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PURPOSE. The purpose of this study was to characterize the relationship between retinal
ganglion cell layer (GCL) soma density and capillary density in glaucomatous eyes.

METHODS. Six glaucoma subjects with known hemifield defects and 6 age-matched
controls were imaged with adaptive optics – optical coherence tomography (AO-OCT) at
6 locations: 3 degrees, 6 degrees, and 12 degrees temporal to the fovea above and below
the midline. GCL soma density and capillary density were measured at each location.
Coefficients of determination (pseudo R2) and slopes between GCL soma and capillary
density were determined from mixed-effects regressions and were compared between
glaucoma and control subjects, between more and less affected hemifield in subjects
with glaucoma, and between subjects with early and moderate glaucoma, both in a local,
bivariate model and then a global, multivariable model controlling for eccentricity and
soma size.

RESULTS. The global correlation between GCL soma and capillary density was stronger in
control versus subjects with glaucoma (R2 = 0.59 vs. 0.22), less versus more affected
hemifields (R2 = 0.55 vs. 0.01), and subjects with early versus moderate glaucoma
subjects (R2 = 0.44 vs. 0.18). When controlling for eccentricity and soma size, we noted
an inverse soma-capillary density local relationship in subjects with glaucoma (−388 ±
190 cells/mm2 per 1% change in capillary density, P = 0.046) and more affected hemi-
fields (−602 ± 257 cells/mm2 per 1% change in capillary density, P = 0.03).

CONCLUSIONS. An inverted soma-capillary density local relationship in areas affected by
glaucoma potentially explains weaker global correlations observed between GCL soma
and capillary density, suggesting cell–vessel mismatch is associated with the disease.
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Glaucoma is a leading cause of irreversible blindness
worldwide1 and its only current treatment is reduc-

tion of intraocular pressure (IOP). However, glaucoma can
worsen in up to 45% of patients with early glaucoma
despite therapeutic reduction in IOP,2 and up to one-third
of patients develop glaucoma with IOP in the normal range,
indicating that non-IOP related factors contribute to the
disease. Whereas retinal ganglion cells (RGCs) and their
axons are the primary site of glaucomatous damage, strong
evidence also implicates retinal vascular dysfunction in the
disease.3–5 In all stages of glaucoma, changes in retinal
vascular structure (e.g. vessel dropout) are present.6 In
order to develop novel treatment strategies that target both
the cellular and vascular component of glaucoma, precise
benchmark measurements of the interaction between RGCs
and their vascular supply must be established.

Current vascular structural data show that glaucomatous
damage is associated with decreased superficial macular

vessel density as measured by optical coherence tomogra-
phy angiography (OCT-A).7 Ganglion cell-inner plexiform
layer (GC-IPL) thickness, while informative, is a surrogate
for RGC density, and direct measures of RGC density may
permit a more accurate assessment of effects at the scale of
a neurovascular unit.

Until recently, quantification of RGC density was limited
to ganglion cell layer (GCL) thickness measurement with
optical coherence tomography (OCT). By pairing adap-
tive optics (AO) technology with scanning laser ophthal-
moscopy (AO-SLO) and OCT (AO-OCT), it is now possible
to obtain three-dimensional, cellular-level structural images
of the optic nerve head and retina to study glaucoma.8–17

Newly demonstrated AO-OCT methods can reliably quan-
tify GCL soma morphology and density17–20 and can distin-
guish retinal capillaries21 at significantly higher resolution
than commercially available OCT-A, enabling analysis at
multiple eccentricities from the fovea within the macula.
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Importantly, AO-OCT can isolate the density of vessels and
vascular plexuses22 that specifically nourish RGCs.23

In the macula, retinal vessels separate into three distinct
vascular plexuses away from the foveal avascular zone:
the superficial vascular plexus (SVP), intermediate capillary
plexus (ICP), and deep capillary plexus (DCP). The SVP
resides in the GCL and primarily nourishes RGCs and their
axons that make up the retinal nerve fiber layer (RNFL). The
ICP is at the base of the inner plexiform layer (IPL) and
supplies the dendritic synapses in that layer as well as the
cells in the inner nuclear layer (INL). The DCP is at the base
of the INL and mainly supplies the bipolar and horizon-
tal cells and their connections to the photoreceptor outer
nuclear layer.

