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Abstract

Rationale: Pulmonary arterial hypertension (PAH) is a pulmonary
vasculopathy that leads to failure of the right ventricle and premature
death.

Objectives: To determine whether the sublingual microcirculation
is affected in patients with PAH compared with healthy age- and sex-
matched control subjects.

Methods: Using the CapiScope Handheld Video Capillaroscope
we measured the sublingual microvasculature density, flow index,
tortuosity, and curvature. Videos were acquired immediately
after right heart catheterization, and determinations were made
off-line by investigators blinded to the group assignment or
hemodynamics.

Measurements and Main Results: In this cross-sectional pilot
study,we included 26 patientswithPAH(age,mean6 SD, 56.76 10 yr;

77% women) and 14 healthy control subjects (age, 53.16 12 yr; 71%
women). Sublingualmicrovasculatureflow indexwas lower (26 0.66
vs. 2.76 0.37, P, 0.001) with higher heterogeneity index (0.636
0.63 vs. 0.256 0.25, P = 0.04) in patients with PAH than control
subjects. Microvasculature density was similar between the groups,
but tortuosity wasmore pronounced in patients than control subjects
(tort 0: 456 19 vs. 23.66 12, P = 0.001 and tort 1: 0.26 0.16 vs.
0.066 0.04, P, 0.001).

Conclusions: Patients with PAH showed lower sublingual
microvasculature flow index and higher tortuosity compared with
healthy age- and sex-matched control subjects. Further investigations
are needed to assess whether this methodology can provide
information on disease prognosis and/or response to therapy in this
condition.
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Pulmonary arterial hypertension (PAH) is
a pulmonary vasculopathy that leads to
elevated mean pulmonary arterial pressure
(mPAP), failure of the right ventricle,
and premature death (1). PAH is
hemodynamically characterized by a resting
mPAP greater than or equal to 25 mm
Hg and a pulmonary arterial occlusion
pressure less than or equal to 15 mm Hg
(2). Right heart catheterization (RHC) is

the gold standard for diagnosis of PAH,
and it continues to be an important test for
assessing disease severity. However, RHC is
an invasive procedure that is not exempt
from complications (2). Therefore, there is
a pressing need to identify noninvasive
methods to diagnose and assess the severity
of PAH.

The microcirculation is an essential
component of the cardiovascular system, as

it permits the interaction between the blood
and tissue to ensure oxygen supply. A
few devices that directly display the
microcirculation have been introduced to
clinical practice. Orthogonal polarization
spectral imaging, sidestream dark field
imaging, and oblique profiled epi-
illumination imaging provide high-contrast
images of the microcirculation and are
based on the principle that green light is
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absorbed by the hemoglobin of the red
blood cells (RBC) within superficial
vessels; meanwhile, nonabsorbed light
illuminates the tissue background. These
noninvasive methodologies allow the
visualization of the microcirculation in
vivo at the bedside (3). The sublingual
(SL) area is frequently selected to assess
the microcirculation because it is easily
accessible and is considered a mirror of
the splanchnic microvasculature due to
the embryological and metabolic
similarities (4, 5).

So far, SL capillaroscopy has been used
predominantly in critically ill patients
(i.e., sepsis, heart failure, and cardiogenic
shock) to identify abnormalities of the
microcirculation that could lead to effective
interventions (3, 6–9). In severe sepsis, the
restoration of the microcirculation was
associated with improvements in organ
function and survival (10). Conversely,
a persistent microcirculatory abnormality
was associated with an increased mortality
(10, 11). In patients with acute heart failure,
the sublingual microcirculation is
abnormal, and the extent of this
impairment may be related to survival (12)
and treatment response (13, 14).

Pulmonary vascular disease is the
hallmark of PAH; however, the extent of
systemic vasculature involvement, if any,
is unknown. A few studies suggest that
patients with PAH have systemic vascular
dysfunction when compared with control
subjects as determined by forearm
blood flow dilation after brachial artery
occlusion (15, 16). A study in a small
number of patients with systemic
sclerosis reported that the nailfold
microvasculature is significantly more
affected in individuals who had PAH
when compared with those who did not
(17). However, no study to date has
evaluated the microvasculature at the
level of the sublingual mucosa in patients
with PAH.

