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Abstract

Pulmonary arterial hypertension (PAH) represents one of the most devastating complications in connective tissue diseases
(CTDs). The aim of this study was to investigate the presence of peripheral microangiopathy in patients with PAH associ-
ated with CTDs (CTD-PAH) by exploring nailfold videocapillaroscopic (NVC) changes and identify possible associations
of NVC characteristics with markers of disease severity. A cross-sectional study was performed in 18 CTD-PAH patients
[13 PAH due to systemic sclerosis (SSc-PAH) and 5 with other types of CTD-PAH], 14 patients with SSc without PAH
(SSc-non-PAH) and 20 healthy controls. NVC quantitative and qualitative parameters were evaluated using Optilia Digital
Capillaroscope. To ensure inter-observer repeatability, capillaroscopic images were reviewed by two independent investiga-
tors. When compared to healthy controls, patients with CTD-PAH (77.8% women, mean age 65.9 years) presented reduced
capillary density (6.5 + 1.6 loops/mm vs. 9.7 + 0.7 loops/mm, p < 0.001) and increased capillary loop width (23.3 +10.1 pm
vs. 11.2+2.5 pm, p <0.001). SSc-PAH patients presented lower capillary density in comparison with other CTD-PAH
patients and SSc-non-PAH subjects and abnormal and disorganized capillaries compared to controls. Patients with other
CTD-PAH had also reduced capillary density and increased loop diameter compared to controls. A significant linear cor-
relation was identified between capillary density and estimated glomerular filtration rate in the total CTD-PAH population
(r=0.63, p=0.007). In SSc-PAH group, capillary loop diameter was positively correlated to cardiac index (r=0.61, p=0.02).
Significant NVC microvascular changes were detected in patients with various types of CTD-PAH, suggesting an impaired
peripheral microcirculation parallel to pulmonary vasculopathy.
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Introduction

Pulmonary arterial hypertension (PAH) represents a rare
and heterogeneous group of pulmonary vasculopathies
defined by elevated mean pulmonary arterial pressure
(mPAP) > 20 mmHg at rest, normal pulmonary artery
wedge pressure (PAWP) <15 mmHg and elevated pulmo-
nary vascular resistance (PVR) >3 Wood Units [1]. PAH
represents one of the most devastating complications in
connective tissue disorders (CTD-PAH) with an estimated
prevalence of 13% (95% confidence intervals CI 9.1-18.1)
[2]. It affects mainly patients with systemic sclerosis (SSc)
with an incidence of 18.2 cases per 1000 person-years (95%
CI 12.0-27.4) [3], mixed connective tissue disease (MCTD)
and systemic lupus erythematosus (SLE), and less frequently
patients with dermatomyositis and rheumatoid arthritis
(RA) [4]. Beyond common pathogenetic mechanisms with
idiopathic PAH such as vasoconstriction, endothelial dys-
function and smooth muscle cells proliferation, a more pro-
nounced inflammatory and autoimmune component has been
described in CTD-PAH [5].

Although research in PAH focused primarily on pulmo-
nary vasculopathy, the presence of abnormal biochemical
markers of systemic circulation, the correlation between sys-
temic arterial stiffness and microvascular damage, as well
as the reduced branchial artery flow-mediated vasodilata-
tion values in patients with PAH are suggestive of a more
generalized vasculopathy especially in the SSc spectrum
[6-8]. Nailfold videocapillaroscopy (NVC) is a non-inva-
sive method, initially utilized for the differential diagnosis
of Raynaud’s phenomenon, as it identifies morphological
and functional abnormalities in peripheral microcirculation.
It is widely used in the diagnosis and follow-up of SSc [9],
as different stages of NVC changes may reveal disease pro-
gression and convey a prognostic value regarding the risk
of developing PAH and internal organ involvement [10-12].
Furthermore, few NVC studies suggested the presence of
worse peripheral microvascular dysfunction in patients with
PAH associated with SSc or systemic lupus erythematosus
(SLE) compared to matched individuals without PAH, as
well as in idiopathic PAH compared to healthy controls, sup-
porting the hypothesis that changes in peripheral microcircu-
lation may parallel pulmonary microangiopathy in patients
with PAH [13-18].

