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Abstract

Pulmonary arterial compliance is a measure of the pulsatile afterload of the right ventricle. Lower pulmonary arterial compliance is

associated with reduced right ventricular function and worse prognosis in pulmonary hypertension. The effect of pulmonary

vasodilators on pulmonary arterial compliance has not been evaluated in detail in pulmonary arterial hypertension or chronic

thromboembolic pulmonary hypertension. In this post hoc analysis of patients with pulmonary arterial hypertension and chronic

thromboembolic pulmonary hypertension in the PATENT and CHEST studies, we evaluated the change in pulmonary arterial

compliance with riociguat versus placebo. Association of pulmonary arterial compliance with clinical outcomes was assessed using

Kaplan–Meier and Cox proportional hazards analyses. Compared with placebo, riociguat significantly improved pulmonary arterial

compliance in patients with pulmonary arterial hypertension or chronic thromboembolic pulmonary hypertension. Pulmonary

arterial compliance at baseline was associated with survival and clinical worsening-free survival in pulmonary arterial hypertension

but only with clinical worsening-free survival in chronic thromboembolic pulmonary hypertension. In patients with pulmonary

arterial hypertension, pulmonary arterial compliance at follow-up�1.6 mL/mmHg was associated with better outcomes than

pulmonary arterial compliance<1.6 mL/mmHg. In patients with chronic thromboembolic pulmonary hypertension, pulmonary

arterial compliance at follow-up did not predict outcomes. Cox proportional hazards analyses showed no association between

change in pulmonary arterial compliance and outcomes in patients with pulmonary arterial hypertension or chronic thrombo-

embolic pulmonary hypertension. In conclusion, riociguat improved pulmonary arterial compliance in patients with pulmonary

arterial hypertension or chronic thromboembolic pulmonary hypertension. Pulmonary arterial compliance at baseline or follow-up,

rather than change in pulmonary arterial compliance, is of prognostic importance for outcomes.
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Pulmonary arterial hypertension (PAH) and chronic
thromboembolic pulmonary hypertension (CTEPH) are
life-threatening diseases characterized by increased right
ventricular (RV) afterload leading to RV failure, and ultim-
ately death. In patients with PAH, the increased RV after-
load is caused by progressive remodeling of the distal
pulmonary vasculature, while in patients with CTEPH, it
is caused by obstruction of the proximal pulmonary vascu-
lature by organized thromboembolic material, as well as by
distal proliferative vasculopathy.1–5 Initially, the right ven-
tricle compensates for the increased afterload by increasing
wall thickness and contractility, but these adaptations are
eventually insufficient, resulting in RV failure.6

In clinical trials and practice, pulmonary vascular resist-
ance (PVR) is routinely used to represent RV afterload.
PVR represents the static afterload but does not account
for the pulsatile afterload.7 Pulmonary arterial compliance
(PAC) is a measure of the elasticity of the pulmonary vas-
culature and therefore provides insight into the pulsatile RV
afterload.6–8 A combination of PVR and PAC is a more
complete way to assess RV afterload,8–10 and their relation-
ship has been shown to be inverse hyperbolic.9 In support of
this, a prospective study of 24 patients with PAH
associated with systemic sclerosis showed a significant
improvement in PAC following upfront combination ther-
apy with ambrisentan and tadalafil.10 Other prospective
studies have found that lower PAC predicts worse sur-
vival in patients with PAH or PAH associated with systemic
sclerosis.11,12 In contrast, a retrospective registry analysis of
patients with PAH found that PAC did not independ-
ently predict outcomes at baseline or follow-up.13 In
patients with CTEPH undergoing pulmonary endarterec-
tomy, postoperative PAC is a predictor of functional cap-
acity and a stronger predictor of poor functional recovery
than postoperative PVR.14,15 Despite its prognostic signifi-
cance, the effect of pulmonary vasodilatory medical therapy
on PAC has not been assessed in detail in patients with PAH
or CTEPH.

