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Abstract
Purpose.

To assess the relationship between foveal pit morphology and size of
the foveal avascular zone (FAZ).

Methods.

Forty-two subjects were recruited. Volumetric images of the macula
were obtained using spectral domain optical coherence tomography. Images
of the FAZ were obtained using either a modified fundus camera or an
adaptive optics scanning light ophthalmoscope. Foveal pit metrics (depth,
diameter, slope, volume, and area) were automatically extracted from retinal
thickness data, whereas the FAZ was manually segmented by two observers
to extract estimates of FAZ diameter and area.

Results.

Consistent with previous reports, the authors observed significant
variation in foveal pit morphology. The average foveal pit volume was 0.081
mm?3 (range, 0.022 to 0.190 mm?3). The size of the FAZ was also highly
variable between persons, with FAZ area ranging from 0.05 to 1.05 mm? and
FAZ diameter ranging from 0.20 to 1.08 mm. FAZ area was significantly
correlated with foveal pit area, depth, and volume; deeper and broader foveal
pits were associated with larger FAZs.

Conclusions.

Although these results are consistent with predictions from existing
models of foveal development, more work is needed to confirm the
developmental link between the size of the FAZ and the degree of foveal pit
excavation. In addition, more work is needed to understand the relationship
between these and other anatomic features of the human foveal region,
including peak cone density, rod-free zone diameter, and Henle fiber layer.

The macula is a highly specialized region of the human retina,
characterized by the foveal avascular zone (FAZ), complete excavation of
inner retinal neurons (creating the characteristic fovea, or pit), increased cone
packing, and an absence of rod photoreceptors.! Although the fovea itself
represents a small area of the retina, it drives the majority of our visual
function.? Characterization of the foveal region in healthy and diseased retina
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is of great interest, specifically with regard to development and aging.
Disrupted foveal development is associated with diseases such as retinopathy
of prematurity3-® and albinism.”~!2 Various aspects of foveal anatomy are also
altered in retinal diseases, such as diabetic retinopathy!3-!> and age-related
macular degeneration.'® Constructing accurate models of foveal development
and discriminating pathologic foveal alterations from normal age-related
changes requires, in part, a clear understanding of the relationship between
the various anatomic specializations associated with the foveal region in both
the healthy and the diseased retina.

Two features of the foveal region that have been linked during
development are the pit and the FAZ, and there are conflicting hypotheses
accounting for their developmental relatedness.?'” The data that had been
used to construct these models of foveal development have been based
largely on relatively limited anatomic data. Although this enables coordinated
examination of tissue from very early in development, this approach does not
allow routine access to samples from patients with altered foveal morphology
or the construction of robust normative databases. Emerging advances in
ophthalmic imaging permit direct in vivo visualization of all anatomic
specializations of the foveal region. These imaging tools offer the opportunity
to examine foveal anatomy in a more diverse population as well as in patients
with altered foveal development so as to enable robust testing of predictions
made by existing models of foveal development.

Equally significant is improving our understanding of how the anatomy
of the foveal region changes with age so as to improve the sensitivity of in
vivo imaging tools for detecting pathology. Current data are conflicting with
regard to the presence of significant age-related changes in foveal anatomy
due, in part, to the tremendous variation in these structures but also to the
fact that most previous studies have only examined a single parameter in
isolation as opposed to multiple anatomic features at the same time. For
example, it has been suggested that macular pigment density increases with
age,'®20 though this has not been observed in all studies.?*:22 Similarly, data
suggest that cone density decreases with age,?3?4 but other data are
consistent with no significant change with age.?>:?¢ Isolated reports suggest
that the radius of curvature of the foveal pit decreases with age,?” though a
recent optical coherence tomography (OCT) study found no change in foveal
pit morphology with age.?® The size of the FAZ has been reported to increase
with age,?®3° as has the thickness of the Henle fiber layer.3!

OCT allows three-dimensional volumetric imaging of the macula, which
permits direct visualization of the foveal pit. Numerous studies have reported
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on the morphology of the foveal pit in the healthy retina,?832-3> demonstrating
remarkable interindividual variation in pit morphology. The FAZ has also been
well studied and can be visualized using a variety of techniques including
entoptic viewing,3¢-38 fluorescein (FA),3° histologic techniques,*® and, more
recently, high-resolution imaging tools such as OCT,*4? adaptive optics (AO)
scanning laser ophthalmoscopy,*? and flood-illuminated AO ophthalmoscopy.+4
Collectively from these techniques, it is becoming appreciated that the size of
the FAZ is highly variable, though the variability of both the foveal pit and the
FAZ must be explained within the context of current models of foveal
development.

