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Abstract

The prevalence of acute vasodilator response (AVR) to inhaled nitric oxide

(iNO) during right heart catheterization (RHC) is 12% in idiopathic pulmonary

arterial hypertension (IPAH). AVR, however, is reportedly lower in other

disease‐associated pulmonary arterial hypertension (PAH), such as connective

tissue disease (CTD). The prevalence of AVR in patients on PAH therapy

(prevalent cases) is unknown. We sought to determine AVR prevalence in

Group 1 PH in the PVDOMICS cohort of incident and prevalent patients

undergoing RHC. AVR was measured in response to 100% O2 and O2 plus

iNO, with positivity defined as (1) decrease in mean pulmonary artery

pressure (mPAP) by ≥10mmHg to a value ≤40mmHg, with no change or an

increase in cardiac output (definition 1); or (2) decrease in mPAP by ≥12% and
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pulmonary vascular resistance by ≥30% (definition 2). AVR rates and

cumulative survival were compared between incident and prevalent patients.

In 338 mainly prevalent (86%) patients, positive AVR to O2‐only was <2%, and
5.1% to 16.9%, based on definition 1 and 2 criteria, respectively; following

O2 + iNO. IPAH AVR prevalence (4.1%–18.7%) was similar to prior reports.

AVR positivity was 7.7% to 15.4% in mostly CTD‐PAH prevalent cases, and

2.6% to 11.8% in other PAH groups. Survival was 89% in AVR responders

versus 77% in nonresponders from PAH diagnosis, and 91% versus 86% from

PVDOMICS enrollment (log‐rank test p= 0.04 and p= 0.05, respectively). In

conclusion, AVR in IPAH patients is similar to prior studies. AVR in non‐
IPAH patients was higher than previously reported. The relationship between

PAH therapy, AVR response, and survival warrants further investigation.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) remains a
disease with significant morbidity and mortality despite
a plethora of modern medications which have improved
general outcomes.1 PAH is characterized by severe
remodeling of the small pulmonary arteries and a
progressive increase in pulmonary vascular resistance
(PVR) leading to right ventricular failure and death if left
untreated.2–4

Although remodeling of the pulmonary vessels is the
main pathological finding in PAH, vasoconstriction plays
an important role in the disease pathophysiology,
particularly in patients who display vasoreactivity.5 Prior
studies have demonstrated that patients with idiopathic
pulmonary arterial hypertension (IPAH) and a positive
acute vasodilator response (AVR) during hemodynamic
assessment by right heart catheterization (RHC) had
dramatically improved outcomes, with near‐normal
survival, when treated with long‐term calcium‐channel
blockers (CCB) compared with patients with no acute
response.6,7 Therefore, the goal of AVR testing in
incident patients is to identify PAH patients who will
respond favorably to long‐term CCB therapy.8 However,
less than 10% of IPAH patients have a long‐term response
to CCB.9 Moreover, in other subgroups of PAH, the
proportion of AVR responders among incident and
prevalent patients may differ, and, even in the presence
of AVR, initiation of CCB may be deleterious in some
associated conditions.10,11 Furthermore, the prevalence
of AVR responsiveness in these other forms of PAH, and
the clinical implications and overall outcomes, are
essentially unknown.

In the Pulmonary Vascular Disease Phenomics
Study,12 AVR was assessed with 100% oxygen (O2) alone
and O2 plus inhaled nitric oxide (O2 + iNO) in all World
Symposium on Pulmonary Hypertension (WSPH)
groups. AVR was performed systematically in all patients
with elevated mean pulmonary artery pressure (mPAP >
25mmHg) regardless of the etiology or hemodynamic
findings. This protocol‐driven assessment of AVR pro-
vided an opportunity to examine vasoreactivity systemat-
ically in both incident and prevalent group 1 subjects, as
well as, in the non‐IPAH population.

In this study, we sought to test the hypothesis that
AVR would differ between IPAH and non‐IPAH in
WSPH Group 1 PH, and between treatment‐naive
(incident) and treated (prevalent) patients, with potential
disparities in cumulative survival across groups. Addi-
tionally, two different AVR criteria were compared to
assess variability in AVR positivity.

PATIENTS AND METHODS

Patient population

Group 1 PH patients enrolled in PVDOMICS underwent
RHC for baseline measurements. Details of the PVDO-
MICS methodology and core adjudication of hemo-
dynamic measurements have been previously reported.12

The diagnosis of PAH was established by a mPAP greater
than 25mmHg at rest, a pulmonary capillary wedge
pressure (PCWP) ≤ 15mmHg, and a PVR ≥ 3 Wood units
according to the definition in effect at the time of the
study initiation.13 Within group 1 PH, we limited our
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analysis to IPAH, familial PAH (FPAH), drug induced
PAH (DI‐PAH), HIV‐associated PAH (HIV‐PAH), porto-
pulmonary hypertension associated PAH (PoPH‐PAH),
congenital heart disease associated PAH (CHD‐PAH),
PAH due to pulmonary veno‐occlusive disease (PVOD‐
PAH), PAH due to pulmonary capillary hemangioma-
tosis (PCH‐PAH), and PAH due to connective tissue
diseases (CTD‐PAH). Other causes of group 1 PH were
excluded due to a low number of subjects. Patients'
characteristics at enrollment, including, demographic,
clinical, and laboratory data, as well hemodynamic and
pulmonary function assessments, have been previously
fully described12 and were retrieved from the PVDO-
MICS registry.