PATENT-1 (NCT00810693) and CHEST-1 (NCT00855
465) were phase 3 trials that assessed the efficacy and safety
of riociguat in patients with PAH and those with inoperable
or persistent/recurrent CTEPH, respectively.16,17 In both
trials, riociguat significantly improved 6-minute walking dis-
tance, World Health Organization functional class, N-ter-
minal prohormone of brain natriuretic peptide, PVR,
cardiac output, mean pulmonary arterial pressure, and
time to clinical worsening.16–19 Improvements in 6-minute
walking distance, World Health Organization functional
class, and N-terminal prohormone of brain natriuretic pep-
tide were sustained at two years of treatment in the
PATENT-2 (NCT00863681) and CHEST-2
(NCT00910429) long-term extensions.20,21 PATENT-1 and
CHEST-1 represent one of the largest populations of
patients with PAH or CTEPH with invasive hemodynamics
measured before and after treatment. These studies provide
the opportunity to assess the effect of riociguat on PAC in

patients with PAH or CTEPH and identify the clinical sig-
nificance of PAC in relation to long-term outcomes.

Accordingly, the primary aim of this exploratory post
hoc analysis is to investigate the change in PAC with rioci-
guat in patients with PAH or CTEPH. In addition, the
change in PAC in patients categorized as low, average, or
high risk according to their baseline REVEAL risk score
(RRS)22 is assessed. Finally, the associations between PAC
at baseline, follow-up, change in PAC, and long-term clin-
ical outcomes are evaluated.

Methods

Study design, procedures, and patients

The PATENT-1 and CHEST-1 study designs and inclusion
criteria have been published previously.16,17 In brief,
PATENT-1 was a 12 week, phase 3 study in which patients
with PAH were randomized to placebo, riociguat individu-
ally adjusted up to 2.5mg three times daily (tid), or riociguat
individually adjusted up to 1.5mg tid (exploratory; only
included in overall PATENT-1 population analyses).17

CHEST-1 was a 16 week, phase 3 trial in which patients
with inoperable or persistent/recurrent CTEPH were rando-
mized to placebo or riociguat up to 2.5mg tid.16

Patients completing PATENT-1 and CHEST-1 without
ongoing study drug-related serious adverse events were
invited to participate in the long-term extensions,
PATENT-2 and CHEST-2.20,21 The long-term extensions
comprised an eight-week, dose-adjustment phase for
former placebo patients transitioning to riociguat 2.5mg–
maximum, followed by an open-label phase that will con-
tinue until all patients have transitioned to the commercially
available drug. Informed consent was universally obtained,
and all study procedures conformed to the ethical standards
of the Declaration of Helsinki.

Outcome measures

Full details of the endpoints assessed in PATENT-1 and
CHEST-1 have been published previously.20,21 Right heart
catheterization was performed at baseline and follow-up
(Week 12 in PATENT-1, Week 16 in CHEST-1). PAC was
calculated post hoc as the ratio of stroke volume (SV) to pul-
monary pulse pressure, i.e. SV/(systolic pulmonary artery pres-
sure � diastolic pulmonary artery pressure), where
SV¼ cardiac output/heart rate. RRS was calculated post hoc,
as published previously.23,24 Based on their RRS at baseline,
patients were stratified into one of three survival risk strata: low
(score¼ 1–7), average (score¼ 8), and high (score� 9).

Clinical worsening was defined as the first occurrence of
any of the following events: death, lung or heart/lung trans-
plantation, hospitalization due to worsening of pulmonary
hypertension, start of new pulmonary hypertension-
approved treatment, persistent decrease in 6-minute walking
distance of> 15% from baseline, persistent worsening of
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World Health Organization functional class, atrial septost-
omy (PATENT-1/2 only), and the need for rescue pulmon-
ary endarterectomy (CHEST-1/2 only).

Statistical analysis

Changes in PAC from baseline to follow-up in PATENT-1
and CHEST-1 were assessed by analysis of covariance, fol-
lowed by a test for normality of the residuals and a non-
parametric stratified Wilcoxon test upon rejection. Missing
values were imputed at last visit according to the last
observed postbaseline value.

