed in this population.'®
Evidence suggests that optic disc structures, such
as disc area, vary between African Americans and
Caucasians, which may affect the diagnosing and
monitoring of glaucoma in individuals with African
ancestry.!! The origin of these differences is unknown,
in part because of the lack of understanding of the
variations in ocular anatomy between Africans and
Caucasians. In addition, these disparities indicate that
ethnic specificities should be considered to adequately
diagnose and monitor ocular diseases in populations
with African ancestry. They are, however, largely
overlooked, and the use of normative databases that
do not control for ethnicity is widespread, including
in optical coherence tomography (OCT) software and
devices.!>!3 Understanding baseline differences in
ocular structures between Africans and Caucasians
may also identify predictive markers of disease initi-
ation and progression in the populations where these
diseases have a higher prevalence.

Few investigations have sought to characterize
specific aspects of retinal anatomy in populations with
African ancestry. Some have shown that the macular
retina was thinner in African Americans as compared
to Caucasian Americans.'*!> This was associated with
differences in the morphology of the foveal pit, which
was found to be wider'>'® and deeper'® in African
Americans. Differences in subfield macular thickness
between African American men and women have also
been reported'®; although the study was limited to
young individuals (mean age 25.6 + 9.9 years old). The
main limitation of these studies is that they did not
control for age, and that they may not be generalizable
to Africans because of differences in risk factors with
African Americans.!” The association between age and
foveal pit morphology has previously been explored
in predominantly Caucasian groups typically consist-
ing of <60 individuals.'®!° Previous reports suggested
that foveal pit morphology was independent of sex;
however, statistical analyses were carried out without
controlling for age.'®-!”

The fovea is a site of pathology in many vitreoretinal
disorders that include AMD, diabetic macular edema,
and macular hole; however, differences in its struc-
ture between Africans and Caucasians remain largely
unexplored. In this paper, we sought to characterize the
previously unreported morphology of the foveal pit in
an African population from Ghana and to determine
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if it differed from that of Caucasians. We also aimed to
ascertain if the morphology of the foveal pit changed
with age in Africans and Caucasians. The morphol-
ogy of the foveal depression was previously inves-
tigated by extracting foveal pit depth,'> %2 diame-
ter,!>!% volume,'”-?° and maximal slope!® from OCT
images using automated or semi-automated segmenta-
tions!>1%:20 or mathematical regression.!” In this study,
we used a published and validated method'®-?!"?* to
generate estimates of the foveal pit depth, diameter,
maximal slope, and volume in 84 Ghanaians and 37
Caucasians. Associations among foveal pit parameters
and age, sex, and ethnicity were then examined using
multilevel linear regression models.

Subjects

Ghanaian subjects were recruited as part of a
prospective study carried out at two teaching hospi-
tals in Ghana, the Korle-Bu Hospital (KBTH) in Accra
and the Komfo Anokye Teaching Hospital (KATH) in
Kumasi. The main aim of the study was to investigate
the phenotypic features and genetic etiology of AMD
in the previously unreported Ghanaian population. A
small subset of participants (260 individuals) under-
went an OCT scan in both eyes. Caucasian individu-
als were recruited from local communities surround-
ing the Medical College of Wisconsin (Milwaukee,
WI). The research adhered to the Tenets of the Decla-
ration of Helsinki and the protocol was approved
by the Ethics Review Boards of KBTH (Univer-
sity of Ghana Medical School Protocol ID No: MS-
Et/M.4-P./2008/2009) and KATH (KNUST Reference:
CHRPE/32/10) for Ghanaian participants and by the
Institutional Review Board at the Medical College of
Wisconsin for Caucasian individuals.

