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Purpose: to compare the peripapillary perfused capillary density 
(Pcd) among eyes with exfoliation syndrome (XFs), exfoliation glau-
coma (XFg), primary open-angle glaucoma (Poag), and controls.
Design: observational, cross-sectional study.
Methods: optical coherence tomography angiography (octa) images 
(4.5 × 4.5 mm) of the optic nerve head were obtained using a commercial 
spectral domain octa system (angioVue avanti rtVue-Xr, optoVue, 
Fremont, ca). two concentric circles with 1.95-mm (inner) and 3.45-mm 
(outer) diameters were placed manually, producing an annulus of width 
0.75 mm centered at the optic disc. Pcd was calculated as the ratio of 
pixels associated with capillaries to the pixels in the annulus after large 
blood vessel removal. continuous variables were assessed by analysis of 
variance and tukey honest significant difference (Hsd) test. Multiple lin-
ear regression analysis was performed to adjust for confounding factors. 
Results: Forty-three XFg eyes, 31 Poag eyes matched for visual field 
mean deviation, 33 XFs eyes, and 45 control eyes were analyzed. Pcd 
demonstrated a progressive decrease from controls to XFs to Poag to 
XFg. Pairwise comparisons revealed significant differences in Pcd be-
tween each pair of groups (all P < 0.01) except for Pcd between XFs 
and Poag (P = 0.08). a multivariable model adjusting for age and stage 
showed a more significant decrease in Pcd in XFg compared with 
Poag (P = 0.001).
Conclusions: Pcd was more significantly decreased in XFg com-
pared with Poag eyes and in XFs compared with control eyes. octa 
provides the first quantitative evidence of the microvascular disturbance 
that accompanies XFs.

Key Words: optical coherence tomography angiography, exfoliation 
syndrome, exfoliation glaucoma, glaucoma, vessel density

(Asia-Pac J Ophthalmol 2017;7:84–89)

Exfoliation syndrome (XFs) is the most common identifiable 
cause of open-angle glaucoma worldwide.1 Exfoliation syn-

drome is also associated with an iris vasculopathy marked by de-
generation of the smooth muscle cells, pericytes, and endothelial 
cells; abnormalities of the endothelial basement membrane; and 
obliteration of the lumen.2‒4 in addition, the vascular dysregula-
tion beyond normal age-related decline may also play a role both 
in the development and worsening of the systemic cardiovascular 
diseases in XFs.5 systemic cardiovascular associations include 
transient ischemic attacks, hypertension, angina, myocardial in-
farction, cerebrovascular and cardiovascular disease, and aor-
tic aneurysm.6 although increased intraocular pressure (ioP) is 
considered to be the only modifiable risk factor proven to delay 
glaucoma progression, there is increasing evidence that the patho-
genesis of glaucoma is also linked to disturbed ocular blood flow 
(oBF).7‒9 indeed, impaired retrobulbar hemodynamics have been 
identified using color doppler imaging and laser doppler flowm-
etry in XFs and exfoliation glaucoma (XFg).10‒13 

optical coherence tomography angiography (octa) is a 
new noninvasive imaging technique that employs en face recon-
struction of oct combined with motion contrast processing to 
reveal perfused retinal vasculature.14 split-spectrum amplitude 
decorrelation angiography (ssada), a novel octa algorithm, 
compares the decorrelation signal between sequential oct B-
scans taken at precisely the same cross-section to construct a map 
of blood flow. Prior studies using octa reported a decrease in 
the peripapillary vessel density in eyes with primary open-angle 
glaucoma (Poag) compared with controls.14‒18 However, it is not 
known if differences exist in peripapillary vessel density among 
XFs, XFg, Poag, and control eyes. as previous studies report-
ed decreased blood flow in exfoliation syndrome and exfoliation 
glaucoma, we hypothesized that differences in peripapillary ves-
sel density exist among the 4 groups. the aim of this study was 
to compare peripapillary perfused capillary density (Pcd) with 
octa among these 4 groups.

materials and methods

Participants
this cross-sectional study was approved by the new york 

Eye and Ear infirmary of Mount sinai institutional review Board. 
Written, informed consent was obtained from all subjects and the 
study adhered to the Health insurance Portability and account-
ability act and the tenets of the declaration of Helsinki.

