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ABSTRACT. Objective. Pulmonary endothelial dysfunction and increased reflection of pulmonary pressure waves
have been reported in pulmonary arterial hypertension (PAH). However, the systemic vascular
involvement is not fully understood. Our study focused on the systemic arterial stiffness and
endothelial involvement in idiopathic and scleroderma associated PAH.

Methods. Peripheral arterial stiffness and endothelial function were evaluated in 38 patients with
idiopathic (n = 28) and scleroderma associated (n = 10) PAH, and 21 control subjects (13 healthy; 8
with scleroderma and normal pulmonary pressure). All participants underwent clinical and cardio-
pulmonary evaluation. Arterial stiffness was measured through the fingertip tonometry derived aug-
mentation index (AI), which is the boost increase in the late systolic pressure wave after the initial
systolic shoulder. Endothelial function was measured by forearm blood flow dilatation response to
brachial artery occlusion by a noninvasive plethysmograph (EndoPAT 2000), which is associated
with nitric oxide-dependent vasodilatation and yields a peripheral arterial tone (PAT) ratio.

Results. Mean systolic pulmonary pressure was 70.5 + 21.6 mm Hg (idiopathic-PAH) and 69.3 + 20
mm Hg (scleroderma-PAH). Al was higher in scleroderma patients (10.5% + 19.6% in healthy con-
trols, 9.0% =+ 21.5% in idiopathic-PAH, 20.1% = 19.1% in scleroderma-PAH, and 24.4% + 18.9% in
scleroderma-controls; nonsignificant). PAT ratio was significantly lower (p < 0.05) than control
values in idiopathic-PAH and scleroderma-PAH (PAT ratio: control 2.20 + 0.25; idiopathic 1.84 +
0.51; scleroderma 1.66 + 0.66). Al was not correlated to endothelial dysfunction. There were no dif-
ferences between the 2 PAH patient groups in age, body mass index, New York Heart Association
classification, or 6-min walk test.

Conclusion. Our study shows a trend towards increased arterial stiffness in scleroderma (nonsignif-
icant), and also peripheral endothelial dysfunction in idiopathic-PAH and in scleroderma-PAH.
These findings suggest involvement of different vessels in scleroderma-PAH compared to idiopath-
ic-PAH. (First Release April 15 2009; J Rheumatol 2009;36:970-5; doi:10.3899/jrheum.081088)
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The histopathologic features of pulmonary arterial hyper-
tension (PAH) include endothelial injury and proliferation!,
which might affect endothelial function and vessel wall elas-
ticity. Pulmonary endothelial dysfunction is apparently a
significant component of the underlying mechanism of
PAH!. PAH is characterized by impaired production of
vasodilator mediators such as nitric oxide (NO) and prosta-
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cyclin along with overexpression of vasoconstrictors, such
as endothelin-1 and thromboxane-A22'7. Pulmonary arterial
compliance/stiffness is also dysregulated in PAH, with high
reflection of systolic pulse waves in patients with idiopathic
PAH (IPAH)® and chronic thromboembolic pulmonary
hypertension (CTEPH)?. The nature of the peripheral sys-
temic vascular arterial stiffness and endothelial function in
PAH is not understood.

Arterial stiffness is determined by the force of cardiac
contraction and vessel wall elasticity and compliance.
Arterial stiffness is evaluated through the contribution of the
reflected pressure wave to the systolic pressure signal
impulse, named the augmentation index (AI). These reflec-
tions result in retrograde pressure waves, generated from
sites of impedance mismatches, e.g., arterial branching!?.
The Al is defined as the difference between the first peak
(caused by ventricular contraction) and the second peak
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(augmentation pressure) of the arterial waveform, expressed
as a percentage of the pulse pressure (Figure 1)'0-12,
Normally, arterial elasticity converts pulsatile flow to a more
constant flow, mainly in the proximal vessels!3. Blood ves-
sels with high compliance (i.e., low stiffness) experience
only small systolic pressure increases with a relatively large
increase in volume. Conversely, overly stiff central vessels
cannot absorb more than a small fraction of each cardiac
stroke volume without a substantial increase in pressure.
Individuals with stiff central arteries (e.g., hypertensive or
elderly persons)!*!5 typically have relatively high systolic
and pulse pressures and low diastolic pressure!!, with
increasing Al. Endothelial function testing reflects NO pro-
duction in medium-small arteries. Nitric oxide is constitu-
tionally expressed in normal endothelium and has vasodila-
tory, antiinflammatory, and antithrombotic properties.
Peripheral endothelial function may be measured by a non-
invasive plethysmograph (EndoPAT 2000; Itamar Medical,
Caesarea, Israel), assessing post-occlusion brachial artery
flow-mediated dilatation (FMD), which reflects endotheli-
um-dependent reperfusion hyperemia!6-22,

In a previous study, we demonstrated peripheral endothe-
lial dysfunction in patients with IPAH, scleroderma-PAH,
and CTEPH and preserved endothelial function in PAH in
patients with congenital heart disease associated PAHZ3.