AVR was measured in response to 100% inhaled O2

and 100% O2 plus inhaled nitric oxide (iNO) 40 ppm
(O2 + iNO). At baseline and 5min following each
intervention, the following hemodynamic parameters
were measured, including right atrial pressure (RAP),
mPAP, pulmonary artery wedge pressure (PAWP), and
cardiac output (CO) by thermodilution, with calculation
of PVR, cardiac index (CI), and systemic vascular
resistance (SVR). Rates of AVR to 100% O2 and O2 + iNO
were compared between incident and prevalent patients
in each PAH subgroup.

Vasoreactivity definition

We utilized two different AVR criteria, based on prior
published studies, and compared clinical outcomes based
on each definition, as follows:

a) Decrease in mPAP by ≥10mmHg to a value ≤ 40
mmHg, with no change or an increase in cardiac
output,13 definition 1.

b) Decrease in mPAP by ≥12% and PVR by ≥30%,14

definition 2.

Statistical methods

Group comparisons were made using the χ2 and Fisher
exact tests as appropriate for categorical variables, and
analysis of variance test was used for continuous
variables. Patients were grouped as IPAH/FPAH, CTD‐
PAH, and other‐PAH (including DI‐PAH, HIV‐PAH,
PoPH‐PAH, CHD‐PAH, PVOD‐PAH, and PCH‐PAH).
Missing data was considered missing not completely at
random, and complete‐case analyses were initially
performed, followed by additional sensitivity analyses
excluding variables with significant missingness (>5%).

Mortality was assessed using the Kaplan–Meier method.
Comparisons between groups were performed by log‐
rank test. Computations were completed using the Stata
statistical software (version 17.0; Stata). A p value < 0.05
was considered statistically significant.

RESULTS

Study population

Three‐hundred and thirty‐eight patients with group 1
PH were enrolled in PVDOMICS. For simplicity, three
larger subgroups were assessed and compared, includ-
ing IPAH/FPAH with a total of 171 patients (145 with
IPAH and 46 with FPAH), CTD‐PAH with 91 patients
(including 42 systemic sclerosis [SSc], 15 systemic lupus
erythematosus [SLE], 16 mixed CTD [MCTD], 10
Sjogren's disease, 7 rheumatoid arthritis, and 1 anti‐
synthetase syndrome), and other‐PAH with 76 patients
[which included DI‐PAH (15), HIV‐PAH (7), PoPH‐
PAH (13), CHD‐PAH (31), PVOD‐PAH (6), and
PCH‐PAH (3)]. Baseline demographics, clinical, echo-
cardiographic, and hemodynamic parameters for the
three specified PAH subgroups are shown in Table 1.
Compared with IPAH/FPAH, patients with CTD‐PAH
were older (59.6 ± 12.2 vs. 50.9 ± 14.6 years; p< 0.001)
and had a higher proportion of females (81% vs. 70%;
p= 0.12). Overall, there was a lower proportion of
African Americans (11%) compared with Whites (76%).
The cohorts predominantly included prevalent patients
(86%), with a similar distribution across subgroups (89%
vs. 79% vs. 88%, p= 0.07), and a median time from
diagnosis of 3.2 years. WHO FC, assessed during study
enrollment, showed an overall high proportion of
patients with functional limitation (WHO FC II: 41%,
III: 42%, IV: 5%).

At enrollment, systolic blood pressure, diastolic
blood pressure, heart rate, respiratory rate, BMI,
creatinine, and estimated glomerular filtration rate,
were not significantly different across groups. Patients
with other‐PAH had the highest mean levels of total
bilirubin (1.0 mg/dL ± 0.9; p< 0.001) and hemoglobin
(14.3 g/dL ± 2.5; p < 0.001). CTD‐PAH patients dis-
played the highest levels of proBNP (602 pg/mL,
interquartile range: 179–2552, p< 0.001). Regarding
PFTs, patients with PAH/FPAH had statistically signif-
icant higher mean values across all parameters.

Regarding therapy, the majority of patients were
already receiving either two or more PAH‐specific
medications (135 vs. 86, respectively). The most com-
monly used medications included phosphodiesterase‐5
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TABLE 1 Patient characteristics.