Exfoliation syndrome was defined as the presence of ex-
foliation material on clinical examination, a normal appearing 
optic nerve, and the lack of glaucomatous damage on oct and 
perimetry.
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Exfoliation glaucoma was defined as XFs with a glaucoma-
tous-appearing optic nerve (neuroretinal rim thinning or notch-
ing), retinal nerve fiber layer (rnFl) thinning on oct outside 
the 95% confidence interval (ci) of the normal distribution, and 
a visual field defect on 24-2 swedish interactive thresholding 
algorithm (sita) standard perimetry as defined in the following 
paragraph.

Primary open-angle glaucoma was defined as a glaucoma-
tous-appearing optic nerve (neuroretinal rim thinning or notch-
ing), rnFl thinning on oct outside the 95% confidence interval 
of the normal distribution, and a visual field defect on 24-2 sita 
standard perimetry. a visual field (VF) defect was defined as 3 
contiguous points at a 5% level of significance on the pattern de-
viation plot with 1 of the 3 points at a 1% level of significance, or 
a glaucoma hemifield test outside normal limits, or a pattern stan-
dard deviation (Psd) outside normal limits (P < 0.05), consistent 
with a glaucomatous pattern. the VF results were considered reli-
able at values of fixation loss of 15% or less, false-positive rate 
of 15% or less, and false-negative rate of 15% or less. in classify-
ing Poag subjects by stage, mild was defined as mean deviation 
(MD) greater than −6 dB, moderate as −6 to −12 dB, and severe 
as less than −12 dB. 

control eyes were defined as follows: no evidence of retinal 
pathology or glaucoma, ioP of 21 mm Hg or less, no chronic ocu-
lar or systemic corticosteroid use, an open anterior chamber angle 
on gonioscopy, absence of exfoliation material, normal-appearing 
optic discs, retinal nerve fiber layer thickness (rnFlt) measured 
on oct within the 95% confidence interval of the normal distri-
bution, and no visual field defects on 24-2 sita standard tests 
as defined above. all patients had best-corrected visual acuity 
(BcVa) of at least 20/40 and were 20 years of age or older.

Exclusion criteria for all eyes included a history of ocular 
surgery apart from uncomplicated cataract surgery, vitreoretinal 
diseases or nonglaucomatous optic neuropathy, diabetes mellitus, 
and cardiovascular disease other than treated systemic hyperten-
sion. one eye from each participant was enrolled. in patients with 
unilateral XFs or XFg, affected eyes were imaged and analyzed. 
in cases where both eyes of a glaucoma patient or a normal sub-
ject met the inclusion criteria, only the right eye was selected for 
the study. 

all glaucoma patients underwent a comprehensive ophthal-
mic examination, including measurements of BcVa (snellen), 
slit-lamp biomicroscopy, ioP measurement using goldmann ap-
planation tonometry, and dilated fundus examination using a 78-
diopter (d) lens. Visual field examinations were performed on the 
Humphrey Visual Field analyzer (Humphrey instruments Model 
Model 740; carl Zeiss Meditec, dublin, ca) using the 24-2 sita 
standard program.

optical coherence tomography rnFlt analysis (spectra-
lis oct Version 6.0.11.0 + glaucoma Module Premium Edition 
software; Heidelberg Engineering, gmbH, dossenheim, ger-
many) was performed before octa. a circle scan 3.45 mm in 
diameter centered over the optic nerve head was then taken to 
yield average circumpapillary rnFlt (cprnFlt) values. av-
erage rnFlt was used for comparison with octa data. scans 
with signal strength less than 7/10 were excluded. 

optical Coherence tomography angiography 
in this study, octa images were obtained with a commer-

cial spectral domain oct system (angioVue software Version 

2015.100.0.35, optovue, Fremont, ca). Each patient underwent 
a single imaging session consisting of 2 volumetric raster scans 
(1 vertical and 1 horizontal) centered on the optic nerve head 
and covering an area 4.5 × 4.5 mm. Each raster scan consisted 
of 304 B-scans, which were each scanned twice for a total 608 
B-scans. Each B-scan consisted of 304 a-scans. With an a-scan 
rate of 70,000 a-scans per second, each raster scan took less than 
3 seconds. 

