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PURPOSE. There is considerable evidence for systemic vascular dysfunction in primary open-
angle glaucoma (POAG). We performed nailfold capillary video microscopy to observe
directly the nature of nonocular microvasculature abnormalities in POAG.

METHODS. We enrolled 199 POAG patients and 124 control subjects from four sites. We used
JH-1004 capillaroscopes to perform nailfold capillary video microscopy on the fourth and fifth
digits of each subject’s nondominant hand. Videos were evaluated for hemorrhages, dilated
capillary loops > 50 lm, and avascular zones > 100 lm by graders masked to case status.
Multivariable odds ratios (ORs) and 95% confidence intervals (CIs) for POAG were obtained
by means of logistic regression analyses that were applied to data from all cases and controls.
Corresponding estimates of moderate or severe POAG versus mild POAG (based on the
Hodapp-Anderson-Parrish scale) were obtained among cases only.

RESULTS. After controlling for demographic factors, family history of glaucoma, systemic
diseases, and use of anticoagulation and antiplatelet therapy, for each 100 nailfold capillaries
assessed, all types of microvascular abnormalities were significantly associated with POAG.
Specifically, the presence of any dilated capillaries (OR ¼ 2.9; 95% CI, 1.6–5.6), avascular
zones (OR ¼ 4.4; 95% CI, 1.7–11.3) and hemorrhages (OR ¼ 12.2; 95% CI, 5.9–25.1) were
associated with POAG. Among cases, the frequency of microvascular abnormalities was not
associated with glaucoma severity (P ‡ 0.43).

CONCLUSIONS. These data provided support for nonocular capillary bed abnormalities in POAG.
Comparable vascular abnormalities in the optic nerve may render it susceptible to
glaucomatous damage.

Keywords: primary open-angle glaucoma, nailfold capillary microscopy, hemorrhages,
avascular zones, dilated capillaries

Primary open-angle glaucoma (POAG) is an insidious disease
characterized by optic disc excavation with corresponding

vision loss due to loss of retinal ganglion cells and their axons.
The etiology of this disease is poorly understood. While there
are obvious ocular biomarkers for POAG, such as optic nerve
head excavation, neuroretinal rim erosion, and elevated
intraocular pressure (IOP),1 and recent studies have identified
genetic loci that alter the risk of POAG and glaucoma-related
traits,2 there are no established systemic biomarkers. The
ultimate goal for a better understanding of POAG etiology and
improved POAG screening is to identify biomarkers for
pathogenic factors that precede IOP elevation and optic
neuropathy.

There is evidence for dysfunction of Schlemm’s canal
endothelium3 and systemic vascular endothelium4–7 in POAG.
For example, human Schlemm’s canal endothelium generates

nitric oxide in response to shear but this response was absent
in comparable cells from two glaucomatous specimens.3 In
POAG patients, vascular endothelial cell dysfunction can be
manifest as impaired vascular autoregulation, which has been
documented in the retinal8 and cerebral vasculature.9 Endo-
thelial cell dysfunction in POAG extends beyond the CNS.
Henry et al.5 have reported that in untreated POAG patients
without a history of elevated IOP, the brachial artery fails to
dilate after exposure to acetylcholine. Arteries dissected from
gluteal fat biopsies of normal pressure glaucoma patients also
demonstrate exaggerated vasoconstriction in response to 5-
hydroxytryptamine and endothelin-1.5 Furthermore, POAG
patients across the spectrum of IOP show impaired brachial
artery flow–mediated vasodilation.6,7

Another marker of systemic vascular abnormalities is
findings from nailfold capillary microscopy. Starting in the
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1970s, nailfold capillaroscopy has been used to study the
vascular component of various connective tissue diseases such
as dermatomyositis, systemic lupus erythematosus, and rheu-
matoid arthritis.10 Nailfold capillaroscopy with its ability to
provide high magnification views of hairpin capillary networks
offers an alternative window to assess systemic vascular
dysfunction in glaucoma. A recent study using nailfold capillary
microscopy has demonstrated that the presence of dilated
capillaries, avascular zones, and nailfold hemorrhages are
common in Korean patients who predominantly have the
normal tension subtype of POAG.11 It is not certain whether
similar associations may be observed in POAG patients with
higher IOP and other ethnicities after controlling for potential
confounders such as systemic disease and anticoagulation
therapy; furthermore, it is unclear if such abnormalities may be
associated with POAG severity. Thus, we conducted a study to
assess nailfold microvasculature features in relation to POAG,
where POAG is predominately of the high-tension disease
subtype, and in relation to POAG disease severity.