OCT Imaging and Grading

The same imaging protocol was applied to Ghana-
ian and Caucasian participants. All patients’ eyes were
dilated prior to imaging using tropicamide 1% and
phenylephrine 2.5%. For each patient, a volumetric
scan of the retina was obtained in at least one eye
using a Zeiss Cirrus HD-OCT (Carl Zeiss Meditec,
Dublin, CA). Volumes acquired in all participants were
nominally 6 x 6 mm and consisted of at least 128 B-
scans (512 A-scans/B-scans). The quality of all scans
was seven or higher. Images were graded for any vitreo-
retinal disorders. Eyes with a history of vision-limiting
ocular diseases or presenting any ocular pathology or
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Figure 1. (a) Schematic of the foveal pit diameter, depth and slope
interpolated from an SD-OCT B-scan centered on the fovea recorded
in a Caucasian individual. Points A and C represent the rim of the
foveal pit. Point B corresponds to the point where the slope of the
pit is maximal. (b) B-scans taken from Ghanaian (left column) and
Caucasian (right column) individuals with foveal pit (b) depth, (c)
diameter, (d) maximal slope, and (e) volume that were closest to the
population means.

clinical marker of any vitreoretinal disorder, including
AMD, were rejected. In addition, eyes with myopia of
more than -4.00D were excluded from the analysis.

Image Segmentation

OCT scans were manually inspected to ensure
that the inner limiting membrane and retinal pigment
epithelium layers were accurately segmented. No scans
were rejected, and parameters describing the morphol-
ogy of the foveal depression were extracted using a
published and validated method.'®?! Briefly, foveal
profiles extracted from OCT volumes were fitted to a
difference of Gaussians and the depth, diameter, slope,
and volume of the foveal pit were then estimated from
the interpolated function. A typical B-scan centered on
the foveal depression is shown in Figure 1. The center
of the foveal pit was identified as the central point
with a slope equal to zero. Points A and C correspond
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to the rims of the foveal pit, where the slope of the
pit is also zero. In three-dimensions, the points A and
C are connected through a line. Point B corresponds
to the point where the slope of the foveal contour is
maximal. The diameter of the foveal pit was defined
as the distance from rim to rim (distance AC). The
slope of the foveal pit corresponded to the maximum
slope between the foveal center and the rim of the
foveal depression (point B). The depth of the foveal
pit consisted of the difference between the average
retinal thickness at the rim of the foveal depression
and the thickness at the center of the pit. The volume
of the foveal pit was defined as the space between the
internal limiting membrane and the top of the foveal

pit.

Statistical Analysis

The statistical analysis was carried out using R.%*
Bland-Altman plots and Pearson’s correlation coeffi-
cient (here denoted ») and its confidence interval
(CI) were used to identify associations between foveal
pit parameters measured in the left and right eyes.
Observed dependencies were accounted for by exclud-
ing from the analysis one randomly selected eye in
patients with measurements in both eyes. Pearson’s
correlation coefficient was also used to examine associ-
ations between foveal pit parameters. Linear regres-
sion models were used to assess the association among
foveal pit parameters, age, sex, and ethnicity. When
predictors had large effects their interactions with other
predictors were included in the models. Post hoc power
analyses were performed for each predictor in each
model using simulations. The simulations included the
number of Ghanaian and Caucasian men and women
present in the study as inputs. A minimum power of
80% was required for statistically significant associa-
tions. The relative importance of age, sex, and ethnic-
ity were assessed using analysis of variance (ANOVA)
after confirming normality and homoscedasticity. We
assessed the effect of the lack of correction for axial
length on transverse measurements and their associa-
tions with age, sex, and ethnicity by performing Monte-
Carlo simulations. Briefly, a random error term was
added to measurements for a large number of simula-
tions, and for each of them a P value for associa-
tions with age, sex, or ethnicity (here denoted Py;,)
was computed. The association was then considered
to be robust if the proportion of significant Py;,, was
larger than 99%. Convergence studies were carried out
to determine the adequate number of Monte-Carlo
simulations to run. The level of significance for all tests
was set at o = 0.05.
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Table 1. Baseline Demographics of Caucasians and Ghanaians Included in this Study
Demographic Caucasians (n = 37) Ghanaians (n = 84) P Value for Differences
Age
Mean (SD) 61.9(11.5) 65.1(9.4) 0.1512
Range 41-85 45-82
Sex
Females 28 54 0.3°
Males 9 30
Eyes (included in analysis)
oD 37 (19) 63 (41) -
oS 37(18) 61 (43)
aWelsh's t-test, t = 1.47, Cl =-1.14 to 7.47.
bX? = 1.05.
_ in both men and women; although this decrease was
qualitatively more pronounced in women (8 = —0.013
. . mm/year) as compared to men (8 = —0.003 mm/year);
Subject Demographics see Figure 2b. Pit volume also decreased faster with age
in women (8 = —0.002 mm?/year) as compared to men