The aim of our study was to investigate arterial stiffness
in IPAH and scleroderma-PAH and its association with
endothelial function. We hypothesized that patients with
scleroderma will have increased peripheral arterial stiffness,
compared to healthy controls and patients with TPAH.

MATERIALS AND METHODS

Study participants. Our study was prospective and cross-sectional. The
study group included patients with IPAH or scleroderma associated PAH.
The control groups consisted of scleroderma patients with normal pul-
monary pressure and healthy controls. Medication was stable for 3 months
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prior to enrollment until the end of the study period. Exclusion criteria were
diabetes, ischemic heart disease, cerebrovascular event, obstructive sleep
apnea syndrome, renal failure, or systemic hypertension or concurrent med-
ication with nitrates, alpha/beta blockers, and angiotensin-converting
enzyme inhibitors. Obstructive sleep apnea was excluded due to a
reversible endothelial dysfunction in this syndrome2*.

Study protocol. All subjects underwent a full medical history, function class
grading (New York Heart Association, NYHA), and physical examination.
Laboratory assessment included pulmonary function tests, oxygen satura-
tion (pulse oximetry), carbon monoxide diffusion capacity (DLCO), 6-min
walk test, and transthoracic echocardiography. Twenty-four patients had
undergone cardiac catheterization, and data on mean pulmonary pressure,
cardiac index, and pulmonary vascular resistance were obtained from their
records.

Pulse wave analysis was performed in the morning under stable condi-
tions, after an overnight fast. Subjects were asked to refrain from smoking
and from drinking alcohol or caffeinated drinks for 12 h. During testing,
subjects were seated on a comfortable chair with both hands placed at the
level of the heart. The Endo-PAT 2000 device (Itamar Medical) was used to
obtain a beat-to-beat plethysmographic recording of the finger arterial
pulse-wave amplitude (PWA). A pneumatic probe was placed on the index
finger of each hand to record peripheral arterial tone (PAT). Following a
20-min equilibrium period (20°C constant temperature), baseline measure-
ments were acquired over 5 min at rest. For AI measurement, the baseline
signal from the rest period was used. Al was defined as the difference
between the first (P1) and the second (P2) peaks of the arterial waveform,
expressed as a percentage of the pulse pressure [(P2 — P1)/P1; Figure 1]. For
endothelial dysfunction assessment, post-brachial artery occlusion wave was
used. Occlusion was induced by inflating the cuff on the upper arm to 50
mm Hg above systolic pressure for 5 min and then releasing it to induce
reactive (flow-mediated) hyperemia. The post-obstructive PWA was meas-
ured starting 90 seconds after cuff deflation, for 210 seconds. Endothelial
function was calculated as the ratio between the average post-obstruction
PWA and the average 3-minute baseline PWA, corrected for systemic
changes and baseline signal amplitude. Both signals (Al and PAT) were ana-
lyzed with a computerized automated algorithm by the Endo-Pat 2000 sys-
tem. Absolute endothelial dysfunction was defined as a PAT ratio of less
than 1.672%-26, This FMD test has been used and compared with other meth-
0ds!0-22 in many previous studies!”18:2526_ Figure 2 presents examples of
the normal and pathological (reactive hyperemia) pictures using the Endo-
PAT 2000 device. The use of fingertip tonometry was validated previously
and shown to be in close correlation with radial tonometry!>27-28,
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Figure 1. Augmentation index (Al) is the difference between the first (P1) and second (P2) peaks of the arterial waveform,
expressed as a percentage of the pulse pressure [(P2 — P1)/P1]. A. Pulse wave of a young adult with low arterial stiffness (Al =

—30%). B. An elderly adult: high arterial stiffness (Al = 30%).
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scleroderma associated PAH and normal in controls (Table
1). Five patients were treated with epoprostenol, 7 with tre-

A prostenil, 7 with bosentan, 12 with other selective endothe-
lin receptor blockers, 11 with sildenafil, and 7 with calcium
channel blockers. Age, body mass index (BMI), and NYHA
classification were similar in all patient groups. Comparison

B of the PAH patients with the control subjects yielded a sta-
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Figure 2. EndoPAT 2000 signals. Normal (A) and abnormal (B) hyperemic
response.