METHODS

Study Design and Population

We conducted a multisite, clinic-based, cross-sectional case-
control nailfold capillary microscopy study from January 2012
to March 2015. The POAG cases and control subjects were
recruited from three clinical sites in Chicago, Illinois (21 cases and
50 controls from the private practice of Zaparackas and Knepper
Ltd.; 47 cases and 3 controls from Northwestern University,
Department of Ophthalmology; and 65 cases and 49 controls
from The John H. Stroger Cook County Hospital, Division of
Ophthalmology) and one site in Boston, Massachusetts (66 cases
and 22 controls from Massachusetts Eye and Ear, Department of
Ophthalmology). Respective institutional review boards ap-
proved this study and each subject consented in writing after
being informed about the nature of research at each site. This
study adhered to the tenets of the Declaration of Helsinki.

Eligibility Criteria and Staging of Severity in POAG
Cases

All POAG cases and controls were at least 35 years of age.
There were no IOP inclusion criteria for POAG cases but high

tension cases and normal tension cases were defined by
highest known IOP > 21 mm Hg and IOP � 21 mm Hg,
respectively. Controls were selected from eye clinics at each
respective site and had IOP � 21 mm Hg, normal slit lamp
examinations, cup disc ratio (CDR) � 0.6, and CDR asymmetry
� 0.1. The POAG cases demonstrated visual field loss on
reliable tests consistent with nerve fiber layer loss. These
POAG cases also had slit lamp biomicroscopy findings that did
not reveal secondary causes for elevated IOP and open angles
on gonioscopy. A reliable visual field (VF) from the more
severely affected eye closest to the time of nailfold capillary
microscopy was used to stage POAG. The POAG severity was
graded as mild, moderate, or severe on the basis of the Hodapp-
Anderson-Parrish scale.12 Specifically, mean deviation (MD)
better than�6 dB was graded as mild; MD between�6 dB and
�12 dB as moderate; and MD worse than 12 dB as severe
disease. An important exclusion criterion for cases and
controls was the presence of any connective tissue disease
(see next section for details).

Collection of Covariate Data

We extracted information from the participants’ medical
record regarding basic demographic features (age, sex, and
race/ethnicity), glaucoma-related characteristics (IOP and
physician-recorded CDR), and preexisting medical conditions
(e.g., hypertension, diabetes mellitus). Special attention was
given for connective tissue diseases such as rheumatoid
arthritis, dermatomyositis, and systemic sclerosis, since
nailfold capillary abnormalities are associated with these
conditions.13 Participants with any connective tissue disease,
including rheumatoid arthritis, dermatomyositis, and autoim-
mune diseases (e.g., multiple sclerosis, systemic lupus
erythematosus) were excluded. We also extracted informa-
tion on the use of anticoagulation and antiplatelet therapy, as
use of these agents may precipitate nailfold hemorrhage with
minimal provocation. Information was extracted from the
medical record closest to the performance of nailfold capillary
microscopy.

Measurement of Nailfold Capillaroscopic Findings

The nailfold is located just proximal to the lunula and cuticle
(Fig. 1). Cedar oil is placed on the nailfold to promote
epidermal translucency and facilitate visualization of the
underlying vascular networks. As the nailfold microvasculature
can vary from finger to finger, we examined the fourth and fifth
digits on each subject’s nondominant hand.13 This approach
allowed for adequate vascular sampling and minimized effects
of microvascular changes introduced by nonmedical condi-
tions. We used a JH-1004 microscope (Jiangsu Jiahau Electronic
Instrument Co., Jiangsu, China) set at 3280 magnification to
image and video the microvasculature (Fig. 2). Figure 3
illustrates a still shot captured from video capillaroscopy on a
control subject, demonstrating the open hairpin–looped
capillaries with an inverted U-configuration arranged next to
the cuticle.

