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Nailfold capillary
morphology in
exfoliation syndrome
Abstract
Purpose The purpose of the study was to
investigate nailfold microvascular
morphology in exfoliation syndrome with or
without glaucoma (XFS/XFG) compared with
primary open-angle glaucoma (POAG) and
control subjects using nailfold capillary
videomicroscopy.
Patients and methods We used a JH-1004
capillaroscope to perform nailfold capillary
videomicroscopy on the fourth and ﬁfth digit
of the non-dominant hand. We enrolled 56
XFS/XFG patients, 87 POAG patients, and 75
control subjects. Masked observers graded the
videos for hemorrhages, avascular zones ≥ 200
microns (μm), and degree of microvascular
tortuosity on a four-point subjective scale.
Multivariable odds ratios, 95% conﬁdence
intervals and P-for trends for assessing the
relation between morphological changes and
POAG or XFS/XFG were obtained from
logistic regression analyses. We also assessed
this relation with XFS/XFG compared with
POAG in multivariable models.
Results After adjusting for multiple
covariates, nailfold hemorrhages, avascular
zones ≥ 200 μm, and higher degree of vascular
tortuosity were more common in XFS/XFG vs
controls (P-for trend ≤ 0.0001) and in POAG
vs controls (P-for trend ≤ 0.01). For each 100
capillaries, the number of hemorrhages was
similar (P-for trend = 0.91) between XFS/XFG
and POAG patients; however, there were
more avascular zones per 100 capillaries with
borderline signiﬁcance (P-for trend = 0.04) in
the XFS/XFG group. XFS/XFG patients had
more tortuosity than POAG patients;
speciﬁcally, having a tortuosity score ≥ 1.5
was associated with a 4.4-fold increased odds
of XFS/XFG (95% conﬁdence interval: 1.5–
13.3) relative to a tortuosity score o1.0 (P-for
trend = 0.005).
Conclusion A high degree of nailfold
capillary tortuosity is a distinct non-ocular
feature associated with XFS/XFG compared
with either POAG or controls.
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Introduction
Exfoliation syndrome (XFS) is a systemic disorder
with high ocular morbidity in which extracellular
ﬁbrillar deposits (exfoliation material; XFM)
accumulate in various tissues. XFM is particularly
apparent on slit lamp biomicroscopic
examination of the lens capsule, zonules,
pupillary margin, corneal endothelium, and
anterior chamber angle.1–3 Electron microscopy
has revealed that XFM is present in most of the
connective tissues of the anterior segment and
ocular adnexa3 and in many non-ocular tissues
such as the skin, heart, and lungs.3–5 XFM along
with liberated uveal pigment lodge in the
trabecular meshwork and may produce elevated
intraocular pressure (IOP), optic nerve damage,
and exfoliation glaucoma (XFG).6
Although XFM associated with blood vessels is
not readily apparent clinically, many
abnormalities in ocular and systemic vasculature
are present in XFS/XFG. Fluorescein angiography
reveals hypoperfusion, apparent
microneovascularization, ﬂuorescein leakage, and
vascular anastomosis of iris vessels.7–11 There is
apparent microneovascularization of the limbus as
well as ectasia and tortuosity of ciliary vessels.12
Central retinal vein occlusions occur more
commonly in XFS vs controls.13,14 Systemically,
vascular changes include a lower ankle brachial
index in XFS vs controls, which suggests an
accompanying peripheral vascular disease in
XFS.15 Fingertip cutaneous capillary blood ﬂow
measured by laser Doppler ﬂowmetry is lower in
XFG compared with POAG and controls and the
duration of cold-induced blood ﬂow reduction as
well as recovery periods are longer in XFG
compared with POAG and controls.16 However,
reports of systemic vascular comorbidities in XFS/
XFG remain inconsistent17,18 and further study
is necessary to describe vascular changes in
XFS/XFG.
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Nailfold capillary videomicroscopy allows convenient
in vivo visualization of the microvasculature at the
junction of the ﬁngernail and skin. Nailfold capillary
videomicroscopy is used for diagnostic purposes in
rheumatology19 and has served a role in deﬁning vascular
changes in primary open-angle glaucoma (POAG).20–22
Although nailfold capillary hemodynamics in XFS have
been assessed,16 the nailfold capillary morphology in
XFS/XFG has never been studied. The nailfold capillary
bed shares the same hairpin loop architecture as the iris
microvasculature23,24 and thus may serve as a useful
surrogate to gain further insight into the systemic
manifestations of XFS/XFG. Therefore, we assessed
nailfold capillary morphological features in XFS/XFG
compared with either POAG or controls.
Materials and methods
Study design and sample
We performed a clinic-based, cross-sectional study of
nailfold capillary videomicroscopy in 56 XFS/XFG,
87 POAG, and 75 control subjects. These participants
were recruited to take part in the study from the
Massachusetts Eye and Ear’s Glaucoma and
Comprehensive Ophthalmology Services in Boston,
Massachusetts, USA from June 2014 to March 2016. All
subjects were informed of the research proceedings and
gave consent for participation in writing. This study was
approved by Massachusetts Eye and Ear’s Institutional
Review Board and adhered to the Declaration of Helsinki.
All subjects were between the ages of 40 and 80 years at
recruitment. No subjects had autoimmune connective
tissue diseases such as systemic lupus erythematosus,
systemic sclerosis, dermatomyositis, rheumatoid arthritis,
and Sjogren’s syndrome, as these conditions are
associated with nailfold capillary morphological
abnormalities.25–28 No subjects had manifest diabetic
retinopathy, which may indicate systemic
microvasculopathy.29 XFS/XFG patients demonstrated
XFM on slit lamp examination by an ophthalmologist at
recruitment. POAG patients had no secondary cause for
elevated IOP on anterior segment examination and no
secondary cause for optic nerve disease on posterior
segment examination. XFG and POAG patients
demonstrated visual ﬁeld loss consistent with nerve ﬁber
layer pathology on reliable standard automated
perimetry (Humphrey Visual Field 24-2 SITA standard)
deﬁned as ﬁxation loss rate o33% and false-positive and
negative rates o20% each. IOP was not used to deﬁne
glaucoma. Control subjects had the following features:
negative family history of glaucoma, IOP measurements
≤ 21 mm Hg, cup-disc ratio ≤ 0.6, cup-disc ratio

