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Purpose: To assess microvascular beds in the optic nerve head (ONH), peripapillary
tissue, and the nailfold in patients with primary open-angle glaucoma (POAG) versus
controls.

Methods: Patients with POAG (n = 22) and controls (n = 12) underwent swept-
sourceoptical coherence tomographyangiographyofophthalmicmicrovasculature and
nailfold video capillaroscopy of the hand. The main outcomes were vessel density (VD)
and blood flow of the ONH, the peripapillary and the nailfold microvasculatures.

Results: Patients with POAGwere younger than controls (63.5± 9.4 vs. 69.9± 6.5 years,
P= 0.03). Deep ONH VD and blood flowwere lower in patients with POAG than controls
(39.1% ± 3.5% vs. 43.8% ± 5.7%; 37.8% ± 5.3% vs. 46.0% ± 7.8%, respectively, P < 0.02
for both); similar results were observed with peripapillary VD (37.9± 2.6%, 43.4± 7.6%,
respectively, P = 0.03). Nailfold capillary density and blood flow were lower in patients
with POAG than controls (8.8 ± 1.0 vs. 9.8 ± 0.9 capillaries/mm; 19.9 ± 9.4 vs. 33.7 ±
9.8 pL/s, respectively; P < 0.009 for both). After adjusting for age and gender, deep
ONH VD and blood flow, peripapillary VD, and nailfold capillary blood flow were lower
in POAG than controls (β = −0.04,−0.07,−0.05,−13.19, respectively, P≤ 0.046 for all).
Among all participants, therewere positive correlations betweendeepONHandnailfold
capillary blood flow (Pearson’s correlation coefficient r = 0.42, P = 0.02), peripapillary
and nailfold capillary density (r= 0.43, P= 0.03), and peripapillary and nailfold capillary
blood flow (r = 0.49, P = 0.01).

Conclusions: Patients with POAG demonstrated morphologic and hemodynamic alter-
ations in both ophthalmic and nailfold microvascular beds compared to controls.

Translational Relevance: The concomitant abnormalities in nailfold capillaries and
relevant ocular vascular beds in POAGsuggest that themicrovasculaturemaybe a target
for POAG treatment.

Introduction

Primary open-angle glaucoma (POAG) is character-
ized by loss of retinal ganglion cells and their axons,
and it exhibits manifestations of vascular pathology.1–4
Hemodynamic dysfunction is present in ocular and
systemic vasculature in POAG when compared to
patients without glaucoma.5–7

Color Doppler imaging and laser Doppler flowme-
try studies have established decreased systolic and

diastolic blood flow velocities in ocular blood vessels
and altered retinal blood flow in patients with POAG,
but these modalities fail to assess blood flow in precap-
illary arterioles or in capillaries.8–14 More recently,
studies utilizing optical coherence tomography angiog-
raphy (OCTA), a noninvasive and high-resolution
imaging method, demonstrated decreased vessel
density of the optic nerve head (ONH) and peripap-
illary microvasculature in patients with POAG.15–18
Swept-source OCTA (SS-OCTA) achieves deep tissue
penetration with a low signal-to-noise ratio,19 while
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a blood flow detection algorithm known as OCTA
Ratio Analysis algorithm (OCTARA) has improved
detection sensitivity of low blood flow and reduced
motion artifacts.20 Scaled relative OCTARA value
correlates with blood flow, and we have previously
measured the integrated OCTARA signal (IOS) to
show alteration in ONH and peripapillary microvas-
cular blood flow in patients with POAG compared to
control participants.21,22

For evaluation of the systemic microcirculation,
the nailfold capillaries provide an accessible nonocu-
lar vascular bed to visualize and quantify blood flow
and velocity, as the orientation of these capillaries is
parallel to the skin.23 Additionally, the nailfold capillar-
ies exhibit morphologic features similar to ophthalmic
vascular beds; namely, the closed vascular loops with
hairpin turns in the nailfold capillaries resemble the
hairpin turns of vessels at the junction of the ONH
and retina.24 Gasser and Flammer25 were first to
describe morphologic alterations in nailfold capillar-
ies by means of nailfold microscopy in patients with
POAG; subsequently, we and others have confirmed
their findings.26,27

Although the relationship between ophthalmic
and finger blood flow has been explored before,28,29
the availability of SS-OCTA and nailfold capillary
microscopy allow for quantitative measurements of
both microvascular beds in the same patients. Studying
these microvascular systems together may ultimately
lead to the consensus that systemic microvascular
pathology exists in POAG and motivate the devel-
opment of systemic treatment that reverses these
alterations. Therefore, this study aimed to evalu-
ate the microvascular parameters of the optic nerve
and finger nailfold in the same individuals and
compare themeasurements in POAG to control partici-
pants. Furthermore, we explored potential correlations
between ophthalmic microvasculature and nailfold
capillary measurements in our study participants.