We recorded 2 to 4 minutes of nailfold capillary video per
patient, which was stored on a laptop computer and forwarded
to a shared drive where it was analyzed by masked observers.
For each 100 capillaries viewed, the readers assessed for
dilated capillaries > 50 lm, avascular zones > 100 lm, and
hemorrhage count.

Statistical Analysis

For univariate analyses of continuous demographic and clinical
features, unpaired t-tests were used. For univariate analyses of

FIGURE 1. External photograph of a thumb illustrating the lunula,
cuticle, and nailfold area (rectangle).
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categorical variables, v2 tests were used to compare frequen-
cies between POAG cases and controls. Mantel-Haenszel v2

tests were used to determine whether ordinal categories of
nailfold video microscopy findings showed a relation to
glaucoma severity among cases. Severity was categorized as
an ordinal variable with two categories (one for mild cases and
two for moderate and severe cases).

To assess the association between nailfold microvascular
abnormalities and POAG, univariate and two multivariable-
adjusted logistic regression analyses were conducted. Odds
ratios (ORs) and 95% confidence intervals (CIs) were
calculated for each analysis. In the first multivariable-adjusted
model (model 1), we adjusted for age (years), sex, race/
ethnicity (African, Asian, and Latino), family history of
glaucoma, and clinical site. In the second multivariable-
adjusted model (model 2), we additionally adjusted for
presence of malignancy, hypertension or diabetes, and use of
aspirin/warfarin or other blood thinners. For each nailfold
video microscopy finding, we evaluated the association with
any nonzero value as well as ordinal categories of values, with
the reference group being those without a particular nailfold
video microscopy finding. For evaluating multivariable-adjust-
ed tests for trends across categories of nailfold video
microscopy findings, we used the significance of the ordinal
variable representing each category (e.g., 0 for no hemorrhages
per 100 capillaries, 1 for the ‘‘>0 and �1’’ category, 2 for the
‘‘>1 and �2’’ category and 3 for ‘‘>2’’ category) in
multivariable models.

To determine the association between nailfold video
microscopy findings and disease severity, we used data among
cases only. We used a similar approach adjusting for the same
covariates as well as POAG medications to conduct univariate
and multivariable-adjusted logistic regression analyses, where
the outcome was moderate or severe POAG (n ¼ 117) versus
mild POAG (n ¼ 82).

To evaluate whether associations between nailfold video
microscopy findings and either glaucoma status or severity of
VF loss may differ by age (by median age in controls [64
years]), sex, and family history, we tested the significance of
various interaction terms in Wald tests added to each
multivariable-adjusted model (model 2).

Odds ratios and 95% CIs were calculated for each analysis.
All statistical tests were two sided, and significance level was
set at P < 0.05. Statistical analysis was performed by using the
SAS 9.4 package (SAS Institute, Inc., Cary, NC, USA).

RESULTS

We enrolled 199 POAG patients (82 with mild, 47 with
moderate, and 70 with severe VF loss) and 124 controls (Table
1). Of the 199 POAG patients, 24 (12%) had highest known IOP
� 21 mm Hg and 175 (88%) had highest known IOP > 21 mm
Hg. Compared to control subjects, the POAG patients were
more likely to have a family history of glaucoma and be of
African or Asian descent. In contrast, controls were somewhat
more likely to be of Latino descent and were more likely to
take aspirin, warfarin, or other blood thinners. The mean IOP
and CDR were significantly higher in cases than in controls. In
addition, all types of nailfold microvascular abnormalities were
significantly more frequent in cases than in controls per 100
capillaries sampled: 47.7% of cases versus 29.8% of controls
had dilated capillaries (P¼ 0.002); 19.6% of cases versus 12.1%
of controls had avascular zones > 100 lm (P ¼ 0.08), and
76.9% of cases versus 27.4% of controls had hemorrhages (P <
0.001). Other characteristics did not differ between the POAG
and control groups.

