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PURPOSE. The purpose of this study was to investigate how axial length (AL) changes
the relationship of intraocular pressure (IOP) with peripapillary vessel density (pVD) in
glaucoma versus non-glaucomatous eyes.

METHODS. A population-based, cross-sectional study of 2127 African Americans aged 40
years and older in Inglewood, California, were imaged with 6 × 6-mm optic disc optical
coherence tomography angiography scans. There were 1028 healthy subjects (1539 eyes)
and 65 subjects with glaucoma (86 eyes) who met inclusion criteria. A multivariable
linear mixed effects regression model investigated the relationship of IOP on pVD after
controlling for signal strength, retinal nerve fiber layer thickness, and age. These results
were stratified by AL groups.

RESULTS. Higher IOP was a significant predictor of lower pVD among subjects with
glaucoma (P = 0.009), but not among healthy subjects (P = 0.26). After stratifying by
the sample median AL (23.46 mm), higher IOP was associated with lower pVD among
subjects with glaucoma with longer AL (≥ 23.46 mm, P = 0.005), but not among those
in the shorter AL (< 23.46 mm, P = 0.45). IOP was not significantly associated with pVD
among healthy subjects in either AL stratum.

CONCLUSIONS. Among subjects with glaucoma with longer AL, IOP was significantly asso-
ciated with pVD. This relationship was not seen among subjects with glaucoma with
shorter AL or non-glaucomatous subjects in either AL group. These findings support the
hypothesis that disturbed retinal autoregulation may be present in subjects with glau-
coma with longer AL. Longitudinal studies are needed to further investigate whether
axial elongation increases glaucoma risk by compromising retinal autoregulation.
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The pathophysiology of glaucoma remains poorly under-
stood, and both mechanical and vascular factors may be

involved. Mechanical stress and strain caused by elevated
intraocular pressure (IOP) may compress retinal ganglion
cell axons at the lamina cribrosa, disrupting axonal trans-
port, and causing apoptosis.1 However, elevated IOP is not
necessary to produce glaucomatous damage, and, in fact,
over half of those diagnosed with glaucoma have base-
line IOP in the “normal range”2; indicating other factors
contribute to glaucoma pathogenesis.2,3 Various imaging
techniques have demonstrated an association between glau-
coma and reduced ocular blood flow,4,5 but whether this is a
causal association or a result of existing damage is not clear.
Vascular dysregulation at the optic nerve head (ONH) lead-
ing to reduced ocular perfusion pressure (OPP) may be a

primary cause of glaucoma in at least some cases.3 Changes
in IOP itself, while contributing to mechanical stress at the
ONH, may also play a role in open angle glaucoma (OAG)
pathogenesis by its effect on manipulating OPP. Specifically,
glaucomatous damage may result from repeated reperfu-
sion injury and increased oxidative stress due to instabil-
ity of blood flow, caused by disturbed retinal autoregula-
tion.6 Previously, it has been shown that in normal eyes,
peripapillary vessel density (pVD) as measured by optical
coherence tomography angiography (OCTA) is not corre-
lated with IOP,7 and does not change during conditions of
acutely elevated IOP,8 demonstrating intact autoregulation.
In contrast, glaucomatous eyes, in at least some cases, are
thought to have abnormal autoregulation making them more
susceptible to changes in ocular perfusion with IOP changes.
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However, it remains poorly understood which factors may
contribute to this disturbed autoregulation in glaucomatous
eyes.

Myopia is an additional well-known risk factor for glau-
coma, and, long axial length (AL) is also independently asso-
ciated with an increased risk of normotensive primary OAG.9

One hypothesis for this is that the retinal ganglion axons
in longer eyes might be more susceptible to mechanical
damage from elevated IOP due to reduced support from
a thinner sclera and laminar cribrosa.10 Additionally, it is
possible that in longer eyes the mechanical support for
the microvasculature of the ONH and peripapillary retina
is compromised. In individuals with myopia, it has been
previously shown that there is reduced choroidal and retinal
circulation11,12 and that the vessels here may be on stretch
as demonstrated by OCTA.13 Because vascular compromise
may precede the development of OAG,14 and longer AL is
associated with an increased risk of both normotensive and
hypertensive OAG,15 we sought to examine how the known
relationship between IOP and pVD changes in longer versus
shorter AL in African American subjects with and without
glaucoma.