Correlations between FAZ size and foveal pit morphology have been
reported. For example, patients with a history of retinopathy of prematurity
(ROP) have smaller foveal pits coupled with a smaller or even an absent FAZ.>
In addition, patients with albinism are known to lack a FAZ and to have
pronounced foveal hypoplasia.'124> A recent study on a small number of
healthy subjects showed that larger foveal pits were associated with a larger
FAZ, although this was performed in patients with unilateral retinal disease,
so it is unclear how representative this is of a truly normal population.?8
Additionally, the lateral scale of the OCT and FAZ images were not corrected
for differences in ocular magnification because of individual differences in
axial length. Here, using multiple in vivo retinal imaging tools and image
processing techniques, we sought to assess the relationship between FAZ size
and foveal pit morphology in a larger normative population. These data
provide a foundation with which to explore other anatomic aspects of the
foveal region, such as the topography of the cone and rod photoreceptor
mosaic, which is now fully accessible with AO imaging tools.*®47 Such
comprehensive data could then be used to test predictions of competing
models of foveal development.

Methods

Human Subjects

All research on human subjects followed the tenets of the
Declaration of Helsinki and was approved by Institutional Review
Board at the Medical College of Wisconsin. Informed consent was
obtained from all subjects after explanation of the nature and possible
consequences of the study. Forty-two subjects (26 men, 16 women)
aged 18 years and older (average, 26.5 years; range, 18-67 years)
were recruited from local communities surrounding the Medical College
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of Wisconsin. Thirty-three of the subjects were Caucasian, seven were
Asian Indians, and two were African Americans. For the imaging
experiments, one eye was dilated in each subject, and accommodation
was suspended using one drop each of phenylephrine hydrochloride
(2.5%) and tropicamide (1%). Subjects were allowed to choose which
eye was imaged (31 of 42 were right eyes). In all subjects, axial
length was measured using an interferometer (IOL Master; Carl Zeiss
Meditec, Dublin, CA). For comparison, data from a patient previously
diagnosed with albinism and foveal hypoplasia was included for
comparison against the healthy exemplars (Carroll J, et al. IOVS
2011;52:ARVO E-Abstract 2175).

Optical Coherence Tomography

Volumetric images of the macula were obtained using spectral
domain OCT (Cirrus HD-OCT; Carl Zeiss Meditec). Volumes were
nominally 6 mm x 6 mm and consisted of 128 B-scans (512 A-
scans/B-scan). The internal fixation target of the system—a large
green asterisk on a red background—was used. Focus of the fundus
image was optimized using built-in focus correction, and the
polarization setting was optimized using the built-in function. Retinal
thickness data from the macular volume scans and the location of
center of the foveal pit was exported (Cirrus Research Browser 5.0;
Carl Zeiss Meditec).

FAZ Imaging

The FAZ was imaged in each subject using at least 1 of 2
devices. The first was used to image 33 subjects and is a modified
fundus camera using 548 nm light to illuminate a 20° field of view
(Retinal Function Imager [RFI]; Optical Imaging Ltd., Rehovat,
Israel).*® RFI proprietary motion contrast-enhancing software was
used for blood vessel enhancement. A single image set consisted of
eight images taken over 250 ms. At least eight, but not more than 18,
image sets were taken and registered using the RFI software.

The second device to image the FAZ in 11 subjects was a newly
constructed AO scanning light ophthalmoscope (AOSLO).*° Images

Investigative Ophthalmology & Visual Science, Vol. 53, No. 3 (March 2012): pg. 1628-1636. DOI. This article is ©
Association for Research in Vision and Ophthalmology and permission has been granted for this version to appear in e-
Publications@Marquette. Association for Research in Vision and Ophthalmology does not grant permission for this article
to be further copied/distributed or hosted elsewhere without the express permission from Association for Research in
Vision and Ophthalmology.

5


http://dx.doi.org/10.1167/iovs.11-8488
http://epublications.marquette.edu/
http://epublications.marquette.edu/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3339921/#B48
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3339921/#B49

NOT THE PUBLISHED VERSION,; this is the author’s final, peer-reviewed manuscript. The published version may be
accessed by following the link in the citation at the bottom of the page.

were acquired using a 775-nm superluminescent diode with a full-
width half-maximum bandwidth of 13.8 nm (InPhenix, Livermore, CA).
The scanning beam subtends a 0.96° x 0.96° area on the retina. The
plane of focus was set at the inner retina to capture reflected light
from the capillaries defining the FAZ (Burns SA, et al. IOVS
2008;49:ARVO E-Abstract 4512). Nine imaging locations were sampled
to cover the entire FAZ, with subjects instructed to fixate at different
locations on the scanning beam (each corner, middle of each edge,
and center). Additional imaging locations were sampled in subjects
with larger FAZs by instructing them to fixate away from the scanning
beam until the FAZ capillaries were visible. In these subjects, as many
as 15 different imaging locations were required to cover the entire
FAZ. In all subjects, a single image sequence consisting of 150 frames
was acquired at each imaging location.