Our study was approved by the institutional review board of our center.
All subjects signed an informed consent form to participate in the study.
Statistical analysis. Descriptive statistics were calculated for each group.
Differences among the patient groups were analyzed by analysis of vari-
ance (ANOVA) and chi-squared test (contingency tables), and differences
between patients and controls were analyzed by ANOVA. For post hoc
analysis, the Scheffe test was used. A p value < 0.05 was considered sig-
nificant. The Statistical Package for Social Sciences (SPSS Corp., version
15) was used for data handling and analysis.

RESULTS

Thirty-eight patients (28 IPAH; 10 scleroderma-PAH) and
21 control subjects (13 healthy; 8 scleroderma) participated
in the study (Table 1). Mean pulmonary pressure was 70.5 +
21.6 mm Hg in the IPAH group and 69.3 mm Hg in the

tistically significant difference in NYHA class, baseline
oxygen saturation, and DLCO. Where available, patients in
the PAH groups had higher pulmonary artery pressures than
the non-PAH scleroderma controls; none of the healthy con-
trols had PA catherization data for comparison.

Mean distance on the 6-min walk test was 399 = 118 m
in the IPAH group or 315 + 77 m in the scleroderma-PAH
(p = 0.044) group, although pulmonary hemodynamics,
DLCO, and exercise desaturation were similar in both the
PAH groups.

Arterial stiffness — augmentation index. Al was 10.5% =+
19.6% in healthy controls and 9.0% + 21.5% in the IPAH
group. In the scleroderma group, Al was twice as high: in
the scleroderma-PAH group (20.1% = 19.1%; nonsignifi-
cant) and 24.4 = 18.9% in the scleroderma control group
(nonsignificant vs healthy controls; Table 1, Figure 3). Al
was positively correlated with age (Figure 4; r = 0.597; p =
0.001), but was not associated with the presence of PAH or
other pulmonary or hemodynamic measurements.

Brachial artery endothelial function. As we have reported
previously, peripheral arterial endothelial function was sig-

Table 1. Clinical and epidemiologic characteristics of patients with pulmonary arterial hypertension (PAH) and controls.

Healthy Controls Idiopathic PAH Scleroderma-PAH Scleroderma-only p (for patient
Control groups)
Characteristics

No. 13 28 10 8
M:F 2:11 8:20 2:8 1:7 0.743
Age, yrs 46.0 + 14.1 51.9+13.6 543 +14.2 585%12.1 0.632
BMI, k/gm? 243 £3.6 263 6.7 23.7+4.5 259 +4.1 0.259
NYHA 1.0 1.9 £0.7%* 2.2 £ 0.6%* 1.0 0.184

I, n (%) 13 7 (24) 1 (10) 8

1L n (%) 17 (61) 6 (61)

-1V, n (%) 4 (14) 3 (30)

Clinical findings

Pulse/min 73.5+10.6 782+ 12.0 81.2+12.6 83.2 +£7.8% 0.509
BL sat, % 975+14 943 +£5.1* 94.2 £ 5.5% 98.3 +2.7 0.964
6MWT, m 512 +35 399 + 118 315 + 77** 451 =53 0.044
6MWT sat, % 98.3 0.8 89.8 + 9.1%* 85.0 + 12.8%* 97.8 +2.1 0.208
DLCO, % 98.5+3.5 58.1 £ 20.3%* 43.0 + 28.1%* 74.0 £28.8 0.079
PPR, mm Hg 23.0+42 70.5 £ 21.6%* 69.3 = 20.1%* 312+11.2 0.882
CO, V/min 43+14 44+15 59+23 0.884
PVR, MPass/m? 114£5.6 149 +5.7 28+0.7 0.209
PAT ratio 2.20+0.25 1.84 £0.51* 1.66 £ 0.66* 2.03 £0.38 0.380
Al, % 10.5+19.6 9.0+21.5 20.1 £19.1 244 +18.9 0.199