In this study, we examine the relationship of IOP with
pVD, with a specific focus on how AL influences that rela-
tionship in non-glaucomatous versus glaucomatous eyes.
We hypothesized that AL would modify the relationship of
IOP and pVD in glaucomatous eyes and that patients with
relative axial elongation would be more prone to vascu-
lar compromise with high IOP. We suspected that non-
glaucomatous eyes would be less susceptible to vascular
compromise with higher IOP, even in the setting of axial
elongation, presumably due to better retinal autoregulation.

METHODS

Study Population

This study is a population-based, cross-sectional study that
included self-identified African Americans aged 40 years
and older residing within 30 census tracts in an area
around Inglewood, California. Written informed consent was
obtained from all subjects. This study is compliant with the
Health Insurance Portability and Accountability Act of 1996,
and is adherent to the tenets of the Declaration of Helsinki.
The institutional review board of the University of Southern
California Health Sciences approved this study.

Clinical Assessment

Characteristics of this dataset are also described elsewhere
as part of the African American Eye Disease Study.7,16 In
brief, participants visited a local ophthalmology suite for a
comprehensive evaluation of both systemic and ocular vari-
ables. Clinical evaluation was comprised of an ocular clinical
examination, and clinical questionnaire to ascertain medical
disease history. For each subject, an ocular clinical exami-
nation was done by a comprehensive ophthalmologist and
included anterior and posterior segment evaluation as well
as relevant studies for the diagnosis of glaucoma including
OCT (Cirrus 5000 HD-OCT; Carl Zeiss Meditec, Dublin, CA,
USA), and visual field (Humphrey Field Analyzer II Swedish
Interactive Threshold Algorithm 24-2; Carl Zeiss Meditec,
Dublin, CA, USA). IOP was measured three times prior to
pupillary dilation with Goldmann applanation tonometry
and averaged. The diagnosis of glaucoma was based on

assessment of visual field data, and clinical evaluation of the
optic disc demonstrating an optic nerve rim defect (such as
notching or localized thinning) characteristic of glaucoma.
For each subject, 6 × 6 mm OCTA (Cirrus 5000 HD-OCT
with Angioplex; Carl Zeiss Meditec) images centered on
the optic disc were captured, and automated segmentation
software (CIRRUS 11.0; Zeiss) was used to detect bound-
aries of the retinal layers to create a two-dimensional en
face image of the perfused radial peripapillary capillaries
(RPCs). For each OCTA image, the unitless signal strength
(SS) value was recorded. The RPC layer was defined as the
segment between the superficial portion of the inner limit-
ing membrane to the posterior surface of the retinal nerve
fiber layer (RNFL). En face images were processed by custom
software that allowed for manual input in order to quan-
tify vessel area density by a method previously described.17

The software utilized a method that combined a global
threshold, Hessian filter, and adaptive threshold to gener-
ate binary pixel vessel maps that yield quantitative indices of
perfused microvasculature in MATLAB (R2017a; MathWorks,
Inc., Natick, MA, USA). The ONH was excluded from quan-
tification, as well as vessels greater than 32 μm in diameter.
To obtain the value of pVD, the unitless ratio of the total
amount of area of vessels (codified by white pixels) in the
binary vessel map was divided by the total amount of pixels
in the binary vessel map of interest.17 AL was obtained by an
average of three separate A-scan ultrasound measurements
(4000B A-Scan/Pachymeter; DGH Technology, Inc., Exton,
PA, USA). Subjects were excluded from the study if they had
vision-threatening diabetic retinopathy (including diabetic
macular edema, severe nonproliferative diabetic retinopathy,
or proliferative diabetic retinopathy), OCTA imaging with
signal strength (SS) less than 7 out of 10, or poor OCTA
image quality such as motion artifacts, media opacities (i.e.
vitreous floaters), or decentration.7,18

Statistical Analysis

Linear mixed effects models were used to perform univari-
able and multivariable analyses to examine the association
of age, SS, AL, IOP, and RNFL with pVD while controlling for
inter-eye correlation.19 We focused specifically on the influ-
ence of age, AL, IOP, RNFL, and SS on pVD because these
variables were previously identified to significantly impact
pVD.7,18 We divided subjects into shorter and longer axial
length groups based upon the median axial length (23.46
mm) of all study participants. Locally weighted scatterplot
smoothing (LOESS) plots were used to examine the relation-
ship between pVD and IOP in each AL group. Categorical
variables were analyzed with χ2 tests. All hypothesis tests
used an alpha of 0.05. All statistical analysis was conducted
in RStudio (version 1.2.1335).