Eye

asymmetry ≤ 0.1, normal slit lamp examinations, and full
confrontational visual ﬁelds.
Nailfold capillary data collection and assessment
Nailfold capillaroscopy was performed with a JH-1004
capillaroscope at × 280 magniﬁcation (Jiahua Electronic
Instrument Co., Jiangsu, China) on each subject’s nondominant fourth and ﬁfth digits. The fourth and ﬁfth
digits of the non-dominant hand were selected to reduce
the likelihood of minor traumas inﬂuencing the nailfold
capillary morphology. Cedarwood oil was applied to the
nailfold to facilitate clear microscopic imaging of the
underlying vessels. The entire nailfold area on each of the
two ﬁngers was scanned and each video was stored for
subsequent analysis.
Readers masked to disease status analyzed the nailfold
videos. For each subject, readers recorded the total
number of capillaries sampled, counted hemorrhages and
avascular zones ≥ 200 microns (μm), and rated the degree
of microvascular tortuosity (Figure 1). The total number
of capillaries sampled was used to normalize the number
of hemorrhages and avascular zones to 100 capillaries per
subject. Hemorrhages were deﬁned as extracapillary
blood or hemosiderin deposits. Avascular zones were
deﬁned as regions in the capillary bed displaying no
capillaries for a horizontal distance with respect to the
cuticle ≥ 200 μm. Tortuosity was assessed using a fourpoint subjective rating scale with the qualitative criteria
shown in Figure 1. A tortuosity value (0, 1, 2, or 3) was
assigned to vessels imaged at the 1- and 2-min marks of
each nailfold capillary video. As two nailfold capillary
videos were obtained for each subject, four separate
tortuosity ratings were obtained for each subject and the
mean was calculated ('mean tortuosity score'). We also
imported the nailfold videos as image sequences into
ImageJ software (available in the public domain at
http://rsbweb.nih.gov/ij; National Institutes of Health,
Bethesda, MD, USA) to obtain two alternative objective
measures of tortuosity (a measure of vessel cross-over and
a measure of vessel sinuosity) using methods described in
the Supplementary Figure. Intraclass correlation
coefﬁcients (ICC) for all morphological assessments of
nailfold capillaries showed good to excellent inter- and
intra-rater reliability (inter-rater ICC ≥ 0.74 for all features;
intra-rater ICC ≥ 0.91 for all features).
Covariate data collection
At the time of nailfold capillaroscopy, we measured blood
pressure (HEM-907XL, Omron Electronics LLC, Hoffman
Estates, IL, USA), weight (HBF-400, Omron Electronics
LLC), and height. Blood pressure was used to calculate
mean arterial pressure (MAP), and height and weight
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Figure 1 Capillaroscopic images of a nailfold hemorrhage (a), an avascular zone ≥ 200 μm (b), and the four-point subjective tortuosity
rating scale used for assessment (c).