We aimed to investigate the presence and degree of
peripheral microangiopathy in patients with CTD-PAH,
explore NVC structural differences among patients with
SSc-PAH versus other forms of CTD-PAH and identify
possible associations of NVC characteristics with clinical,
functional, biochemical and hemodynamic parameters of
disease severity in CTD-PAH individuals.
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Methods
Study design, setting, and participants

This was a cross-sectional sub-study of a larger observational
study conducted at a tertiary center for PH in collaboration
with a tertiary center for rheumatic diseases with expertise
in NVC in Northern Greece [18, 19]. This study is being
reported according to the STROBE guidelines for cross-sec-
tional studies [20]. Adult patients diagnosed with CTD-PAH
according to hemodynamic definition of the 2015 European
Society of Cardiology Guidelines [21], SSc patients with-
out PAH (SSc-non-PAH) and without significant interstitial
lung fibrosis and healthy controls were enrolled between
February 2019 and April 2020. All participants fulfilled the
revised EULAR/ACR criteria for the diagnosis of SSc [9]. In
terms of cardiovascular comorbidities, patients with CTD-
PAH and SSc-non-PAH individuals with essential arterial
hypertension, atrial fibrillation, diabetes mellitus and severe
left ventricular dysfunction were excluded from this study.
Written informed consent was obtained from all participants.
The study received approval from the Aristotle University of
Thessaloniki Ethics Committee and performed according to
the Declaration of Helsinki.

Patients with CTD-PAH were either newly diagnosed and
treatment naive, as far as PAH-specific therapy was con-
cerned, or had established PAH and were receiving targeted
treatment. CTD-PAH individuals underwent physical exami-
nation, electrocardiography, 6-min walking test (6MWT),
right heart catheterization (RHC), spirometry with measure-
ment of CO diffusing capacity (DLCO%), high-resolution
computed tomography (HRCT) to exclude significant lung
fibrosis and NVC within the same 1-week time interval. Car-
diac index was measured with the method of thermodilution.
SSc-non-PAH subjects underwent physical examination,
spirometry with measurement of CO diffusing capacity and
NVC within the same time interval. Pulmonary hypertension
(PH) was excluded in SSc controls by transthoracic echo-
cardiography (TTE) or RHC; the latter conducted in case
TTE findings were suspicious for the presence of PH. Sig-
nificant interstitial lung fibrosis was excluded with HRCT.
Both CTD-PAH and SSc-non-PAH individuals underwent
laboratory evaluation with blood samples collected at the
same time interval, including hemoglobin, uric acid, cre-
atinine, and autoantibodies (anticentromere autoantibodies,
antinuclear autoantibodies and anti-topoisomerase autoan-
tibodies). In CTD-PAH individuals, N-terminal pro-brain
natriuretic peptide was also evaluated. Estimated glomerular
filtration rate (¢GFR) was calculated based on the 4-variable
Modification of Diet and Renal Disease (MDRD) equation.
Healthy controls underwent clinical examination and NVC.
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Nailfold videocapillaroscopy technique and image
analysis

NVC was performed at room temperature (22-23 °C) with
the subject seated and resting for 15 min. Optilia Digital
Capillaroscope (Optilia Instruments AB, Sollentuna, Swe-
den) was used for image acquisition (200 X magnification).
One drop of immersion oil was applied on the nailfold to
maximize the transparency of the keratin layer. At least
two adjacent fields of 1 mm in the middle of the nailfold
were captured from all hands excluding thumbs. In total,
16 images from each patient were captured, coded, saved
and manually analyzed using Optipix Lite software (Optilia
Instruments AB). To ensure inter-observer repeatability, the
stored pictures were reviewed by two independent investiga-
tors (EP and ET) blinded to the clinical data.

NVC images were quantitatively and qualitatively
assessed. The following quantitative parameters were meas-
ured: capillary density (number of capillary loops per linear
mm measured in the distal row following the 90° method)
[22], avascular areas [23] (distinct areas in the nailfold
where two or more capillaries are missing), capillary dimen-
sions [23] (total capillary width and capillary loop width; the
mean value of each dimension of all capillaries per linear
mm was eventually calculated), hemorrhages (defined as the
presence of at least one hemorrhage in at least two differ-
ent NVC images) and number of hemorrhages per linear
mm, thrombosis (number of thrombi per linear mm), edema
(defined as the presence of edema in >50% of assessed fin-
gers) and capillary morphology (abnormal capillary shapes
and architectural disorganization per linear mm).

As irregularly enlarged were characterized capillaries
with loop width >20 pm and <50 pm and as giant, homo-
geneously enlarged capillaries with loop width > 50 um [24].
The mean of each capillaroscopic feature was calculated
from the sum of consecutive images for each digit. Subse-
quently, the average values from the eight fingers were added
together and divided by the number of studied digits. The
resulting value indicated the number of a certain capillaro-
scopic feature adjusted by each millimeter of the nailfold.