We hypothesized that the SL
microcirculation is distorted in all types of
patients with PAH compared with control
subjects and that the abnormality correlates
to disease severity. If proven of value, SL
capillaroscopy may become a valuable
noninvasive tool for the integrated
(macrohemodynamics and systemic
microcirculation) hemodynamic assessment
of patients with PAH. Some of the results of
this pilot study have been previously
reported in the form of an abstract (18).

Methods

Subjects and Design
The research protocol was approved by the
Cleveland Clinic Institutional Review Board
(study #11-441), and all subjects provided
written informed consent. Patients were
included in the study if they met
hemodynamic criteria for PAH during
RHC (defined as mPAP > 25 mm Hg,
pulmonary arterial occlusion pressure <
15 mm Hg, and pulmonary vascular
resistance > 3 Wood units) and had
no other conditions that place them in
pulmonary hypertension groups other than
PAH (19). To determine the etiology of
PH, each patient underwent a thorough
clinical evaluation, including complete
blood cell count, comprehensive metabolic
panel, antinuclear antibody, sedimentation
rate, hepatitis panel, HIV serology,
thyroid-stimulating hormone, pulmonary
function, 6-minute walk, chest
radiography, ventilation/perfusion scan,
echocardiography, and RHC. Further
clinical testing was performed when initial
tests were either positive or inconclusive.
Age- and sex-matched control subjects
were recruited using institutional review
board–approved flyers. We conducted this
cross-sectional study between March 2012
and May 2013.

Capillaroscopy
Imaging of the microvasculature was
performed using the CapiScope Handheld
Video Capillaroscope (HVCS) system (KK
Technology, Honiton, England) (Figure 1).
The CapiScope uses oblique (illumination
comes from an angle outside the aperture of
the objective) profiled (higher-intensity
light travels into the tissue outside the
field of view) epi-illumination (onto the
surface) imaging. The microcirculation is
illuminated with a green light and the
backscattered light is filtered, creating
a high-contrast image of flowing RBC in
superficial vessels (3, 6, 20). The light guide in
CapiScope HVCS imaging is surrounded by
light-emitting diodes of 530-nm wavelength
that provide oblique profiled epi-illumination
in synchrony with the frame rate of the USB
camera. RBCs are seen as dark flowing
structures over a greyish background, and
white blood cells appear as gray gaps inside
the vessels (7). Although the vessel walls are
not visualized directly, a faint contour is
delineated by the RBCs (3, 21).

Sublingual capillaroscopy was
performed immediately after the RHC in all
subjects. Patients did not eat or drink for
12 hours before testing. After acclimatization
for 20 minutes at stable room temperature
(728F), videos were acquired with patients
in a sitting position. The CapiScope probe
was fitted with sterile disposable plastic
caps. The tongue was stabilized by asking
the patient to gently push it against his/her
superior incisors. We examined three to
four sublingual areas lateral to the frenulum
on the left side, approximately 3 to 4 cm
anterior to the base of the tongue (13). To
decrease the local pressure applied (which
can collapse the microcirculation), the
probe was retracted gradually from the
sublingual surface, minimizing contact
while still enabling visualization. We
avoided areas where the microvasculature
network formed loops, as this is suggestive
of lingual rather than sublingual mucosa
(4). When appropriate, we made small
adjustments of the focus to better visualize
the capillary network. Seven to 10 video
sequences of 30 to 50 seconds each were
recorded using a portable computer and the
CapiScope software (14). Video files were
given code numbers.