RESULTS

We examined a total of 1093 subjects (1028 non-glaucoma
subjects, and 65 subjects with glaucoma) with measurements
on a total of 1539 eyes (1453 eyes without glaucoma, 86 eyes
with glaucoma). Subjects were excluded for SS less than 7
out of 10 (294 eyes), or presence of other sight threatening
ocular diseases (17 eyes).

Baseline characteristics of the systemic and ocular vari-
ables in the study are included in Table 1. Compared to
subjects without glaucoma, subjects with glaucoma tended
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TABLE 1. Baseline Systemic and Ocular Characteristics Between Non-Glaucoma and Subjects With Glaucoma

Variables Non-Glaucoma Glaucoma P Value

Total subjects (N) 1028 65 –
Total eyes (N) 1453 86 –
Female gender* 660 (64%) 42 (65%) 0.79
Age (years) 57.4 ± 9.7 (40–91) 66 ± 9.1 (45–90) <0.001
IOP (mm Hg) 15.2 ± 3.0 (7–28) 17.8 ± 5.8 (8–35) <0.001
AL (mm) 23.6 ± 1 (20.6–27.5) 23.7 ± 1 (22–27.7) 0.056
RNFL (microns) 92.3 ± 10.9 (52–138) 73.9 ± 14.6 (48–109) <0.001
pVD 0.349 ± 0.04 (0.179–0.451) 0.263 ± 0.07 (0.113–0.413) <0.001
SS 9.323 ± 0.82 (7–10) 8.756 ± 0.88 (7–10) <0.001

All variables denoted as mean ± standard deviation except for gender* which is expressed as frequency (percent). The P-value for gender
determined by χ2 test. All other P values were generated from mixed linear effects model to control for inter-eye correlation. Significance
level was 0.05. IOP = intraocular pressure; AL = axial length; RNFL = retinal nerve fiber layer thickness; pVD = peripapillary vessel density;
SS = signal strength (on a scale of 1–10).

TABLE 2. Univariable Mixed Linear Effects Models of Determinants of Peripapillary Vessel Density (pVD) in Non-Glaucoma and Subjects
With Glaucoma

Non-Glaucoma Glaucoma

Variable β CI P Value β CI P Value

Age (years) −0.00165 (−0.00189 to −0.00140) <0.001 −0.00065 (−0.00240 to 0.00111) 0.472
IOP (mm Hg) −0.00086 (−0.00170 to −0.00002) 0.045 −0.00458 (−0.00694 to −0.00221) <0.001
AL (mm) −0.01334 (−0.01589 to −0.01079) <0.001 −0.02820 (−0.04242 to −0.01398) <0.001
RNFL (micron) 0.00254 (0.00237 to 0.00271) <0.001 0.00356 (0.00294 to 0.00418) <0.001
SS 0.02416 (0.02227 to 0.02605) <0.001 0.03202 (0.01920 to 0.04483) <0.001

Beta-estimate, CI, and P value generated from mixed linear effects model controlling for inter-eye correlation. Significance level was 0.05.
CI = confidence interval; IOP = intraocular pressure; AL = axial length; RNFL = retinal nerve fiber layer thickness; pVD = peripapillary
vessel density; SS = signal strength (on a scale of 1–10).

TABLE 3. Multivariable Mixed Linear Regression of Determinants of pVD in All Non-Glaucoma and Subjects With Glaucoma

Non-Glaucoma Glaucoma

Variable β CI P Value β CI P Value

Age (years) −0.00083 (−0.00099 to −0.00067) <0.001 −0.00088 (−0.00174 to −0.00001) 0.052
IOP (mm Hg) −0.00028 (−0.00077 to 0.00021) 0.263 −0.00178 (−0.00309 to −0.0004) 0.009
AL (mm) −0.00443 (−0.00604 to −0.00283) <0.001 −0.00529 (−0.01379 to 0.00321) 0.227
RNFL (micron) 0.00218 (0.00205 to 0.00232) <0.001 0.00300 (0.00248 to 0.00352) <0.001
SS 0.02053 (0.01896 to 0.02209) <0.001 0.02301 (0.01489 to 0.03113) <0.001

Beta-estimate, CI, and P-value generated from mixed linear effects model controlling for inter-eye correlation. Significance level was 0.05.
CI = confidence interval; IOP = intraocular pressure; RNFL = retinal nerve fiber layer thickness; SS = signal strength.