The “overall pattern recognition” was qualitatively
assessed based on capillary density, the presence of irregu-
larly enlarged or giant capillaries, hemorrhages and shape
abnormalities using a fast-track algorithm proposed by
Smith et al. [25, 26]. Images were classified as “normal
pattern”, “non-specific pattern” and “scleroderma pattern”.
Furthermore, a semi-quantitative rating scale was adopted
(score 0-3) to classify patients according to the severity of
systemic microvascular disease. Capillary density was rated
as follows: O for>9 capillaries/mm, 1 for 7-9 capillaries/
mm, 2 for 4-6 capillaries/mm and 3 for 1-3 capillaries per
mm [27, 28]. Irregularly enlarged capillaries, giant capil-
laries, hemorrhages and shape abnormalities were scored

accordingly: 0 equals to no changes, 1 to changes less than
33% of the total number of capillaries/mm, 2 to changes
between 33 and 66% of the total number of capillaries/mm,
and 3 to changes more than 66% of the total number of cap-
illaries/mm [27, 28]. The total score was calculated by the
sum of scores for each finger divided by the total number
of fingers evaluated and was rounded to the next integer to
define the risk group.

Statistical methods

Data are presented as mean + standard deviation or as
median (interquartile range, IQR) for continuous variables.
Normal distribution was assessed using the Shapiro—Wilk
test. Differences between two independent categories with
respect to quantitative variables were analyzed using the Stu-
dent’s ¢ test for independent variables or the Mann—Whit-
ney test. Differences among more independent groups were
tested with one-way ANOVA or the Kruskal-Wallis test, and
post hoc analysis with adjustment for multiple comparisons
(Bonferroni test).

Categorical variables are presented as absolute count and
percentage (%) and were analyzed using the Chi-square test
or Fisher’s exact test when appropriate. The reproducibility
of the semi-quantitative rating scale was evaluated using
Cohen’s kappa coefficient.

Pearson or Spearman coefficient (r) was used to explore
the correlation between capillaroscopic parameters and func-
tional, laboratory and hemodynamic parameters. Univariable
and multivariable linear regression analyses were performed
to control for potential confounders such as age and DLCO%
(Supplementary File). For normally distributed variables,
linear equation with 95% confidence intervals (CI) is also
presented. A p value <0.05 was considered statistically sig-
nificant. Data were analyzed using IBM SPSS statistics (ver-
sion 26.0) software.

Results
Baseline characteristics

In total, 18 consecutive patients with CTD-PAH (77.8%
women, mean age 65.9 + 10.2 years), 14 patients with SSc-
non-PAH (92.8% women, mean age 55.6 + 13.4 years) and
20 healthy controls (75% women, mean age 56.3 + 8.6 years)
were included in the study. Demographic data and disease
characteristics are summarized in Table 1. CTD-PAH group
consisted of 13 patients with PAH associated with SSc (SSc-
PAH), of whom 10 patients with diffuse SSc and 5 patients
with PAH associated with other CTD (2 patients with SLE
and 1 patient with RA, MCTD and spondyloarthritis, respec-
tively). Half of CTD-PAH patients were newly diagnosed
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Table 1 Baseline demographics and disease characteristics