The purpose of the current study is to determine the
global and local relationship between vascular and GCL
soma densities in healthy and glaucoma subjects. We take
advantage of high-resolution, precise optical sectioning and
subcellular accuracy registration of AO-OCT to simultane-
ously image retinal vessels and GCL soma densities at multi-
ple eccentricities across the macula. This method allows
for a detailed investigation of the relationship between the
two, ultimately linking two key structural metrics of the
inner retina important in glaucoma pathophysiology. We
have previously shown that GCL soma density is signif-
icantly lower in eyes with glaucoma compared to age-
matched control subjects across the macula.17 We hypoth-
esize that in healthy control subjects higher cell density
requires increased perfusion for metabolism and these loca-
tions will therefore require greater vascular supply and have
higher capillary density. We further hypothesize that, in
subjects with glaucoma, disruption of local cellular perfu-
sion results in a mismatch between vascular supply and RGC
density, manifest as an altered relationship between GCL
soma density and capillary density.

MATERIALS AND METHODS

This paper uses AO-OCT data collected from a cohort
of subjects with glaucoma and control subjects previously
analyzed in a study centered around GCL soma morphology
quantification.17 The full details of subject clinical assess-
ment, AO imaging, and GCL soma analysis are found in a
previously published paper,17 aspects of which are summa-
rized below. The current study extends the previous GCL
soma density results with analysis of the density of vascu-
lar plexuses that supply the GCL cells. As previously, in this
paper, we use the term GCL soma rather than RGC soma
because we do not distinguish between RGCs and the small
proportion of displaced amacrine cells that make up the
GCL.

Study Population and Clinical Assessment

This research protocol was approved by the Institutional
Review Boards of the US Food and Drug Administra-
tion (FDA) and the University of Maryland and adhered
to the tenets of the Declaration of Helsinki. Written
informed consent was obtained after the potential risks
were explained to each participant. All subjects were evalu-
ated by an experienced glaucoma specialist (author O.J.S.)
and underwent gonioscopy, dilated fundus examination, and
spectral domain-optical coherence tomography (SD-OCT).
In addition to those tests, subjects with glaucoma had stan-

dard automated perimetry (SAP) with Humphrey visual
field (HVF). Subjects with glaucoma were diagnosed with
primary open angle glaucoma (POAG) based on American
Academy of Ophthalmology Practice Patterns.24 Glaucoma
severity was designated as early, moderate, or severe based
on Hodapp-Anderson-Parrish criteria as applied to the most
recent visual field.25 We purposely recruited subjects with
glaucoma with asymmetric glaucomatous damage across
the horizontal midline with relatively more RNFL and GCL
thinning on one side of the hemifield that corresponded
to visual field loss on the opposite side of the damaged
RNFL and GCL area in order to compare soma and capil-
lary density between the more and less affected hemifields
within the same patient. Control subjects had an OCT RNFL
within normal limits in all quadrants, IOP below 21 mm Hg,
symmetric and healthy neuroretinal rims, and a cup-to-disc
ratio of 0.5 or less.

In Vivo AO Imaging

GCL Soma Density and Size Quantification.
Pupillary dilation and cycloplegia was achieved with 1%
tropicamide in subjects, who were subsequently imaged
using the FDA multimodal adaptive optics (mAOs) device
previously described.17,26 We examined six 1.5 degrees × 1.5
degrees regions located symmetrically 2.5 degrees superior
(S) and inferior (I) about the horizontal midline at eccen-
tricities 3 degrees, 6 degrees, and 12 degrees in the tempo-
ral (T) retina (Fig. 1A). These eccentricities were selected
to observe glaucoma-associated regional differences. The
AO focus was set to the GCL and 300 AO-OCT volumes
were collected, registered, and averaged at each location.
GCL soma centers across the full layer depth were manu-
ally counted from each averaged volume with custom cell
counting software in MATLAB (Fig. 1C). Of 72 total loca-
tions from the 12 subjects, 6 volumes were insufficient qual-
ity for soma quantification and were excluded from analysis.
Image quality metrics were not available and the determina-
tion of adequacy of image quality was determined by the
grader (author R.V.). Image quality was qualitatively similar
between disease groups. GCL soma density was calculated
by projecting the soma counts onto a single en face plane. A
Voronoi map, a mathematical construct widely used to quan-
tify retinal cells,27 was then applied to the en face image, and
density was determined by calculating the ratio between the
number of Voronoi cells and the total area occupied by the
Voronoi cells, after excluding any region occupied by blood
vessels. The diameter of each soma was computed through
a similar projection onto a single en face plane followed
by superimposition of a generated radial profile from the
soma center. The soma diameter was defined as twice the
length of the minimum radial profile within the region of
interest determined from this superimposition. The average
soma size was calculated from all soma within an imaged
location. Soma sizes across eccentricity and disease state
are summarized in Supplementary Table S1. These diameter
values were used in our mixed-effects modeling to account
for the effects of soma size on the local GCL soma-capillary
relationship.