A total of 124 eyes of 84 Ghanaians and 74 eyes
of 37 Caucasians met the inclusion criteria. Foveal pit
parameters were extracted in both OS and OD for
77 (37%) of Ghanaians and Caucasians. The age of
participants ranged from 41 to 85 years old (mean 64.1
+ 10.2 years old). There were no significant differ-
ences between the mean age (P = 0.15; t = 1.47) or
the proportion of men and women (P = 0.3; x> =
1.05) between the Caucasian and Ghanaian groups (see
Table 1). Among all participants, measurements taken
from the left and right eye were dependent and corre-
lated strongly (depth: r = 0.94; CI = 0.90-0.96; diame-
ter: ¥ =0.93; CI1 =0.90-0.96; slope: r = 0.90; CI = 0.85-
0.94; volume: r = 0.95; CI = 0.93-0.97; P < 0.001 for
all coefficients).

Morphology of the Foveal Pit in Ghanaians

Measurements made in the left and right eye of
the same Ghanaian subject were dependent and corre-
lated strongly (0.92 < r < 0.95; CI = 0.85-0.97; P
< 0.001). In Ghanaians, foveal pit depth and volume
correlated strongly with slope (r = 0.78; CI = 0.68—
0.85; P < 0.001) and diameter (r = 0.88; CI = 0.82—
0.92; P < 0.001), respectively. Age was significantly
associated with foveal pit diameter (P = 1.1 x 107%)
and volume (P = 1.4 x 107?) but it was not associ-
ated with either depth (P = 0.12) or slope (P = 0.6); see
Table 2. We sought to further examine the association
between pit diameter and volume and age by gener-
ating a model including interactions between age and
sex. We found that pit diameter decreased with age

Downloaded from tvst.arvojournals.org on 06/19/2020

(8 = —0.002 mm?/year); see Figure 2d. These differ-
ences were, however, not statistically different (P > 0.1
for both diameter and volume).

When controlling for age, the diameter (P = 3.78 x
107°), slope (P = 7.4 x 1073) and volume (P = 7.0 x
10~%) of the foveal pit varied significantly between men
and women; however, pit depth did not (P = 0.19). The
diameter of the foveal pit was, on average, 0.29 mm
smaller in men as compared to women. The slope of
the pit was 2.26 degrees smaller in Ghanaian females,
on average, and its volume was, on average, 0.036 mm?
smaller in men as compared to women.

Morphology of the Foveal Pit in Caucasians

As in Ghanaians, measurements made in the left
and right eye of the same Caucasian subject were
dependent and correlated strongly (0.87 < r < 0.95; CI
=0.77-0.98; P < 0.001). Foveal pit depth and volume
correlated strongly with slope (r = 0.89; CI = 0.78-
0.94) and diameter (r = 0.81; CI = 0.64-0.9), respec-
tively. Age did not associate significantly with either
foveal pit depth (P = 0.49), diameter (P = 0.9), slope
(P = 0.55), or volume (P = 0.65). Foveal pit diame-
ter and volume were, on average, 0.36 mm (P = 2.89
x 107) and 0.04 mm? (P = 0.001) smaller in men
as compared to women, respectively. No significant
associations were found between sex and pit depth (P
=0.26) or slope (P = 0.33) when controlling for age.
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Scatter plots showing the variation of (a) foveal pit depth, (b) foveal pit diameter, (c) foveal pit slope, and (d) foveal pit volume

with age and the P value for their association with age in 30 Ghanaian men (H) and 54 Ghanaian women (A). The plain lines correspond to
regression lines for Ghanaian men and women, which were calculated separately for men and women in (b) and (d).