were used to calculate body mass index (BMI) in weight
in kilograms divided by height in meters squared. The
following information was extracted from the medical
record corresponding to the date of capillaroscopy and
was adjusted for in multivariable logistic regression: age,
sex, race, presence of a family history of glaucoma, history
of type 1 or 2 diabetes mellitus, current use of antiplatelet
or anticoagulant medication, smoking status (never, ever,
or current), history of any rheumatic conditions not listed
as exclusion criteria (such as osteoarthritis and gout), and
evidence of any non-skin cancer malignancy.
Statistical methods
All statistical tests were two sided, and the signiﬁcance
level was Po0.0167 to account for three pairwise
comparisons. SAS package 9.4 (SAS Institute Inc., Cary,
NC, USA) was used for all statistical analyses. Normality
assumptions were justiﬁed for each statistical test.
In univariate analyses, we used unpaired t-tests to
compare means of continuous variables (age, BMI, and
MAP) between XFS/XFG vs controls, POAG vs controls,
and XFS/XFG vs POAG. Χ2 tests were used to assess
distribution differences of categorical variables (sex, race/
ethnicity, family history of glaucoma, diabetes, using
antiplatelet or anticoagulant medication, smoking,
arthritis, and non-skin cancer malignancy) between the
groups.

We used Mantel–Haenszel Χ2 tests to assess the linear
associations of nailfold capillary features across ordinal
categories of increasing severity in XFS/XFG vs controls,
POAG vs controls, and XFS/XFG vs POAG.
We performed multivariable-adjusted logistic
regression models for each of the following pairwise
comparisons: XFS/XFG vs controls, POAG vs controls,
and XFS/XFG vs POAG. Multivariable odds ratios (OR)
and 95% conﬁdence intervals (95% CI) were obtained
from a basic multivariable model accounting for the
following covariates: age, sex, and race (family history of
glaucoma was also added for the XFS/XFG vs POAG
comparison), referred to as model 1. Model 2 was an
expanded multivariable model accounting for the
covariates in model 1 and the following clinical features:
BMI, arthritis, diabetes, smoking (never, ever, or current),
MAP, use of antiplatelet or anticoagulant medication, and
presence of non-skin cancer malignancy. We performed
multivariable tests for trends in our fully adjusted models
(model 2) across three ordinal categories for each nailfold
capillary feature.
Post hoc sample size calculations were based on
univariate differences between XFS/XFG vs controls for
each nailfold capillary feature, assuming a 1 : 1 sampling
ratio and a type 1 error rate of 5%. We had at least 80%
power to detect statistically signiﬁcant differences
between XFS/XFG and controls with 52 participants per
group for any nailfold capillary feature.
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Results
XFS/XFG patients were signiﬁcantly older (mean age 72.2
years) than the POAG (mean age 64.8 years) and control
subjects (mean age 64.8 years; Po0.0001 for both
comparisons; Table 1). Both the XFS/XFG and POAG
patients had lower BMI than controls (P = 0.0007 and 0.04,
respectively). More XFS/XFG patients were Caucasian
(94.6%) compared with the POAG (80.5%) or control
subjects (81.3%) and the distribution of patients across
racial groups was most different between the XFS/XFG
and POAG cohorts (P = 0.02). XFS/XFG subjects were less
likely to have a family history of glaucoma than were
POAG patients (P = 0.03). Controls had more diabetes
than POAG patients (P = 0.02). XFS/XFG were more
commonly past or current cigarette smokers compared
with controls (P = 0.02) and were more likely to have
rheumatic conditions not listed as exclusion criteria (such
as osteoarthritis or gout) vs controls (P = 0.03). Other
demographic and clinical features between XFS/XFG,
POAG, and control groups did not differ signiﬁcantly. All
differences were adjusted for in multivariable analyses.
Univariate descriptive analyses of nailfold capillary
features in relation to subject type (Table 2) showed that
all microvascular abnormalities examined were more
common in XFS/XFG vs controls and in POAG vs
controls, whereas avascular zones and microvascular
tortuosity were more common in XFS/XFG vs POAG.