Capillary Density Calculation. In the same AO-
OCT volumes, the SVP and ICP, the two retinal vascular
plexuses that supply the GCL somas and their dendrites,
were segmented by first reviewing each volume and vessels
within each plexus, then selecting the relevant slices for
each plexus, and finally creating an en face average
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FIGURE 1. AO-OCT methods for GCL soma and capillary (SVP and ICP) density measurement. (A) Six AO-OCT locations imaged in the
temporal macula with respect to the horizontal mid-line and fovea. (B, C) En face AO-OCT images of GCL of single plane at 3T2.5I in one
healthy control subject with and without GCL somas marked (blue crosses). (D) AO-OCT B-scan demonstrating relative locations of the SVP,
ICP, and DCP. En face AO-OCT projection and corresponding binarized vessel map of (E, F) the SVP and (G, H) the ICP.

intensity projection across the axial pixels in which each
plexus resides (Fig. 1D).28 All vessels clearly distinguishable
in each en face projection were then manually traced by a
single grader (author R.V.) using a uniform brush size for
each capillary segment. For each capillary branch, the brush
size was readjusted depending on the grader’s visual esti-
mate of that segment’s vessel width. These tracings were
binarized in ImageJ (Fig. 1F).29 The grader was not explicitly
masked to the disease state. Capillary density was defined
as the fractional capillary area, or the percentage of pixels
in each 1.5 degrees × 1.5 degrees field-of-view occupied by
vessels less than 20 μm in diameter. This diameter thresh-
old was selected to limit the analysis to capillaries, which
typically range from 5 to 15 μm in diameter, and reduce the
inclusion of arterioles and venuoles, which are 30 μm in
diameter on average.30–32

SVP and ICP capillary densities were summed to measure
the overall capillary contribution to GCL soma metabolism,
which we call the GC-IPL capillary density. Figure 1 shows
representative en face GCL soma and vascular images from
one healthy control subject at 3°T, as well as the binary
vessel maps generated from manual tracings.

Statistical Analysis

We assessed densities of GCL soma and GC-IPL capillaries
at each eccentricity and compared these values for 3 cases:
(1) between glaucoma and control subjects, (2) between
more and less affected hemifields in subjects with glau-
coma, and (3) between subjects with early and moderate

glaucoma. All comparisons accounted for repeated measures
and were assessed with a t-test using Satterthwaite’s approx-
imation with P < 0.05 values considered significant. To
assess an overall relationship across the macula between
soma and capillary density, we fit linear mixed-effects regres-
sion models between GCL capillary density and GC-IPL
soma density, pooling across eccentricity, stratified for each
comparison. These bivariate models do not account for
eccentricity and provides an estimate of the global relation-
ship between soma and capillary density. As we utilized
linear mixed-effects models to account for within-patient
variance in repeated measures, we calculated a marginal
pseudo R2 as a coefficient of determination to quantify
how well capillary density explains the variation in soma
density.33 Because it was clear from our original GCL
soma quantification study17 that soma densities are highly
dependent on eccentricity, further statistical analysis was
performed to distinguish among factors that may contribute
to the local correlation. Therefore, we also subsequently fit
multivariable linear mixed-effects models to assess the rela-
tionships between GCL soma density and GC-IPL capillary
density while accounting for the fixed effects of disease
state, eccentricity, average soma size, and GC-IPL capillary
density. These multivariate models account for the effects
of eccentricity and provide an estimate of the local relation-
ship between soma and capillary density. In all models, we
included a random effect at the patient level to account for
the repeated observations from the same person. We used
SAS version 9.4 (SAS Institute, Cary, NC, USA) and R version
4.0.5 (R Foundation, Vienna, Austria) for statistical analysis.
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TABLE 1. Subject Demographics