To correct for distortions in the retinal images caused by the
sinusoidal motion of the resonant optical scanner, we first estimated
the distortion from images of a Ronchi ruling and then resampled the
retinal images over a grid of equally spaced pixels. After this
desinusoiding, the image sequences were manually inspected to
identify reference frame or frames with minimal distortion and
maximal sharpness for subsequent registration. Registration of frames
within a given image sequence was performed using a rigid translation
method in which each frame was aligned to the reference frame by
maximizing the normalized cross-correlation function between them.>°
Once all the frames were registered, the 40 frames with the highest
normalized cross-correlation to the reference frame were averaged to
generate a final image with an increased signal-to-noise ratio for
subsequent analysis. The averaged images were then montaged using
commercial software (Photoshop; Adobe Systems, San Jose, CA).
Auto-leveling was used to minimize differences in brightness and
contrast between images before montaging. No additional processing
was applied to the AOSLO images.

Two subjects were also imaged using conventional FA performed
with a commercial SLO system (Heidelberg Spectralis HRA+OCT;
Heidelberg Engineering, Heidelberg, Germany). The system was set to
a 20¢° field of view, and onboard image registration was used to
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acquire 14 frames, which were then averaged. These two subjects
were imaged using both RFI and AOSLO. This was done to examine
the interchangeable use of the RFI and AOLSO for visualizing the FAZ
and to compare both noninvasive techniques with the current gold
standard (FA).

FAZ Quantification

Regardless of the method of acquisition, the size of the FAZ was
assessed the same way for all images. The FAZ area was measured
using a custom semiautomated segmentation algorithm (Matlab;
Mathworks, Natick, MA), based on previously published level-set
algorithms.3%43 Figure 1A shows a sample FAZ image acquired with the
RFI. Edge points were manually selected along the centerline of the
vessels bordering the FAZ using Image] software (a publicly available
image processing program developed by Wayne Rasband, National
Institutes of Health, Bethesda, MD; available at
http://rsb.info.nih.gov/ij/index.html).>! An example of a manually
selected FAZ boundary is shown in Figure 1B. Linear interpolation was
performed between consecutive selected coordinates to generate a
closed contour defining the FAZ (Fig. 1C, filled area). From this
contour, estimates of FAZ area and diameter were derived. To
compute the area, a seed point at the center of the closed contour was
defined by calculating the center of mass of the (x,y) coordinates
defining the contour. This seed point was used as the starting point of
a flooding algorithm in the custom semiautomated segmentation
algorithm (Matlab; Mathworks), which was used to define all pixels
that reside within the closed contour. The area of the FAZ was
computed by multiplying the number of pixels within the contour by
the area of a single pixel. The area of a single pixel is estimated using
the image scale (deg/pixel) and that subject's retinal magnification
(mm/deg), calculated using linear scaling based on 0.291 mm/deg for
24-mm axial length.
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Figure 1. Quantifying FAZ morphology using semiautomated segmentation
methods. (A) FAZ image from subject JC_0342 taken with the RFI. (B) The edge of
the FAZ was delineated with 40 manually selected points. (C) The coordinates were
saved and processed with custom software to quantify FAZ area.

To estimate FAZ diameter, 180 radial lines at 1° increments
were placed at the central seed point, and their lengths were adjusted
until each contacted the edge of the closed contour line. The average
length of these 180 lines was taken as the diameter of the FAZ, with
the distance in pixels converted to millimeters using a similar linear
conversion described for FAZ area. The number and increment of these
radial lines was chosen to resemble sampling used to assess foveal pit
morphology. Finally, as the segmentation method involved significant
user input, two observers segmented all images. The agreement
between the FAZ area estimates derived from the segmentation data
of the two observers is shown in Figure 2. The mean difference is
0.029 mm? (95% confidence interval [CI], 0.016-0.041 mm?),
indicating a slight bias of one observer to select a larger FAZ
segmentation. The limits of agreement are —0.05 mm? and 0.11 mm?Z.
For the subsequent analyses, the FAZ area value used was the
average of the values obtained from the two observers. Because FAZ
area and diameter are highly correlated (Supplementary Fig. S1,
http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.11-8488/-
/DCSupplemental), they can be considered equivalent variables. Thus,
only one of them (FAZ area) was compared against foveal pit
morphology.
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Figure 2. Bland-Altman plot showing the agreement between FAZ area values
obtained from manual segmentation data performed by two observers. The mean
difference is 0.029 mm? (95% CI, 0.016-0.041 mm?2), indicating a slight bias of one
observer to select a larger FAZ segmentation. The limits of agreement are —0.05 mm?
and 0.11 mm?2. For subsequent analyses, the FAZ area value used is the average of
the values obtained from the two observers.

Foveal Pit Metrics

To improve the accuracy of the foveal pit measurements, the
lateral scale of all retinal thickness data sets was corrected for
interindividual differences in axial length. To derive the actual scan
lengths, we multiplied 6 mm (the nominal scan length) by the ratio of
the subject's actual axial length to that assumed by the instrument
(24.46 mm). Foveal pit morphology was assessed using a modified
version of a previously published algorithm.33 From exported retinal
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thickness data, 180 radially oriented slices through the foveal center
were extracted (by necessity, using interpolated data points). The
foveal center was defined using an automated algorithm (Foveal
Finder) onboard the spectral domain OCT (Cirrus HD-OCT; Carl Zeiss
Meditec) system. Each of these thickness profiles was then fit to a
difference of Gaussians (DoG). The first derivative of the best-fitting
DoG provides information about the changing slope of the foveal
contour and allows automated and objective extraction of foveal pit
depth, diameter, and slope. The center of the foveal pit is identified as
the central retinal location where the slope is zero. Moving away from
the foveal center, the rim of the foveal pit is also identified as a
location of zero slopes. Diameter was defined as the rim-to-rim
distance, and depth from a given thickness profile was taken as the
difference between the average retinal thickness at the two rim
locations and the thickness at the foveal pit. The maximum slope value
between the foveal center and the foveal rim was recorded as the
foveal slope parameter.