When we evaluated the univariate relationship between the
number of dilated capillaries, avascular zones, and hemorrhag-
es and the severity of VF loss, we observed only an increased
number of hemorrhages with increasing VF loss severity (P <
0.001) (Table 2).

Compared to the univariate analyses, the multivariable-
adjusted model results showed stronger relations between
nailfold video microscopy findings and POAG (Table 3). All
types of nailfold video microscopy findings per 100 capillaries
sampled were significantly associated with POAG in expanded
multivariable-adjusted models (model 2), that is, dilated
capillaries: OR ¼ 2.9 (95% CI, 1.6–5.6); avascular zones >
100 lm: OR¼ 4.4 (95% CI, 1.7–11.3); and hemorrhages: OR¼
12.2 (95% CI, 5.9–25.1). Furthermore, significant trends were
observed between greater abnormalities and higher odds of
POAG across all types of nailfold microscopy abnormalities (P
for trend � 0.003).

The relationship between nailfold microvascular abnormal-
ities and VF loss severity (moderate or severe VF loss versus
mild VF loss) was analyzed among cases only with logistic
regression (Table 4), with and without additional control for
glaucoma medications. None of the nailfold microvascular
abnormalities were significantly associated with severity of VF
loss. Therefore, the associations between abnormalities in
nailfold video microscopy findings with POAG observed in

FIGURE 2. A subject has placed the fourth digit of the nondominant
hand in a slot directly under the microscope while the examiner
focuses on the digital microvasculature and inspects the video on the
computer screen.

FIGURE 3. A capillaroscopic image of a 68-year-old white male without
glaucoma (3280). The arrows illustrate the open hairpin capillaries in a
1-mm strip. The filled circle (�) illustrates capillaries that are somewhat
ectatic and tortuous. During video capillaroscopy, crossed vascular
loop (8) and out-of-focus capillaries are commonly encountered (^).
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Table 2 and with POAG in Table 3 were likely driven by the

major differences between controls and POAG cases overall

and not by POAG groups defined by disease severity. Post hoc

power calculations indicated that with our sample of 199

cases, we had 80% power to detect the following ORs between

moderate plus severe cases versus mild POAG cases: 2.4 for any

dilated capillaries; 2.5 for any avascular zones; and 3.8 for any

hemorrhages.

When we evaluated whether the relationship between the

presence of any individual nailfold video microscopy finding

and either POAG or disease severity differed according to age,

sex, and glaucoma family history, we observed no significant

interactions in relation to POAG status (data not shown).

However, there was a possible interaction between having any

avascular zones/100 capillaries > 100 lm and family history of

glaucoma, where the association with any avascular zones/100

TABLE 1. Baseline Demographic and Clinical Features in Glaucoma Cases and Controls

Variables Cases, n ¼ 199 Controls, n ¼ 124 P Value

Demographic and clinical features

Age, mean (SD), y 64.6 (8.9) 62.5 (9.5) 0.05*

Sex, n (%) 0.22†

Male 115 (57.8) 63 (50.8)

Female 84 (42.2) 61 (49.2)

Race/ethnicity, n (%) <0.001†

Asian 13 (6.5) 3 (2.4)

African 77 (38.7) 20 (16.1)

Latino 11 (5.5) 27 (21.8)

Caucasian 98 (49.2) 74 (59.7)

Hypertension, n (%) 80 (40.2) 54 (43.6) 0.55†

Family history of glaucoma, n (%) 58 (29.2) 12 (9.7) <0.001†

Diabetes, n (%) 43 (21.6) 30 (24.2) 0.59†

Use of aspirin, warfarin, or other blood thinners, n (%) 31 (15.6) 37 (29.8) 0.002†