Glaucoma Control
(n = 6) (n = 6)

Age (y) 58.1 ± 4.5 61.1 ± 8.3
Race
White 3 (50%) 5 (83.3%)
Non-White 3 (50%) 1 (16.7%)

Sex
M 1 (16.7%) 6 (100%)
F 5 (83.3%) 0 (0%)

Axial length (mm) 23.8 ± 1.2 24.4 ± 1.4
Peripapillary RNFL thickness (μm) 89.3 ± 11.3 92.7 ± 6.5
Glaucoma severity
Early 3 (50%)
Moderate 3 (50%)

Visual Field Index 24-2 (%) 91 ± 0.06
Mean deviation 24-2 (dB) −2.7 ± 2.8
Pattern standard deviation 24-2 (dB) 3.7 ± 1.1

RESULTS

Our sample included six subjects with glaucoma and six age-
matched control subjects. Demographics of each cohort are
described in Table 1.

Global Relationship Between GCL Soma and
GC-IPL Capillary Density

We first examined the global relationship between GCL
soma density and GC-IPL capillary density in all 12 subjects
(Fig. 2). Among the six control subjects, the average GCL
soma density decreases across the macula from 4 to 5 cell
layers deep at 3°T (25,058 ± 4649 cells/mm2), to 2 to 3
layers at 6°T (15,551 ± 2301 cells/mm2), to a monolayer at
12°T (3891 ± 1105 cells/mm2; see Fig. 2A).17 Subjects with
glaucoma followed the same trend but had lower GCL soma
density than control subjects across all three locations: 3°T

(12,799 ± 7747 cells/mm2), 6°T (9370 ± 5572), and 12°T
(2134 ± 1494; see Fig. 2A). The difference between mean
control and glaucoma GCL density was significant at each
eccentricity (P value < 0.05). The GC-IPL capillary density
also decreased as a function of eccentricity in a similar
trend among subjects with glaucoma and control subjects
(Fig. 2B). The capillary density was 0.27 ± 0.03 (3°T), 0.22
± 0.03 (6°T), and 0.19 ± 0.03 (12°T) for subjects with glau-
coma and 0.30 ± 0.04 (3°T), 0.26 ± 0.04 (6°T), and 0.18
± 0.03 (12°T) for control subjects. The difference between
mean control and glaucoma GC-IPL capillary density was
not significant at any eccentricity (P value = 0.10, 0.06, and
0.89). Figure 2C shows the global relationship between GCL
soma density and GC-IPL capillary density in control subjects
and subjects with glaucoma not accounting for eccentricity
or soma size. The coefficient of determination was relatively
high for control subjects (pseudo R2 = 0.59) and much lower
for subjects with glaucoma (pseudo R2 = 0.22).

Within the subjects with glaucoma, we compared the GCL
soma and GC-IPL capillary density values between more and
less affected hemifields. Among the less affected hemifield
of the glaucomatous eyes (i.e. the healthier side), the aver-
age GCL soma density values were 17,406 ± 3763 (3°T),
13,621 ± 2520 (6°T), and 2769 ± 1095 (12°T; Fig. 3A). In
the more affected hemifields, the average GCL soma density
values were 8959 ± 8111 (3°T), 4507 ± 4400 (6°T), and
1372 ± 1551 (12°T). Across the macula, compared to the
less affected hemifield, the more affected hemifield had
lower GCL density. These differences in mean GCL density
between more and less affected hemifield were not signif-
icant at 3 degrees and 12 degrees but was significant at
6 degrees (P value = 0.08, 0.01, and 0.16). We observed
slightly lower average GC-IPL capillary densities at all eccen-
tricities in the more affected hemifield: 0.27 ± 0.03 (3°T),
0.20 ± 0.03 (6°T), and 0.16 ± 0.03 (12°T), compared to the
less affected hemifield: 0.27 ± 0.02 (3°T), 0.24 ± 0.02 (6°T),
0.20 ± 0.02 (12°T; Fig. 3B). These differences in mean capil-
lary density between more and less affected hemifield were