Variables Total CTD-PAH SSc-PAH Other CTD-PAH SSc-non-PAH  Healthy controls P, value* P, value**
N 18 13 5 14 20
Incident, n (%) 9 (50.0) 6(46.2) 3 (60.0) 0
Disease duration (months) 70 (150) 80 (174) 60 (143) 60 (77) - 0.32 0.20
Duration from PAH diagnosis 4 (38) 6 (39) 2(29) - - - 0.96
(months)
Female, n (%) 14 (77.8) 10 (76.9) 4 (80.0) 13 (92.8) 15 (75.0) 0.39 0.60
Age, years 65.9+10.2** 68.4+8.1% 59.6+13.5 55.6+13.4% 56.3+8.6% 0.009 0.008
BMI, kg/m? 27.2+4.6 274+44 26.8+5.6 26.8+5.8 24.7+3.1 0.26 0.44
Diffuse SSc 10 (76.9) - 7(53.8) - 0.4
Raynaud’s, n (%) 15(83.3) 12(92.3) 3 (60.0) 12 (85.7) - 0.46 0.16
Duration of Raynaud’s, (y) 16.3+12.9 15.6+14.1 16.1+13.2 10.0+£9.2 0.14 0.14
Telangiectasias 7 (38.8) 7 (53.8) 0 2(14.3) 0.22 0.02
Digital ulcers 2(11.1) 2(15.4) 0 1(7.7) 1.0 0.54
WHO FC
/111 10 (55.6)/8 (44.4) 7 (53.8)/6 (46.2) 3 (60.0)/2 (40.0) 0.1
6-MWD (m) 405.7+126.7 369.3+113.9 539.3+73.2 0.03
Laboratory tests
Hb (g/dl) 127+1.3 12.6+1.2 13.1+1.7 13.1+1.1 0.41 0.56
¢GFR, ml/min/1.73m> 75.6+27.1 68.1+21.7 93.8+32.7 80.9+21.9 0.56 0.12
Uric acid, mg/dl 55+14 54+12 6.2+2.5 42+1.6 0.04 0.09
NT-proBNP (pg/ml) 933 (2508) 1016 (2418) 851 (8829) - 0.73
ANA (>1/160) 10 (50.0) 6 (46.1) 4 (80.0) 9 (64.3) 0.61 0.37
ACA 3(16.7) 2(15.4) 1(25.0) 4 (28.6) 0.17 0.22
Anti-Scl-70 2(11.1) 2 (15.4) 0 1(7.7) 1.0 1.0
Right heart catheterization (RHC)
mRAP, mmHg 59+34 55+3.1 7.0+4.3 0.44
mPAP, mmHg 40.2+9.1 39.7+7.1 41.4+10.2 0.74
CI, ml/m? 3.1+12 2.7+0.7 3.9+19 0.07
PVR, WU 6.6+4.0 6.9+43 5.8+3.5 0.64
LFTs
FEV1/FVC% 77.4+12.1 785+13.4 74.7+9.2 82.6+5.2 0.24 0.42
DLCO% 56.6+22.7 53.6+23.2% 65.8+22.7 83.6+15.1° 0.002 0.007
PAH treatment, n (%) 10 (61.1) 8 (61.5) 2 (40.0)
Monotherapy 5(27.8) 5(38.4) 0 1(7.7)*+
Dual therapy 3(16.7) 1(15.4) 2 (40.0) 0
Triple therapy 2 (11.1) 2(7.7) 0 0

Categorical variables are presented as frequency and percentage, n (%). Continuous variables are presented as mean value + standard deviation
or median value with interquartile range

ACA anticentromere autoantibodies, ANA antinuclear autoantibodies, anti-Scl-70 anti-topoisomerase autoantibodies, BMI body mass index,
6-MWD 6-min walk distance, bpm beats per minute, CI cardiac index, CTD-PAH pulmonary arterial hypertension associated with connective
tissue disease, DLCO diffusing capacity for carbon monoxide, FC functional class, FEVI forced expiratory volume during the first second of
expiration, FVC forced vital capacity, GFR glomerular filtration rate, mPAP mean pulmonary artery pressure, mRAP mean atrial pressure, NT-
proBNP N-terminal pro-brain natriuretic peptide, PAH pulmonary arterial hypertension, PVR pulmonary vascular resistance, SSc systemic scle-
rosis, SSc-PAH pulmonary arterial hypertension associated with systemic sclerosis, SSc-non-PAH systemic sclerosis not complicated with PAH,
WHO World Health Organization, WU wood unit

*P, value refers to differences among total CTD-PAH cohort, SSc-non-PAH patients and healthy controls. **P, value refers to differences
among SSc-PAH, other CTD-PAH, SSc-non-PAH and healthy controls. For variables in which there is no value in certain columns, then p, and
p, refer to differences among the remaining groups. Statistical significance is defined as p <0.05

Post hoc analysis was performed to find statistical significance among subgroups as follows:
*+Statistical significance between total CTD-PAH and SSc-non-PAH. p <0.05

#Statistical significance between total CTD-PAH and controls. p value <0.05

$Statistical significance between SSc-PAH and SSc-non-PAH. p value <0.05

SStatistical significance between SSc-PAH and controls. p value <0.05

*++Patients with SSc received endothelin receptor agonists due to digital ulcers
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and received no specific PAH treatment at the time of NVC
examination, while 27.8% of prevalent patients were on
monotherapy. Median duration from diagnosis for preva-
lent PAH patients was 4 (38) months, while the duration of
diagnosis for the underlying CTD did not differ significantly
between CTD-PAH and SSc-non-PAH patients. One patient
with SSc-non-PAH received endothelin receptor antago-
nists for digital ulcers and 38.4% were on a calcium channel
blocker either as an antihypertensive or as Raynaud’s treat-
ment. CTD-PAH patients had worse DLCO% than SSc-non-
PAH group (56.6 +22.7% vs. 83.6 +15.1%, p=0.002).