All,
n= 338

IPAH/FPAH,
n= 171

CTD‐PAH,
n= 91

Other‐PAH,
n= 76a p Value

Age at enrollment, years, mean 52.6 ± 13.4 50.9 ± 14.6 59.6 ± 12.2 47.9 ± 13.3 <0.001

Female, n (%) 249 (73.7) 119 (69.6) 74 (81.3) 56 (73.7) 0.12

Race, White/AA/Others, n 257/37/44 137/14/20 64/16/11 56/7/13 0.16

Prevalent/incident 291 (86)/47 (14) 152 (89)/19 (11) 72 (79)/19 (21) 67 (88)/9 (12) 0.07

Years since PH diagnosis, median
(min, max)

3.2 (0.0, 35.9) 3.7 (0.0, 35.9) 2.5 (0.0, 21.0) 4.0 (0.0, 27.2) 0.19

WHO FC at enrollment (I/II/III/IV), n 43/137/141/17 32/76/58/5 6/32/46/7 6/28/37/5 <0.001

Vitals signs at enrollment

Systolic BP, mmHg, mean 114 ± 16 114 ± 15 117 ± 18 113 ± 16 0.27

Diastolic BP, mmHg, mean 69 ± 10 68 ± 10 69 ± 11 69 ± 10 0.77

Heart rate, bpm, mean 76 ± 13 77 ± 12 77 ± 13 75 ± 14 0.72

Respiratory rate, rpm, mean 18 ± 4 17 ± 2 19 ± 6 18 ± 3 0.06

BMI, kg/m2, mean 29.1 ± 7.5 30.0 ± 7.3 27.8 ± 7.1 28.5 ± 8.2 0.04

Laboratory data at enrollment

Creatinine, mg/dL, mean 0.9 ± 0.4 1.0 ± 0.6 1.0 ± 0.5 1.0 ± 0.4 0.93

eGFR, mL/min/1.73m2, mean 80.6 ± 24.4 82.5 ± 23.8 75.4 ± 25.0 82.2 ± 24.4 0.08

Na, mEq/mL, mean 139.4 ± 2.8 139.6 ± 2.7 139.5 ± 2.8 139.1 ± 3.1 0.47

Bilirubin total, mg/dL, mean 0.7 ± 0.6 0.7 ± 0.5 0.6 ± 0.3 1.0 ± 0.9 <0.001

Hemoglobin, g/dL, mean 13.7 ± 2.1 13.9 ± 1.9 12.9 ± 1.9 14.3 ± 2.5 <0.001

ProBNP, pg/mL, median [P25, P75] 258 [97, 997] 185 [83, 785] 602 [179, 2252] 180 [91, 857] <0.001

Troponin, ng/mL, median (min, max) 0.01 (0.009, 0.15) 0.009 (0.009, 0.15) 0.009 (0.009, 0.03) 0.009 (0.009, 0.118) 0.59

Pulmonary function at enrollment

6MWD, m, median (min, max) 405 (38, 732) 420 (38, 732) 364 (122, 615) 394 (107, 615) <0.001

FEV1 percentage, mean 78.1 ± 18.1 80.4 ± 17.7 74.7 ± 18.1 76.6 ± 18.7 0.05

FVC percentage, mean 84.4 ± 17.1 87.3 ± 15.2 78.9 ± 17.8 83.8 ± 19.2 <0.001

FEV1/FVC percentage, mean 92.0 ± 10.0 91.2 ± 9.5 94.5 ± 10.7 91.1 ± 9.9 0.03

TLC percentage, mean 89.2 ± 15.9 92.9 ± 13.4 80.7 ± 14.7 91.0 ± 18.9 <0.001

DLCO percentage, mean 57.4 ± 20.1 63.6 ± 19.0 41.9 ± 17.8 60.7 ± 19.5 <0.001

Therapies

Diuretic, n (%) 216 (63.9) 113 (66.1) 60 (65.9) 43 (56.6) 0.31

PDE5 inhibitor, n (%) 225 (66.6) 117 (68.4) 59 (64.8) 49 (64.5) 0.76

ERA, n (%) 189 (55.9) 99 (57.9) 45 (49.5) 45 (59.2) 0.34

Prostacyclin, n (%) 147 (43.5) 85 (49.7) 29 (31.9) 33 (43.4) 0.02

SGC, n (%) 17 (5.1) 8 (4.7) 3 (3.3) 6 (7.9) 0.38

CCB, n (%) 16 (4.8) 11 (6.4) 3 (3.3) 2 (2.6) 0.32

0/1/2/>2 PH drugs, n 55/62/135/86 26/25/68/52 19/19/39/14 10/18/28/20 0.11
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inhibitors (PDE5‐i) (66.6%), followed by endothelin
receptor antagonists (55.9%), prostanoids (43.5%), soluble
guanylate cyclase (SGC) stimulators (5.1%), and CCB
(4.8%). Patients not receiving targeted therapy (55)
included participants with a recent PAH diagnosis.
Furthermore, 62 patients were clinically stable on
monotherapy.