In addition to depth and diameter, we examined foveal pit
volume. Here we defined foveal pit volume as the fill of the foveal pit,
that is, the space between the internal limiting membrane surface and
the top of the foveal pit. Again, the center of the foveal pit was
identified within each macular thickness data set (Fig. 3A) using the
automated algorithm (Foveal Finder) onboard the spectral domain OCT
(Cirrus HD-OCT; Carl Zeiss Meditec) system. The rim of the entire
foveal pit was defined using the rim locations determined from the
DoG-fitting procedure described (Fig. 3B), and the 360 thickness
values were used as the edges of a contour to be used for the foveal
pit volume calculation. As the retinal thickness data are sampled more
finely along the horizontal direction (512 A-scans) than the vertical
direction (128 B-scans), we scanned a vertical line across the
thickness volume that connected the superior and inferior rim locations
at each of the 512 A-scan positions. Collectively, these lines defined an
irregular surface that was then used for the foveal pit volume
calculation. The surface captures the nasal-temporal and superior-
inferior asymmetries in the rim contour. The difference between this
surface and the actual retinal thickness at all the points confined within
the rim contour (outlined in Fig. 3B) is shown in Figure 3C as pit depth
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values. By definition, the pit has no depth outside the rim contour;
hence, these pixels have a value of zero. To derive an estimate of
foveal pit volume, the pit depth values were summed and multiplied by
the area over which they were sampled (defined by the rim contour).

Be

i

“

13!] 240 300 36[] 0 160
Retinal Thickness (pm) Pit Depth {pm)

Figure 3. Process for measuring foveal pit volume. (A) Retinal thickness maps were
exported and interpolated to 512 x 512 pixels and then transformed to polar
coordinates. (B) The foveal rim was defined as described in the text. An irregular
surface was defined as described in the text to create a cap on the foveal pit. (C) The
fill of the space between this cap and the internal limiting membrane represents the
volume of the foveal pit.

Foveal pit area was calculated using the same contour in Figure
3B, to which a flooding algorithm such as that described for the FAZ
was applied. Foveal pit area and diameter are highly correlated

(Supplementary Fig. S1,
http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.11-8488/-
/DCSupplemental) and can thus be considered equivalent variables; as
such, only one of them (foveal pit area) was compared against FAZ
area.

Statistical Analysis

The relationship between foveal pit morphology and FAZ was analyzed
using simple, partial, and multiple Spearman's correlation, as
specified. Given that four descriptors of foveal pit morphology were
considered, a Bonferroni-adjusted 1.25% significance level was used
to claim statistical significance. With 42 subjects, our study had 80%
power to detect correlations with p? of 0.24 or above at a 1.25% two-
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sided significance level. All analyses were performed using R, version
2.13.1 (R Foundation for Statistical Computing, Vienna, Austria).

Results

Assessing FAZ Morphology

The FAZ area was variable in our population, ranging from 0.05
to 1.05 mm?. The average + SD for the population was 0.43 + 0.25
mm?. The average FAZ diameter was 0.66 + 0.22 mm, with a range of
0.20 to 1.08 mm. Because of the availability of different imaging
modalities during the period of data collection, we examined the
interchangeability of FAZ parameters derived from two different
imaging devices (RFI and AOSLO) for two subjects. We also imaged
these same two subjects with conventional FA to see how our
noninvasive images compared with the current clinical gold standard.
Although vessel width and contrast vary between images obtained on
the three instruments, the smallest capillaries appear to be visible in
all images (Fig. 4). This is demonstrated by the good correspondence
in FAZ metrics derived for each subject from images on the three
instruments. For example, FAZ area was 0.31, 0.30, and 0.29 mm?
(subject JC_0002) and 0.09, 0.10, and 0.09 mm? (subject JC_0007)
for the RFI, AOSLO, and FA images, respectively.
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RFI AOSLO FA

Figure 4. Comparison of FAZ imaging methods. Shown are images of the FAZ for
two subjects obtained using three different imaging methods (RFI, AOSLO, FA).

Estimates of FAZ area varied by <1.5% between the three methods for each subject.
Scale bars, 0.10 mm.