TABLE 4. Multivariable Mixed Linear Regression of Determinants of Peripapillary Vessel Density (pVD) of Short and Long Axial Length in
Non-Glaucomatous and Glaucomatous Eyes

Non-Glaucoma Short AL Non-Glaucoma Long AL

Variable β CI P Value β CI P Value

Age (years) −0.00073 (−0.00096 to −0.00051) <0.001 −0.00088 (−0.00110 to −0.00066) <0.001
IOP (mm Hg) −0.00040 (−0.00109 to 0.00029) 0.257 −0.00023 (−0.00092 to 0.00047) 0.526
RNFL (micron) 0.00216 (0.00197 to 0.00234) <0.001 0.00225 (0.00205 to 0.00245) <0.001
SS 0.02209 (0.01969 to 0.02448) <0.001 0.02014 (0.01804 to 0.02223) <0.001

Glaucoma Short AL Glaucoma Long AL

Variable β CI P Value β CI P Value

Age (years) −0.00028 (−0.00179 to 0.00124) 0.723 −0.00123 (−0.00214 to −0.00033) 0.011
IOP (mm Hg) −0.00075 (−0.00269 to 0.00119) 0.445 −0.00235 (−0.00391 to −0.00079) 0.005
RNFL (micron) 0.00249 (0.00181 to 0.00318) <0.001 0.00372 (0.00305 to 0.00439) <0.001
SS 0.02998 (0.01550 to 0.04446) <0.001 0.02146 (0.01273 to 0.03020) <0.001

Beta-estimate, CI, and P value generated from mixed linear effects model controlling for inter-eye correlation. Significance level was
0.05. IOP = intraocular pressure; RNFL = retinal nerve fiber layer thickness; SS = signal strength. Longer axial length was defined
as ≥ 23.46 mm, the median for the study population.
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FIGURE. Predicted pVD from multivariable regression after controlling for RNFL, SS, age, and inter-eye correlation as presented in Table 3
for non-glaucoma subjects (A) compared to subjects with glaucoma (B). Within each disease category, axial length (AL) was sub-divided into
a shorter group (AL < 23.46, solid line, solid circle) and a longer group (AL ≥ 23.46, dashed line, hollow circle). Axial length observations
were divided into 20 bins in ascending order based on IOP. For each bin, the average IOP and average pVD was determined, then plotted
on top of the LOESS curve. LOESS = locally weighted scatterplot smoothing; pVD = peripapillary vessel density; RNFL = retinal nerve fiber
layer; SS = signal Strength; AL = axial length; IOP = intraocular pressure (mm Hg).

to be of greater age (66 ± 9.1 vs. 57.4 ± 9.7, P < 0.001), have
higher IOP (17.8 ± 5.8 vs. 15.2 ± 3.0, P < 0.001), lower
RNFL (73.9 ± 14.6 vs. 92.3 ± 10.9, P < 0.001), and lower
pVD (0.263 ± 0.07 vs. 0.349 ± 0.04, P < 0.001). There was
no difference in AL between subjects with and without glau-
coma (23.6 ± 1 vs. 23.7 ± 1, P = 0.056). Signal strength was
statistically different between glaucoma and non-glaucoma
subjects (8.756 ± 0.88 vs. 9.323 ± 0.82, P < 0.001).

As demonstrated in Table 2, significant univariable deter-
minants of pVD among non-glaucoma subjects were age (β
= −0.00165 per year, P < 0.001), AL (β = −0.0133 per mm,
P < 0.001), RNFL (β = 0.00254 per μm, P < 0.001), SS (β =
0.0241, P < 0.001), and IOP (β = −0.00086 per mm Hg, P =
0.045). Among subjects with glaucoma, significant univari-
able determinants of pVD included IOP (β = −0.00458 per
mm Hg, P < 0.001), AL (β = −0.0282 per mm, P < 0.001),
RNFL (β = 0.00356 per μm, P < 0.001), and SS (β = 0.03202,
P < 0.001), but not age (β = −0.00065 per year, P = 0.472).