Methods

Study Design

This cross-sectional, observational study was
approved by the Massachusetts Eye and Ear (MEE)
Institutional Review Board and adhered to the tenets
of the Declaration of Helsinki. Patients with POAG
and control participants aged 35 to 80 years were
recruited from the glaucoma service and the compre-
hensive ophthalmology service, respectively, at MEE
(Boston, MA, USA) between July 2014 and December

2018. Written informed consent was obtained from all
participants.

Inclusion criteria for all participants were visual
acuity of at least 20/40 and refractive error between
−6 diopters (D) and +6D. In all participants, exclu-
sion criteria were significant retinal or optic nerve
disease other than glaucoma causing visual field loss,
optic disc torsion more than 15°,30 tilt ratio >1.3
(maximum to minimum optic disc diameter),31 and
history of connective tissue disorders, as they have been
associated with nailfold capillary changes in previous
studies.32

Additional inclusion criteria for patients with
POAGwere open angles on gonioscopy, glaucomatous
visual field loss confirmed on the subsequent visual
field test, and corresponding glaucomatous optic nerve
damage evidenced by one or more red sectors on an
optical coherence tomography (OCT) sector image,
which was reviewed to ensure that there was abnor-
mal thinning of the retinal nerve fiber layer (RNFL)
and no significant artifacts. Patients with secondary
open-angle glaucoma; unreliable visual field test results
(Humphrey Visual Field [HVF] perimeter; Carl Zeiss
Meditec, Dublin, CA, USA), defined as fixation loss
>33%, false-positive rate>20%, and false-negative rate
>20%; or a history of penetrating glaucoma surgeries,
such as trabeculectomy and tube shunt surgery, were
excluded.

Additional inclusion criteria for control participants
were a negative family history of glaucoma, intraocu-
lar pressure (IOP)measurements≤21mmHg, cup-disc
ratio (CDR) ≤0.6, and CDR asymmetry between eyes
<0.2. These criteria were established from prior OCTA
and nailfold capillary studies.21,33

Image Acquisition and Processing

All participants underwent ocular posterior
segment imaging and imaging of peripheral digit
capillaries: imaging of the optic nerve head and
peripapillary region using SS-OCTA and spectral-
domain OCT (SD-OCT), as well as imaging of the
nailfold capillaries of the nondominant hand using a
nailfold video capillaroscope. Same-day imaging of
both microvascular systems was encouraged but not
required in this study due to logistical challenges, such
as the length of time for each imaging test and the
waiting time between the two tests (over 60 minutes).
When the two imaging tests were not performed on
the same day, the time between nailfold and OCTA
imaging was calculated with the visit for nailfold
imaging as time zero; OCTA imaging conducted after
nailfold imaging yielded a positive duration while
OCTA imaging before nailfold imaging yielded a
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negative duration. The participant’s blood pressure
and heart rate were also measured at the time of
nailfold imaging.

OCT Angiography and Structural OCT Measurements
The ONH and peripapillary region of both eyes

were imaged after pharmacologic pupil dilation by
utilizing the SS-OCT device (Triton; Topcon, Tokyo,
Japan) to obtain 3-mm × 3-mm and 4.5-mm ×
4.5-mm OCT and OCTA scans centered on the
ONH. The Triton SS-OCT uses a 1050-nm wavelength
light source, which allows for deep signal penetration
through the prelaminar and laminar tissue of the optic
nerve to provide analysis of both superficial and deep
vasculature.20 Patients underwent RNFL imaging with
SD-OCT (Spectralis; Heidelberg Engineering GmbH,
Heidelberg, Germany) during the same visit, as this
measurement was not available on the SS-OCT device
at the time of the study. Average peripapillary RNFL
thickness was obtained automatically from SD-OCT
scans.

For OCTA imaging analysis, one eye per partici-
pant was included in the study. The eye with the worse
HVF mean deviation (MD) was selected in patients
with POAG, and one eye was randomly selected for
control participants. Eyes were excluded if significant
motion artifacts were present onOCTAor if theOCTA
image quality score was below 40.34

OCTA images were processed based on a previously
published protocol.21 Briefly, for ONH microvascula-
ture analysis, the en face OCTA image from the 3-
mm × 3-mm scan was used. A superficial angiogram
was generated from the internal limiting membrane to
Bruch’smembrane (Fig. 1D), while the deep angiogram
was generated from Bruch’s membrane to 390 μm
below Bruch’s membrane (Fig. 1E). For the peripap-
illary microvasculature, an angiogram was generated
from the internal limiting membrane to the interface of
the RNFLwith the ganglion cell layer from the 4.5-mm
× 4.5-mm scans (Fig. 1F).35,36