About 60.8% of XFS/XFG patients presented with any
nailfold capillary hemorrhages compared with 71.3% of
POAG patients and 32.0% of controls. About 80.3% of
XFS/XFG patients, 59.7% of POAG patients, and 20.0% of
controls had any avascular zones ≥ 200 μm. Finally, 75.0%
of XFS/XFG patients, 55.1% of POAG patients, and 33.4%
of controls had mean tortuosity scores ≥ 1.0 (mild or
worse). Data from two additional tortuosity assays (vessel
cross-over and vessel sinuosity) are consistent with the
ﬁndings of higher degrees of tortuosity in XFS/XFG vs
controls, POAG vs controls, and XFS/XFG vs POAG
(Supplementary Table 1).
In the fully adjusted multivariable logistic regression
models (Table 3), having ≥ 1.0 hemorrhage relative to no
hemorrhages per 100 capillaries was associated with 15.3fold increased odds of XFS/XFG relative to controls (95%
CI: 3.8–60.8) and 6.8-fold increased odds of POAG vs
controls (95% CI: 2.7–17.4). Tests of linear association
across ordinal categories of hemorrhages were signiﬁcant
for both XFS/XFG and POAG compared with controls
(P-for trend o0.0001 for both). There was no statistical
difference in number of hemorrhages observed per 100
capillaries between XFS/XFG and POAG groups (P-for
trend = 0.91). Having ≥ 0.5 avascular zones ≥ 200 μm on
average per 100 capillaries relative to having no such
zones was strongly associated with XFS/XFG vs controls
(OR = 34.4, 95% CI: 8.6–137.4) and with POAG vs controls

Table 1 Demographic and clinical features in exfoliation syndrome/exfoliation glaucoma (XFS/XFG), primary open-angle glaucoma
(POAG), and control subjects
Demographic and clinical features

XFS/XFG
(n = 56)

POAG
(n = 87)

Controls
(n = 75)

Age in years, mean (SD)
72.2 (5.3) 64.8 (8.3) 64.8 (9.4)
Body mass index in kg/m2, mean (SD)
25.2 (4.6) 26.7 (4.5) 28.3 (5.4)
Mean arterial pressure in mm Hg, mean (SD)
93.9 (13.7) 93.1 (11.9) 94.6 (12.2)
Sex, n (%)
Male
25 (44.6) 41 (47.1) 40 (53.3)
Female
31 (55.4) 46 (52.9) 35 (46.7)
Race/ethnicity, n (%)
Caucasian
53 (94.6) 70 (80.5) 61 (81.3)
African American/Asianc
1 (1.8)
14 (16.1)
8 (10.7)
Hispanic/other
2 (3.6)
3 (3.5)
6 (8.0)
Family history of glaucoma, n (%)
21 (37.5) 49 (56.3)
0 (0.0)
Diabetes, n (%)
12 (21.4) 10 (11.5) 19 (25.3)
Using antiplatelet or anticoagulant medication, n (%) 25 (44.6) 38 (43.7) 33 (44.0)
Smoking, n (%)
Never
32 (57.1) 56 (64.4) 60 (80.0)
Ever
21 (37.5) 26 (29.9) 12 (16.0)
Current
3 (5.4)
5 (5.8)
3 (4.0)
Arthritis,d n (%)
15 (26.8) 13 (14.9)
9 (12.0)
Malignancy (non-skin cancer), n (%)
10 (17.9)
8 (9.2)
7 (9.3)