JC_0002

JC_0007

Foveal Pit Morphology

In our 42 subjects, foveal pit depth varied by more than
threefold (range, 0.048-0.156 mm); there was a twofold variability in
foveal diameter (range, 1.12-2.40 mm) and more than a fourfold
variation in foveal slope (range, 5.1°-21.0°). Previous work from our
laboratory showed that depth and diameter of the foveal pit were not
correlated,*®> and they were not significantly correlated in the present
study (p? = 0.07; P = 0.08). Neither metric alone completely captures
the entire morphology of the foveal pit. Foveal pit volume is influenced
by both depth and diameter and, therefore, may be a useful metric for
examining how overall pit morphology correlates with other anatomic
aspects of foveal specialization. We observed a more than eightfold
variation in foveal pit volume (range, 0.022-0.190 mm?3). The area of
the foveal pit varied by more than fourfold (range, 1.00-4.54 mm?). A
complete listing of all FAZ and foveal pit metrics for our 42 subjects is
given in Table 1.
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Axial FAZ Metrics Foveal Pit Metrics

1o Sex|Age I(-::::;? Diameter||Area Depth||Diameter|/Slope|Volume||Area

(mm) (mm?2)*[(mm) ||(mm) (deg)|(mm?) |[(mm?)
bc_ooo2lm |26 |24.71 |0.57 l0.31*  [l0.102 [|1.84 |11.4 J0.065 |2.67 |
bC_0003|F ][29 |24.35 ]0.20  o.065 |0.058|1.79  |6.0 Jo0.040 |2.54 |
bc_ooo7|M |35 |27.37" ]0.40  0.09* J0.056|1.93 |55 Jo0.025 |2.81 |
bc_o13gF |26 |22.75 ]j0.95 l0.78  |l0.113 |[2.26 lo.8 Jo.136 |4.49 |
bc_o200/M 23 |24.72 |j0.69 l0.43  |0.138 ||1.75 |15.3 J0.084 |2.43 |
bc_0209|M (23 |24.29" |j0.63 037 Jo.118 ||1.93 [11.9 J0.089 |2.94 |
bc_0232)M |31 |26.35 |0.59 0.34  Jo.117 ||1.63 |14.0 Jo.053 |2.11 |
bc_o241m |25 |25.66 |0.55 0.29  ]0.153 ||1.57 [19.2 J0.059 193 |
DC_0342|M |24 |23.67 |0.66 l0.41  |o.128 |1.82 |14.0 Jo.088 |2.61 |
DC_0343|M |25 [23.29 |j0.95 l0.74  |o.122 |2.00 |11.9 Jo.100 |3.14 |
bC_0363|F |21 |23.53 |o.60  [0.33 0.084 1.7t  |9.5 Jo.051 |2.31 |
bC_0364/M |21 |23.41 |o.65  [0.39 0.135]1.69  |15.7 |0.072 |2.26 |
bc_0365M |20 [23.79 |0.96  [o0.81 |0.153]2.05  |14.4 Jo0.126 |3.32 |
bc_o383|M |18 |24.67" [0.74  [o0.50 |0.1011.97  [9.9 Jo0.084 |3.05 |
bc_0384/F 27 |22.78 |0.80 l0.56  |0.139 |1.77 |15.5 J0.083 |2.46 |
bc_o3s5|M |31 |22.77" |0.90 072 |o.140 |2.40 [11.2 Jo.190 |l4.54 |
bc_0387|M |22 |23.56 |j0.83 l0.63  |o.130 ||1.95 [13.3 Jo.102 |2.99 |
bc_0391m 21 |25.90" |1.08 .05 Jo.156 [2.16 [14.1 Jo.126 |3.66 |
bc_0392)M |21 |23.54" |[0.73 l0.49  Jo.112 |[2.26 9.3 Jo.135 |4.16 |
bc_0394/F |21 |24.62 |0.69 l0.44  J0.107 |[1.59 [13.1 Jo.0os0 |1.99 |
bc_o395|M |22 [23.73 |0.69 0.43  ]0.144 |[1.79 |15.6 |0.098 |2.55 |
bC_0398/F |21 |24.47 |o0.62 l0.36  |0.125 |[1.80 113.9 J0.073 |2.53 |
DC_0399F [22 |23.57" |0.70 l0.45  |o.130 |[1.78 |15.5 J0.085 |2.50 |
bc_o410M |20 |24.05 ]0.99  [o0.84 |o0.145]2.00  |14.0 Jo.111 |3.16 |
bc_0412F |21 [22.24" |j0o.71 l0.57  |o.125 |1.85 |13.5 Jo.090 |2.71 |
bc_0414/F |22 |23.28 |0.80 l0.57  |o.118 |2.08 |10.6 J0.109 |3.74 |
bc_oa16|F [19 |25.15 |0.92 l0.74  |o0.084 |2.12 8.2 Jo.o78 |3.08 |
DC_0420[F |21 |[22.86" |0.24 l0.07  |l0.084 ||1.59 [10.1 J0.046 |1.99 |
bc_o0424|M |26 |23.00" [0.99 l0.87  |0.146 |2.00 [14.1 Jo.120 |3.15 |
hbc_os71]m |25 |l24.05 |j0.41 0.145  J0.117 ||1.77 [13.1 Jo.071 |2.49 |
bc_oe16[M |23 [24.35 |o.52 l0.225  [l0.129 [[1.94 [12.7 Jo.107 |2.98 |
bc_oe28|M |63 |]22.92 |[0.26 0.075 ][0.048 [[1.71 5.1 J0.023 |2.44 |
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Axial FAZ Metrics Foveal Pit Metrics