The association of PAC and PVR with overall survival
and clinical worsening-free survival was determined post
hoc by univariate (baseline and posttreatment PAC) and
bivariate (baseline and change from baseline to end of
study visit) Cox proportional hazards regression analyses.
Kaplan–Meier survival analyses were used to investigate the
relationship between PAC and both survival and clinical wor-
sening-free survival, stratified by median PAC values at base-
line, end of study, and change throughout the study. P
values< 0.05 were considered statistically significant

In the long-term analyses, for patients treated with rioci-
guat in PATENT-1/CHEST-1, baseline was defined as
PATENT-1/CHEST-1 baseline. For patients treated with
placebo in PATENT-1/CHEST-1, baseline was defined as
PATENT-1 Week 12/CHEST-1 Week 16 (the time immedi-
ately before the first riociguat dose). Patients who received
placebo in PATENT-1/CHEST-1 were not included in
assessments of the association of PAC and PVR at Week
12/Week 16 or change from baseline to Week 12/Week 16
and long-term outcomes.

Results

In total, 443 patients with PAH enrolled in PATENT-1, 254
received riociguat 2.5mg–maximum tid, 63 received 1.5mg–
maximum tid, and 126 received placebo. Of the 261 patients
with CTEPH enrolled in CHEST-1, 173 received riociguat
2.5mg–maximum tid and 88 received placebo. Baseline charac-
teristics of the PATENT-1 and CHEST-1 populations have
been reported previously; those relevant to this study are
shown in Supplementary Table S1.11,12 At PATENT-1 and
CHEST-1 baseline, most patients were female (79% in
PATENT-1 and 66% in CHEST-1) and were in World
Health Organization functional class III (53% in PATENT-1
and 64% in CHEST-1). In PATENT-1, 50% of patients were
treatment-naı̈ve and 50% were pretreated with an endothelin
receptor antagonist or prostacyclin. In CHEST-1, 72% had
inoperable CTEPH and 28% had persistent/recurrent CTEPH.

Effect of riociguat treatment on PAC in PATENT-1 and
CHEST-1

At PATENT-1 baseline, mean (standard deviation (SD))
PAC was 1.51 (0.82) mL/mmHg (median (interquartile

range (IQR)), 1.33 (0.87–1.95) mL/mmHg) in the riociguat
group (n¼ 227) and 1.45 (0.96) mL/mmHg (median (IQR),
1.25 (0.84–1.84) mL/mmHg) in the placebo group (n¼ 108)
(Table S2, Fig. 1a). Patients with PAH associated with con-
nective tissue disease had higher baseline PAC than those
with idiopathic PAH (Table S2). At baseline, PAC showed a
negative correlation with logPVR in PATENT-1 (riociguat:
r¼�0.747, P< 0.001; placebo: r¼�0.681, P< 0.001; Fig.
S1a).

Significant improvements in PAC were observed from
baseline to Week 12 with riociguat versus placebo (Fig.
1a), with a least-squares mean treatment difference of
þ0.44mL/mmHg (95% confidence interval 0.26–0.62,
P< 0.0001 using stratified Wilcoxon testing) (median
(IQR) change from baseline, 0.27 (�0.02 to 0.73) mL/
mmHg with riociguat, �0.02 (�0.31 to �0.21) mL/mmHg
with placebo) (Fig. 1a). Similar improvements in PAC from
baseline to Week 12 with riociguat were observed in the
idiopathic PAH and PAH associated with connective
tissue disease subgroups (Table S2). Treatment-naı̈ve and
pretreated patients showed similar increases in PAC with a
mean (SD) change in PAC of þ0.42 (0.93) mL/mmHg and
þ0.42 (0.87) mL/mmHg, respectively (Table S2).

At CHEST-1 baseline, mean (SD) PAC was 1.22 (0.65)
mL/mmHg (median (IQR), 1.06 (0.22–1.48) mL/mmHg) in
the riociguat group (n¼ 154) and 1.39 (1.40) mL/mmHg
(median (IQR), 1.13 (0.81–1.53) mL/mmHg) in the placebo
group (n¼ 81) (Table S3, Fig. 1b). As in PATENT-1, PAC
showed a negative correlation with logPVR in CHEST-1 at
baseline (riociguat: r¼�0.761, P< 0.001; placebo:
r¼�0.534, P< 0.001; Fig. S1b). Similar to patients with
PAH in PATENT-1, significant improvements in PAC
were observed in patients with CTEPH in CHEST-1 from
baseline to Week 16 with riociguat versus placebo (Fig. 1b;
least-squares mean difference: þ0.13mL/mmHg (95% CI
�0.34 to 0.59, P< 0.0001)) (Table S3) (median (IQR)
change from baseline, 0.27 (0.01 to 0.57) mL/mmHg
with riociguat and �0.05 (�0.29 to 0.14) mL/mmHg
with placebo). Patients with inoperable CTEPH and persist-
ent/recurrent CTEPH had similar PAC levels at base-
line and showed similar changes in PAC under
riociguat treatment with a mean (SD) change of þ0.34
(0.48) mL/mmHg and ofþ 0.31 (0.65) mL/mmHg, respect-
ively (Table S3).