Measurements Protocol and
Analytical Methods
Two investigators (L.D and L.A.) blinded to
the group assignment and other medical
data analyzed off-line the digitally recorded
sequences. We selected the best three videos
for each subject. The more stable portion
(10–15 s) of each video was preserved. The
recordings that were affected by pressure
artifacts were eliminated. Pressure artifact
was considered present when the flow in
the large venules (diameter . 30 mm) was
sluggish or absent (5). Vascular size was
ascertained by using a measuring tool in the
CapiScope software. We discarded 16.6% of
the videos, as they had some degree of
pressure artifact. We focused our analysis
to small vessels (,20 mm), which are
mostly capillaries, and we calculated the
flow index and density of the sublingual
microvasculature following established
guidelines (22). The microvasculature flow
index assesses that quality of the flow and
was measured semiquantitatively by
averaging a score of 0 to 3 (0: absent flow; 1:
intermittent; 2: continuous but sluggish;
and 3: brisk/normal flow) from each of
the four video quadrants (23). The
heterogeneity flow index measures whether
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there are nonperfused areas next to
well-perfused ones. It was calculated by
subtracting the highest from the lowest flow
score and dividing this result by the mean
microvascular flow index (23). We
estimated small vessel density using the
De Backer score (22), a method based on
the principle that the density of vessels is
proportional to the number of vessels
crossing arbitrary lines. For the arbitrary
lines we used a grid of three equidistant
horizontal and vertical lines (Figure 2).
We estimated microvasculature density
by dividing the number of vessels (,20
mm in diameter) crossing prespecified
lines by the total length of the lines
(3.6 mm) (4).

We used the CapiScope software to
measure tortuosity and curvature of the
sublingual microcirculation using
a representative still image on each of the
three selected videos (Figure 3). We drew
a line over each microvessel (,20 mm in

diameter) using the software tools
(Figure 4). The software provided two
measurements for tortuosity: tortuosity
0 (Tort 0), which is the ratio of the vessel
over the chord length (shortest straight line
between the two end points), and tortuosity
1 (Tort 1), which depends on the number
of curves over the chord length and the sum
of the ratios of curve length over chord
length (24). Curvature was measured by
counting the number of curves in all small
vessels.

We tested intrarater variability by
randomly selecting 10 patients with PAH
and evaluating three videos for each of them.
Videos were presented and analyzed
randomly on two occasions. Investigators
picked the best three videos for
microvasculature flow index determination
and an image from each to measure
microvasculature density, tortuosity, and
curvature index. One investigator (L.D.) also
measured the microvasculature flow index

determination and microvasculature density
in these 10 patients on two separate
occasions (selected at random to prevent
bias) to determine intrarater variability.

Functional, Echocardiographic, and
Hemodynamic Measurements
We determine the severity of PAH by using
New York Heart Association functional
class, plasma brain natriuretic peptide,
distance walked in the 6-minute-walk
test, right ventricular function on
echocardiography, and a variety of
hemodynamic parameters during RHC
(right atrial pressure, mPAP, cardiac output,
cardiac index, pulmonary artery vascular
resistance, and mixed venous oxygenation).
In all cases, RHC was performed under local
anesthesia (lidocaine 2%); no sedation or
vasoactive medications were administered.
Two patients underwent nitric oxide
challenge with 40 ppm for 5 minutes. SL
capillaroscopy was performed more than
20 minutes after this administration. Given
the very short half-life of nitric oxide, this
agent should not have affected the SL
circulation at the time of capillaroscopy.
Right ventricular function was subjectively
measured by experienced cardiologists. We
assessed quality of life with the Cambridge
Pulmonary Hypertension Outcome
Review questionnaire (25).

Statistical Analysis
Continuous data are presented as mean 6
SD or median (interquartile range) where
appropriate. Categorical data are
summarized as discrete values and
percentages (n [%]). Independent
continuous and categorical samples were
compared using Mann-Whitney and Fisher
exact test, respectively. Relationships
between sublingual capillaroscopy and
hemodynamic parameters were tested using
the Pearson correlation test. Analysis of
covariance was applied to obtain means
adjusted for covariates. Interrater and
intrarater agreement for single measures
was calculated using the intraclass
correlation coefficients and their respective
95% confidence intervals. Each subject was
rated by the same two raters. We tested
for absolute agreement, as systematic
differences are considered relevant. All
P values are two tailed, and a value of less
than 0.05 was considered significant. The
statistical analyses were performed using
the statistical package IBM SPSS, version 20
(IBM; Armonk, New York).

Figure 1. CapiScope handheld device connected to a laptop computer. Reprinted by permission
from KK Technology.