FIGURE 2. A comparison of GCL soma density and GC-IPL capillary density between control and subjects with glaucoma at 3°T, 6°T, and
12°T. (A) The mean GCL soma density for glaucoma and control subjects at all three locations. (B) Average GC-IPL capillary density at each
location. The error bars represent standard deviation. (C) The relationship between GC-IPL capillary density and GCL soma density is fit by
a slope from our bivariate mixed-effects regression (red lines indicate 95% confidence intervals for glaucoma [solid] and control [dashed],
respectively). Open and filled symbols represent control and glaucoma subjects, respectively (* P value < 0.05).
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FIGURE 3. The relationship between GC-IPL capillary and GCL soma density in glaucoma hemifield locations. (A) Average GCL soma density
at each location for more and less affected hemifield location. (B) Average GC-IPL capillary density at each location. The error bars represent
standard deviation. (C) The relationship between GC-IPL capillary density and GCL soma density for hemifield locations is fit by a slope
from our bivariate mixed-effects regression (red lines indicate 95% confidence intervals; * P value < 0.05).

FIGURE 4. The relationship between GCL soma and GC-IPL capillary density in subjects with early and moderate glaucoma. (A) Average
GCL soma density values for the three eccentricities. (B) Average GC-IPL capillary density values for the three eccentricities. The error
bars represent standard deviation. (C) The relationship between GC-IPL capillary density and GCL soma density for subjects with early and
moderate glaucoma is fit by a slope from our bivariate mixed-effects regression (red lines indicate 95% confidence intervals, *P value <

0.05).

not significant at 3 degrees and 6 degrees but was signif-
icant at 12 degrees (P value = 0.69, 0.14, and 0.01). Less
affected hemifields have a stronger coefficient of determi-
nation (pseudo R2 = 0.55) compared to the more affected
hemifield (pseudo R2 = 0.01; Fig. 3C) in the bivariate regres-
sion between soma and capillary density not accounting for
eccentricity or soma size. In fact, the coefficient of deter-
mination of the less affected hemisphere (pseudo R2 =
0.55) is comparable to that of the control subjects (pseudo
R2 = 0.59).

We assessed the GCL soma and GC-IPL capillary density
values in subjects with early and moderate glaucoma. The
GCL soma density is higher at the 3 degrees and 12 degrees
locations in subjects with early glaucoma: 17,983 ± 3048
(3°T) and 2446 ± 1518 (12°T) compared with subjects with
moderate glaucoma: 8478 ± 7824 (3°T) and 1875 ± 1423
(12°T; Fig. 4A). At the 6 degree location, the soma density
was higher in subjects with moderate glaucoma (9760 ±
6602) than subjects with early glaucoma (9175 ± 4966).
These differences in mean GCL density between early and
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TABLE 2. Soma – Capillary Density Regression Coefficients from Multivariable Mixed-Effects Models

Soma – Capillary Density Regression
Coefficient [Cells/mm2 Per 1% Change in

Capillary Density] [95% Confidence Interval]

P Value for Difference in Soma-Capillary
Density Regression Coefficient Between

Compared Groups

Control versus glaucoma
Control subjects 220 [−92 to 532] 0.03*

Glaucoma subjects* −388 [−760 to −16]
Less versus more affected Hemifield
Less affected Hemifield −67 [−579 to 445] 0.05
More affected Hemifield* −602 [−1106 to −98]

Early versus moderate glaucoma
Early glaucoma subjects 465 [−270 to 1200] 0.20
Moderate glaucoma subjects −107 [−671 to 457]

* P value < 0.05.

moderate glaucoma was significant at 3 degrees, but not at
6 degrees or 12 degrees (P value = 0.04, 0.90, and 0.59).