Acute vasodilator testing

Among all participants, 316 underwent AVR with 100%
O2 only, and 318 had a combined test with 100%
O2 + iNO. Response to O2 and O2 + iNO using AVR
definition 1 is shown in Table 2. Overall, O2 alone had
little effect on cardiopulmonary hemodynamics across
the different groups (four responders), with most of the
patients being prevalent (three responders). However,
O2 + iNO resulted in a higher number of responders
(n= 16), including seven IPAH/FPAH, seven CTD‐PAH,
and two other‐PAH patients. CTD‐PAH included five

TABLE 1 (Continued)

All,
n= 338

IPAH/FPAH,
n= 171

CTD‐PAH,
n= 91

Other‐PAH,
n= 76a p Value

Echocardiographic data

RV dilation (normal/mild/moderate/
severe), n

66/101/89/70 34/55/42/35 22/18/30/15 10/28/17/20 0.07

TR (none/mild/moderate/severe), n 87/145/75/17 53/72/32/7 18/34/27/6 16/39/16/4 0.14

RVSP, mmHg, median [P25, P75] 64.7 [47.7, 84.3] 61.6 [44.9, 80.3] 65.3 [49.3, 77.8] 69.9 [57.2, 90.8] 0.05

TAPSE, cm, median [P25, P75] 1.8 [1.5, 2.2] 1.9 [1.6, 2.2] 1.8 [1.5, 2.2] 1.8 [1.5, 2.0] 0.91

Pericardial effusion, n (%) 135 (41.7) 65 (40.0) 51 (60.0) 19 (25.7) <0.001

Hemodynamics at rest

RAP, mmHg, mean 7 ± 5 7 ± 4 7 ± 5 8 ± 6 0.67

mPAP, mmHg, mean 44 ± 15 43 ± 15 42 ± 13 42 ± 13 0.81

PCWP, mmHg, mean 11 ± 5 11 ± 5 10 ± 5 11 ± 6 0.34

CO, L/min, median (min, max) 5.0 (1.96, 13.7) 5.2 (2.53, 11.73) 4.7 (2.37, 13.7) 5.0 (1.96, 9.05) 0.18

CI, L/min/m2, mean 2.79 ± 0.88 2.79 ± 0.86 2.77 ± 0.97 2.79 ± 0.83 0.97

PVR, Wood units, median [P25, P75] 6.2 (0.5, 33.7) 6.1 (0.5, 19.2) 6.2 (1.2, 31.7) 6.7 (2.0, 33.7) 0.09

SVR, mL/beat, mean 71.7 ± 26.6 75.0 ± 26.6 66.7 ± 27.2 70.2 ± 24.7 0.04

Mortality, n (%) 42 (12.4) 17 (9.9) 17 (18.7) 8 (10.5) 0.10

Note: Statistics presented as mean ± SD, median [P25, P75], median (min, max) or N (%).

Abbreviations: 6MWD, 6 minute walk distance; AVR, acute vasodilator response; BMI, body mass index; BP, blood pressure; CCB, calcium‐channel blockers;
CI, cardiac index; CO, cardiac output; DLCO, diffusion capacity of the lung to carbon monoxide; eGFR, estimated glomerular filtration rate; ERA, endothelin
receptor antagonist; FEV1, force expiratory volume in 1 second; FVC, force vital capacity; IPAH, idiopathic pulmonary arterial hypertension; mPAP, mean
pulmonary artery pressure; PAH, pulmonary arterial hypertension; PCWP, pulmonary capillary wedge pressure; PDE5, phosphodiesterase‐5; PVR, pulmonary
vascular resistance; RAP, right atrial pressure; RV, right ventricle; RVSP, Right Ventricular Systolic Pressure; SCG, soluble guanylate cyclase; SVR, systemic
vascular resistance; TAPSE, tricuspid annular plane systolic excursion; TLC, total lung capacity; TR, tricuspid regurgitation.
aOther‐PAH includes: DI‐PAH, HIV‐PAH, PH‐PAH, CHD‐PAH, PVOD‐PAH, PCH‐PAH.

TABLE 2 AVR evaluation based on Definition 1, O2 versus
O2 + iNO responders.

Patients (N)
100% O2 (%
responders)

O2 + iNO (%
responders)

Group 1 PH 338 4/316 (1.3) 16/318 (5.1)

IPAH/FPAH 171 2 (1.2) 7 (4.1)

Prevalent 152 1 5

Incident 19 1 2

CTD‐PAH 91 1 (1.1) 7 (7.7)

Prevalent 72 1 6

Incident 19 0 1

Other‐PAHa 76 1 (1.3) 2 (2.6)

Prevalent 67 1 1

Incident 9 0 1

Abbreviations: CTD, connective tissue disease; FPAH, familial pulmonary
arterial hypertension; iNO, inhaled nitric oxide; IPAH, idiopathic
pulmonary arterial hypertension; PAH, pulmonary arterial hypertension.
aOther‐PAH includes: DI‐PAH, HIV‐PAH, PH‐PAH, CHD‐PAH, PVOD‐
PAH, PCH‐PAH.