Capillaroscopic alterations in CTD-PAH

The majority of quantitative and qualitative capillaroscopic
parameters were abnormal in patients with CTD-PAH as
compared to healthy controls (Table 2). Capillary density
was significantly reduced in the total CTD-PAH population

(6.5 + 1.6 loops/mm), but also in the SSc-PAH (6.1 +1.4
loops/mm) and the other CTD-PAH group (7.8 + 1.3 loops/
mm) compared to healthy controls (9.7 +0.7), (p <0.001)
(Fig. 1). In addition, SSc-PAH presented lower capillary
density in comparison with other CTD-PAH patients and
SSc-non-PAH subjects (Fig. 1). SSc-PAH patients had also
more avascular areas on capillary nailfold compared to other
CTD-PAH patients.

In terms of capillary dimensions, total capillary width
was much higher in total CTD-PAH cohort compared to
SSc-non-PAH ones, a difference mainly attributed to SSc-
PAH group. Furthermore, loop diameter was increased in all
groups of patients compared to controls. Irregularly enlarged
and giant capillaries were present at the same extent in the
CTD-PAH cohort and SSc-non-PAH subjects compared to
healthy controls. Capillary edema, microhemorrhages and
capillary thrombi were detected both in SSc-PAH and in
other-CTD-PAH patients at a significant extent. Finally,

Table 2 Capillaroscopic alterations among patients with CTD-PAH, SSc-non-PAH subjects and healthy controls

Total CTD-PAH SSc-PAH

Other CTD-PAH  SSc non-PAH Healthy controls P, value* P, value*

N 18 13 5 14 20
Avascular areas (n/mm) 1.0+0.6" 124028  0.6+0.6° 0.9+0.4¥ 0.15+£0.2% <0.001 <0.001
Avascular areas, N (%) 16 (88.8) 13 (100.0) 3 (60) 12 (85.7) 6 (30.0) <0.001 <0.001
Total capillary width (um) 585+24.8%  62.4+282% 484476 42.8+9.5%%  292+42% <0.001 <0.001
Loop width (um) 233+ 10.1* 24541178 20.1x1.6 18.6+4.9% 11.2.+2.557 <0.001 <0.001
Irregularly enlarged capillaries ~ 1.9+0.6" 1.7+0.5% 2.3+0.9° 2.1+ 1.2% 0.3 +0.4%7 <0001  <0.001
(loops/mm)
Giant, N (%) 7 (38.8) 6 (46.1) 1 (20.0) 3(21.4) - 0.44 0.32
Edema, N (%) 9 (50) 7 (53.8) 2 (40) 7 (50.0) - 1.0 0.87
Microhemorrhages (#/mm) 0.25 (0.4) 0.2 (0.5) 0.3(0.3) 0.24 (0.3) - 0.59 0.82
Microhemorrhages, N (%) 10 (55.5) 7 (53.8) 3 (60) 7 (50.0) - 1.0 0.97
Thrombosis (7/mm) 25+1.2° 2.6+1.0% 22+1.8 2.6+0.9* 1.5+0.7%8 0.002 0.004
Disorganized capillaries (loops/ ~ 1.0+0.7* 1.0+0.7¢ 0.9+0.7 0.8+0.5 0.2+0.4% 0.001 0.003
mm)
Shape abnormalities (loops/mm) 2.2 +1.0* 23+1.0° 1.7+1.2 1.8+0.8 1.2+0.8% 0.009 0.01
Ramified capillaries (loops/mm) 0.8 +0.7* 0.9+0.7 0.5+04 0.4+0.3 0.2+0.2% 0.004 0.005

Categorical variables are presented as frequency and percentage, 1 (%)

Continuous variables are presented as mean value + standard deviation or median value and interquartile range

CTD-PAH pulmonary arterial hypertension associated with connective tissue disease, SSc systemic sclerosis, SSc-PAH pulmonary arterial
hypertension associated with systemic sclerosis, SSc-non-PAH systemic sclerosis not complicated with PAH

*A p value <0.05 is considered statistically significant. P, value demonstrates differences among CTD-PAH, SSc-non-PAH and controls. P,
value demonstrates differences among SSc-PAH, other CTS-PAH, SSc-non-PAH and controls. For columns that there is no value in control

group, significant differences account for the remaining groups

Post hoc analysis was performed to find statistical significance among subgroups as follows:
*+Statistical significance between total CTD-PAH and SSc-non-PAH. p <0.05
#Statistical significance between total CTD-PAH and controls. p value <0.05