10 Sex|Age I(-::::;? Diameter||Area Depth||Diameter|/Slope|Volume||Area

(mm) (mm?2)*[(mm) ||(mm) (deg)|(mm?) |[(mm?)
bC_0629F |67 [23.29 |0.50  [0.225 |0.103|1.68  [11.9 |0.058 |[2.23 |
bc_o645|M |21 |23.76 |0.54 l0.265 |l0.146 |2.01 [14.4 Jo.117 |3.17 |
bc_0654/F |25 |23.57 |0.40  Jo.165 |0.093]1.82  |10.6 |0.057 |2.61 |
bc_oe61M ]23 |25.52 |0.57 l0.245  Jl0.125 [[1.61 |15.7 Jo.0os6 |2.05 |
bc_0677|F |22 |24.03 |0.79 l0.505 |l0.134 |[2.00 [13.0 Jo.107 |3.16 |
bc_0691]F |42 |26.27 ]j0.95 l0.81  |o.119 |1.87 [12.3 Jo.0o71 |2.75 |
bc_0692)M 39 |24.54 |j0.70 l0.45  |0.104 |[1.50 [13.8 J0.041 |1.78 |
bc_o693|M |28 [24.10 |0.48 0.23 0106 |[1.89 [11.3 Jo.069 |2.81 |
bC_0694/F |22 |23.90 |0.56 l0.31  |o.117 |1.12 21.0 J0.022 |1.00 |
bc_0695|M |28 |23.37" |0.27 l0.05  |o.081 |1.73 8.4 J0.057 |2.37 |
/Average| |26 |24.08 |0.66 l0.43  |o.116 ||1.85 |12.5 Jo.081 |2.75 |
s || Jjzo Jl1.09 Jo.22  Jo.25 0.026]0.23  |3.2 0.035 0.69 |

Table 1. FAZ and Foveal Pit Data
*In all but 11 subjects, data reported are for right eyes.
TFAZ imaged with RFI, except for two patients imaged with RFI, AOSLO, and
conventional FA (#), and nine patients imaged with AOSLO only (§).

Correlation of FAZ Size and Foveal Pit Morphology

FAZ area was strongly correlated with pit area (p? = 0.33; P <
0.0001) and pit depth (p? = 0.29; P = 0.0002), with the deepest and

widest foveal pits found in subjects with the largest FAZs (Figs. 5A,

A,5B).5B). These correlations persist even after adjusting for the other
characteristic. The partial correlations of FAZ area with pit area
adjusted for pit depth (p?2 = 0.27; P = 0.00014) and of FAZ area with
pit depth adjusted for pit area (p? = 0.23; P = 0.00075) are similar to
the unadjusted correlations, suggesting that the contributions of foveal
pit depth and foveal pit area are independent and approximately
equal. This is confirmed by the fact that the multiple squared
correlation of foveal pit depth and foveal pit area with FAZ area is
essentially the sum of the individual contributions (p? = 0.48; P <

0.0001). Our subjects did subtend a large range of ages; however,

adjustment of the multiple correlation estimate for age does not
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modify it (p? = 0.49; P = 0.77 for additional effect of age). As shown
in Figure 5C, FAZ area is also correlated with pit volume (p? = 0.46; P
< 0.0001), which is expected because volume is a monotone
combination of depth and area. There was no significant correlation
between axial length and either FAZ area (p? = 0.0098; P = 0.53) or
foveal pit area (p?2 = 0.029; P = 0.27).
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Figure 5. Correlation between FAZ area and foveal pit morphology. Significant
correlation between FAZ area and foveal pit area (A), pit depth (B), and pit volume
(C) were observed. Collectively, these data indicate that bigger FAZs are associated
with larger foveal pits, which is consistent with the hypothesis that the size of the FAZ
determines the degree of foveal excavation.

Further visualization of the relationship between the FAZ and
the foveal pit can be seen in Figure 6. Here we show the vasculature
map and macular thickness map of a patient with albinism. In this
patient, there is an absence of a defined avascular zone at the location
of fixation, coupled with an absence of a foveal pit. Also shown are
images from two subjects with foveal pit morphology near the
extremes of our sample, highlighting, the quantitative relationship
defined in Figure 5; subjects with larger foveal pits have larger FAZs.
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Figure 6. Examples of increasing FAZ with increasing foveal pit excavation. Foveal
OCT scans (A, D, G), retinal thickness maps (B, E, H), and FAZ images (C, F, I) are
shown for three subjects. Data from the left eye of a patient with albinism reveals that
the absence of a foveal pit is associated with the absence of a FAZ (A-C). The data
from this patient were not included in the present analysis but is shown to illustrate
one extreme in how the FAZ and pit are related. In two healthy persons with extreme
foveal pit morphology, the positive correlation between the size of the foveal pit and
the size of the FAZ is captured (D-I). Scale bar, 100 pm.