PULMONARY CIRCULATION | 5 of 12



SSc, one MCTD, and one SLE patients. Furthermore, the
majority of responders were prevalent partici-
pants (n= 12).

An increased number of responders to O2 and
O2 + iNO was observed in the cohort when using AVR
definition 2, as shown in Table 3. Overall, O2 had a
similar effect on cardiopulmonary hemodynamics across
the different groups compared to definition 1 (6 vs. 4
responders), with most patients being prevalent (4
responders). However, O2 + iNO resulted in a substan-
tially higher number of responders (n= 54 vs. n= 16 for
definition 1), including 31 IPAH/FPAH, 14 CTD‐PAH,
and 9 other‐PAH patients. CTD‐PAH included nine SSc,
two MCTD, two SLE, and one Sjogren's patients.
Furthermore, most responders were prevalent partici-
pants (n= 48), similar to what was found with defini-
tion 1.

Demographic, clinical, laboratory, pulmonary func-
tion, echocardiographic, and hemodynamic variables
were compared between responders and nonresponders
using definition 2 given the larger number of AVR
positivity (Table 4). There were no significant demo-
graphic or clinical differences between AVR and non‐
AVR responders, except that the latter group had worse
functional impairment (as assessed by functional class), a
tendency for higher right atrial pressure (by RHC), a
significantly lower tricuspid annular plane systolic
excursion (TAPSE), and tendency for more severe
tricuspid regurgitation and right ventricle (RV) dilation
(by echocardiography).

Survival

The cohort's mortality was analyzed in two different
manners: survival from PAH diagnosis (censored at 15
years) and survival after enrollment to PVDOMICS with
RHC and AVR evaluation (censored at 3 years). Patients
with positive AVR to 100% O2 and O2 + iNO, based on
definition 2, were pooled together for the analysis
(n= 60). Only patients who underwent AVR test were
included (n= 318). Patients who received a heart and/or
lung transplant were excluded. We present data on the
two largest subgroups, IPAH/FPAH and CTD‐PAH.
Other‐PAH had no statistically significant differences in
survival.

Cumulative survival for IPAH/FPAH versus non‐
IPAH is shown in Figure 1. Median survival for both
cohorts, from PAH diagnosis and after PVDOMICS
enrollment, was above 50%. However, survival was
significantly higher, 82% versus 76% from PAH
diagnosis, and 95% versus 80% from PVDOMICS
enrollment, among IPAH/FPAH versus non‐IPAH
patients, respectively (log‐rank test p= 0.03 and
p= 0.04, correspondingly).

AVR‐responders had a 89% survival versus 77% for
nonresponders from PAH diagnosis, and 91% versus 86%
from PVDOMICS enrollment (log‐rank test p= 0.04 and
p= 0.05, respectively), Figure 2. Subgroup analysis
showed a nonsignificant trend for improved survival
among AVR responders (p= 0.09 and p= 0.15, diagnosis
and enrollment, respectively) compared with non‐AVR
responders in IPAH, but no difference in CTD‐PAH
(Figure 3).

DISCUSSION

Very few studies have reported vasoreactivity testing and
long‐term outcomes in patients with PH other than
IPAH, usually with very limited sample sizes. To our
knowledge, this is one of the largest studies reporting on
other PAH subgroups. AVR testing has been routinely
performed, and recommended, when diagnosing and
treating patients with IPAH.8,15 The American College of
Chest Physicians16 and the most recent European Society
of Cardiology and European Respiratory Society guide-
lines for the diagnosis and treatment of PH, highlights
the importance to classify patients as “non‐responders”
versus “responders”8 when diagnosing IPAH, given the
survival and long‐term benefit in response to CCB
therapy.7,9 There is an expanded recommendation in
the guidelines for AVR testing to include patients with
FPAH, DI‐PAH, and CHD‐PAH with initial systemic‐to‐
pulmonary shunting.8 Unfortunately, there is still a weak

TABLE 3 AVR evaluation based on Definition 2, O2 versus
O2 + iNO responders.

Patients (N)
100% O2 (%
responders)

O2 + iNO (%
responders)

Group 1 PH 338 6/316 (1.9) 54/318 (16.9)

IPAH/FPAH 171 4 (2.3) 31 (18.7)

Prevalent 152 4 28

Incident 19 0 3

CTD‐PAH 91 1 (1.1) 14 (15.4)

Prevalent 72 0 12

Incident 19 1 2

Other‐PAHa 76 1 (1.3) 9 (11.8)

Prevalent 67 1 8

Incident 9 0 1

Abbreviations: CTD, connective tissue disease; FPAH, familial pulmonary
arterial hypertension; iNO, inhaled nitric oxide; IPAH, idiopathic
pulmonary arterial hypertension; PAH, pulmonary arterial hypertension.
aOther‐PAH includes: DI‐PAH, HIV‐PAH, PH‐PAH, CHD‐PAH, PVOD‐
PAH, PCH‐PAH.
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TABLE 4 Patient characteristics among AVR responders versus AVR nonresponders.