SS-OCTA images along with structural OCT scans
obtained by SS-OCT (320 horizontal scans per eye)
were imported into ImageJ (Fiji) software (ImageJ;
National Institutes of Health, Bethesda, MD, USA)
and analyzed by two independent readers (MKS,
RNS) who were masked to diagnosis. Using a
customized ImageJ plugin, the ONH margin was
generated by manually marking the termination of
Bruch’s membrane on structural OCT cross-sectional
images, spaced 47 μm apart.21 The ONH margin
was then superimposed on the corresponding OCTA
angiograms to define the ONH area (Figs. 1G, 1H).
The peripapillary region was a 0.70-mm-wide ellipti-
cal annulus extending radially from the ONH margin

Figure 1. The disc photo of the right eye from a patient with POAG
(A), HVF pattern deviation plot (B), and RNFL thickness sectors (C)
are displayed. The superficial ONH angiogram (D) was generated
from the 3-mm × 3-mm en face image from the internal limiting
membrane (ILM) to Bruch’s membrane (BM). The deep ONH layer
(E) was from BM to 390 μm below BM. Red markings delineate the
ONH margin based on BM opening. The peripapillary region OCTA
(F) was generated from the 4.5-mm × 4.5-mm en face angiogram
from the ILM to the interface of the RNFLwith the ganglion cell layer.
Red markings delineate an annulus of 0.70 mm in width from BM
opening. Large vessels are manually excluded from the superficial
ONHangiogram (G) and superimposed on the deepONHangiogram
(H) to limit projection artifact. The large vessels of the peripapillary
region are automatically excluded (I). In this example, the measure-
ment for deep ONH VD was 35.0%, and IOS was 38.8% (H). The
peripapillary VD was 35.1%, and IOS was 39.0% (I).

(Figs. 1F, 1I).15,17,21 To avoid projection artifacts, areas
occupied by large vessels were excluded from OCTA
images of the ONHbymanual selection of large vessels
in the en face superficial ONH angiogram, and the
same areas were excluded for the deep angiogram.
Large vessels in the peripapillary region were automat-
ically excluded using customized ImageJ software
plugins, which use a local thresholding algorithm to
identify large vessels based on intensity and contrast
information.21 This was performed for both patients
with POAG (Fig. 1) and control participants (Supple-
mentary Fig. S1).

After large vessel removal, we measured OCTA
parameters of the deep ONH and superficial peripapil-
lary region, as we and others have described pathology
in thesemicrovascular beds in patients with POAG.21,35
Vessel density (VD) was defined as the percentage of
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area occupied by the microvasculature within the area
of interest after excluding the area occupied by large
blood vessels. IOS, which is suggestive of flow, was
calculated as the mean grayscale value of the en face
OCTA image in the area of interest divided by constant
maximum pixel intensity and displayed as a percent-
age.21

Nailfold Capillaroscopy
Nailfold capillaroscopy was performed with a BK-

XW880 nailfold video capillaroscope (BiobaseMeihua
Trading, Jinan, Shandong, China) at 300× magnifi-
cation to image capillaries from the fourth and fifth
digits of the nondominant hand of each participant.
The fourth and fifth digits on the nondominant hand
were chosen since they have higher skin transparency
and are less likely to experience inadvertent micro-
traumas from daily activity compared with digits from
the dominant hand.23,37 Cedarwood oil was applied
to the nailfold to facilitate visualization under the
microscope. Imaging was initiated at the lateral aspect
of the nailfold, moving medially, covering the entire
nailfold. Capillary density, calculated as the number
of distal row capillaries in a 1-mm span in each digit,
was assessed by two independent readers (MKS, CCC)
masked to diagnosis.23,38,39 The “90-degree rule” was
used to define the distal row of the capillary bed as
containing only the capillaries for which the angle
between the apex of that capillary and the apices of its
two adjacent capillaries is greater than 90 degrees38,39
(Figs. 2A, 2D). Capillary density at the first, midpoint,
and last video frames was averaged to generate the
measurement.

Nailfold capillary blood flow imaging was acquired
as a video for the first five capillaries for 10 seconds on
each capillary. Themeasurement was performed by two
independent readers (MKS, CCC) masked to diagno-
sis, consistent with prior protocols.33,40 Nailfold videos
were converted to image sequences and imported into
ImageJ. Blood speed was calculated by dividing the
distance of the first visible void in the blood column
in each capillary, which was tracked between consecu-
tive frames (Figs. 2B, 2C, 2E, 2F), by the time elapsed
between a consecutive set of frames (25 frames/s).
The diameter of the capillary in the region of blood
column void movement was also measured and used
to calculate the cross-sectional area of the vessel lumen
and subsequently capillary blood flow as picoliters per
second (pL/s).