P-value for
XFS/XFG vs
Controls

P-value for
POAG vs
Controls

P-value for
XFS/XFG vs
POAG

o0.0001a
0.0007a
0.78a
0.32b

0.98a
0.04a
0.43a
0.43b

o0.0001a
0.06a
0.69a
0.77b

0.07b

0.30b

0.02b

NA
0.60b
0.94b
0.02b

NA
0.02b
0.96b
0.08b

0.03b
0.11b
0.90b
0.63b

0.03b
0.15b

0.58b
0.97b

0.08b
0.12b

Abbreviation: NA, not available.
a
t-test. bw2 test. cAfrican Americans and Asians are grouped to permit statistical analysis. dArthritic entities such as osteoarthritis or gout. No patients have
rheumatoid arthritis or systemic autoimmune connective tissue diseases, which were exclusion criteria.
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Table 2 Descriptive analyses of nailfold microvascular features in exfoliation syndrome/exfoliation glaucoma (XFS/XFG), primary
open-angle glaucoma (POAG), and control subjects
Nailfold microvascular features

XFS/XFG
(n = 56)

POAG
(n = 87)

Controls P-valuea for P-valuea for P-valuea for
(n = 75) XFS/XFG vs POAG vs XFS/XFG vs
Controls
Controls
POAG

Number of hemorrhages per 100 capillaries, n (%)
0.0
22 (39.3) 25 (28.7) 51 (68.0)
40.0 and o1.0
10 (17.9) 28 (32.2) 15 (20.0)
≥ 1.0
24 (42.9) 34 (39.1) 9 (12.0)
Number of avascular zones ≥ 200 μm per 100 capillaries, n (%)
0.0
11 (19.6) 35 (40.2) 60 (80.0)
40.0 and o0.5
6 (10.7) 17 (19.5) 7 (9.3)
≥ 0.5
39 (69.6) 35 (40.2) 8 (10.7)
Mean tortuosity score,b n (%)
o1.0
14 (25.0) 39 (44.8) 50 (66.7)
≥ 1.0 and o1.5
12 (21.4) 29 (33.3) 14 (18.7)
≥ 1.5
30 (53.6) 19 (21.8) 11 (14.7)

o0.0001

o0.0001

0.64

o0.0001

o0.0001

0.001

o0.0001

0.02

0.0004

Mantel–Haenszel w2 test. bTortuosity scores assigned at the 1-min and 2-min time points on both ﬁngers assessed. Mean tortuosity score is the average of
four tortuosity ratings per patient.