Malignancy, n (%) 9 (4.5) 10 (8.1) 0.19†

Microvascular and ophthalmic features per 100 capillaries

Any dilated capillaries, n (%) 95 (47.7) 37 (29.8) 0.002†

Any avascular zone >100 lm, n (%) 39 (19.6) 15 (12.1) 0.08†

Any hemorrhages, n (%) 153 (76.9) 34 (27.4) <0.001†

IOP, mean (SD), mm Hg 17.0 (6.6) 15.0 (2.6) <0.001*

CDR, mean (SD) 0.78 (0.2) 0.29 (0.1) <0.001*

Severity of visual field loss, n (%)

Mild 82 (41.2) Not applicable

Moderate 47 (23.6) Not applicable

Severe 70 (35.2) Not applicable

* t-test.
† v2 test.

TABLE 2. Descriptive Analysis of Nailfold Video Microscopy Findings by Severity of Glaucoma Visual Field Loss

Microvascular Feature

per 100 Capillaries Controls, n ¼ 124

Glaucoma Cases, n ¼ 199

P Value*Mild Loss, n ¼ 82 Moderate Loss, n ¼ 47 Severe Loss, n ¼ 70

Dilated capillaries, n (%)

0 87 (70.2) 38 (46.3) 25 (53.2) 41 (58.6) 0.39

>0 and �1 12 (9.7) 21 (25.6) 10 (21.3) 14 (20.0)

>1 and �2 11 (8.9) 7 (8.5) 5 (10.6) 7 (10.0)

>2 14 (11.3) 16 (19.5) 7 (14.9) 8 (11.4)

Avascular zones >100 lm, n (%)

0 109 (87.9) 64 (78.1) 38 (80.9) 58 (82.9) 0.19

>0 and �1 13 (10.5) 12 (14.6) 5 (10.6) 8 (11.4)

>1 2 (1.6) 6 (7.3) 4 (8.5) 4 (5.7)

Hemorrhages, n (%)

0 90 (72.6) 14 (17.1) 7 (14.9) 25 (35.7) <0.001

>0 and �1 17 (13.7) 28 (34.2) 16 (34.0) 15 (21.4)

>1 and �2 8 (6.5) 13 (15.9) 6 (12.8) 10 (14.3)

>2 9 (7.3) 27 (32.9) 18 (38.3) 20 (28.6)

* Mantel-Haenszel v2 test.
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capillaries > 100 lm and POAG was stronger in those without
family history (P for interaction ¼ 0.05).

Figure 4 shows a frame from the nailfold capillary video that
captured newly formed hemorrhages and an avascular zone >
100 lm in a 59-year-old patient with moderate-stage POAG
included in this study. The patient had six hemorrhages
ranging from newly formed to older deposits containing brown

hemosiderin (the latter not captured in the frame depicted in
Fig. 4). The glaucomatous characteristics of this patient
included inferior neuroretinal rim thinning (Fig. 5A), a
corresponding superior paracentral scotoma (Fig. 5B) and
focal defect in the lamina cribrosa defect on enhanced depth
imaging ocular coherence tomography, in the region of a prior
disc hemorrhage (Fig. 5C).

TABLE 3. Univariate and Multivariable Logistic Regression Analyses of Nailfold Video Microscopy Findings in Relation to Glaucoma

Microvascular Feature

per 100 Capillaries

Univariate Odds

Ratio (95% CI)

Multivariable-Adjusted

Model 1* Odds

Ratio (95% CI)

Multivariable-Adjusted Model 2†

Odds Ratio (95% CI) P Value

Dilated capillaries

0 1.0 (ref) 1.0 (ref) 1.0 (ref)

>0 and �1 3.1 (1.6–6.3) 3.7 (1.5–8.7) 3.3 (1.4–7.8) P trend ¼ 0.003

>1 and �2 1.4 (0.7–3.2) 1.9 (0.7–5.0) 1.6 (0.6–4.2)

>2 1.9 (0.9–3.7) 4.5 (1.8–10.8) 4.2 (1.7–10.4)

Any dilated capillaries > 0 2.1 (1.3–3.5) 3.3 (1.8–6.1) 2.9 (1.6–5.6) <0.001

Avascular zones > 100 lm

0 1.0 (ref) 1.0 (ref) 1.0 (ref)