to produce images of perfused vessels, the ssada algorithm 
was employed.17,19 additional software segmented the cross-sec-
tional oct retinal image into distinct layers. to sample the radial 
peripapillary capillary (rPc) vasculature, we analyzed the ves-
sels located between the internal limiting membrane (ilM) and 
the posterior boundary of the rnFl. images of signal strength 
index less than or equal to 40 and those with eye motion artifacts 
were excluded.20

oCta image analysis
the octa images were analyzed using a custom MatlaB 

program as described previously (the Mathworks, inc, natick, 
Ma).14,18 after the removal of large blood vessels, local adaptive 
thresholding was performed using a sampling window size of  
15 × 15 pixels to account for local differences in brightness 
throughout the image. 

 
annular and sectoral PCd (%)

to calculate annular and sectoral Pcd, an outer circle  
3.45 mm in diameter was placed concentric to the inner 1.95-mm 
circle, producing an annular region of interest (roi) with a width 
of 0.75 mm. this 3.45-mm outer circle diameter parallels the 
dimensions of the standard cprnFlt circle scan currently em-
ployed in the majority of commercially available oct systems. 
to ensure that the same roi was included in all octa images, 
Pcd within a fixed annular roi was extracted for quantitative 
analysis. then, Pcd was calculated as a percentage by dividing 
the area associated with perfused capillaries (white pixels) over 
the area of the roi in question (either the entire annulus or 1 of 
the four 90-degree sectors). a color-coded Pcd map was gen-
erated by computing the Pcd within a 16 × 16-pixel sampling 
window with 8-pixel overlaps over the binary image.

Global Perfused Capillary density (%)
global Pcd was calculated by generating a percentage of 

the number of pixels associated with perfused capillaries over the 
number of pixels in the entire image after removal of the inner 
1.95-mm circular area and the large blood vessels. 

statistical analysis 
one eye per subject was selected for analysis. the distribu-

tion of numerical data was tested for normality using the shapiro-
Wilk test. descriptive statistics were calculated as the mean and 
standard deviation for normally distributed variables. categorical 
variables were compared using the Fisher exact test. continuous 
variables were compared using an analysis of variance (anoVa) 
and a pairwise tukey-Kramer honest significant difference. Mul-
tiple linear regression adjusted for age, stage, and axial length 
was used to identify the effect of types of glaucoma on Pcd 
(XFg vs Poag).

diagnostic accuracy for differentiating between (1) control 
and XFs eyes and (2) XFg and Poag eyes was evaluated by 
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table 2. Comparisons Between Control vs XFS and XFG vs POAG

Mean Difference

0.032
−0.013
−2.143

−1.232
−0.922
−1.032

control vs XFs
    Md
    Psd
    rnFlt
XFg vs Poag
    Md
    Psd
    rnFlt

95% CI 

−0.797, 0.861
−0.578, 0.551
−8.366, 4.079

−5.561, 3.098
−2.951, 1.108
−9.396, 7.333

calculating the area under the receiver operating characteristic 
(auroc) curves. the auroc curves were adjusted for age dif-
ferences between groups using a covariate adjustment regression 
method. Pairwise comparisons of the aurocs were performed 
to evaluate whether there were statistically significant differences 
between auroc values. all statistical analyses were performed 
with stata version 14 (statacorp lP, college station, tX). the 
alpha level (type i error) was set at 0.05 for all comparisons.  

results

study Population
initially, 33 eyes with XFs, 44 eyes with XFg, 31 eyes with 

Poag, and 45 controls met the inclusion criteria for this study. 
among the eyes, 1 XFg eye was excluded because of the un-
acceptable octa image quality. there were significant differ-
ences among the 4 groups in terms of age, axial length, rnFlt, 
and visual field mean deviation and pattern standard deviation  
(P < 0.01; table 1). there was an equal distribution of mild,  

moderate, and severe glaucoma patients in the XFg and Poag 
groups (P = 0.70). there was no significant difference in mean 
VF Md, VF Psd, and average rnFlt between XFs versus con-
trols and between XFg versus Poag (table 2). 