Figure 2. Small vessel density of sublingual microvasculature in a control subject (A) and patient with
pulmonary arterial hypertension (B). Microvascular density is measured by counting the small vessels
(,20 mm) that cross the gridlines.

ORIGINAL RESEARCH

506 AnnalsATS Volume 11 Number 4| May 2014



Results

Patient Characteristics
Twenty-six patients with PAH and 14 age-
and sex-matched control subjects were
included in the study. The mean age of the
patients with PAH was 56.7 6 10 years,
and 77% were females. Etiology of PAH
was idiopathic in nine (35%), heritable in
four (15%), portopulmonary in seven
(27%), scleroderma in five (19%), and HIV
in one (4%) patient. Mean age of the
control group was 53.1 6 11.6 years, and
71% were women. Table 1 summarizes
overall characteristics of patients with
PAH and control subjects. The functional
status, arterial blood gas, and

echocardiographic and hemodynamic
measurements of patients with PAH are
presented in Table 2.

Sublingual Capillaroscopy
Determinations in Patients with PAH
Versus Control Subjects
When compared with age- and sex-matched
control subjects, patients with PAH had
significantly lower SL microvasculature flow
index (2 6 0.66 vs. 2.7 6 0.37, P , 0.001)
with greater heterogeneity index (0.63 6
0.63 vs. 0.25 6 0.25, P = 0.04). The average
SL microvasculature density was similar
in the two groups; however, patients
with PAH had more pronounced
microvasculature tortuosity (tort 0 and 1)

and curvature (Table 3). There was no
statistical relationship between SL
microvascular flow index, density, or
tortuosity and sex, race, or the presence of
comorbidities. There was no difference in
control patients with or without systemic
hypertension, and the results were not
altered when we removed the two patients
with PAH and diabetes mellitus from the
analysis.

The intraclass correlation coefficients
(95% confidence interval) for the same
rater on SL microvasculature flow index
and total microvasculature density (n = 30
videos) were 0.85 (0.7–0.92) and 0.78
(0.59–0.89), respectively. When averaging
the results of the three videos for each
individual (n = 10), the coefficients for
microvasculature flow index and total
microvasculature density were 0.96 (0.84–
0.99) and 0.92 (0.72–0.98), respectively.
The intraclass correlation coefficients for
the two raters on SL microvasculature flow
index and total microvasculature density
(n = 30 videos) were 0.83 (0.33–0.94) and
0.75 (0.24–0.90), respectively. When
averaging the results of the three videos of
each individual (n = 10), the coefficients
for microvasculature flow index and total

Figure 3. Tortuosity and curvature in a control subject (A) and patient with pulmonary arterial
hypertension (B).

Figure 4. CapiScope software used to measure the tortuosity and curvature of sublingual vessels. Red lines were drawn along the vessels to obtain the
calculations provided.
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microvasculature density were 0.72 (0.1–
0.93) and 0.58 (0.1–0.88), respectively. The
coefficients for tort 0, tort 1, and curvature
(n = 5) were 0.58 (20.53 to 0.95), 0.41
(20.49 to 0.91), and 0.8 (0.1–0.98).

Sublingual Capillaroscopy
Determinations in Patients with PAH
in Relation to Treatment Status
We compared patients with PAH
who were on PAH-specific therapies
(n = 18) with treatment-naive subjects
(n = 8). SL microvasculature flow
index, heterogeneity flow index,
total microvasculature density, tort 0,
and number of curves were similar
between the two groups (data not
shown); however, tort 1 was greater
in patients receiving PAH-specific
therapies than those who were not
(0.24 6 0.18 vs. 0.11 6 0.07, P = 0.02).

Association between Sublingual
Capillaroscopy Determinations and
Etiology or Severity of PAH Disease
There was no significant difference in SL
microvasculature flow index, density, or
tortuosity among the different etiologies of
PAH (Table 4) or echocardiographic or
hemodynamic predictors of PAH disease
severity (Table 5).

Discussion

To our knowledge, this is the first study
reporting direct visualization of the SL
microcirculation in patients with PAH
using oblique profiled epi-illumination
imaging. Our preliminary data
demonstrate that there is a reduced flow
index and a greater heterogeneity flow
index, tortuosity, and curvature of the SL

microvasculature in patients with PAH
when compared with age- and sex-matched
control subjects. No associations were
noted in the SL capillaroscopy indices
among the etiologies of PAH or the severity
of the PAH disease.