We were particularly interested in how mean pVD values
may differ depending on IOP, AL, and the interaction
between IOP and AL. Our model controlled for the influ-
ence of age, RNFL, and SS given that these covariables have
previously been shown to be important determinants of
pVD.7 Based on another study in our group18 that demon-
strated that longer diabetes duration and male gender were
associated with reduced pVD among healthy subjects, we
also tested the confounding effect of diabetes, duration
of diabetes, and gender; however, these variables were
removed for model simplification after the presence or
absence of these individual variables did not significantly
change the model predictions or estimates of our variables
of interest. Due to prior evidence of reduced mean central
corneal thickness (CCT) in African Americans,20 we evalu-
ated whether CCT was a confounder in our model by evalu-
ating whether adding CCT to our models changed the beta
estimates of interest, and we similarly found it was not
a confounder. Also of note, measures of blood pressure,
including systolic blood pressure, diastolic blood pressure,
and mean arterial blood pressure, were not associated with

pVD in either the non-glaucoma18 or subjects with glaucoma.
As demonstrated in Table 3, among non-glaucoma subjects,
after controlling for SS, age, and RNFL, IOP (β = −0.00028
per mm Hg, P = 0.263) was not significantly associated with
pVD but AL (β = −0.00443 per mm, P < 0.001) was signif-
icantly associated. Conversely, among subjects with glau-
coma, after controlling for the same covariables, IOP (β =
−0.00178 per mm Hg, P = 0.009) was significantly associ-
ated with pVD but AL was not (β = −0.00529 per mm, P =
0.227).

To examine the interactive effect between IOP and AL,
we divided our study population (non-glaucoma subjects
and subjects with glaucoma) into longer AL and shorter
AL groups using the total study population’s median AL of
23.46 mm as our cut point. Baseline characteristics of these
four groups are listed in Supplementary Table S1. In both
the non-glaucoma and subjects with glaucoma, longer AL
was associated with decreased RNFL, pVD, and SS (Supple-
mentary Table S1). Among healthy eyes, the difference in
average IOP between short (IOP = 15.2 ± 2.9 mm Hg)
and long (IOP = 15.2 ± 2.9 mm Hg, P = 0.48) AL groups
was not significantly different. Similarly, among glaucoma-
tous eyes, there was no statistically significant difference
in mean IOP between short (IOP = 17.2 ± 6.03 mm Hg)
and long (IOP =18.4 ± 5.6 mm Hg, P = 0.65) axial length
groups. Table 4 illustrates that among non-glaucomatous
subjects with longer AL, IOP (β = −0.00023 per mm Hg, P
= 0.53) was not a significant predictor of pVD while control-
ling for differences in age, RNFL, and SS. Similarly, IOP (β =
−0.0004 per mm Hg, P = 0.26) was not a significant predic-
tor among non-glaucomatous subjects with shorter AL. The
lack of association between IOP and pVD was also present
among the 110 non-glaucomatous subjects with IOP ≥ 20
(Range 20-28). IOP was not correlated with pVD in either
long or short AL subdivisions of non-glaucoma subjects with
higher IOP (Supplementary Table S2). Conversely, among
subjects with glaucoma, after controlling for age, RNFL, and
SS, IOP was significantly associated with pVD in the longer
AL group (β = −0.00235 per mm Hg, P = 0.005), but not in
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the shorter AL group (IOP; β = −0.00075 per mm Hg, P =
0.455). We also performed a subanalysis restricting to IOP <

25, identifying 71 total eyes among the subjects with glau-
coma, and 1376 eyes in the non-glaucoma subjects. We simi-
larly found that the inverse association between higher IOP
and lower pVD remained significant in the longer AL glau-
coma group of eyes with IOP < 25 (IOP; β = −0.00356 per
mm Hg, P = 0.003), but the IOP-pVD association remained
non-significant for the shorter AL glaucoma group (P =
0.113) and in both AL-stratified non-glaucoma groups (short
AL, P = 0.673 and long AL, P = 0.527).

As shown in Figure A, among non-glaucoma subjects,
there appears to be little change in predicted pVD per
change in IOP in both shorter and longer axial length
groups. Conversely, Figure B shows that among subjects
with glaucoma the relationship between predicted pVD and
IOP differs between AL groups. Among glaucomatous eyes
with shorter ALs, overall predicted pVD exhibits little change
over a range of IOPs, even among IOP extending beyond
20 mm Hg. However, among subjects with glaucoma with
longer AL, pVD changed on average by greater than 0.1 units
over the entire range of IOP from approximately 10 to over
30 mm Hg.