AVR
responders, n= 60

AVR
nonresponders, n= 278 p Value

Age at enrollment, years, mean 50.6 ± 13.2 52.9 ± 14.6 0.25

Female, n (%) 45 (75) 204 (74) 0.79

Race, White/AA/Othersa, n 46/5/9 211/32/35 0.50

Prevalent/incident 53 (88)/7 (12) 238 (85)/40 (15) 0.58

Years since PH diagnosis, median (min, max) 4.9 (0.0, 25.2) 2.8 (0.0, 35.8) 0.13

WHO FC at enrollment (I/II/III/IV), n 13/28/18/1 31/108/123/16 0.04

Vitals signs at enrollment

Systolic BP, mmHg, mean 112 ± 14 115 ± 17 0.40

Diastolic BP, mmHg, mean 67 ± 10 69 ± 10 0.33

Heart rate, bpm, mean 74 ± 13 77 ± 13 0.22

Respiratory rate, rpm, mean 19 ± 6 18 ± 3 0.03

BMI, kg/m2, mean 29.7 ± 6.9 28.9 ± 7.6 0.47

Laboratory data at enrollment

Creatinine, mg/dL, mean 1.0 ± 0.5 1.0 ± 0.5 0.78

eGFR, ml/min/1.73 m2, mean 81.8 ± 26.4 80.3 ± 23.9 0.67

Na, mEq/mL, mean 139.3 ± 2.7 139.5 ± 2.8 0.66

Bilirubin total, mg/dL, mean 0.6 ± 0.4 0.8 ± 0.6 0.12

Hemoglobin, g/dL, mean 13.7 ± 1.7 13.7 ± 2.2 0.84

ProBNP, pg/mL, median [P25, P75] 129 [72, 500] 286 [105, 1076] 0.13

Troponin, ng/mL, median (min, max) 0.009 (0.009, 0.029) 0.009 (0.009, 0.155) 0.42

Pulmonary function at enrollment

6MWD, m, median (min, max) 408 (95, 713) 399 (37, 731) 0.34

FEV1 percentage, mean 75.9 ± 18.4 78.5 ± 18.1 0.33

FVC percentage, mean 83.2 ± 17.4 84.6 ± 17.1 0.56

FEV1/FVC percentage, mean 90.8 ± 10.9 92.3 ± 9.8 0.32

TLC percentage, mean 87.9 ± 16.6 89.5 ± 15.8 0.52

DLCO percentage, mean 56.5 ± 22.5 57.5 ± 20.6 0.73

Therapies

Diuretic, n (%) 42 (70.0) 174 (62.6) 0.27

PDE5 inhibitor, n (%) 44 (73.3) 181 (65.1) 0.22

ERA, n (%) 31 (51.7) 158 (56.8) 0.46

Prostacyclin, n (%) 27 (45.0) 120 (43.2) 0.79

SGC, n (%) 1 (1.7) 16 (5.8) 0.18

CCB, n (%) 5 (8.3) 11 (4.0) 0.14

0/1/2/>2 PH drugs, n 5/17/24/14 50/45/111/72 0.07

Echocardiographic data

RV dilation (normal/mild/moderate/
severe), n

16/22/15/7 62/79/74/63 0.20

(Continues)
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recommendation against routinely testing patients with
other subgroups within PAH given conflicting findings in
regards of CCB response and/or clinical benefits.17

Based on these guidelines, a decrease in mPAP by
≥10mmHg to a value ≤ 40mmHg, with no change or an
increase in cardiac output, definition 1 in our study, has
been recognized as a positive AVR response.9,13 It is
reported, based on this definition, that less than 10% of
IPAH, FPAH, or DI‐PAH patients are found to be
responders,9,18 which is similar to the findings in our
study (4.1%).

However, prior publications have suggested that less
strict criteria for AVR, such as in definition 2 of our
study, would capture more patients that could benefit
from specific therapies and may have better long‐term
outcomes. Malhotra and colleagues examined the rela-
tionship of changes in PVR and mPAP in response to
combined iNO and O2 challenge, to clinical outcomes in
patients with PAH. They demonstrated that patients with
≥30% reduction in PVR had a 53% relative reduction in
mortality (hazard ratio [HR]: 0.47, 95% confidence
interval [CI]: 0.23–0.99, p= 0.047), and those with
≥12% reduction in mPAP had a 55% relative reduction
in mortality (HR: 0.45, 95% CI: 0.22–0.96, p= 0.038).