Differences Between Ghanaians and
Caucasians

Differences in foveal pit morphology between
Ghanaians and Caucasians were investigated using
linear regression models that included age, sex, and
ethnicity as predictors. Age was significantly associated
with foveal pit diameter (P = 0.017) and volume (P =
0.017), but not with depth (P = 0.015) or slope (P =
0.077). Based on the analyses carried out separately for
Ghanaians and Caucasians, the association between
age and pit diameter or volume were largely driven by
the Ghanaian group. Linear regression models, includ-
ing age, ethnicity, and their interactions as predictors,
revealed that the diameter of the foveal pit decreased
with age in Ghanaians but not in Caucasians (8 = -
0.011 mm/year vs. 8 =-0.002 mm/year); see Figure 3b.
We found this difference to be statistically significant
(P = 0.02). The volume of the foveal pit decreased
with age in both Ghanaians and Caucasians. This
change was qualitatively more prominent in Ghanaians
as compared to Caucasians (8 = —0.001 mm?>/year vs.
B = —0.0002 mm?/year, see Figure 3d); however, this
difference did not reach statistical significance (P =
0.052).

When controlling for age, sex was significantly
associated with pit diameter, slope, and volume. The
diameter and volume of the foveal pit were, on average,
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smaller in men as compared to women, whereas the
slope of the foveal pit was, on average, smaller in
women (P < 0.0001 for all three parameters). Because
we found no association between sex and foveal pit
slope in Caucasians, this difference was largely driven
by Ghanaians. Foveal pit diameter and volume were,
on average, 0.29 mm (P = 2.42 x 10~7) and 0.03 mm?
(P =9.7 x 107°) larger in Ghanaians, respectively. The
slope of the pit was, on average, 1.05 degrees smaller
in Ghanaians; however, this difference did not reach
statistical significance (P = 0.076).

As previously reported in Caucasians and African
Americans,'®-'82! we found that the structure of the
foveal pit is highly symmetrical between eyes of the
same individual in Ghanaians. When controlling for
age, the foveal pit is wider in Ghanaians as compared
to Caucasians; this difference was also noted between
Caucasian and black Americans.!>!'® We found no
significant differences in foveal pit depth between
Caucasians and Ghanaians. In fact, age, sex, and
ethnicity explained very little of the variability in
pit depth among either Ghanaians or Caucasians. In
comparison, the foveal pit was reported to be deeper in
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Scatter plots showing the variation of (a) foveal pit depth, (b) foveal pit diameter, (c) foveal pit slope, and (d) foveal pit volume with

age and the Pvalue for their association with age in 37 Caucasians (A) and 84 Ghanaians (H). The plain lines correspond to the regression lines

for Caucasians and Ghanaians, which were generated by combining m
for Caucasians and Ghanaians in (b) and (d).

African Americans as compared to Caucasian Ameri-
cans.!® We found that the slope of the foveal pit
was less steep in the Ghanaian group as compared
to the Caucasian group, which indicates that Ghana-
ians have generally flatter foveal depressions. However,
in line with previous reports,'® this difference was
not statistically significant. Finally, we found that the
volume of the foveal pit is larger in Ghanaians as
compared to Caucasians. To the best of our knowl-
edge, no other study has considered variations in foveal
pit volume between populations with Caucasian and
African ancestry. Discrepancies between our results
and investigations comparing Caucasians and blacks
in the United States may be due to the small number
of African Americans that these studies generally
included (<30 individuals)'>-' or the lack of control
for age. They could also be the result of significant
mixing between populations with diverse ancestries in
North America over the past 500 years.”