Capillaroscopy has been used to
evaluate the SL microcirculation mainly in
patients with severe sepsis (3, 6, 26). The
oblique profiled epi-illumination imaging
used in our study provided excellent
images of the SL microcirculation.
Capillaroscopy videos were easily
acquired; however, artifacts were
common, and the measurements
performed were time consuming. The
operators required substantial training in
how to acquire and process the videos as
well as detect artifacts and perform the
measurements presented. These
limitations have been previously noted by
other authors (27). We paid particular
attention to the presence of artifacts that
could affect our determinations, such
as motion, excessive local pressure,
inadequate focus, or presence of oral
secretions. We observed a good intra-
and interrater agreement for
microvasculature flow index, total
microvasculature density, and curvature
using an approach that is likely to be
a closer reflection of clinical practice.
Hubble and colleagues also reported
a good interobserver reproducibility of SL
microvascular density and flow index in
healthy volunteers; more importantly,
the authors observed no significant
variability of SL microvasculature
density and flow index determinations
over time (4).

Our study showed that the SL
microcirculation is significantly distorted
in patients with PAH when compared
with age- and sex-matched control
subjects. Interestingly, the
microvasculature flow index was lower in
patients with PAH than healthy control
subjects, a finding that may be associated
with a reduced cardiac output in PAH.
Nevertheless, we did not observe any
association between this capillaroscopy
measurement and cardiac index measured
by thermodilution or indirect Fick,
suggesting an alternative mechanism for
the reduced microvasculature flow index.
This lack of association between
microvasculature flow index and cardiac
output has been observed in patients with
sepsis who have increased cardiac output

Table 1. Overall characteristics of patients with pulmonary arterial hypertension and
control subjects

Patients with PAH Control Subjects

n 26 14
Age, yr 56.7 (10) 53.1 (11.6)
Sex
Female 20 (77) 10 (71)

Race
White 24 (92) 12 (86)
African American 2 (8) 2 (14)

BMI, kg/m2 29.1 (6) 27.4 (5)
Etiology of PAH
Idiopathic 9 (35)
Heritable 4 (15)
Portopulmonary 7 (27)
Connective tissue disease 5 (19)
HIV 1 (4)

NYHA Class
I 2 (8)
II 11 (42)
III 12 (46)
IV 1 (4)

Other associated comorbidities
Controlled HTN 2 (8) 6 (43)
Controlled type 2 DM 2 (8) 3 (21)
Treated OSA 6 (23)
Treated COPD 3 (12)

PAH-specific treatment
No therapy (at time of diagnostic RHC) 8 (31)
Single therapy 12 (46)
Combination therapy 6 (23)

Phosphodiesterase-5 inhibitors 9
Endothelin receptor antagonist 7
Prostacyclin analogs 10

Definition of abbreviations: BMI = body mass index; COPD = chronic obstructive pulmonary disease;
DM = diabetes mellitus; HTN = hypertension; NYHA = New York Heart Association; OSA =
obstructive sleep apnea; PAH = pulmonary arterial hypertension; RHC = right heart catheterization.
Data are presented as n (%) or mean (SD).
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but reduced microvasculature flow index
(8, 23).

We also observed greater inequalities of
the microvasculature flow in PAH
compared with healthy control subjects.
This is relevant, as the perfusion
homogeneity is more important than blood
flow velocity to assure an adequate tissue
oxygenation (28). Trzeciak and colleagues

found that patients with sepsis have greater
microvasculature flow heterogeneities
than control subjects (23) that originate
in a selective vasodilation of some
microcirculatory units with a consequent
reduction of flow to other areas (7, 22, 29).
This alteration may reflect an unequal
expression of the inducible nitric oxide
synthase in the SL microcirculation (30).