Conversely, the GC-IPL capillary density is lower in
subjects with early glaucoma: 0.25 ± 0.02 (3°T), 0.21 ± 0.03
(6°T), and 0.17 ± 0.03 (12°T) compared with subjects with
moderate glaucoma: 0.29 ± 0.01 (3°T), 0.24 ± 0.03 (6°T),
and 0.20 ± 0.02 (12°T; Fig. 4B). The differences in capillary
density between early and moderate glaucoma was signifi-
cant at 3 degrees, but not at 6 degrees or 12 degrees (P value
= 0.04, 0.25, and 0.10; Fig. 4C). Subjects with early glaucoma
also had a stronger coefficient of determination (pseudo R2

= 0.44) compared with subjects with moderate glaucoma
(pseudo R2 = 0.18) in the bivariate regression between soma
and capillary density not accounting for eccentricity or soma
size.

Local Relationship Between GCL Soma Density
and GC-IPL Capillary Density

Table 2 summarizes the results of the multivariable mixed
model analysis for the 3 cases considered in this paper. The
mixed model regression coefficient represents the slope of
the relationship between GCL soma and capillary densities
while controlling for local measured factors (eccentricity,
etc.) expressed in units of cell density (cells/ mm2) per 1%
change in capillary density.

The relationships in Figures 2C, 3C, and 4C were due,
in part, to the fact that both GCL soma density and GC-
IPL decreased with eccentricity. Our mixed-effects model
controlling for eccentricity and average soma size, found
that in control subjects, the correlation between GCL soma
density and GC-IPL capillary density was not significant and
positive (regression coefficient [95% confidence interval] =
220 [95% confidence interval −92, 532] cells/mm2 per 1%
change in capillary density, P value = 0.17), whereas in
subjects with glaucoma, the soma-vessel relationship was
significant and negatively correlated (−388 [95% confidence
interval −760, −16] cells/mm2 per 1% change in capillary
density, P value = 0.046). The difference between the soma-
vessel relationship in subjects with glaucoma and control
subjects was significantly different (P value = 0.03; see Table
2).

Our multivariable mixed-effects model found that in
less affected hemifields, the soma-vessel relationship was
nonsignificant and negatively correlated (−67 [95% confi-
dence interval −579, 445] cells/mm2 per 1% change in capil-
lary density, P value = 0.8), whereas in more affected hemi-
fields, the soma-vessel relationship was significant and nega-

tively correlated (−602 [95% confidence interval −1106,
−98] cells/mm2 per 1% change in capillary density, P value =
0.03). The difference between the soma-vessel relationship
in more and less affected hemifields was not significantly
different (P value = 0.05; see Table 2).

Our multivariable mixed-effects model found that in early
glaucoma, the soma-vessel relationship was nonsignificant
and positive (465 [95% confidence interval −270, 1200]
cells/mm2 per 1% change in capillary density, P value =
0.23), whereas in moderate glaucoma subjects, the soma-
vessel relationship was nonsignificant and negatively corre-
lated (−107 [95% confidence interval −671, 457] cells/mm2

per 1% change in capillary density, P value = 0.72). The
difference between the soma-vessel relationship in early and
moderate glaucoma subjects was not significantly different
(P value = 0.20; see Table 2).

DISCUSSION

Our study is the first to assess the relationship between GC-
IPL capillary density and GCL soma density in glaucoma-
tous eyes. Our results show that, globally, these two vari-
ables are strongly correlated in control subjects and weaker
in subjects with glaucoma, specifically in hemifields more
affected by glaucoma, and with more advanced progres-
sion, indicating possible impaired cellular perfusion in the
disease. We observed a similar or stronger global relation-
ship between GCL soma density and GC-IPL capillary density
than has been previously shown with retinal layer thickness
and capillary density using standard clinical OCT and OCT-
A. However, when we account for the effect of eccentricity
and soma size in our multivariable model reflecting the local
relationship between soma and capillary density, we also
find that the globally weaker relationship in subjects with
glaucoma is significant and negative when accounting for
the local effects of eccentricity and soma size. These findings
in the global and local correlation between soma and capil-
lary density have important implications about the relation-
ship between neurons and their vascular supply in healthy
states and neurodegenerative diseases, such as glaucoma.