¥Statistical significance between SSc-non-PAH and controls. p value <0.05
$Statistical significance between SSc-PAH and SSc-non-PAH. p value <0.05
£Statistical significance between SSc-PAH and other CTD-PAH. p value <0.05

$Statistical significance between SSc-PAH and controls. p value < 0.05

TStatistical significance between other CTD-PAH and controls. p value <0.05
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Mean Capillary Density +/- SD (loops/mim)

Healthy Controls SSc-non-PAH SSc-PAH Other-CTD-PAH

Fig.1 Capillary density (loops/mm). Error bars represent the
mean capillary density +standard deviation (SD) in healthy con-
trols (9.7+0.7 loops/mm), patients with systemic sclerosis without
pulmonary arterial hypertension (SSc-non-PAH) (7.5+0.9 loops/
mm), patients with systemic sclerosis associated pulmonary arterial
hypertension (SSc-PAH) (6.1 + 1.4 loops/mm) and patients with pul-
monary arterial hypertension due to other connective tissue diseases
(other-CTD-PAH) (7.8 +1.3 loops/mm). Difference in capillary den-
sity was significant among all groups (p <0.001). In detail, patients
with SSc-non-PAH and SSc-PAH presented significantly lower cap-
illary density compared to healthy controls (*p<0.001). Patients
with other CTD-PAH presented lower capillary density than healthy
controls (**p<0.01). In addition, patients with SSc-PAH presented
significantly lower capillary density compared to SSc-non-PAH sub-
jects (¥**p<0.01) and to other-CTD-PAH individuals (***p=0.02).
No statistically significant difference in capillary density was found
between other CTD-PAH and SSc-non-PAH subjects

significant capillary shape and architecture abnormalities
were spotted in SSc-PAH patients compared to healthy
controls, whereas patients with other-CTD-PAH and SSc-
non-PAH patients did not present increased abnormal or dis-
organized capillaries in comparison to controls (Table 2).
Figure 2 depicts capillaroscopic images of various CTD-
PAH patients and control subjects.

In SSc-PAH group, the majority of patients presented a
worse scleroderma pattern (3 patients presented the early
pattern, 6 patients the active and 4 the late pattern) compared
to SSc-non-PAH subjects (p=0.01) (Supplementary File).
The other CTD-PAH individuals presented a non-specific
NVC pattern apart from the patient with MCTD that had
an active scleroderma pattern. According to the semi-quan-
titative classification, the majority of CTD-PAH patients
(83.3%) and SSc-non-PAH subjects (92.8%) presented mild
capillaroscopic changes (score: 1), while the rest of them
had more severe changes (score: 2). None of the other-CTD-
PAH group presented a severe NVC score (Supplementary
File). A kappa coefficient value of 0.79 indicated a good
inter-observer agreement in the evaluation of the semi-quan-
titative rating scale. Severity score was significantly associ-
ated with the presence of anti-Scl-70 antibodies in the total
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SSc cohort (OR 22, 95% CI 1.3, 362.1, p=0.03), while no
significant association was found with the presence of ACA
(OR0.1,95% CI 0.1, 14.1, p=0.9) and ANA antibodies (OR
2.7,95% CI1 0.24, 30.5, p=0.5), respectively.

Correlations between capillaroscopic characteristics
and markers of renal and cardiac function

eGFR was positively correlated with capillary density in
CTD-PAH patients [r=0.63, B=0.04, 95% CI (0.01, 0.06),
p=0.007] in univariate regression analysis (Fig. 3). In mul-
tivariable analysis, including age and DLCO% as potential
confounders, eGFR significantly predicted capillary density
[r=0.73, B=0.04, 95% CI (0.01, 0.07), p=0.006], while
age and DLCO% were not significantly associated with cap-
illary density (Supplementary File, Table 2). In SSc-PAH
group, capillary loop diameter was positively correlated to
cardiac index [r=0.61, B=9.6,95% CI (1.4, 17.9), p=0.02]
(Fig. 4). In addition, DLCO% was positively correlated with
capillary density in the patient cohort, including CTD-PAH
and SSc-non-PAH individuals [r=0.50, B=0.03, 95% CI
(0.007, 0.054), p=0.01] that could render this variable as
a potential confounder regarding differences in capillary
density between the groups (Supplementary File). On the
other hand, age was not found to be a confounding factor
in terms of between-groups differences in capillary density
(Supplementary File). No other biochemical, functional,
or hemodynamic variables were correlated with capillary
features in the total CTD-PAH population (Supplementary
File, Table 2).