a

(OR = 10.4, 95% CI: 3.7–29.2) and trends for both were
signiﬁcant (P-for trend o0.0001). There was a borderline
signiﬁcant increased risk of XFS/XFG vs POAG for
having ≥ 0.5 avascular zones ≥ 200 μm (OR = 2.7, 95% CI:
1.0–7.4; P-for trend = 0.04). Having a mean tortuosity
score ≥ 1.5 relative to a score o1.0 was associated
strongly with XFS/XFG (OR = 17.9, 95% CI: 5.0–63.6) and
associated moderately with POAG (OR = 2.6, 95% CI: 1.0–
6.8) compared with controls. The corresponding P-for
trends were o0.0001 and 0.01, respectively. Having a
mean tortuosity score ≥ 1.5 relative to a score o1.0
remained signiﬁcantly associated with XFS/XFG when
compared with POAG (OR = 4.4, 95% CI: 1.5–13.3) with a
corresponding P-for trend = 0.005. Multivariable analyses
using the two additional tortuosity assays (vessel crossover and vessel sinuosity) are consistent with the ﬁndings
of higher degrees of tortuosity in XFS/XFG vs controls,
POAG vs controls, and XFS/XFG vs POAG
(Supplementary Table 2). Nailfold capillary ﬁndings in an
XFS patient, POAG patient, and a control subject are
demonstrated with example capillaroscopic images in
Figure 2 and corresponding sample videos presented in
Supplementary Videos 1, 2, and 3.
Discussion
We found that nailfold capillary hemorrhages, avascular
zones ≥ 200 μm, and degree of microvascular tortuosity
each had a greater association with XFS/XFG and POAG
compared with controls. Tortuosity was also strongly
associated with XFS/XFG when the comparison group
was POAG. Avascular zones ≥ 200 μm were slightly more
common in XFS/XFG compared with POAG. These
ﬁndings represent a novel distinct non-ocular feature of

XFS/XFG and demonstrate that non-ocular microvascular
changes accompanying XFS/XFG may be conveniently
observed in the clinic.
The processes by which nailfold capillary abnormalities
develop in XFS/XFG remain unknown. Electron
micrographs of iridectomy specimens have located XFM
in the adventitia of iris blood vessels, often with
obliterated lumens,30 and biochemical studies have
determined that XFM is composed of extracellular matrix
and basement membrane components.31 We speculate
that accumulation of XFM in the walls of digital precapillary arterioles or in nailfold capillaries produces
nontubular vascular lumens that alter local
hemodynamics and contribute to the tortuosity,
hemorrhaging, and avascularity observed in this study.
Furthermore, as elastin insulates all blood vessels in the
body, insufﬁcient elastogenesis due to altered lysyl
oxidase-like 1 (LOXL1) expression32 (strongly implicated
in XFS/XFG33,34) may also contribute to microvascular
morphological changes. Interestingly, iris ﬂuorescein
angiography in LOXL1 knockout mice demonstrates
leakage into the anterior chamber,35 and canine carotid
arteries exposed to elastase exhibit marked tortuosity.36
These ﬁndings support the notion that elastin is needed to
maintain vascular integrity. Moreover, the nailfold is
largely unshielded from ambient solar exposure and it is
known that ultraviolet radiation alters LOXL1
expression.37 Perhaps interaction between ambient
ultraviolet rays and LOXL1 activity38,39 contributes to the
nailfold capillary morphological changes we observed.
Another factor that may contribute to the unique
nailfold capillary tortuosity and avascularity in XFS/XFG
is homocysteine (Hcy), a biomarker that is mildly, but
consistently elevated in XFS/XFG aqueous humor, tears,
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Multivariable-adjusted
Model 1a odds ratio
(95% conﬁdence
interval)

21.7 (7.1–66.1)

b

17.9 (5.0–63.6)

o0.0001
2.2 (0.9–5.2)

1.0 (ref)
2.6 (1.2–5.8)

7.3 (2.9–17.8)

2.6 (1.0–6.8)

1.0 (ref)
3.2 (1.4–7.4)

10.4 (3.7–29.2)

1.0 (ref)
5.8 (1.9–17.9)

6.8 (2.7–17.4)

1.0 (ref)
3.7 (1.5–8.9)

0.01

o0.0001

o0.0001

P-for
trend
for
Model 2

4.3 (1.6–11.7)

1.0 (ref)
1.1 (0.3–3.0)

3.1 (1.2–7.9)

1.0 (ref)
1.1 (0.3–3.9)

0.7 (0.2–1.9)

1.0 (ref)
0.2 (0.1–0.8)

Multivariable-adjusted
Model 1c odds ratio
(95% conﬁdence
interval)

4.4 (1.5–13.3)

1.0 (ref)
0.9 (0.3–3.1)

2.7 (1.0–7.4)

1.0 (ref)
1.1 (0.2–4.7)

0.6 (0.2–1.7)

1.0 (ref)
0.2 (0.1–0.8)