Statistical Analysis

Statistical analysis was conducted usingRLanguage
Platform (Version 3.4.3; R Foundation, Vienna,

Figure 2. (A–C) Nailfold capillary analysis of a patient with POAG
whose ophthalmic microvasculature is shown in Figure 1. Nailfold
capillary density (A) is the number of distal row capillaries averaged
over the first, midpoint, and last video frames (8.9 capillaries/mm
for this example). A distal row capillary is defined as one with its
apex in the row closest to the finger nail plate such that an angle
greater than 90° is created between the apex of that capillary and
the apices of its two adjacent capillaries. The white lines link capil-
laries in the distal row (seven in this video frame) while the vertices
at the black angles indicate capillaries not in the distal row. Nailfold
capillary flow (11.0 pL/s in this example) was calculated by tracking a
gap in the blood column indicated as a white line between sequen-
tial frames 0.25 seconds apart (B, C). (D–F) Corresponding capillary
density (9.8 capillaries/mm for this example with 10 capillaries in the
video frame) andblood flow (39.2 pL/s)measurements in the control
participant whose ophthalmicmicrovasculature is shown in Supple-
mentary Figure S1.

Austria). Interreader reproducibility was measured
through intraclass correlation coefficients (ICCs) for
all OCTA and nailfold measurements. The mean values
of measurements by both readers were used for analy-
ses. Two-tailed Student’s t-test was used to test group
differences for continuous variables, and Fisher’s exact
test was used to compare differences in frequencies of
categorical variables between groups. Multiple linear
regression analyses were performed with OCTA and
nailfold metrics as dependent variables to assess the
difference between POAG and controls while account-
ing for age and gender as covariates; controls served
as the reference group. Multiple linear regression was
applied to assess the partial Pearson’s correlations
between nailfold and OCTA measurements among
all participants and was adjusted for age and the
time between two imaging visits. In the POAG group,
partial Pearson’s correlations between the samemetrics
were obtained while adjusting for HVF MD and the
time between two imaging visits. P value correction
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for multiple comparisons by the false discovery rate
(FDR) method was applied for both univariable and
multivariable analysis, and FDR-corrected P < 0.05
was considered significant.41

Results

Forty-four participants (30 POAG and 14
controls) were recruited and underwent OCTA of
the ophthalmic microvasculature and nailfold capillary

imaging. Six participants (14.3%) were excluded due
to poor OCTA quality and motion artifact, and four
participants (9.1%) were excluded due to poor quality
of nailfold capillary imaging. Therefore, 22 patients
with POAG and 12 controls were entered into the
analysis. Patients with POAGwere younger (63.5 ± 9.4
years) than control participants (69.9 ± 6.5 years, P =
0.03) but were similar in gender (45.5% vs. 33.3% male,
P = 0.72) and ethnicity (86.4% vs. 91.7% Caucasian,
P > 0.99, Table 1). For patients with POAG, the
average HVF MD and pattern standard deviation
of the worse eye were −3.4 ± 2.8 dB and 5.7 ± 4.0

Table 1. Baseline Characteristics of the Study Population

Characteristic POAG (n = 22) Controls (n = 12) P Value

Participants
Gender, male (%) 45.5 33.3 0.72
Age (years) 63.5 ± 9.4 69.9 ± 6.5 0.03
Ethnicity, Caucasian (%) 86.4 91.7 >0.99

Systemic findings
Systolic blood pressure (mm Hg)a 130.9 ± 21.1 128.9 ± 14.2 0.78
Diastolic blood pressure (mm Hg)a 77.2 ± 14.1 76.8 ± 10.0 0.94
Mean arterial pressure (mm Hg)a 95.1 ± 16.1 94.2 ± 10.2 0.86
Heart rateb 65.0 ± 10.5 68.9 ± 10.0 0.40

Ophthalmologic findings
Cup/disc ratio 0.74 ± 0.08 0.31 ± 0.08 <0.0001
IOP (mm Hg) 13.1 ± 2.8 15.5± 1.9 0.007
Maximum IOP (mm Hg) 20.2 ± 3.3 NA NA
HVF MD (dB) −3.4 ± 2.8 NA NA
HVF PSD (dB) 5.7 ± 4.0 NA NA
Average RNFL thickness (μm) 71.3 ± 14.0 94.2 ± 10.7 <0.0001

Systemic conditions
Diabetes mellitus (%) 0 16.7 0.12
History of smoking (%) 31.8 33.3 >0.99
Systemic hypertension (%) 36.3 41.7 >0.99
BMI (kg/m2) 24.4 ± 4.9 26.6 ± 5.6 0.30
Migraine (%) 27.2 25.0 >0.99