Discussion

Comparison with Previous Data on Foveal Pit
Morphology

Numerous in vitro studies have examined foveal pit
morphology.217>2755 It is difficult to find reference to any major
variability in this structure from these studies, probably because of the
relatively small number of retinas examined. However, with the advent
of noninvasive OCT imaging, foveal pit morphology is routinely
accessible in vivo and has been extensively reexamined both in
healthy and in diseased eyes.>12:28:33,:3556,57 Importantly, studies such
as these have enabled a quantitative analysis of the disruption of
foveal pit morphology in retinal diseases such as retinopathy of
prematurity and albinism, which previously had only been qualitatively
described as foveal hypoplasia or foveal plana.*> Foveal pit morphology
may also be of use in studying the retinal effects of neurologic
conditions such as Parkinson disease (Bodis-Wollner IG, et al. IOVS
2011;52:ARVO E-Abstract 6660).

One of the difficulties in making detailed comparisons of pit
morphology across normative data from different studies is the
variation in metrics used to describe the foveal pit. Published metrics
include pit depth (typically defined as the distance from the base of
the foveal pit to a plane connecting the overlying foveal rim, or from
the base to the level at which the pit reaches a lateral radius of 728
pm), width/diameter (defined as either the subjective or the objective
rim-to-rim diameter or width of the region in which a nerve fiber layer
is absent), slope (defined as either the average or the maximum slope
between the foveal center and the rim of the foveal pit), and foveal
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inner retinal area (cross-sectional area of the inner retinal tissue within
500 um from the foveal center, bordered by the fovea, the internal
limiting membrane, and the outer plexiform layer).>2832:3435 We have
introduced here foveal pit volume because it captures multiple aspects
of pit morphology in a single metric. This may prove useful in trying to
examine the relationship between foveal morphology and other
structural or functional measures of the visual system. However, the
independence of pit depth and diameter suggests that any single
metric (including foveal pit volume) may be of limited use for modeling
foveal pit development. There are additional complications in
comparing the present study with previous studies; we corrected our
measurements for individual variations in axial length. This would
affect any transverse measurements (pit diameter, pit area) but would
minimally affect pit depth. That said, the different metrics used to
describe the pit present a much larger impediment to comparisons
between previous studies and the present study than do differences in
transverse magnification.

In the face of these varied metrics to describe the foveal pit,
there remains a need for convergence on some objective definitions of
foveal pit morphology. This would permit easier comparison across
studies and could aid in the development of normative databases of
foveal morphology. Combining this and previous studies, we have now
accumulated foveal pit data on 180 subjects with normal vision using
the same foveal pit metrics.33:3% Variation in foveal pit morphology
certainly exceeds that appreciated from earlier histologic studies. For
example, foveal pit diameter varies by more than a factor of 2 (range,
1.12-2.57 mm), and foveal pit depth varies by at least a factor of 5.5
(range, 0.032-0.176 mm). Given that we have obtained data from
multiple racial/ethnic groups and both sexes, we suspect that our data
set represents nearly the entire range of normal pit morphology.

Functional Significance of the Fovea

In both the healthy and the diseased retina, the functional
significance of variability in foveal pit morphology remains unclear. The
overall impression is that a fovea is required for good vision, based on
the fact that patients with foveal hypoplasia (ROP, albinism, aniridia)
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have reduced vision. But is the fovea (i.e., the pit) the culprit? Recent
work>” has shown that across various forms of typical foveal
hypoplasia, patients with more shallow foveal pits had worse acuity
than those with more pronounced foveal pits, which would seem to
support the idea that the pit itself is required for good vision. In fact,
Walls®® proposed that the presence of a fovea might serve a refractive
role by locally magnifying the retinal image onto the foveal cone
mosaic. Evidence against this comes from the finding that the normal
range of foveal pit morphology overlaps with that seen in albinism
(Carroll J, et al. IOVS 2011;52:ARVO E-Abstract 2175) and that, in
patients with albinism, pit depth is not a reliable predictor of visual
acuity.>® This would also suggest that other anatomic features of the
visual system underlie visual deficits in albinism, such as reduced
outer segment length, reduced cone packing, or disrupted cortical
organization.!?>%:60 Progress on this issue could be made through
careful investigation of foveal anatomy (pit morphology, outer
segment length, cone density), and corresponding visual acuity
measurements could be made using AQ.51.62