Discussion

The main finding of our study is the demonstration of
peripheral microvascular impairment assessed by NVC
among patients with PAH associated with various CTDs. In
particular, CTD-PAH patients presented both reduced capil-
lary density and increased capillary dimensions compared
to controls, while microhemorrhages, thrombi, shape abnor-
malities and capillary disorganization were also observed.
As expected, NVC changes were more prominent in SSc-
PAH, however, specific microvascular abnormalities indica-
tive of PAH namely reduced capillary density and increased
loop width [17] were also observed in patients with PAH
due to other CTDs. Overall, this study reports NVC micro-
vascular alterations in a variety of CTD subsets complicated
with PAH, indicating that disturbed structure and function
of peripheral microcirculation may be common across the
whole spectrum of CTD-PAH and not only within SSc-PAH.

The results of this study suggest that all types of CTD-
PAH result in peripheral vasculopathy, despite partially
different pathogenetic mechanisms in the development of
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Fig.2 Nailfold videocapillaroscopic changes in patients with vari-
ous types of CTD-PAH. a Healthy control; normal capillary density
(9 loops/mm), hairpin-shaped capillaries with normal loop width. b
Systemic sclerosis without PAH (SSc-non-PAH); early scleroderma
pattern. Normal capillary density (9 loops/mm), irregularly enlarged
capillaries (arrows). ¢ PAH associated with systemic sclerosis (SSc-
PAH); late scleroderma pattern. Reduced capillary density (6 capil-
lary loops/mm), disorganized and abnormal capillaries (arrows). d
PAH associated with mixed connective tissue disease (MCTD-PAH);
early scleroderma pattern with mildly reduced capillary density (7

PAH. For example, fibrous remodeling leading to obliterate
pulmonary vasculopathy constitute the main process in SSc,
whereas vasculitis and thrombosis are considered to have a
significant impact in SLE and MCTD associated PAH [29].
However, autoimmune activation and systemic inflamma-
tion which are common in CTD appear to contribute to the
presence of peripheral microangiopathy as suggested by the
documented association between NVC abnormalities and
anti-topoisomerase antibodies. Vascular endothelial growth
factor (VEGF) and proinflammatory cytokines are likely
mediators of chronic hypoxia-driven pulmonary and periph-
eral vascular remodeling, by mobilizing endothelial progen-
itor cells (EPCs) [30]. Reduced circulating EPCs despite
VEGF stimulus in SSc have been linked with capillary loss
and abnormal NVC patterns [31]. Taking all together, defi-
cient vasculogenesis and insufficient endothelial repair may
contribute to the capillary rarefaction [32], observed among
CTD-PAH. The strong correlation between eGFR—a marker
of renal vascular dysfunction—and reduced capillary den-
sity similarly to what occurs in patients with chronic kidney

capillary loops/mm) and giant capillaries (arrow). Out of grid pat-
tern, there is a microhemorrhage (asterisk). e PAH associated with
rheumatoid arthritis (RA-PAH); normal capillary density. Irregularly
enlarged (black arrows), abnormal capillaries (yellow arrows) and
microhemorrhage (asterisk). f PAH associated with systemic lupus
erythematosus (SLE-PAH); reduced capillary density (6 loops/mm).
Irregularly enlarged capillary (arrow). PAH pulmonary arterial hyper-
tension, CTD connective tissue disease. Grid pattern represents area
of 1 mm?. Magnification X200

disease [33] further supports the presence of a widespread
vasculopathy in patients with CTD-PAH. In the context of
SSc, reduced eGFR has been also linked with worse NVC
pattern in patients without known chronic kidney disease
[34].