Medication usage
Systemic antihypertensives (%) 36.3 41.7 >0.99
Average number of antihypertensives 0.4 ± 0.6 0.6 ± 0.8 0.47
Duration of antihypertensives >1 year (%) 87.5 60.0 0.51
Systemic blood thinners (%) 40.9 66.7 0.28
Number of glaucomamedications 1.5 ± 0.9 NA NA

Time between
OCTA and nailfold imaging (years) 1.1 ± 1.1 0.8 ± 1.2 0.54

Data are expressed as mean ± standard deviation unless otherwise specified.
Systemic findings were obtained at the same time as nailfold capillary imaging. Other information was obtained from the

ophthalmology clinic visit closest to the OCTA imaging date.
Bold font indicates P < 0.05. BMI, body mass index; NA, not applicable.
aAvailable for 86.3% of patients with POAG and 91.7% controls.
bAvailable for 68.1% of patients with POAG and 66.7% controls.
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Table 2. Comparison of Ophthalmic Microvascular Measurements and Nailfold Capillary Metrics Between POAG
and Control Participants

Measurement POAG Controls P Value

OCTA vessel density
Deep optic nerve head (%) 39.1 ± 3.5 43.8 ± 5.7 0.02
Peripapillary (%) 37.9 ± 2.6 43.4 ± 7.6 0.03

OCTA IOS
Deep optic nerve head (%) 37.8 ± 5.3 46.0 ± 7.8 0.005
Peripapillary (%) 44.1 ± 3.1 46.8 ± 3.9 0.052

Nailfold capillary metrics
Nailfold capillary density (capillaries/mm) 8.8 ± 1.0 9.8 ± 0.9 0.009
Nailfold capillary blood flow (pL/s)a 19.9 ± 9.4 33.7 ± 9.8 0.0007
Data are expressed as mean ± standard deviation unless otherwise specified.
IOS is a surrogate marker of flow. Bold font indicates FDR-corrected P < 0.05.
aOne POAG participant was excluded from the nailfold capillary blood flowmeasurement due to video quality.

dB, respectively. CDR differed significantly between
POAG (0.74 ± 0.08) and control participants (0.31 ±
0.08, P < 0.0001), as did the average RNFL thickness
(71.3 ± 14.0 μm vs. 94.2 ± 10.7 μm, P < 0.0001).
IOP at the clinic visit closest to OCTA imaging was
significantly lower in patients with POAG compared to
controls (13.1 ± 2.8 mm Hg vs. 15.5 ± 1.9 mm Hg, P
= 0.007). Nineteen of 22 patients with POAG (86.3%)
were medically managed with an average of 1.5 ± 0.9
glaucoma medications per patient. The remaining 3
of 22 (13.7%) patients with POAG had undergone
selective laser trabeculoplasty.

The POAG and control groups did not differ in
the prevalence of systemic conditions such as diabetes
mellitus, systemic hypertension, smoking history, and
migraine (P ≥ 0.12 for all, Table 1). They did not
differ in systemic blood pressure, heart rate, number
and duration of antihypertensive medications, and use
of systemic blood thinner medications (P ≥ 0.28 for
all). They also had similar body mass index (24.4 ± 4.9
kg/m2 vs. 26.6 ± 5.6 kg/m2, P = 0.30). OCTA imaging
and nailfold capillary imaging were performed on the
same day in eight patients with POAG (36.4%) and
seven controls (58.3%, P = 0.29), while other study
participants preferred to have the two imaging tests
done on separate days. Nailfold imaging was done
before OCTA for most participants, except for three
patients with POAG (13.6%). For those participants
who were not imaged on the same day, nailfold imaging
was performed 23.0 ± 13.6 months before OCTA
for 5 control participants and 21.5 ± 11.1 months
before OCTA for 11 patients with POAG and 12.0 ±
7.0 months after OCTA for 3 patients with POAG.
Overall, the difference in themean time betweenOCTA
and nailfold imaging was not statistically significant

between patients with POAG and controls (1.1 ± 1.1
vs. 0.8 ± 1.2 years, P = 0.54).

For OCTA parameters, the ICCs were >0.98 for
all parameters (Supplementary Table S1). Patients with
POAG had decreased deep ONH VD (39.1% ± 3.5%)
compared to controls (43.8% ± 5.7%, P = 0.02), as
well as decreased VD in the peripapillary region (37.9%
± 2.6% vs. 43.4% ± 7.6%, P = 0.03, Fig. 1, Table 2).
The IOS, a surrogate for flow, of the deep ONH was
significantly lower in patients with POAG compared
to control participants (37.8% ± 5.3% vs. 46.0% ±
7.8%, P = 0.005). The difference in peripapillary IOS
between patients with POAG (44.1% ± 3.1%) and
control participants (46.8% ± 3.9%, P = 0.052) was
borderline significant.