>0 and �1 1.3 (0.6–2.7) 3.0 (1.1–8) 2.8 (1.0–7.6) P trend < 0.001

>1 4.8 (1.1–21.4) 27.2 (4.5–162.8) 21.3 (3.5–130.4)

(Any avascular zone >100 lm) > 0 1.8 (0.9–3.4) 4.9 (2.0–12.5) 4.4 (1.7–11.3) 0.003

Hemorrhages

0 1.0 (ref) 1.0 (ref) 1.0 (ref)

>0 and �1 6.8 (3.6–13) 7.0 (3.1–15.9) 8.2 (3.4–19.6) P trend < 0.001

>1 and �2 7.1 (3–16.8) 8.1 (2.9–22.7) 9.9 (3.3–29.8)

>2 14.1 (6.5–30.9) 21.2 (8.1–55.5) 22.3 (8.2–60.5)

Any hemorrhages > 0 8.8 (5.3–14.7) 10.6 (5.4–20.7) 12.2 (5.9–25.1) 0.001

ref, reference.
* Adjusted for age (in years), sex, race/ethnicity (Caucasian, African, Latino, Asian American), family history of glaucoma, and sites (1–4).
† Adjusted for age (in years), sex, race/ethnicity (Caucasian, African, Latino, Asian American), family history of glaucoma, sites (1–4), malignancy,

hypertension, diabetes, and use of aspirin, warfarin, or other antiplatelet therapy.

TABLE 4. Multivariable Logistic Regression Analyses Among Cases Only (n¼199) of Nailfold Video Microscopy Findings in Relation to the Outcome
of Moderate or Severe Visual Field Loss (n ¼ 117) Versus Mild Visual Field Loss (n¼ 82)

Microvascular Feature

per 100 Capillaries

Multivariable-Adjusted Model 2 With

No Adjustment for Glaucoma Medications*

Multivariable-Adjusted Model 2 With

Adjustment for Glaucoma Medications†

Odds Ratio (95% CI) P Value Odds Ratio (95% CI) P Value

Dilated capillaries

0 1.0 (ref) P trend ¼ 0.55 1.0 (ref) P trend ¼ 0.65

>0 and �1 0.8 (0.4–1.7) 0.8 (0.4–1.8)

>1 and �2 1.1 (0.4–3.4) 1.1 (0.3–3.4)

>2 0.7 (0.2–1.8) 0.7 (0.3–2.0)

Any dilated capillaries > 0 0.8 (0.4–1.6) 0.57 0.9 (0.4–1.7) 0.65

Avascularity > 100 lm P trend ¼ 0.90

0 1.0 (ref) 1.0 (ref) P trend ¼ 0.86

>0 and �1 0.8 (0.3–2.0) 0.8 (0.3–2.3)

>1 1.4 (0.4–5.6) 1.3 (0.3–5.5)

(Any avascularity > 100 lm) > 0 0.9 (0.4–2.1) 0.83 1.0 (0.4–2.3) 0.93

Hemorrhages

0 1.0 (ref) P trend ¼ 0.84 1.0 (ref) P trend ¼ 0.83

>0 and �1 0.6 (0.2–1.6) 0.7 (0.3–1.9)

>1 and �2 0.8 (0.3–2.4) 0.7 (0.2–2.3)

>2 0.8 (0.3–2.0) 1.0 (0.4–2.6)

Any hemorrhages > 0 0.7 (0.3–1.7) 0.43 0.8 (0.3–2.0) 0.63

* Adjusted for age (in years), sex, race/ethnicity (Caucasian, African, Latino, Asian American), family history of glaucoma, sites (1–4), malignancy,
hypertension, diabetes, use of aspirin, warfarin, or other blood thinners.