In PATENT-1, the increase in PAC was accompanied by
a reduction in mean� SD PVR of �223� 260 dyn�sec�cm�5

(Fig. 2).17 In CHEST-1, the increase in PAC was smaller
than in PATENT-1 but was accompanied by a similar
reduction in mean � SD PVR to PATENT-1 of �226 �
248 dyn�sec�cm�5 (Fig. 2).16

When stratified by RRS, patients in the low-, medium-,
and high-risk REVEAL strata showed similar improve-
ments in PAC from baseline to last visit with riociguat in
PATENT-1 and CHEST-1 (Fig. 3). However, there was
some variability according to REVEAL risk stratum in the
change in PAC for patients receiving placebo (Fig. 3).

Pulmonary Circulation Volume 10 Number 4 | 3



Association between PAC and long-term outcomes

PAC at baseline. In PATENT, Cox proportional hazards ana-
lyses showed that PAC at baseline was significantly asso-
ciated with survival and clinical worsening-free survival in
patients with PAH. For every 0.5mL/mmHg increase in
baseline PAC, patients had a 20% reduction in risk of
death and a 15% reduction in the risk of experiencing a
clinical worsening event (Table 2). Additional assessment
of survival with Kaplan–Meier analyses found that patients
with PAC above the median at baseline (1.23mL/mmHg)
had a significantly better chance of survival (Fig. 4a) and
clinical worsening-free survival (Fig. 4b) versus those with
PAC below the median at baseline.

In CHEST, however, no association was seen between
PAC at baseline and survival, but PAC at baseline was sig-
nificantly associated with clinical worsening-free survival in

patients with CTEPH. For every 0.5mL/mmHg increase in
baseline PAC, patients with CTEPH had a 23% reduction in
risk of experiencing clinical worsening (Table 1). Kaplan–
Meier analyses showed no association between PAC and
survival (Fig. 4c), but patients with PAC above the
median at baseline (1.01mL/mmHg) had better clinical wor-
sening-free survival compared with those with a PAC less
than the median at baseline (Fig. 4d).

PAC at follow-up. In PATENT, Cox proportional hazards
analyses showed that PAC at follow-up was not associated
with survival (Table 1) but was significantly associated with
clinical worsening-free survival in patients with PAH. For
every 0.5mL/mmHg increase in PAC at follow-up, patients
had a 15% reduction in risk of experiencing a clinical wor-
sening event (Table 1). Kaplan–Meier analyses showed that
patients with PAC greater than the median at follow-up

Fig. 1. Boxplots of PAC (a) at baseline and Week 12 of PATENT-1 and (b) at baseline and Week 16 of CHEST-1. Each box shows the median and

IQR, with the mean indicated by a cross. The vertical lines extend to 1.5 IQR, with outliers plotted separately. PAC was defined as stroke volume/

(systolic pulmonary artery pressure – diastolic pulmonary artery pressure). An outlier of PAC 25.20 mL/mmHg was not included in (b) for

improved visualization of the figure.

PAC: pulmonary arterial compliance.
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(1.60mL/mmHg) had a significantly better chance
of survival (Fig. 5a) and clinical worsening-free survival
(Fig. 5b) than those with PAC below the median at
follow-up.

In CHEST, Cox proportional hazards analyses showed
that PAC at follow-up was not associated with survival or
clinical worsening-free survival in patients with CTEPH
(Table 1). This was also supported by Kaplan–Meier ana-
lyses, which showed that when patients were stratified by the
median posttreatment PAC value at follow-up (1.41mL/
mmHg), PAC values above or below the median were not

associated with survival (Fig. 5c) or clinical worsening-free
survival (Fig. 5d).