Previous studies have explored the associations between
retinal structural measures and vascular parameters in
subjects with and without glaucoma.7,34,35 However, these
studies used clinical SD-OCT and therefore relied on coarser
retinal layer thickness measurements as a surrogate quantifi-
cation of retinal cell density and circularly defined sectors
around the foveal avascular zone (FAZ) larger than 1 mm2

to define focal effects. AO-OCT allows for a more detailed
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assessment of the relationship between structural and vascu-
lar parameters, which accounts for eccentricity and soma
diameter. Additionally, these studies reported the associa-
tion between vessels and layer thickness solely within glau-
comatous eyes, and do not report coefficient of determina-
tions within control subject eyes for comparison. Richter et
al. studied the association between macular GC-IPL thick-
ness and microvascular parameters within the same layer in
23 subjects with POAG and 16 control subjects and found
a significant association between inferior GC-IPL thickness
and vessel area density with a pseudo R2 of 0.16.7 Our results
in our analogous regression analysis that does not account
for eccentricity or soma diameter show a significant global
association for subjects with glaucoma with a similar coeffi-
cient of determination (pseudo R2 = 0.22).

Kim et al. found a significant association between super-
otemporal (ST), inferotemporal (IT), and inferoinferior (II)
macular thickness in 25 eyes from subjects with glaucoma
and 86 eyes from subjects with early-stage normal tension
glaucoma.34 They attributed the more significant associa-
tions in more regions compared to Richter et al. in part to
their choice to exclude large vessels, which we also excluded
from our analysis. Although we did not specifically evaluate
early normal tension in subjects with glaucoma or glaucoma
suspects, previous studies have demonstrated similar vascu-
lar and retinal layer thickness changes in normal tension
glaucoma and early primary open angle glaucoma.36,37 Kim
et al. found coefficient of determinations for the associa-
tions in the ST, IT, and II regions (R2 = 0.037, 0.14, and =
0.12, respectively). The strong association in early glaucoma
subjects within our study (pseudo R2 = 0.44) may reflect the
intrinsic advantages of cellular density measurement by AO-
OCT compared to layer thickness measurement with stan-
dard OCT imaging.

Takusagawa et al. studied the association between the
ganglion cell complex (GCC) thickness and the superfi-
cial vascular plexus combined with radial peripapillary
capillary plexus as the superficial vascular complex (SVC)
for 30 subjects with perimetric glaucoma and 30 age-
matched control subjects.35 Augmenting standard OCT with
projection-resolved OCT-A algorithms that improve capil-
lary detection in deeper layers and implementing reflectance
adjustment algorithms, they found significant associations
between GCC thickness and SVC vessel density (R2 = 0.65)
as well as a significant but weaker association between
GCC thickness and all-plexus vessel density (R2 = 0.19)
within their subjects with glaucoma. The stronger associa-
tions found by Takusagawa et al. are attributed to the use
of post-processing algorithms that alleviate, but do not fully
remove, projection artifacts (tails) and local noise found in
conventional OCT-A. Although the results of Takusagawa
et al. demonstrate a stronger correlation between vessel
density and layer thickness within glaucomatous eyes, they
do not compare these values to control subjects or compare
the more affected to the less affected hemifield.

When controlling for eccentricity and average soma size
with a multivariable mixed effect model, we observed a
significant negative correlation between soma density and
capillary density in subjects with glaucoma, indicating that
GCL soma density decreases with increased capillary density.
This correlation significantly differs between subjects with
glaucoma and control subjects. Although soma and capil-
lary density appear positively correlated in subjects with
glaucoma in all previously discussed studies and our global,
bivariate models where the effect of eccentricity and aver-