DISCUSSION

In this study, we examined the association between IOP
and peripapillary vessel density with a focus on how this
relationship is modulated by AL in non-glaucomatous and
subjects with glaucoma. We expanded upon previous work
by additionally studying the glaucoma subjects of African
American Eye Disease Study (AFEDS) and examining the
determinants of pVD among them.7,18 This study focused
on African Americans, a particularly important population
to study the contribution of vascular factors to glaucoma
onset and progression for a few reasons. First, they have a
disproportionately high incidence of both glaucoma21 and
systemic vascular diseases, such as hypertension, coronary
artery disease, and stroke.22 Second, African Americans have
also been shown to have lower retrobulbar ocular blood flow
and greater microvascular abnormalities at the ONH, which
may contribute to glaucoma pathogenesis in this popula-
tion.23 Our study found that after controlling for age, SS, and
RNFL, higher IOP is significantly associated with decreased
pVD in subjects with glaucoma, specifically among those
with longer ALs. Interestingly, this relationship between IOP
and pVD was not seen among subjects with glaucoma with
shorter AL or among healthy subjects in either AL group.
These findings provide preliminary support for the idea
that axial elongation may increase risk for glaucoma15,24 by
compromising retinal autoregulation.25

Proper vascular autoregulation at the ONH is defined by
the ability to maintain appropriate perfusion to the nerve
and retinal capillaries during periods of blood flow insta-
bility and IOP fluctuations.26 The precise role of vascular
autoregulation in glaucoma pathogenesis remains unclear,
but autoregulation occurring at the radial peripapillary
region as investigated in this study is primarily medi-
ated by the endothelium.27 There is significant data now
demonstrating that with loss of retinal ganglion cells and
their axons, there is associated loss of the microvascula-
ture supplying that tissue.28 It is not completely under-
stood whether autoregulation breakdown is a mechanism
that precedes glaucoma development or occurs as a result

of glaucoma. One study of non-human primates demon-
strated that chronic elevations in IOP may lead to autoreg-
ulation dysfunction29; however, it is possible that under-
standing blood flow alterations may be dependent on the
disease stage in glaucoma. Although one study showed asso-
ciations with increased blood flow to the ONH in glau-
coma suspects,30 others have found decreased blood flow
may occur prior to structural damage in studies examining
vascular blood flow at the ONH using color doppler31,32

and OCTA imaging.33 Additionally, inappropriate autoreg-
ulation of ocular blood flow at the ONH has been identi-
fied as a predictor of glaucomatous progression,26,34,35 and
reduced pVD observed on OCTA is associated with reduction
in RNFL thickness.28 Recent studies have demonstrated that
patients with glaucoma are more likely to have phenomena
of systemic vascular dysregulation, such as nailbed capil-
laroscopy changes,36 and these systemic changes are associ-
ated with ocular blood flow alterations.26,34 Although OCTA
does not directly measure ocular blood flow, studying the
density of perfused microvasculature, which we have done
with pVD, and the factors that affect it, can provide insight
into the autoregulatory capacity of peripapillary microvascu-
lature between non-glaucoma and subjects with glaucoma.

We found changes in AL was not correlated with IOP
among healthy individuals, consistent with findings reported
previously,37–39 or among individuals with glaucoma. Among
non-glaucomatous subjects, only AL, but not IOP, was signif-
icantly associated with pVD in both univariable and multi-
variable modeling. This finding has been similarly shown in
previous studies demonstrating that longer AL is indepen-
dently associated with decreased vessel density around the
ONH in healthy eyes,40–42 as well as an independent risk
factor for glaucoma.24 It is possible that increased AL may
lead to reduced microcirculation as a result of the mechan-
ical stretching effect on the retinal vasculature itself at the
nerve head.7

In contrast, we found that among subjects with glau-
coma, higher IOP was associated with decreased pVD and,
in particular, higher IOP was significantly associated with
decreased pVD in the longer AL glaucoma cohort, but not
in the shorter AL glaucoma cohort. The specific AL cutoff
to differentiate long and short AL we used was 23.46 based
on the median AL of all eyes in the study. Using this cutoff,
we found a significant interaction term between long and
short AL among the glaucoma population (data not shown);
which was not surprising given the significant association we
found between IOP in the long AL cohort compared to the
nonsignificant association with IOP in the short AL cohort
among subjects with glaucoma in Table 4. Taken together,
this supports the notion that retinal microcirculation among
subjects with glaucoma is sensitive to changes in IOP among
eyes with longer ALs.