For nailfold capillary measurements, the ICCs were
>0.81 for all measurements (Supplementary Table S1).
Patients with POAG had significantly lower nailfold
capillary density (8.8 ± 1.0 capillaries/mm) compared
to control participants (9.8 ± 0.9 capillaries/mm, P =
0.009, Fig. 2, Table 2). Patients with POAG had signifi-
cantly lower nailfold capillary blood flow compared to
control participants (19.9± 9.4 pL/s vs. 33.7± 9.8 pL/s,
P = 0.0007).

Multiple linear regression was performed to evalu-
ate the difference in OCTA and nailfold measurements
between POAG and control groups after adjusting for
the effects of age and gender. Deep ONH vessel density
was 4% lower, where percentage was the unit for OCTA
measurements (95% confidence interval [CI], −7% to
−0.2%, P = 0.046), peripapillary vessel density was 5%
lower (95% CI, −9% to −1%, P = 0.02), and deep
ONH IOS was 7% lower (95% CI, −12% to −3%,
P = 0.008) in patients with POAG compared to
controls after adjusting for age and gender (P ≥
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Table 3. Multiple Linear Regression Comparing Ophthalmic Microvascular Measurements Between POAG and
Control Participants

95% CI

Variable β Lower Bound Upper Bound P Value

Deep ONH OCTA vessel density (%)
Group difference −0.04 −0.07 −0.002 0.046
Covariate age 0.001 −0.0008 0.003 0.50
Covariate sex (reference male) −0.03 −0.06 0.0003 0.12

Peripapillary OCTA vessel density (%)
Group difference −0.05 −0.09 −0.01 0.02
Covariate age −0.0001 −0.002 0.002 0.93
Covariate sex (reference male) −0.02 −0.06 0.02 0.35

Deep ONH OCTA IOS (%)
Group difference −0.07 −0.12 −0.03 0.008
Covariate age 0.0003 −0.002 0.003 0.82
Covariate sex (reference male) −0.05 −0.09 −0.002 0.10

Peripapillary OCTA IOS (%)
Group difference −0.02 −0.05 0.003 0.09
Covariate age 0.0003 −0.001 0.002 0.82
Covariate sex (reference male) −0.008 −0.03 0.02 0.53

For all comparisons, control group served as the reference.
IOS is a surrogate marker of flow.
Bold font indicates FDR-corrected for multiple comparisons P < 0.05.

Table4. Multiple Linear RegressionComparingNailfoldCapillaryMetrics BetweenPOAGandControl Participants

95% CI

Variable β Lower Bound Upper Bound P Value

Nailfold capillary density (capillaries/mm)
Group difference −0.80 −1.59 −0.02 0.05
Covariate age 0.02 −0.02 0.06 0.68
Covariate sex (reference male) −0.13 −0.89 0.62 0.93

Nailfold capillary blood flow (pL/s)
Group difference −13.19 −20.86 −5.54 0.004
Covariate age 0.09 −0.35 0.54 0.78
Covariate sex (reference male) 0.33 −7.29 7.96 0.93

For all comparisons, control group served as the reference.
Bold font indicates FDR-corrected for multiple comparisons P < 0.05.

0.10, Table 3). Similarly, nailfold capillary blood flow
was 13.19 pL/s lower (95% CI, −20.86 to −5.54
pL/s, P = 0.004) in POAG participants compared
to controls after adjusting for the same covariates
(P ≥ 0.78, Table 4), while the difference in nailfold
capillary density was borderline significant (β = −0.80
capillaries/mm; 95% CI, −1.59 to −0.02 capillar-
ies/mm, P = 0.05).

The correlations between ophthalmic and nailfold
capillary measurements were assessed after adjusting
for age, which was different between the POAG and

control groups, and for the time between nailfold
capillary and OCTA imaging visits. Nailfold capillary
density correlated positively with peripapillary vessel
density among all participants (Pearson’s correlation
coefficient r = 0.43, P = 0.03) but not with deep
ONH vessel density (r = 0.01, P = 0.98, Fig. 3).
Nailfold capillary blood flow correlated positively
with peripapillary IOS, which is the OCTA param-
eter suggestive of flow, among all participants (r =
0.49, P = 0.01); nailfold capillary blood flow also
correlated positively with deep ONH IOS (r = 0.42,
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Figure 3. The top row displays the correlation of nailfold capillary density with deepONH vessel density (A) and peripapillary vessel density
(B). Thebottomrowdepicts the correlationof nailfold capillarybloodflowwithdeepONH IOS (C), a surrogatemarker of flow, andperipapillary
IOS (D). POAG patient data are indicated by red circles and control data are represented by blue crosses. In all graphs, Pearson’s correlation
coefficient (r) and the P value are displayed and the black regression line is the slope adjusted for age and time between imaging visits.
Significant correlations are found between nailfold capillary density and peripapillary vessel density (B), nailfold capillary blood flow and
deep ONH IOS (C), and nailfold capillary blood flow and peripapillary IOS (D). *Statistically significant difference, P < 0.05.