Also, for every 10% reduction in baseline PVR, there was
a reduction in age‐adjusted mortality by a ratio of 0.82
(95% CI: 0.69–0.98, p= 0.025), while for every 10%
reduction in baseline mPAP there was a reduction in
mortality by a factor of 0.60 (95% CI: 0.43–0.83,
p= 0.002).14 Applying these criteria to our study popula-
tion, AVR response was 18.7% among patients with
IPAH/FPAH.

Oxygen challenges are typically utilized in patients with
CHD or other subgroups with associated resting hypoxemia,
a main mechanism of pulmonary vasoconstriction in this
group, while they are not routinely performed in other forms
of PH. Both AVR definitions revealed only 4 and 6 patients,
respectively, with a positive AVR to 100% O2 alone. The
remainder of responders with either definition were largely
related to iNO.

To date, there are only few studies on CTD‐PAH that
have evaluated the prognostic value of AVR response.
Malhotra et al. reported retrospective data on 80 group 1 PH
patients. Among them, 23 (29%) had a CTD‐PAH diagnosis,
with 11 exhibiting a PVR vasodilator response (48%) and 14
having a mPAP response (61%) after AVR testing with
combined O2 and iNO. Furthermore, PVR responsiveness
was associated with a HR of 0.11 (95% CI: 0.01–0.97,

TABLE 4 (Continued)

AVR
responders, n= 60

AVR
nonresponders, n= 278 p Value

TR (none/mild/moderate/severe), n 23/26/10/1 78/119/65/16 0.16

RVSP, mmHg, median [P25, P75] 67.2 [47.2, 85.2] 64.5 [48.2, 84.0] 0.79

TAPSE, cm, median [P25, P75] 2.1 [1.7, 2.3] 1.8 [1.6, 2.2] 0.02

Pericardial effusion, n (%) 17 (28.3) 118 (42.4) 0.03

Hemodynamics at rest

RAP, mmHg, mean 6 ± 4 8 ± 2 0.07

mPAP, mmHg, mean 43 ± 14 44 ± 15 0.60

PCWP, mmHg, mean 10 ± 4 11 ± 3 0.08

CO, L/min, median (min, max) 5.1 (2.40, 10.2) 4.9 (1.96, 13.6) 0.95

CI, L/min/m2, mean 2.71 ± 0.73 2.80 ± 0.91 0.46

PVR, Wood units, median [P25, P75] 6.1 [4.5, 8.7] 6.2 [3.8, 9.4] 0.98

SVR, mL/beat, mean 74.3 ± 23.6 71.2 ± 27.1 0.40

Mortality, n (%) 5 (8.3) 37 (13.3) 0.02

Note: Statistics are presented as mean ± SD, median [P25, P75], median (min, max) or N (column %).

Abbreviations: 6MWD, 6 minute walk distance; AVR, acute vasodilator response; BMI, body mass index; BP, blood pressure; CCB, calcium‐channel blockers;
CI, cardiac index; CO, cardiac output; DLCO, diffusion capacity of the lung to carbon monoxide; eGFR, estimated glomerular filtration rate; ERA, endothelin
receptor antagonist; FEV1, force expiratory volume in 1 second; FVC, force vital capacity; IPAH, idiopathic pulmonary arterial hypertension; mPAP, mean
pulmonary artery pressure; PAH, pulmonary arterial hypertension; PCWP, pulmonary capillary wedge pressure; PDE5, phosphodiesterase‐5; PVR, pulmonary
vascular resistance; RAP, right atrial pressure; RV, right ventricle; RVSP, Right Ventricular Systolic Pressure; SCG, soluble guanylate cyclase; SVR, systemic
vascular resistance; TAPSE, tricuspid annular plane systolic excursion; TLC, total lung capacity; TR, tricuspid regurgitation.
aOther‐PAH includes: DI‐PAH, HIV‐PAH, PH‐PAH, CHD‐PAH, PVOD‐PAH, PCH‐PAH.
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p=0.047) and mPAP responsiveness with a HR of 0.24 (95%
CI: 0.05–1.23, p=0.09).14 Hernandez‐Oropeza and col-
leagues presented data on 25 CTD‐PAH patients. The most
frequent rheumatologic diagnosis was SLE (16 patients).
About 28% (7 patients) were responders and the remainder
were categorized as nonresponders. Nonetheless, the latter
group had a tendency for a shorter time to clinical worsening
compared with responders (17.8 vs. 41.1 months, respec-
tively, p=0.052).19

One of the largest, andmost relevant registries, published
retrospective findings in 663 consecutive non‐IPAH patients
in 2010. This study included 168 CTD‐PAH, 153 PoPH‐PAH,
127 DI‐PAH, 124 HIV‐PAH, 50 CHD‐PAH, and 41 PVOD/
PCH‐PAH patients. Positive AVR was defined as >20%
decrease in mPAP and PVR. AVR response was observed in
13.4% of DI‐PAH, 12.2% of PVOD/PCH‐PAH, 10.1% of CTD‐