PCd analysis 
global, annular, and all 4 sectoral Pcds demonstrated a sig-

nificant difference in Pcd among the 4 groups (all P < 0.001; 
table 1; Fig. 1). Pairwise comparisons revealed significant dif-
ferences in both annular and global Pcd between each group [all  
P < 0.05 except for annular Pcd in XFs vs Poag (P = 0.08), 
table 3]. a multiple linear regression analysis adjusted for age, 
stage, and axial length showed a decrease in annular Pcd be-
tween controls versus XFs with percent difference of 3.8% (95% 
CI, −5.3 to −2.2) and XFG versus POAG with percent difference 
of 7.1% (95% ci, 4.3 to 9.8). there were similar findings of dif-
ferences in global Pcd between controls versus XFs with per-
cent difference of −4.0% (95% CI, −5.6 to −2.4) and XFG versus 
Poag with percent difference of 6.1% (95% ci, 3.5 to 8.7). 

diagnostic Capability analysis 
diagnostic accuracy for differentiating between (1) control 

and XFs eyes and (2) XFg and Poag eyes was evaluated by 
calculating the auroc curves shown in Figure 2. no significant 
difference was found in the auroc based on annular and global 
Pcd (P = 0.78 and 0.87 for control vs XFs and XFg vs Poag, 
respectively).

disCussion
to our knowledge, this is the first study to compare Pcd 

among XFs, XFg, Poag, and controls using octa. overall, 
we found a progressive decrease in Pcd from controls to XFs to 
Poag to XFg (P < 0.001). 

table 1. Clinical and Demographic Characteristics

Control
n = 45 

58.4 ± 10.2
30 (66.7)
22.9 ± 1.3

na

−0.6 ± 1.3
1.3 ± 1.0
98.5 ± 9.4

42.4 ± 2.2
43.9 ± 2.1
43.9 ± 2.1
43.3 ± 3.0
43.6 ± 2.2
44.8 ± 2.1

P

<0.001†
0.522‡
0.019†
0.703‡

<0.001†
<0.001†
<0.001†

<0.001†
<0.001†
<0.001†
<0.001†
<0.001†
<0.001†

age, y*
sex, female (%)
axial length, mm*
glaucoma severity,  

mild:moderate:severe 
Visual field Md, dB*
Visual field Psd, dB*
rnFlt, µm* 
Pcd, %
    global* 
    annular*
    superior*
    nasal*
inferior Pcd, %* 
temporal Pcd, %* 

XFS 
n = 33 

69.0 ± 13.1
17 (51.5)
23.2 ± 1.2

na

−0.8 ± 1.9
1.3 ± 1.2

94.1 ± 14.1

38.0 ± 3.8
39.6 ± 3.9
38.9 ± 4.6
38.6 ± 5.3
39.1 ± 5.4
41.9 ± 2.6

XFG
n = 43 

71.2 ± 10.1
22 (58.1)
23.9 ± 1.6
25:10:8

−7.4 ± 6.8
5.8 ± 3.7

72.8 ± 15.0

29.4 ± 7.5
30.7 ± 8.1
28.8 ± 9.6
29.3 ± 8.7
29.9 ± 9.4
34.8 ± 8.5

POAG
n = 31 

60.7 ± 8.5
17 (53.1)
23.7 ± 0.9

15:8:8

−9.3 ± 9.4
6.0 ± 3.9

70.1 ± 15.1

34.4 ± 6.6
36.2 ± 7.0
34.4 ± 9.1
39.2 ± 5.8
36.8 ± 8.5
34.2 ± 8.5

na indicates not available.
*Baseline clinical data reported as mean ± standard deviation.
†P value among 4 groups (1-way anoVa).
‡P value between XFG and POAG (χ2 test).
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table 3. Post Hoc Comparisons of Annular PCD Using Tukey HSD

annular Pcd
    control 
    XFs
    XFg
    Poag
global Pcd
    control
    XFs
    XFg
    Poag

1

1

Control

<0.001*
0.080
0.001*

1

<0.001*
0.045*
0.001*

1

POAG

0.008*
1

0.003*
1

XFS

<0.001*
<0.001*

1

<0.001*
<0.001*

1

XFG

Hsd indicates honest significant difference.
*Mean difference is significant at the 0.05 level. 