0.005

0.04

0.91

Multivariable-adjusted P-for
Model 2d odds ratio
trend
for
(95% conﬁdence
interval)
Model 2

XFS/XFG vs POAG

Abbreviation: ref, reference. Adjusted for age, sex, and race. Adjusted for age, sex, race, body mass index, arthritis, diabetes, smoking (never, ever, or current), mean arterial pressure, use of antiplatelet or
anticoagulant medication, and malignancy (non-skin cancer). cAdjusted for age, sex, race, and family history of glaucoma. dAdjusted for age, sex, race, family history of glaucoma, body mass index, arthritis,
diabetes, smoking (never, ever, or current), mean arterial pressure, use of antiplatelet or anticoagulant medication, and malignancy (non-skin cancer). eTortuosity scores assigned at the 1-min and 2-min time points
on both ﬁngers assessed. Mean tortuosity score is the average of four tortuosity ratings per patient.

a

1.0 (ref)
3.5 (1.0–13.4)

34.4 (8.6–137.4)

1.0 (ref)
4.3 (1.6–11.6)

o0.0001

zones ≥ 200 μm per 100 capillaries
1.0 (ref)
1.0 (ref)
4.3 (1.1–16.5)
9.4 (1.8–46.9)

Mean tortuosity scoree
o1.0
1.0 (ref)
≥ 1.0 and
3.3 (1.1–10.5)
o1.5
≥ 1.5
12.1 (4.1–35.6)

Number of avascular
0.0
40.0 and
o0.5
≥ 0.5

1.0 (ref)
3.9 (1.7–9.0)

Multivariable-adjusted
Model 2b odds ratio
(95% conﬁdence
interval)

POAG vs Controls
Multivariable-adjusted
Model 1a odds ratio
(95% conﬁdence
interval)

7.4 (3.0–18.2)

o0.0001

P-for
trend
for
Model 2

15.3 (3.8–60.8)

1.0 (ref)
0.8 (0.2–2.9)

Multivariable-adjusted
Model 2b odds ratio
(95% conﬁdence
interval)

XFS/XFG vs Controls

Number of hemorrhages per 100 capillaries
0.0
1.0 (ref)
40.0 and
1.1 (0.4–3.2)
o1.0
≥ 1.0
9.5 (2.9–30.2)

Nailfold
microvascular
features

Table 3 Multivariable logistic regression analyses of nailfold microvascular features in relation to exfoliation syndrome/exfoliation glaucoma (XFS/XFG) and primary open-angle
glaucoma (POAG)
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Figure 2 Nailfold capillary presentation of a 63-year-old
Caucasian male with exfoliation syndrome (a), a 68-year-old
Caucasian male with primary open-angle glaucoma (b), and a
69-year-old Caucasian female control subject (c). Note the
microvascular tortuosity in the XFS subject, hemorrhage in the
POAG patient, and normal architecture of parallel hairpinshaped capillaries in the control. Supplementary Material
available at Eye’s website shows nailfold capillary video clips
from these three patients.

and plasma compared with controls.17,40 Serum Hcy may
also be elevated in XFS/XFG compared with POAG,41–43
although this remains controversial.44,45 Hcy is a nonproteinogenic amino acid that is an intermediate molecule