The post hoc power analyses that we performed
allowed us to confirm that the associations that we
report were not caused by the unequal number of
Ghanaian and Caucasian men and women included
in our study. When controlling for age, we found
the foveal depression to be significantly narrower
in men as compared to women in both Ghanaians
and Caucasians. The foveal pit is significantly flatter
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en and women in each ethnic group. They were calculated separately

(i.e. less steep) in Ghanaian women as compared to
Ghanaian men; in comparison, pit slope did not differ
significantly between Caucasian men and women. A
previous study suggested that the characteristics of
the foveal pit morphology were independent of sex!®;
however, statistical analyses were carried out without
controlling for age.

Few studies have investigated age-related changes in
the structure of the foveal pit. A study carried out on
a mixed population composed of 57 individuals found
that age did not correlate with foveal shape or struc-
ture.'® Previous work using a predominantly Caucasian
group of individuals and mathematical models showed
that the fovea was less symmetric and had steeper
slopes in older subjects.!® We found that age was signif-
icantly associated with foveal morphology in Ghana-
ians, but not in Caucasians. In Ghanaians, increas-
ing age was associated with a narrowing of the foveal
depression, a steepening of its slope and a reduction
of its volume. We found that pit depth was largely
independent of age. The decrease in the volume of
the foveal depression with age is likely driven by the
narrowing of the pit, as suggested by the strong correla-
tion between these two parameters. In our cohort, these
age-related changes are more prominent in Ghanaian
women as compared to men, which challenges previ-
ous reports that the characteristics of the foveal pit
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Table 3. Results of the Monte-Carlo Simulations Carried Out to Assess the Effect of the Lack of Correction for Axial
Length on Associations Between Foveal Pit Diameter and Age, Sex, or Ethnicity

Ghanaians Caucasians Ghanaians vs. Caucasians
Sex Sex Sex Ethnicity
(Male) Age (Male) Age (Male) Age (Ghanaian)
P value (no 378 x10°®  1.1x10% 289x10° 09 33x 1077 0.015 242 x 1077
error term)
Min psim 82x107° 306x1077 41x10% 002 20x107" 179%x10> 89x10°"°
Max psim 0.03 0.17 0.08 0.99 0.002 0.89 0.01
Mean psim 3.2 x 1074 0.003 0.002 0.65 42 x 107 0.07 6.7 x 10~°
%psim < 0.05 100% 99.6% >99.9% 0.1% 100% 58% 100%

A simulated P value (denoted psim) was produced for each of the 10,000 simulations. The table indicates the proportion of

simulations for which the associations remained significant.

morphology are independent of sex.!®!* We found that
age-related changes in foveal pit morphology were less
pronounced in Caucasians as compared to Ghanaians,
which has not been reported before. Because we did
not find any significant interaction between age and
sex in Ghanaians, our data indicate that the differences
in the age effect that we report between Ghanaians
and Caucasians are unlikely to be contributed solely
by women of the Ghanaian group. A larger sample
size would be necessary to further investigate inter-
actions between age and sex among Ghanaians and
Caucasians.

The fovea is a region of the retina specialized for
diurnal high acuity vision. It has been postulated that
one function of the foveal depression was to modulate
the refractivity index of the retina at the fovea and
that the foveal pit allowed for a tighter packing of
cones.”® Under these assumptions, it seems plausible
that in Ghanaians the shape of the foveal pit should
be adjusted to increased melanin levels, which may
attenuate the light signal.?” This is further supported
by the observation that wider foveae, which we found
to be characteristic of Ghanaians as compared to
Caucasians, are associated with a secondary peak of
the macular pigment spatial profile.”® The mechanisms
involved in the changes in foveal pit morphology with
age are unknown, largely because very few studies
have investigated them. The formation of the foveal pit
is driven by biomechanical processes® and by cellu-
lar events®® that include an increase in the packing
density of foveal cones.®! Decreases in vitreoretinal
adhesion®? and foveal cone density*® with age might,
therefore, drive the reduction in foveal pit volume that
we report in Ghanaians. Under this assumption, our
study would suggest that the pattern of change in pit
morphology associated with cone loss and decrease
in vitreoretinal adhesion differs between African and
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Caucasian populations. A previous study carried out
in a dominantly Caucasian population found that pit
volume did not correlate with peak cone density?’;
however, the study did not control for age. More work
is needed to elucidate the functional significance of the
volume of the foveal pit and the shape of the foveal
depression as a whole, and our study is an important
step in that direction.