FiGure 1. OCTA images in gray scale (left of each pair) and color perfused capillary density map (right). A−B, Control; C−D, exfoliation syndrome; E−F, 
primary open-angle glaucoma; G−H, exfoliation glaucoma.

Exfoliation syndrome has been linked to both intraocular and 
extraocular vascular pathology, including anterior segment isch-
emia, retinal vein occlusion, and cerebrovascular and cardiovas-
cular disease.21,22 Exfoliation material accumulating pericellularly 
may disrupt the normal basement membrane of the cells, causing 
degenerative fibrillopathy and impaired endothelial function.23,24 
increased oxidative stress and decreased antioxidant protection 
probably play a role in the development and progression of vessel 
wall damage and systemic vascular dysregulation.5 the vasoac-
tive peptide endothelin-1 is significantly increased in the aqueous 
of XFs patients, whereas levels of nitric oxide were decreased 
in XFs patients resulting in obliterative vasculopathy and caus-
ing local ischemia.6,25,26 Exfoliation syndrome has been known to 
be associated with ocular ischemia, anterior segment hypoxia, 
and reduced ocular and retrobulbar blood flow.6,11,27 yuksel et al11  
reported decreased end diastolic velocities in short posterior cili-
ary arteries compared with controls. Exfoliation syndrome is also 

associated with thin rnFlt compared with healthy age-matched 
controls.28,29 We demonstrated a decreased Pcd in XFs compared 
with controls, suggesting that microvascular attenuation accom-
panies rnFl thinning and may precede visual field losses.

although both Poag and XFg eyes demonstrated decreased 
Pcd values compared with controls, XFg eyes demonstrated 
lower Pcd values compared with Poag eyes after adjusting for 
age and stage. this finding corroborates the present understand-
ing of XFg as a particularly aggressive type of open-angle glau-
coma, which often progresses at a more rapid rate and responds 
more poorly to medical therapy compared with Poag. similarly, 
prior studies reported an increased vascular resistance in the oph-
thalmic artery in exfoliation glaucoma.13 such resistance may be 
due to the increased vascular rigidity secondary to the accumula-
tion of exfoliation material in the walls of the retrobulbar blood 
vessels.30  

We recruited a wide range of phakic refractive error eyes 
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FiGure 2. AUROC depicting the capability of PCD to distinguish between the following: A, annular PCD between controls versus XFS; B, global PCD 
between controls versus XFS; C, annular PCD between XFG versus POAG; D, global PCD between XFG versus POAG.

in our study. in high myopia, segmentation error from peripapil-
lary atrophy and posterior staphyloma commonly occurs and is 
unavoidable. to exclude the influence of such artifact, we only 
analyzed eyes with segmentation errors located outside the roi. 
With myopic progression, axial elongation stretches the retina and 
may lead to a decrease in the retinal microvascular density.31,32 in 
contrast, a decrease in microvascular density may be caused by 
reduced blood supply demands due to the retinal thinning and de-
generation in myopia. after adjusting for the effect of axial length 
on Pcd using multiple linear regression, the differences between 
groups still persist. 

there are a number of limitations to our study. First, the rela-
tively small sample size and cross-sectional nature of the study 
limited the power of our findings. second, we have included a rel-
atively high proportion of older age patients in the XFs and XFg 
groups, as both are age-related diseases.33‒39 Because advanced 
age could affect the microvasculature around the optic disc, we 
sought to eliminate the effect of age on Pcd through multiple 
linear regression analysis. third, due to the cross-sectional nature 

of this study, patients were not followed over time, and as such, 
we could not determine disease progression. 

in summary, this study provided the first quantitative evi-
dence of the microvascular disturbance accompanying XFs. 
However, the causality between decreased Pcd and glaucoma-
tous damage in exfoliation syndrome and glaucoma remains to be 
determined. Future research is necessary to determine the roles 
of octa as a diagnostic parameter for detecting exfoliation syn-
drome, predicting the risk of glaucoma development, and assess-
ing glaucomatous progression and retinal blood flow in patients 
with progressive and stable XFg. 
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