† Adjusted for age (in years), sex, race/ethnicity (Caucasian, African, Latino, Asian American), family history of glaucoma, sites (1–4), malignancy,
hypertension, diabetes, use of aspirin, warfarin, or other antiplatelet therapy, use of topical glaucoma medication (none, b-blockers, carbonic
anhydrase inhibitor, a agonist, prostaglandin analogue, fixed combination b-blocker, and carbonic anhydrase inhibitors).
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DISCUSSION

In this US multisite, case-control study, the presence of any
dilated capillaries > 50 lm, avascualar zones > 100 lm, and
hemorrhages was associated with POAG in multivariable
analysis. These findings are consistent with a Korean case-
control study of POAG that included predominately normal
tension glaucoma (NTG) cases.11 The association between
nailfold hemorrhages and POAG was particularly strong. While
we did not observe associations between nailfold capillary
microvascular abnormalities and POAG disease severity among
cases only, this analysis may have been underpowered. Short-
and long-term longitudinal observations with larger sample
sizes will be needed to determine whether there is a true
association between nailfold microvascular abnormalities and
glaucoma severity.

Other researchers have used nailfold capillary microscopy
to study open-angle glaucoma in different ways. Gasser and
Flammer14 have examined 30 patients with NTG, 30 patients
with POAG, and 30 controls and noted markedly reduced
blood velocities in NTG patients, especially after cold
exposure. Bozic et al.15 have studied various morphologic
features (but not hemorrhages) in NTG (n ¼ 30) versus high
tension glaucoma (n¼ 30) and found more vascular tortuosity
in NTG patients. In a case-only analysis, Lee et al.16 have found
significant correlation between dilated capillaries and serum
matrix metalloproteinase (MMP)-9 levels as well as between
avascular zones and serum MMP-9 levels in 25 NTG patients.
No relation between nailfold hemorrhages and MMP-9 levels
have been detected.16 The authors postulate that elevated
MMP-9 levels cause basement membrane weakening that could
alter the nailfold capillary architecture. None of these studies
are as large as our study, nor did they perform multivariable
analysis to address whether other covariates could confound
the relation between glaucoma status and nailfold capillary
features.

The mechanism underlying the relationship between
nailfold microvascular abnormalities and POAG is unknown.
The hairpin capillaries in the nail bed may be particularly
susceptible to vascular dysregulation from impaired nitric
oxide signaling because of their unique architectural
arrangement. There is considerable evidence that intergenic
single nucleotide polymorphisms (SNPs) between CAV1 and
CAV2 are associated with both POAG17,18 and higher IOP.19,20

Caveolin 1 (CAV1) is a structural protein, which lies next to

nitric oxide synthase 3 (NOS3—an enzyme responsible for
nitric oxide generation) on inverted lipid rafts situated on
endothelial abluminal surfaces called caveolae.21 Along with
endothelin, CAV1 reciprocally regulates NOS322 to control
nitric oxide generation, which is abluminally secreted from
the endothelium to control vascular tone.23 Interestingly,
CAV1 SNPs24 and increased endothelin levels25 are also
associated with systemic sclerosis, which likewise is associ-
ated with nailfold microvascular abnormalities including
hemorrhages.26 We hypothesize that dysregulation in the
nailfold vasculature alters blood flow and shear force rates in
ways that lead to extravasation of blood in POAG patients.
Alternatively, the cell stiffness demonstrated in Schlemm’s
canal endothelium27 may extend to vascular endothelium,
rendering nailfold capillary walls more susceptible to
rupture.

Another factor that may be important in contributing to the
vasculopathy in POAG is a reduced number of circulating
endothelial progenitor cells, which has also been associated
with impaired brachial artery vasodilation in response to distal
limb ischemia.7 Endothelial progenitor cells are CD34þ cells
derived from the bone marrow that migrate to damaged
endothelium for repair.28 CD34þ cells are also decreased in
rheumatoid arthritis,29 systemic lupus erythematosus,30 and
systemic sclerosis,31 all diseases with nailfold capillary
abnormalities that are comparable to POAG.32 Most notably,
in systemic sclerosis, concomitant nailfold microvascular
abnormalities (dilated capillaries and avascular zones) and
reduced CD34þ cells have been reported.31,33 We hypothesize
that a reduced number of these cells could lead to dilated
capillaries and capillary dropout in vascular beds relevant to
glaucoma.