In line with previous studies,!>'320 transverse
measurements were not corrected for axial length.
Axial length was shown to minimally affect foveal pit
depth and slope measurements; however, it may intro-
duce an error in the diameter of the foveal pit that
can reach 12% to 13%.'® We sought to assess whether
this lack of correction affected the significance of the
associations that we report. To do so, we performed
Monte-Carlo simulations that introduced a random
variation of the foveal pit diameter in Ghanaians and
Caucasians by up to 13%. We found that the associa-
tions between foveal pit diameter and sex in Ghanaians
and Caucasians and between pit diameter and ethnic-
ity remained significant for more than 99.5% of the
simulations (see Table 3). Possible reductions in axial
length with age®* may introduce an additional error
that was not accounted for in our models. However, a
previous cross-sectional study showed that axial length
only decreased by 2% on average between the ages of 40
and 80,%* which indicates that the effect of its variation
on our measurements was marginal.

Although our calculations showed that the lack of
correction for axial length was unlikely to affect the
significance of the associations that we report, it limits
our ability to compare our measurements with other
studies. A consensus on ways to correct for axial length
should ideally be reached to ensure that foveal pit
parameters can be robustly compared between studies
and populations in health and disease. The small
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number of Caucasian subjects that our study included
limited our ability to look at interactions between
predictors within this group. Larger sample sizes would
allow us to consider more predictors and their interac-
tions and ultimately to identify both strong and weak
determinants of foveal pit morphology. An impor-
tant limitation of our study is that it did not include
any predictor that reflected differences in environ-
mental factors between the Ghanaian and Caucasian
groups. Environmental factors are likely to introduce
population-specific variabilities that are generally diffi-
cult to account for,! and that will be considered in
future investigations. Finally, the measures that we
considered to describe the structure of the foveal
depression—pit depth, diameter, maximal slope, and
volume—may not fully account for local variations in
pit morphology. For instance, our methodology did
not allow us to explore local variations in the slope
and depth of the foveal pit that may be associated
with asymmetries previously reported in normal aged
foveae.!”

Future work will focus on assessing how differ-
ences in foveal pit morphology relate to vitreoreti-
nal disease prevalence and clinical features in African
and Caucasian populations. Foveal hypoplasia has a
broad spectrum of clinical phenotypes and is not
always associated with impaired vision.’>3® Wider
and shallower foveal pits were described in Caucasian
individuals with mild retinopathy of prematurity?’;
although the functional consequences are unclear. The
changes in foveal pit morphology that we observed
with age in Ghanaians but not in Caucasians might be
protective or adaptive against vitreomacular adhesion
and vitreomacular traction. This might explain the
comparatively lower incidence of these conditions
among African Americans.® If, as some suggested, the
specialization of the retina at the fovea confers an
increased vulnerability to age-related macular degen-
eration,®’ differences in the structure of the foveal pit
between Caucasians and Africans may explain part of
the variability in susceptibility and clinical features for
this disease between the two populations.

Although genetic variants associated with retinal
thickness in healthy eyes were recently reported,®
variants associated with the formation of the foveal
pit are yet to be identified. Inherited disorders that
are associated with variations in foveal pit morphol-
ogy, such as albinism,** may help identify some of
these variants. Future studies will investigate associa-
tions between foveal pit morphology and genetic risk
for AMD. Our aim will be to determine whether
genetic variants associated with a reduced risk for
AMD in Africans are also associated with differences
in foveal pit morphology. An important limitation
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is that the genetic etiology of AMD was discovered
and described in case-control populations of largely
European descent, and evidence suggest that it may
not be generalizable to African populations.* More
work is, therefore, needed to understand this disease
and other retinal disorders in populations with African
ancestry. In addition, we hope to further character-
ize how modifiable risk factors, including smoking
and hypertension,*! alter the natural course of AMD
in Caucasian and African populations and how they
relate to changes in retinal morphology.
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