generated during the conversion of methionine to
cysteine.46 Injection of Hcy in cerebral microvessels
induces dramatic vascular leakage in mice.47 Elevated
Hcy is associated with endothelial cell dysfunction in
atherosclerosis and small vessel disease.48,49 Baroreﬂex
regulation of arterial pressure is negatively correlated
with plasma Hcy concentration in XFS/XFG.50 Abnormal
endothelial cell function due to elevated Hcy may
inﬂuence regulation of vascular tone in XFS/XFG
rendering the nailfold capillaries tortuous and prone to
leakage.
The presence of frequent nailfold hemorrhages in
POAG and XFS/XFG deserves some attention. Previously
we reported that 76.9% of 199 POAG patients had any
hemorrhages using a protocol identical to the one used for
this work.21 Using an entirely new patient sample we
observed that 71.3% of POAG patients had similar
ﬁndings. In contrast, 60.8% of XFS/XFG had any
hemorrhages. We speculated that impaired nitric oxide
signaling might be responsible for nailfold hemorrhages
in POAG.21 Interestingly, some51,52 but not all studies53
show that asymmetric dimethyl arginine, an inhibitor of
nitric oxide synthase and contributor to endothelial cell
dysfunction, is elevated in the aqueous humor and serum
of XFS/XFG patients. One needs also to consider that
other mechanisms may be operative in the formation of
nailfold hemorrhages in XFS/XFG including a tendency
for inherent blood clot formation as demonstrated by
rotational thromboelastography.54
Several limitations of this nailfold capillaroscopy study
merit discussion. The sample size in each group was
limited and thus the OR estimates had large conﬁdence
intervals. The sample size did not permit a meaningful
comparison of patients with XFS with those with XFG.
Thus the study cannot clarify which, if any, nailfold
capillary abnormalities are associated with XFS alone or
with XFS and the related glaucoma. Nonetheless, there is
compelling reason to combine data on XFS and XFG, as
XFM is a biomarker for both conditions and the presence
of XFS often leads to the requirement of IOP lowering
treatment during follow-up.55 Our data came from a
clinic-based sample where 94.6% of XFS/XFG patients
were Caucasian, limiting the applicability of our
conclusions to other ethnic groups. Our study was crosssectional in nature. Therefore, we cannot determine
whether nailfold capillary morphological changes precede
or postdate the development of XFM in the eye. Finally,
due to the nature of the capillaroscopic features that we
investigated, some subjectivity is inherent in the grading
of nailfold capillary videos. Although biases were
minimized with the use of masked observers and interand intra-rater ICCs were strong, inter- and intra-reader
differences invariably exist.
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Our study also has several notable strengths. To
investigate nailfold capillary abnormalities in XFS/XFG,
we used two comparison groups: controls as well as
POAG patients. Comparing XFS/XFG with POAG
patients helped to identify whether the nailfold capillary
abnormalities observed in XFS/XFG are driven by
mechanisms that are shared with POAG or by
mechanisms that are unique to XFS/XFG. Our data on
severe microvascular tortuosity provide evidence that
there may be a speciﬁc vascular signature for XFS/XFG.
In addition, we used several multivariable models to
show that abnormalities exist in XFS/XFG vs controls and
in XFS/XFG vs POAG even after adjusting for
demographics alone or for demographics plus systemic
conditions, indicating that these abnormalities were
independent predictors. Finally, we measured tortuosity
using three different methods (two are presented in
Supplementary Material) and found similar results in
each, demonstrating the robustness of our ﬁndings.
In conclusion, we report that a high degree of nailfold
microvascular tortuosity is a unique non-ocular feature of
XFS/XFG compared with POAG and control subjects.
Marked nailfold capillary tortuosity (≥1.5 on a scale of
0–3) is probably of limited diagnostic value as this
morphological feature was present in 14.7% of controls;
however, nailfold capillary microscopy could be useful to
monitor treatment responses should a systemic therapy
be developed for XFS. It is unclear whether or not patients
with XFS/XFG exhibit tortuosity in other non-ocular
microvascular beds and whether or not there are
signiﬁcant clinical consequences of such tortuosity.
Further study is necessary to evaluate the ramiﬁcations of
these non-ocular microvascular changes in XFS.

Summary
What was known before
K Non-ocular vascular changes accompany exfoliation
syndrome/exfoliation glaucoma.
K Nailfold capillary videomicroscopy has deﬁned
morphological vascular changes in rheumatic conditions
and primary open-angle glaucoma.
What this study adds
K Nailfold capillary hemorrhages, avascular zones ≥ 200 μm,
and high degree of microvascular tortuosity are each
associated with exfoliation syndrome/exfoliation
glaucoma compared with control subjects.
K High degree of nailfold capillary tortuosity is a novel distinct
non-ocular feature of exfoliation syndrome/exfoliation
glaucoma that may be conveniently observed in the clinic.
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