*p < 0.05 compared to control; ** p < 0.01 compared to control. BMI: body mass index; NYHA: New York Heart Association; BL sat: baseline oxygen sat-
uration; PPR: mean pulmonary pressure; CO: cardiac outpatient. DLCO: carbon monoxide diffusion capacity; PVR: pulmonary vascular resistance in pascal
seconds/m3; 6MWT: 6-minute walk test; PAT: peripheral arterial tone; Al: augmentation index.
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Figure 3. Augmentation index in all study groups (nonsignificant). Scl:

scleroderma; IPAH: idiopathic pulmonary arterial hypertension.
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Figure 4. Augmentation index and age in study subjects (r = 0.597; p =
0.001).

nificantly disturbed in IPAH (1.84 = 0.51; p = 0.023) and in
scleroderma-PAH (1.66 + 0.66; p = 0.014) versus controls
(PAT ratio: 2.20 + 0.25). The scleroderma control group had
similar PAT ratio (2.03 + 0.38) as the healthy control group
(Table 1)23. There was no correlation between AI and
endothelial dysfunction.

Scleroderma with and without PAH. The patients with scle-
roderma and PAH were compared to age- and BMI-matched
control subjects with scleroderma and normal pulmonary
arterial pressure. The pulmonary hypertension group had

worse clinical and cardiopulmonary measurements and
had disturbed endothelial function (PAT ratio 1.66 + 0.66
vs 2.20 £ 0.25; p = 0.014; Table 1). Al was similarly high
in both groups (20.1% + 19.1% and 24.4% =+ 18.9%, vs
10.5% + 19.6% in healthy controls; nonsignificant; Table
1, Figure 3).

DISCUSSION

In our study, 28 patients with IPAH, 10 with sclero-
derma-PAH, and 21 control subjects were assessed for arte-
rial stiffness and endothelial dysfunction. Our analysis
yielded 3 main findings: (1) peripheral arterial stiffness is
normal in PAH and seems not to be correlated with PAH per
se; (2) arterial stiffness has a tendency to be higher in
patients with scleroderma, unrelated to the presence of PAH;
(3) peripheral endothelial function is disturbed in IPAH and
in scleroderma associated PAH.

Arterial stiffness is largely the result of progressive elas-
tic fiber degeneration, mainly collagen and elastin?’, but the
endothelial®® and arterial wall smooth-muscle bulk and
tone3! also play a role. Previous studies have shown that
genetic polymorphisms of fibrillin 132, angiotensin II type 1
receptor>3, and endothelin receptor gene are related to arte-
rial stiffness. The normal pulmonary circulation exhibits
very little wave reflection®, optimizing the right ventricular-
pulmonary artery coupling3*. The pulmonary artery reflect-
ed wave is increased in conditions such as IPAH3Y and
CTEPH®. However, since increased reflected wave has been
also reported in left heart failure33-3%, one can speculate that
the increased reflected wave seen in pulmonary circula-
tion®37 is secondary to the increased pulmonary arterial
pressure, and is not a primary vascular wall abnormality per
se. To our knowledge, our study is the first to report pre-
served systemic arterial stiffness in IPAH, as with normal
age-dependent Al increase (15, Figure 4). In our cohort, the
scleroderma group showed a trend towards increased Al,
unrelated to the presence or absence of PAH (Table 1). This
trend did not reach statistical significance — most probably
due to the small sample size. An increased arterial stiffness
in patients with scleroderma has been reported384. The
increase in arterial stiffness has been shown to increase with
the degree of endothelial inflammation soluble endothelial
adhesion molecules, E-selectin, and soluble vascular cellu-
lar adhesion molecule-1, and is unrelated to endothelial dys-
function*0.

Our previous findings?> of peripheral endothelial dys-
function in IPAH and scleroderma associated PAH and now
the increased Al in scleroderma (Table 1) may indicate sys-
temic endothelial involvement in scleroderma-PAH that is
different from that seen in IPAH. Support for such systemic
vascular involvement in PAH was provided by Hughes, et
al*', who reported a significant reduction in brachial artery
dilatation in patients with IPAH and their relatives, and in
patients with systemic sclerosis with PAH. Additionally,
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Bull, et al*? observed a higher rate of circulating endothelial
cells in patients with pulmonary hypertension, which was

artery hemodynamics in primary pulmonary hypertension. J Am
Coll Cardiol 1993;21:406-12.

. . 9. Castelain V, Hervé P, Lecarpentier Y, Duroux P, Simonneau G,
correlated with pulmonary pressure. Affected patients had Chemla D. Pulmonary artery pulse pressure and wave reflection in
higher values of CD36, a marker of microvascular origin, chronic pulmonary thromboembolism and primary pulmonary
and of E-selectin, a marker of endothelial cell activation. hypertension. J Am Coll Cardiol 2001;37:1085-92.