The majority of existing NVC studies until today have
focused on systemic microvascular changes in SSc-PAH
individuals by demonstrating a significant reduction in
capillary density in parallel with an increase in capillary
loop width compared to SSc controls, both of which have
been correlated with hemodynamic severity such as mPAP
[13, 16, 35]. In addition, the presence of giant capillaries
[13], neoangiogenesis, and more severe NVC pattern [13,
36] were observed in SSc-PAH patients compared to SSc
patients without PAH. Our study confirms previous find-
ings [40], by demonstrating worse NVC features in SSc-PAH
compared to SSc-non-PAH individuals, while a positive cor-
relation between cardiac index and capillary loop width was
also detected. SSc-PAH patients with a preserved cardiac
index may present with widened capillaries as a marker of

@ Springer
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Fig.3 Scatter plot depicting linear correlation between capillary den-
sity and renal function in patients with CTD-PAH. Positive linear
correlation between capillary density (loops/mm) and estimated glo-
merular filtration rate (eGFR, ml/min/1.73 m?) in patients with CTD-
PAH. Univariate linear regression analysis was used. R-coefficient
and linear equations with 95% confidence intervals (CI) are depicted.
A p value <0.05 is considered statistically significant. CTD-PAH pul-
monary arterial hypertension associated with connective tissue dis-
ease, eGFR estimated glomerular filtration rate

R=0.61

R?=0.38

y=-1.84+9.71x

950 CI (1.4,17.9)
50 p=0.026

Loop diameter (um)

CI (Vmin/m2)

Fig.4 Scatter plot depicting linear correlation between loop diameter
and cardiac index in patients with SSc-PAH. Positive linear correla-
tion between loop diameter (pm) and cardiac index (I/min/1.73m?)
assessed with right heart catheterization in patients with SSc-PAH.
Univariate linear regression analysis was used. R-coefficient and lin-
ear equations with 95% confidence intervals (CI) are depicted. A p
value <0.05 is considered statistically significant. SSc-PAH pulmo-
nary arterial hypertension associated with systemic sclerosis

less severe scleroderma pattern that tend to disappear with
disease progression [37] and reduction of cardiac index.

In addition to NVC changes in SSc-PAH patients, our
study reports on capillaroscopic characteristics presented in a
small heterogenous group of patients with PAH associated to

@ Springer

various CTDs. In particular, it demonstrates the presence of
reduced capillary density, avascular areas and increased capil-
lary dimensions with irregularly enlarged capillaries that range
between the spectrum of NVC alterations in SSc-PAH and
SSc-non-PAH/healthy controls. Furthermore, all patients with
other CTD-PAH presented abnormal NVC features as detected
by semi-quantitative assessment. So far, Donnarumma et al.
examined 16 patients with SLE-PAH and 44 with SLE without
PAH and found that patients with SLE-PAH had significantly
dilated capillaries and more avascular areas than SLE controls,
that are in accordance with our findings [14]. In addition, scle-
roderma pattern was found to be correlated with SLE-PAH
[14]. To our knowledge, no further data exist related to micro-
vascular changes in patients with CTD-PAH not associated
with SSc.

The main limitation of our study is the small sample size,
which could explain the lack of power to detect a significant
association between capillaroscopic and functional or hemo-
dynamic markers of cardiac dysfunction and also to detect
a significant difference between groups (excluding healthy
controls) regarding giant capillaries, microhemorrhages and
capillary edema. The structured study protocol, i.e., hemody-
namic and capillaroscopic data recorded within the same time
interval, has considerably contributed to the low number of
participants. Another limitation is that the majority of patients
have been receiving PAH-specific therapy which could be a
confounding factor for NVC changes. Furthermore, the fact
that SSc-PAH individuals had reduced DLCO% compared to
SSc-non-PAH group, as a marker of lung disease progression,
could act as another confounding factor. Nevertheless, previous
studies have established associations between DLCO and NVC
alterations is SSc patients [36, 38], irrespective of the presence
of PAH as occurs in our population. In addition, the absence
of controls matched for the underlying CTD with patients with
other CTD-PAH could have underpowered the detection of
more severe NVC characteristics in this population.

The novelty of our study compared to previous ones
lies in the recruitment of PAH patients across the whole
spectrum of CTDs. Furthermore, NVC was conducted in
all fingers except thumbs and two adjacent images were
acquired from each finger according to the updated EULAR
recommendations [26]. In addition, qualitative and semi-
quantitative assessment was performed based on a validated
algorithm proposed by Smith et al., which facilitates param-
eters that can be reliably measured by two trained examiners
with a good inter-observer agreement [26, 38, 39].

Conclusion

This study demonstrated significant NVC microvascular
changes in patients with SSc-PAH and PAH associated with
other types of CTD suggestive of an impaired peripheral
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microcirculation parallel to pulmonary vasculopathy in a
wider spectrum of CTD-PAH. The strong positive correla-
tion between renal function and capillary density is indica-
tive of the multisystemic microvascular involvement in
CTD-PAH. Larger prospective well-designed studies are
warranted to confirm our preliminary results.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00296-021-04839-x.
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