Interestingly, in the Singapore Epidemiology of Eye
Diseases Study (SEEDS),15 longer AL and higher IOP were
associated with a synergistically increased risk of POAG
compared to eyes with shorter AL and lower IOP. Specifi-
cally, individuals with either the combination of long AL and
physiologic IOP or short AL and high IOP had a three times
increased risk in POAG compared to individuals with short
AL and normal IOP. In contrast, the joint effect of high IOP
and long AL was associated with a 16 times increased risk of
POAG. For comparison purposes, we also subdivided axial
length by the AL definitions used in the SEEDs study (< 23.5
mm, 23.5 to 24.5 mm, 24.5–25.5 mm, > 25.5 mm). Although
there were too few observations in the categories of axial
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length > 24.5 mm for glaucoma, we were able to compare
the axial length cohort < 23.5 mm versus 23.5–24.5 mm. We
found IOP was significantly associated with decreased pVD
in the glaucoma population with AL between 23.5 and 24.5
mm, but not in the glaucoma group with AL < 23.5. In non-
glaucoma subjects, IOP was not significantly associated with
pVD in any of the SEEDs defined AL length divisions.

It is interesting that our finding of higher IOP being
associated with reduced pVD was unique to the high AL
glaucoma group. This relationship was not seen in low AL
individuals with glaucoma, in any AL subgroup of non-
glaucoma individuals, and even among those non-glaucoma
eyes specifically with IOP ≥ 20. Our cross-sectional find-
ings support (but do not prove) the idea that myopic eyes
with glaucoma may be susceptible to retinal autoregulation
breakdown in the setting of higher IOP. Longitudinal data
is needed to verify this idea. One hypothesis as to why this
may be the case is that myopic elongated eyes have thin-
ner sclera and less structural support for its microvascula-
ture43,44 such that there may be increased transmural pres-
sure on the vessel walls, which may lead to vasoconstriction
and reduced blood flow.45 This might be similar to that seen
in cerebral autoregulation of blood flow where mechanore-
ceptors on the endothelium lead to vasoconstriction in the
setting of increased transmural pressure.46 It is also possible
that glaucomatous eyes have increased frailty of the nerve
and its microvasculature and that this may further exacer-
bate susceptibility of blood flow reductions with increased
IOP. There are two possible explanations as to why this
relationship was not seen in non-glaucomatous eyes with
long AL: (1) the glaucomatous eyes with longer AL have
other predisposing factors that increase their susceptibility
to reduced blood flow with high IOP, and (2) the glauco-
matous eyes have increased frailty of the nerve due to the
existing damage to the nerve and its microvasculature, which
causes these eyes to be susceptible to IOP-induced blood
flow reduction. Longitudinal evaluations of ocular hyperten-
sive and glaucoma suspect subjects could help elucidate this
association. Nevertheless, these findings may help to explain
why increased AL is an independent risk factor for glaucoma.

There are some limitations to our study. In our glaucoma
subpopulation, we were limited by power given a total of
86 eyes. With each additional significant determinant that
can be included in the multivariable model, significantly
more power is needed. Additionally, the IOP in 58 of the
86 glaucomatous eyes was affected by IOP lowering treat-
ment (49 with IOP lowering drops only, 2 with SLT only,
3 with SLT and IOP lowering drops, and 4 with glaucoma
surgery and IOP lowering drops), which altered the range
of baseline IOP. In addition, whereas our study only looked
at the radial peripapillary capillaries, which may provide
insight into endothelium-related autoregulation of the reti-
nal microvasculature, we did not study other autoregulation
or autonomic regulation issues that may be occurring in
retrolaminar or laminar regions of the optic nerve. Finally,
our study was a cross-sectional based study where measure-
ments were taken at one visit, thus we were unable to iden-
tify temporal relationships among these variables.

In summary, our findings suggest that AL disturbed the
IOP-microvascular autoregulation relationship in subjects
with glaucoma, but not in healthy subjects. Increased IOP
was significantly associated with decreased retinal micro-
circulation among longer AL groups in subjects with glau-
coma and is consistent with the possibility that longer
AL eyes, with presumably reduced structural support, may

have compromised vascular autoregulation. These find-
ings corroborate other studies reporting a synergistically
increased POAG risk in long AL eyes with high IOP. Longi-
tudinal studies are needed to further investigate the mech-
anisms of the interactive effect of AL and IOP on peripap-
illary vessel density reduction and glaucomatous develop-
ment. Additionally important would be studying these asso-
ciations among different ethnic populations.
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