PAH, 1.6% of HIV‐PAH, 1.3% of PoPH‐PAH, and was absent
in CHD‐PAH. A long‐term response to CCB was reported in
9.4% of DI‐PAH patients but was rare in HIV, PoPH, and
CTD‐PAH (1.6, 0.7, and 0.6%, respectively) and absent in
PVOD/PCH‐PAH.18

Given the diverse data and criteria used to define
AVR, but with consistent and significant findings in
IPAH, we focused our attention on the non‐IPAH
population within the PVDOMICS cohort. The AVR rate
among CTD‐PAH was 7.7% and 15.4%, for definition 1
and 2, respectively; with most cases being prevalent,
which was slightly higher than what was reported by the
French registry (10.1%).18 This response was limited to
SSc, MCTD and SLE patients, with SSc being the most
common diagnosis. Also, AVR rate among other‐PAH
patients was 2.6% to 11.8%, which is a relevant finding

FIGURE 1 Kaplan–Meier curve of survival after PAH diagnosis (a) and PVDOMICS enrollment (b) in IPAH versus non‐IPAH patients.
IPAH, idiopathic pulmonary arterial hypertension; PAH, pulmonary arterial hypertension.

FIGURE 2 Kaplan‐Meier curve of survival after PAH diagnosis (a) and PVDOMICS enrollment (b) in AVR‐responders versus non‐AVR
responders' patients. PAH, pulmonary arterial hypertension.
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based on a broad array of rates published in prior
reports,18,20 with most patients being prevalent and
having a diagnosis of CHD‐PAH and DI‐PAH.

Survival from diagnosis and from PVDOMICS enroll-
ment is worse for CTD‐PAH compared to IPAH, consistent
with multiple previous publications.2,4,8 The present study
reveals that PAH prevalent patients who display AVR
response, as defined herein, present with less functional
impairment and more preserved RV function (lower RAP,
less RV dilation and better TAPSE) and have superior
survival, from diagnosis and from PVDOMICS enrollment,
compared with nonresponders. Subgroup analysis (IPAH/
FPAH, CTD‐PAH, other‐PAH), however, showed a non-
significant trend for improved survival among AVR
responders. This could be related to lack of power due to
small subgroup numbers in our study and would need to be
tested in larger prospective cohorts.

Regarding the relevance of a positive AVR in non‐IPAH
patients, prior studies have highlighted the concern that
“response” is not necessarily predictive of a long‐term
therapeutic benefit, and acute testing might not be useful. As

previously reported, initiation of CCB therapy in PVOD‐PAH
patients with AVR response has led to clinical deterioration,
mostly due to severe pulmonary edema.10,11,20,21 It has been
demonstrated that occlusive venopathy may occur in severe
PAH associated with different conditions and is relatively
frequent in CTD‐ PAH, particularly in SSc.22,23 In addition,
most of these CTD‐PAH patients experience a rapid clinical
and hemodynamic deterioration in the first months follow-
ing initiation of CCB. The absence of long‐term response in
CTD‐PAH may be at least partly related to the frequent
venous or capillary involvement observed in these
conditions.18

Although initiation of CCB therapy in non‐IPAH
responders is currently not recommended, there is a clear
trend of increased survival among AVR responders
across all group 1 PH patients. Whether the latter is
related to long‐term PAH therapy affecting pulmonary
vasomotor response and/or vascular remodeling in these
patients would warrant further studies.

Some limitations of this study must be noted. First,
although PVDOMICS continues to collect prospective

FIGURE 3 Kaplan–Meier curve of survival after PAH diagnosis and PVDOMICS enrollment in AVR‐responders versus non‐AVR
responders' IPAH patients (a and b, respectively), and AVR‐responders versus non‐AVR responders' CTD‐PAH patients (c and d,
respectively). IPAH, idiopathic pulmonary arterial hypertension.
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clinical data in a more limited group of patients, this was
a cross‐sectional study with no inference whatsoever to
long‐term response to vasodilator therapy. Second, the
analysis is limited by a small number of patients included
in some subgroups (incident patients, non‐IPAH/non‐
CTD‐PAH). Importantly, we cannot conclude whether
AVR was acquired over time in response to PAH therapy
or was present at diagnosis for patients who displayed
AVR at the time of PVDOMICS enrollment since
complete AVR testing data at the time of diagnosis was
not available. Furthermore, prospective data validation is
required before incorporation into clinical practice.

CONCLUSION

In summary, the overall prevalence of AVR in IPAH
patients is similar to data published in prior retrospective
studies. Non‐IPAH AVR response in this mostly prevalent
cohort was higher than previously reported for incident
patients. A less stringent AVR definition may prove to be a
useful indicator for a subgroup of patients with more
favorable outcomes in response to PAH therapy. Whether
AVR response at follow‐up and possible survival advantage
are related to long‐term PAH therapy affecting pulmonary
vasomotor response and/or vascular remodeling in these
patients would warrant further investigation.
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