P = 0.02). The correlations between OCTA and
nailfold capillary measurements were also assessed in
the POAG group. There were no statistically significant
correlations between nailfold capillary and OCTA
measurements (Supplementary Table S2), even after
adjusting for HVF MD, which had been reported to
correlate with OCTAmeasurements by others,42,43 and
for the time between two imaging visits (Supplemen-
tary Fig. S2).

Discussion

This study demonstrates concomitant abnormali-
ties in ophthalmic microvasculature and nailfold capil-
laries in patients with POAG. Specifically, both vessel
density and flow in the ophthalmic and systemic
microvasculature were reduced in the same group
of patients with POAG compared to controls. This
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study confirms previous studies, provides quantita-
tive evidence showing the systemic vascular pathology
in POAG, and establishes the microvasculature as a
potential treatment target for POAG.

The compromise in ophthalmic microvasculature
was demonstrated by low VD in the deep ONH
layer and peripapillary region, as well as low flow
(IOS) in the deep ONH layer in patients with POAG.
Our method of OCTA analysis used an anatomic
landmark, Bruch’s membrane opening, to clearly
define the ONH region, as well as removed signals and
shadowing artifacts from large vessels to isolate the
microvasculature and optimize analysis. Our findings
are supported by our previous study and others that
have demonstrated similar localization of ophthalmic
microvasculature abnormalities in the deep ONH and
peripapillary regions using OCTA in patients with
POAG.15,17,18,21 The deep ONH layer extends from
Bruch’s membrane to 390 μm below Bruch’s membrane
and contains the laminar region; thus, microvascu-
lature of this region likely involves branches of the
short posterior ciliary arteries.44,45 The peripapillary
region is thought to be supplied by the circle of Zinn
from the short posterior ciliary arteries. The alter-
ations in the microvascular systems in both the deep
ONH and peripapillary region in patients with POAG
suggest that these branches originating from short
posterior ciliary arteries may play a role in the vascu-
lar pathology of POAG. This was supported by previ-
ous studies utilizing color Doppler imaging to demon-
strate hemodynamic compromise in the short poste-
rior ciliary arteries in patients with POAG compared
to controls.46,47

In the same participants, we also showed that POAG
had significantly decreased nailfold capillary blood
flow compared to control participants. Our results are
based on reproducible capillary density measurement
techniques, such as the 90-degree rule,38,39 and are
substantiated by prior studies, which suggest lower
nailfold capillary density and more avascular zones
in patients with POAG compared with controls.26,48
Therefore, we believe that nailfold capillary abnormal-
ities indicate systemic vascular pathology in POAG.
Moreover, these systemic findings are present with
ophthalmicmicrovasculature abnormalities in the same
cohort of participants, despite structural differences
between the two systems.49 Retinal arteries lose their
internal elastic lamina as they bifurcate at the optic
disc and have a thicker muscularis as a compensatory
mechanism, a characteristic that differentiates them
from arteries of other tissues.50 In addition, endothe-
lial cells of the retinal arteries are not fenestrated
and are linked by tight junctions, unlike peripheral
vessels.51 While nailfold capillaries are only supported

by pericytes, optic nerve capillaries are supported
by both pericytes and astrocyte processes forming
the blood–brain barrier.52 Despite these anatomic
differences, our study quantitatively demonstrated the
morphologic and hemodynamic alterations in both
microvascular beds. This is consistent with a previ-
ous study demonstrating a strong association between
optic disc hemorrhage and nail bed hemorrhage in
patients with glaucoma.53