age soma size is unaccounted for, they are significantly
negatively correlated locally (i.e. when the effects of eccen-
tricity and soma size are considered). The same trend is
observed when we compare hemifields in subjects with
glaucoma where both hemifields have a negative correla-
tion, but the local relationship is stronger and significant
in the more affected hemifield. The negative correlation in
subjects with glaucoma corresponds with a lower pseudo
R2 in the global relationship between capillary and soma
densities in glaucoma subjects in our bivariate regression
analysis, suggesting that cell–vessel mismatch in glaucoma is
not simply greater global variation among the soma-capillary
density relationships, but rather a specific inversion of the
localized relationship between RGCs and vasculature. That
is, whereas the strong positive soma-capillary relationship
(more cells are matched with more blood supply) seen glob-
ally in control subjects appears to be accounted for by eccen-
tricity and/or soma size differences, subjects with glaucoma
with weaker global positive relationship can be explained by
the opposite relationship locally (less cells are matched with
more blood supply). This inverted relationship in glaucoma
differs significantly from the local relationship in control
subjects. One possible explanation for this seemingly para-
doxical inverted local relationship lies in our finding that the
average soma diameter in patients with glaucoma is larger
than in control subjects.17 It is possible that cell enlargement
in glaucoma could decrease GCL density while still requir-
ing sufficient vessel density to supply the cell. However,
our model accounts for average soma size and the negative
soma-capillary correlation is significant in glaucoma. This
would suggest that differences in soma size alone do not
explain the negative local correlation, and that these larger
somas may indicate other cellular changes, such as structural
damage and fragmentation, that could require more main-
tenance and vascular support. An alternative explanation is
that capillaries in the glaucomatous eye have a dysfunctional
autoregulatory capacity or other functional failure despite
maintaining a vessel density similar to healthy eyes rela-
tive to differences in soma density.38 Either explanation is
consistent with our hypothesis that local cellular perfusion
is disrupted in glaucoma, although the timing and mecha-
nism is unclear. For example, one potential mechanism is
that impaired ocular perfusion or autoregulation of blood
flow predisposes or is causative of glaucomatous cellular
changes, whereas another is that the local capillary loss
follows cellular damage after some time lag or is limited by
a floor effect. Future longitudinal studies will be needed to
determine the underlying mechanism behind disrupted cell
– vessel spatial relationship in subjects with glaucoma, and
whether this altered relationship is indicative of impaired
neurovascular coupling.

In the multivariable models, we also observed nonsignif-
icant local soma-capillary density coefficients in control
subjects. This finding contrasts with significant global corre-
lations seen in our bivariate analysis when not accounting
for eccentricity and soma size. One possible explanation is
that our sample size is not adequate to detect a significant
local relationship between GCL soma and GC-IPL capillary
density in control subjects. However, local heterogeneity in
capillary networks has been observed in healthy rat reti-
nal models and hypothesized to be an important feature in
the regulation of retinal microcirculation, which is consis-
tent with the lack of significant relationship observed in
local models accounting for eccentricity.39 If this nonsignif-
icant relationship is supported by future studies with larger
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samples of healthy, control eyes, the complimentary results
of our local and global models would suggest that the
stronger spatial correspondence between cell and vessel
density in healthy control eyes may be largely driven by
factors related to eccentricity and soma size.

Other optic neuropathies, particularly those associated
with pituitary adenoma, have manifest both decreased GCC
thickness as well as decreased superficial vascular complex
density.40 In this pathologic state, the coefficient of determi-
nation between GCC and SVC density parafoveally was also
low (R2 = 0.06). Indeed, the loss of neurovascular coupling
is implicated in multiple neurodegenerative diseases, includ-
ing Alzheimer’s disease, and so this study and others may
serve as models for further study of the role of soma – capil-
lary density correlation in neurodegenerative disease.41

Limitations of this work include a relatively limited
sample size. When comparing the demographic differences
between glaucoma and control groups there is some possi-
bility of confounding influence as the subjects with glau-
coma group has a greater proportion of women and non-
White subjects. These differences may be accounted for in
future, larger sample size studies with a more balanced
proportion of these groups. Further, given the limited
sample size, we cannot rule out the possibility that other
relationships, particularly comparisons made between early
and moderate glaucoma that are not significant in this study,
are revealed to be significant in a larger study. This sample
size limitation is also reflected in the limited range of soma
and capillary densities seen in our data, which may influ-
ence the ability to compare linear fits between these two
variables. Larger studies will be needed before extrapolating
these results to a larger range of vessel and capillary densi-
ties. Additionally, all subjects underwent clinical SD-OCT but
did not all have reliable OCT-A scans, limiting the ability to
compare our results with OCT-A.

In conclusion, our study shows that areas of high GCL
soma density appear to have greater metabolic demand
that can be quantified with capillary density measurements
within control subjects. Additionally, we show that subjects
with glaucoma have a significantly weaker global relation-
ship between GCL soma density and GC-IPL capillary density
than control subjects and locally this relationship is signif-
icantly negative. This study provides valuable information
about the relationship between vascular supply and RGCs
and advances our understanding of vessel density as a surro-
gate biomarker for glaucoma and other optic neuropathies.
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