The systemic involvement might be related primarily to the 10. Munir S, Guilcher A, I.(ama.lesh T, et al. Peripheral augmentation
disease pathobiology, or mediated by a high activity of cir- index defines the relationship between central and peripheral pulse
. >, . pressure. Hypertension 2008;51:112-8.
culatory mediators in PAH such as proinflammatory 11. Izzo JL Jr, Shykoff BE. Arterial stiffness: clinical relevance,
cytokines43, alterations in metabolic pathways of sero- measurement, and treatment. Rev Cardiovasc Med 2001;2:29-40.
tonin44, prothrombotic abnormalities>#> ’46, or hypoxia and 12, Haller MJ, Silverstein JH, Shuster JJ. Correlation between radial
sympathetic overactivity‘”. grtery .tonor.netry— apd ﬁngertip. tonometr}./—derived a}lgmentation
Al was unrelated to endothelial dysfunction in our analy- 12%%67)(. :’%hﬂdren with type 1 diabetes. Diab Vasc Dis Res
sis. This finding is not surprising, since Al reflects arterial 13. Tzzo JL Jr. Hypertension in the elderly: a pathophysiologic
wall elasticity of large and medium size arteries'?, while the approach to therapy. ] Am Geriatr Soc 1982;30:352-9.
hyperemic test assesses the endothelium for its ability to 14. Cheng KS, Baker CR, Hamilton G, Hoeks AP, Seifalian AM.
produce NO in the medium-small arteries2240. Our findings Arterial elastic properties and cardiovascular risk/event. Eur J Vasc
. . 40 . Endovasc Surg 2002;24:383-97.
are in agreement with Andersen, et al*”, who failed to show . ;
oC . K . 15. McVeigh GE, Bratteli CW, Morgan DJ, et al. Age related
association between Al and endothelial dysfunction in abnormalities in arterial compliance identified by pressure pulse
patients with scleroderma. contour analysis. Aging and arterial compliance. Hypertension
One confounding factor in our data was the use of 1999;33:1392-8.
PAH-specific drugs that may also modulate systemic 16. Bonetti PO, Pumper GM, Higano ST, Holmes DR, Kuvin JT,
. . ST Lerman A. Noninvasive identification of patients with early
endothelial function. To reduce variability, we measured ) . )
. . N . . coronary atherosclerosis by assessment of digital reactive
endothelial dysfunction only in patients on stable regimens hyperemia. J Am Coll Cardiol 2004:44:2137-41.
for 3 months prior to the study. Ethically, we could not stop 17. Kuvin JT, Patel AR, Sliney KA, et al. Assessment of peripheral
the medication prior to the study. Nevertheless, the treat- vascular endothelial function with finger arterial pulse wave
ment regimen apparently had no effect on the reflected wave amplitude. Am Heart J 2003;146:168-74.

. . . . 18. Bonetti PO, Barsness GW, Keelen PC, et al. Enhanced external

or the PAT signal (baseline or ratio; data not shown). o . . . :
. . counterpulsation improved endothelial function in patients with
Our study demonstrates a trend towards increased arteri- symptomatic coronary artery disease. J Am Coll Cardiol
al stiffness in patients with scleroderma, unrelated to their 2003;41:176-8.
pulmonary pressure, and preserved arterial stiffness in those 19. Kauvin J, Patel A, Karas R. Need for standardization of non-invasive
with IPAH with concomitant endothelial dysfunction. assessment of vascular endothelial function. Am Heart
Arterial elasticity is unrelated to endothelial dysfunction per J 2001:144:327-8. . .

K . L. . . 20. Kuvin J, Patel A, Sliney K, et al. Peripheral vascular endothelial
se. Since large vessels contribute to elasticity while medium function testing as a non-invasive indicator of coronary artery
and small vessels contribute to endothelial function, our disease. Am J Coll Cardiol 2001;38:1843-9.
study suggests that there is divergence in the location and 21. Schroeter H, Heiss C, Balzer J, et al. Epicatechin mediates
nature of systemic vascular dysfunction between patients Ee“eﬁda;effegs Oliﬂag?;“‘_’l{jﬁsci ;8;‘;31%‘; Vfg;fgr function in

. . umans. Proc Nat Acad Sci ;103: -9.
with scleroderma-PAH Compared to those with IPAH. 22. Meredith IT, Currie KE, Anderson TJ, Roddy MA, Ganz P, Vreager
MA. Postischemic vasodilation in human forearm is dependent on
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