Comparison with Previous Data on the FAZ

FAZ data presented here are generally consistent with
previously published results. In a study using conventional FA,
Bresnick et al.'® reported a median area of 0.350 mm? in 20 healthy
controls. In a study using a combined SLO and FA approach, Arend et
al.%3 found a mean (£ SD) area of 0.231 + 0.060 mm? in 21 healthy
controls. Using high-contrast entoptic viewing of the retinal
vasculature to envisage the FAZ in 34 eyes, Bradley et al.®® reported a
mean area of 0.420 mm?. Using contrast-enhanced FA obtained with
an SLO system (Heidelberg Spectralis HRA+OCT; Heidelberg
Engineering), John et al.®* examined the FAZ in 31 healthy subjects
and found a mean (£ SD) area of 0.275 + 0.074 mm?Z. In a recent
study in five subjects using a dual-conjugate AO fundus camera, a
mean (£ SD) area of 0.302 + 0.100 mm? was reported.** Using an
AOSLO device and motion contrast enhancement image processing
techniques, Tam et al.*3 found a mean (£ SD) area of 0.323 + 0.107
mm? in 10 persons. The authors of only these most recent studies
corrected their FAZ measurements for individual differences in ocular
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magnification because of variation in axial length. Our mean (£ SD)
area was 0.44 £+ 0.25 mm?, with a range of 0.05 to 1.05 mm?, which
was also corrected for ocular magnification differences. We suspect
that the variation in our population is slightly higher than in previous
studies given that we targeted subjects known to have foveal pits near
the extremes of the normal distribution (we were explicitly interested
in the relationship between foveal pit morphology and FAZ size). This
fact, combined with differences in age, sex, and race of the
populations studied, and the techniques used to measure FAZ make
direct comparisons difficult between our study and previous studies.
Nevertheless, as with other anatomic specializations of the human
foveal region (e.g., cone density® 7% and pit morphology?8:32-3%), it is
clear that there is substantial variation in FAZ size across persons with
normal vision. Whether these retinal variations direct the variability
seen in primary visual cortex remains unclear,’t~’4 though it seems
logical that different distributions of retinal cells could be involved in
the normal development of these structures.

Role of the FAZ in Development of the Foveal Pit

Current models of foveal development suggest that a FAZ is
required for complete foveal excavation.'’>>7> Supporting this model
are data from patients with a history of retinopathy of prematurity,
who have shallower foveal pits than normal and absent FAZ.>

In support of this view are data from patients with albinism,
who also lack FAZ and who have, at best, a subtle foveal depression.
Interestingly, other aspects of foveal specialization (such as increased
packing of foveal cones, outer segment elongation, and lengthening of
Henle's fibers) can reach normal stages in patients with albinism,12:4>>°
indicating that the presence of a foveal cone pit is not required for
complete foveal cone specialization. Nevertheless, our data on 42
subjects provide further support of this view of foveal development in
that we observed a strong correlation between FAZ size and foveal pit
morphology; large FAZ was associated with large foveal pits. Such a
relationship was also seen in a recent study in 10 persons by Tick et
al., though their measurements were not corrected for retinal
magnification.?®
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Whether larger FAZ permits enhanced foveal excavation or
whether increased foveal excavation modifies FAZ cannot be
discriminated from correlative studies such as ours, but given that the
FAZ appears before a pit,’® it seems more plausible that the size of the
FAZ influences the degree of foveal excavation. Of course, a limitation
of the present study to address issues concerning the developmental
relatedness of the FAZ and the foveal pit is that our data were derived
from the adult retina. That said, developmental models do make
explicit predictions regarding how these anatomic features should
relate in the mature retina; therefore, data such as ours provide useful
tests of those predictions. Moreover, we believe that the methodologic
approach outlined here could be extended to earlier postnatal ages,
when foveal morphology is still changing, especially given the
availability of imaging tools with which to assess the neonate retina.””

Of further interest is how these aspects of foveal anatomy
influence the heterogeneous packing of cone photoreceptors across the
macula. The previously mentioned data from patients with albinism
would seem to suggest that the increased packing of foveal cones is
not entirely dependent on the presence of a defined FAZ or on normal
foveal pit. Further support for this is garnered from the discovery of
gradients of trophic factors thought to be responsible for initiating and
leading the migration of cones and their attached neurons toward the
foveal center.”®7° A competing model invokes forces in the developing
eye, such as retinal stretch and interocular pressure, to facilitate cone
packing.!’->> Evidence against this model comes from the finding that
persons with no foveal pit can have normal cone packing.!?4> Given
the prominent role of the foveal area in our visual capacity, refining
and clarifying current models of foveal development is of great
importance. Examining how varying foveal architecture is associated
with the well-described variation in foveal cone packing will provide
valuable data in this regard. Great strides have been made in the
visualization of the cones at the very center of the fovea with AO
imaging tools.#6:%980 As such, examining the topography of the cone
mosaic in persons with disparate foveal pit and FAZ morphology is
within our reach.
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Supplementary Material

Supplementary Data:
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Supplemental Figure 1 - Diameter and area are interchangeable variables.

(A) FAZ area and diameter are highly correlated (r=0.98, Pearson’s; p=0.99,
Spearman’s). Solid line depicts the expected relationship between area and diameter
of an ellipse with a major axis that is 1.1 times longer than the minor axis. (B) Foveal
pit area and diameter are highly correlated (r=0.98, Pearson’s; p=0.99, Spearman’s).
Solid line depicts the expected relationship between area and diameter of a circle. The
high correlation between each of these metrics indicates that only one needs to be
analyzed, for unit consistency reasons, we chose to present the relationship between
FAZ area and pit area.
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