A prior study found that patients with POAG with
low ocular blood flow as measured by color Doppler
imaging and laser Doppler flowmetry are more likely
to have nailfold capillary vasospasm in response to low
temperature compared to patients with POAG with
high ocular blood flow values.54 Additionally, Mozaf-
farieh et al.28 used laser Doppler flowmetry to demon-
strate that ONH blood flow correlated with finger
blood flow measured by nailfold capillary vasospas-
tic response in patients with POAG. A recent study
investigated the relationship between nailfold capil-
lary abnormalities and retinal VD in patients with
POAG and primary angle closure glaucoma using
logistic regression analysis and found nailfold capil-
lary abnormalities, such as lower capillary density,
greater tortuosity, and more avascular zones, in these
patients compared with controls.48 All three studies
suggest potential correlation between these two vascu-
lar systems, but none quantified and correlated the
function of both microvascular systems. Our study
directly quantified VD and flow in both microvascular
beds and demonstrated positive correlations between
the two vascular systems in the same cohort of partici-
pants. Although the correlations were not significant in
the POAGgroup, whichmay be due to the small sample
size or differences in primary vascular dysregulation
among patients with glaucoma,44 the correlations in
the overall cohort suggest a potential common pathway
affecting both the ophthalmic and systemic microvas-
cular systems. Furthermore, the correlations between
the two systems were present despite the time gap
between ophthalmic and nailfold imaging, suggesting
that the morphologic alterations observed in patients
with POAG are chronic in nature. These data are also
consistent with emerging data that the gene variants
discovered for POAG are related to vascular elements,
and hence one might expect concomitant microvascu-
lar changes in both ophthalmic and systemic vascular
beds.55

On the basis of these findings, we suspect that
endothelial dysfunction occurs and persists in patients
with POAG, which is supported by previous studies.
Polymorphisms in NOS3 gene are components
of gene–environment interactions associated with
POAG.56–58 NOS3 codes for an enzyme responsible
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for nitric oxide, which leads to peripheral vasodilation.
Reduced number of peripheral circulating endothelial
progenitor cells (CD34+ cells), increased levels and
sensitivity to endothelin 1, and abnormal response to
postural change suggest systemic endothelial dysfunc-
tion in patients with glaucoma.7,59–62 In a large
multiethnic meta-analysis of genome-wide associa-
tion studies, researchers have identified novel risk loci
expressed in vascular beds, including vascular endothe-
lial growth factor C and angiopoietin (ANGPT1), to
be associated with POAG, further highlighting the
significance of vascular pathology in these patients.63
Therefore, multiple facets of endothelial dysfunction
may link the alterations in both the ophthalmic and
systemic microvascular systems demonstrated in our
study, and they suggest a role for treatment targeting
the endothelial system in patients with POAG.

There are several limitations to this study. General-
izability may be limited due to the small sample size,
predominantly Caucasian population, and exclusion
of eyes with high myopia, tilted discs, or previous
glaucoma surgeries, which may affect OCTA measure-
ments.64 Retinal microvasculature can be negatively
affected by aging,65 yet we observed decreased ONH
and peripapillary vessel density in patients with POAG,
who were younger than controls. Although we tried
to address the age difference during recruiting, we
ultimately adjusted for age in multivariable analyses.
Fourteen percent of participants were excluded due to
poor OCTA image quality and motion artifacts. This
proportion is consistent with the previously published
literature.66,67 Additionally, although direct commu-
nication with the OCTA manufacturer (Topcon) has
indicated that IOS is a marker of blood flow, the
exact relationship between IOS and blood flow has
not been established. Also, large vessel removal of
the peripapillary OCTA may not be complete with a
semiautomated algorithm, especially if the vessel has
relatively low signal intensity compared to its surround-
ing. This method was chosen over the manual method
for standardization and was shown to yield very
similar results to the manual method (Supplementary
Table S3). Furthermore, the angiogram from Bruch’s
membrane to 390 μm below was used for OCTA
measurements of the deep ONH to include the laminar
region21 but does not fully account for posterior
displacement and remodeling of the lamina cribrosa
in patients with POAG.68,69 Improved visualization
of the posterior lamina cribrosa surface is needed
for better segmentation of the laminar layer and
anatomically precise measurement of OCTA signals.70
Nailfold capillary imaging challenges included inabil-
ity to automate capillary density and blood flow
measurements and variations in time of day or finger

temperature during imaging. However, all participants
underwent nailfold capillary imaging after their clinic
visit to allow for acclimation to their surroundings,
and the nailfold imaging was performed in the same
room at ambient temperature for standardization.
Furthermore, all nailfold capillary measurements were
performed by two independent readers masked to
disease status. Finally, this study was cross-sectional,
so the temporal relationship between pathology in
ophthalmic microvasculature and nailfold capillaries
cannot be determined. Future prospective longitudi-
nal studies with a larger sample size of patients with
POAG are needed to assess for the temporal relation-
ship between these vascular changes and to provide
more direct evidence for genetic etiologies.

In summary, this study utilizes SS-OCTA and
nailfold capillary microscopy to quantify vascu-
lar pathology in both the ophthalmic and nailfold
microvascular systems in the same patients with POAG.
This study provides novel insight into local and
systemic vascular pathology present in POAG and
implicates endothelial dysfunction in multiple vascular
beds. This study suggests that systemic microvascular
pathology is a potential target for treatment of POAG.
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