FIGURE 4. A capillaroscopic image from a 59-year-old white male with
POAG (3280). It illustrates fresh epicapillary hemorrhages (*) and an
avascular zone > 100 l from left to right starting at the blue arrow.

FIGURE 5. Optic nerve photograph (A), Humphrey 24-2 visual field
gray scale (B) and EDI-OCT scan of the right eye in the POAG patient
illustrated in Figure 4. The EDI-OCT scan is shown at the level of the
inferior pole of the optic nerve illustrated by the blue bar in (A). There
is a defect in the lamina cribrosa (blue arrow) in an area corresponding
to the paracentral visual field defect illustrated in (B). Of note, there
was a history of a disc hemorrhage in this section of the disc, although
no optic nerve hemorrhage was noted at the time of nailfold
capillaroscopy. EDI-OCT, enhanced depth imaging–ocular coherence
tomography.
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It remains unknown if nailfold capillary abnormalities in
POAG are related to optic nerve hemorrhages.34 In this study,
76.9% of POAG patients had nailfold hemorrhages with one
patient having 18 such nailfold hemorrhages. It seems that
nailfold hemorrhages are far more common than disc
hemorrhages35 and the reason might relate to the vascular
architectural differences between the two tissue beds. Also,
the nailfold capillary is supported only by pericytes, whereas
the optic nerve capillaries are supported by both pericytes and
astrocytes to form the blood–brain barrier.36 Finally optic nerve
hemorrhages may be less frequent than nailfold hemorrhages
because the former occur in the globe, which is a pressurized
compartment. Furthermore, the optic nerve is relatively
sheltered from external stimuli and less subject to microtrauma
than the nail bed.

Study limitations included its cross-sectional nature, which
did not allow us to determine if nailfold microvascular
pathology occurred before or after optic nerve degeneration
in POAG. However, the strong association between nailfold
pathology and disease (specifically the 12-fold risk of POAG
associated with nailfold hemorrhages) and the higher odds of
POAG with greater abnormalities suggest the former is a real
possibility. Also this work did not reveal the mechanism of
nailfold microvasculopathy in POAG, nor did it reveal whether
other forms of glaucoma have similar nailfold microvascular
changes. There was an insufficient distribution of normal
tension and high tension cases to determine if the nature of
nailfold capillary microvascular changes was different in these
disease subtypes. Finally, this was a clinic-based study and
subjects may not be representative of a population-based
sample. In a population-based sample, some cases are
untreated, which may alter the spectrum of nailfold microvas-
cular abnormalities discovered.

Our study did have several strengths. It was a fairly large
study performed at multiple sites, with ethnically heteroge-
neous POAG patients having a broad range of disease severity
from mild to severe. Graders masked to glaucoma case status
interpreted the nailfold capillary videos, reducing the chance
of reader bias. We collected data on multiple covariates,
including use of blood thinners, and controlled for them in
multivariable analysis, minimizing the chance that the associ-
ation between nailfold microvascular change and POAG was
the result of uncontrolled confounding. Also, this study further
establishes the feasibility and applicability of studying the
nailfold capillary network in POAG noninvasively. The proce-
dure is easy to perform, and the high magnification allows for
in vivo visualization of capillaries, something that is not easily
accomplished in ophthalmic vascular beds. In addition, since it
is doubtful that local ophthalmic treatments alter the nailfold
capillary system, the observed abnormalities are likely to be
systemic in nature.

In conclusion, nailfold microvascular pathology was inde-
pendently associated with POAG case status. These data
support the notion that POAG is a systemic disease with a
vascular component and may provide insight into why IOP
lowering treatment slows, but does not halt disease progres-
sion.37–39 This study adds to the growing evidence that
systemic vascular factors are operative in POAG pathogenesis.
Longitudinal observation of nailfold capillary morphology in
glaucoma suspects with ocular hypertension or a positive
family history is warranted to determine if microvascular
alterations are acquired over time.
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