Interestingly, SL microvasculature
tortuosity and curvature were more
pronounced in subjects with PAH than
control subjects. Similarly, Djaberi
and colleagues noted that the labial
capillaries of patients with diabetes
had greater tortuosity compared with
control subjects, potentially related to
endothelial dysfunction caused by
changes in vasa vasorum and hypoxia
(31). It is possible that a lower PaO2

in patients with PAH might cause
the vessels to become more tortuous
(32, 33) by a more pronounced shear
stress and neovascularization (32). We
noted that patients with PAH receiving
specific therapies had greater tortuosity
than treatment-naive subjects, which
could reflect a more advanced disease
state.

We found no difference in the
microvasculature density between patients
with PAH and control subjects. Likewise,
Edul and colleagues showed no difference
in microvasculature density between
patients with sepsis and control subjects
(34); however, other investigations in
sepsis showed a reduction in the
microvascular density in patients with
sepsis (8, 23).

We were not able to find a significant
association between capillaroscopy
measurements and hemodynamic findings.
This is in line with other authors who
demonstrated that macrohemodynamic
determinations do not necessarily match
microhemodynamic and organ function
improvements (10, 26). In fact,
experimental models of septic shock
showed that microvascular perfusion
is commonly affected even after
normalization of systemic hemodynamics,
supporting the concept that microvascular
oxygen delivery cannot be predicted from
systemic hemodynamic measurements (22).

Table 2. Functional, echocardiographic, and hemodynamic data in patients with
pulmonary arterial hypertension

n (%) or Mean (SD)

6-min-walk test
Distance walked, m 343 (126)
Distance walked, % predicted (47) 66 (19)

Echocardiogram
RVSP, mm Hg 76 (28)
RV function

Normal 8 (31)
Mild 6 (23)
Moderate 6 (23)
Severe 6 (23)

RV dilation
Normal 9 (35)
Mild 5 (19)
Moderate 7 (27)
Severe 5 (19)

RHC
Systolic ABP, mm Hg 126 (23)
Diastolic ABP, mm Hg 78 (11)
Heart rate, bpm 78 (11)
SpO2, % 94 (4)
RA pressure, mm Hg 8 (5)
RV systolic pressure, mm Hg 72 (21)
PA systolic pressure, mm Hg 73 (22)
PA diastolic pressure, mm Hg 32 (11)
PA mean pressure, mm Hg 46 (14)
PAOP, mm Hg 12 (6)
CO thermodilution, L/min 6.1 (3)
CI thermodilution, L/min/m2 3.2 (1)
PVR, Wood units 7.6 (6)
SvO2, % 67 (9)

Definition of abbreviations: ABP = arterial blood pressure; CI = cardiac index; CO = cardiac output;
PA = pulmonary artery; PAH = pulmonary arterial hypertension; PAOP = pulmonary artery
occlusion pressure; PVR = pulmonary vascular resistance; RA = right atrium; RHC = right heart
catheterization; RSVP = right ventricular systolic pressure; RV = right ventricle; SpO2 = pulse oxygen
saturation; SvO2 = mixed venous oxygenation.

Table 3. Capillaroscopy determinations in patients with pulmonary arterial hypertension and control subjects

Patients with PAH, Mean (SD) Control Subjects, Mean (SD) P Value

Microvasculature flow index 2 (0.66) 2.7 (0.37) ,0.001
Microvasculature heterogeneity flow index 0.63 (0.63) 0.25 (0.25) 0.039
Microvasculature vessel density (per mm) 8.1 (1) 7.8 (2) 0.58
Microvasculature tortuosity
Tortuosity 0 45 (19) 23.6 (12) 0.001
Tortuosity 1 0.2 (0.16) 0.06 (0.04) ,0.001
Curvature 66.2 (20) 35.6 (13) ,0.001

Definition of abbreviation: PAH = pulmonary arterial hypertension.
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A few studies have suggested the
presence of peripheral endothelial
dysfunction in patients with PAH (15, 16,
35–37). The biological mechanisms behind
the SL microcirculatory abnormalities in
PAH are not clear and need further
investigation. Potential factors associated
with systemic endothelial dysfunction in
PAH include a reduction in nitric oxide
synthesis, overexpression of endothelin
in systemic endothelial cells (38, 39),
modification of the serotonin pathways
(40), increase in circulating inflammatory
chemokines and cytokines (41),
hypoxemia (42), sympathetic overactivity
(43), or alterations of cellular bioenergetics
(44).

Our study has limitations that should
be mentioned. First, most of the patients
were on PAH-specific therapies, reflecting
the difficulties in finding treatment-naive
patients with PAH in the current era.
Second, we included patients with different
types of PAH diseases, which could affect
the results; however, subgroup analysis did

not find any significant capillaroscopy
difference among the groups. Third,
a number of patients with PAH and control
subjects had comorbidities such as
hypertension and obstructive sleep apnea that
may have affected the capillaroscopy
determination; nonetheless, most of
them were adequately treated, and the
comorbidities were present in both groups.
We did not test patients with collagen
vascular diseases without PAH,
uncontrolled hypertension, or diabetes;
therefore, it is unknown whether SL
capillaroscopy would be different in these
subgroups of patients. Finally, we could have
missed differences between groups or
associations with hemodynamic variables
due to the limited number of patients in our
study (type II error).

In summary, we demonstrate that the
SLmicrovasculature is significantly different
in patients with PAH when compared
with matched healthy control subjects. The
determinations are time consuming, and
improvements in image stabilization and

automatic processing are needed to improve
the usefulness of this tool in the evaluation
of SL microcirculation. Interestingly, SL
capillaroscopy parameters were not
associated with traditional markers of
disease severity, and this suggests that the
microcirculatory changes likely represent
a different aspect of the disease. It is
possible that macrohemodynamic variables
might not be sensitive surrogates of
changes in the microcirculation, related
clinical outcomes, and ability to predict
treatment response in pulmonary
hypertension (45, 46). Further
investigations are needed to determine
whether sequential evaluation of the SL
microcirculation could provide prognostic
information or assess treatment response
to PAH-specific therapies.

Conclusions
Patients with PAH had significant changes
in the sublingual microcirculation when
compared with healthy control subjects.
These changes are characterized by lower

Table 4. Capillaroscopy determinations in different types of pulmonary arterial hypertension

Idiopathic/Heritable PAH,
Mean (SD)

PoPH, Mean (SD) Scleroderma-associated PAH,
Mean (SD)

P Value

n 13 7 5
Microvasculature flow index 2 (0.6) 2 (0.7) 2 (1) 0.99
Microvasculature heterogeneity

flow index
0.52 (0.4) 0.72 (0.6) 0.89 (1) 0.51

Microvasculature vessel density
(per mm)

8.1 (1) 8 (1) 8.6 (1.7) 0.75

Microvasculature tortuosity
Tortuosity 0 44 (20) 45 (21) 50 (19) 0.87
Tortuosity 1 0.19 (0.17) 0.16 (0.12) 0.30 (0.2) 0.35
Curvature 61 (18) 70 (19) 74 (27) 0.42

Definition of abbreviations: PAH = pulmonary arterial hypertension; PoPH = portopulmonary hypertension.

Table 5. Association between predictors of pulmonary arterial hypertension severity and capillaroscopy determinations

Right Atrial Pressure r
(P Value)

Cardiac Index by Thermodilution r
(P Value)

Pulmonary Vascular Resistance r
(P Value)

Microvasculature flow index 0.02 (0.93) 0.1 (0.62) 0.01 (0.99)
Microvasculature heterogeneity

flow index
20.22 (0.28) 20.03 (0.9) 20.05 (0.82)

Microvasculature vessel density
(per mm)

20.19 (0.34) 20.08 (0.7) 0.08 (0.69)

Microvasculature tortuosity
Tortuosity 0 20.12 (0.56) 0.11 (0.6) 20.05 (0.83)
Tortuosity 1 20.11 (0.59) 20.02 (0.93) 20.01 (0.99)
Curvature 20.26 (0.21) 0.16 (0.43) 20.24 (0.24)

Definition of abbreviation: r = Pearson correlation coefficient.
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microvasculature flow index and greater
vascular tortuosity. Further studies are
needed to assess whether these noninvasive
measurements of the microcirculation can
provide information on disease severity,

prognosis, and/or response to therapy
in PAH. n
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