Change in PAC with treatment. Cox proportional hazards ana-
lyses showed no association between change in PAC with
riociguat therapy and survival or clinical worsening-free sur-
vival (Table 1) in PATENT or CHEST. However, Kaplan–
Meier analyses showed that in PATENT, patients with PAH
who had a change in PAC from baseline to Week 12 above
the median (0.254mL/mmHg) had significantly better sur-
vival (Fig. 6a) and clinical worsening-free survival (Fig. 6b)

Fig. 3. Change in PAC: in PATENT-1 and CHEST-1 for patients in low-, medium-, or high-risk REVEAL strata. Data are mean � standard error of

the mean.

PAC: pulmonary arterial compliance.
aData from Week 12 of PATENT-1 and Week 16 of CHEST-1.

Fig. 2. Mean PAC–PVR relationship (a) at baseline and Week 12 of PATENT-1 and (b) at baseline and Week 16 of CHEST-1. Data are mean �

standard error of the mean.

PAC: pulmonary arterial compliance; PVR: pulmonary vascular resistance.
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Fig. 4. Kaplan–Meier analysis for (a) survival and (b) clinical worsening-free survival in PATENT-2 and (c) survival and (d) clinical worsening-free

survival in CHEST-2, separated by patients with PAC� or< than the median at baseline. Log-rank tests were used to assess significance. For

patients treated with riociguat in PATENT-1/CHEST-1, baseline was defined as PATENT-1/CHEST-1 baseline. For patients treated with placebo in

PATENT-1/CHEST-1, baseline was defined as PATENT-1 Week 12/CHEST-1 Week 16 (the time immediately before the first riociguat dose). Day 0

was defined as the first day of the long-term extension phase in patients who received riociguat in PATENT-1 or CHEST-1, and as PATENT-2 or

CHEST-2 Week 12 in patients who received placebo in PATENT-1 or CHEST-1 (after patients had received four weeks of therapy at their

optimum riociguat dose).

PAC: pulmonary arterial compliance.

Table 1. Cox proportional hazards analyses of the association of baseline pulmonary arterial compliance with survival and clinical worsening-

free survival in PATENT and CHEST.

Study Parameter

Survival Clinical worsening-free survival

Hazard ratio (95% CI) P value Hazard ratio (95% CI) P value

PATENT Baseline PACa 0.80 (0.65–0.97) 0.023 0.85 (0.75–0.97) 0.016

Week 12 PACb 0.83 (0.68–1.01) 0.057 0.85 (0.75–0.97) 0.013

Change in PACb 0.87 (0.67–1.14) 0.326 0.85 (0.71–1.03) 0.097

CHEST Baseline PACa 0.97 (0.77–1.21) 0.764 0.77 (0.59–1.00) 0.048

Week 16 PACb 1.01 (0.76–1.36) 0.931 0.87 (0.68–1.10) 0.229

Change in PACb 0.88 (0.55–1.42) 0.609 0.88 (0.61–1.26) 0.490

CI: confidence interval; PAC: pulmonary arterial compliance.

Cox proportional hazard analysis was univariate for assessment of PAC at baseline and last visit and adjusted for baseline PAC for assessment of change in PAC from

baseline to last visit. Unit difference for hazard ratio¼ 0.5 mL/mmHg.
aFor patients receiving riociguat in PATENT-1/CHEST-1, baseline was defined as PATENT-1/CHEST-1 baseline; for patients receiving placebo in PATENT-1/CHEST-1,

baseline was defined as PATENT-1 Week 12/CHEST-1 Week 16.
bOnly patients receiving riociguat (2.5 mg–maximum or 1.5 mg fixed dose) in PATENT-1 and CHEST-1 were included in this analysis.
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than those with a change in PAC below the median.
In CHEST, a change in PAC above the median
(0.281mL/mmHg) was not associated with survival in
patients with CTEPH; however, it was significantly
associated with increased clinical worsening-free survival
(Fig. 6d).

Association between PVR and long-term outcomes

PVR values at baseline and follow-up in PATENT and
CHEST have been reported previously.19,25 In both studies,
PVR was significantly improved with riociguat treatment
compared with placebo. Cox proportional hazards analyses

Fig. 5. Kaplan–Meier analysis for (a) survival and (b) clinical worsening-free survival in PATENT-2 and (c) survival and (d) clinical worsening-free

survival in CHEST-2, separated by patients with PAC� or< than the median at Week 12/16. Log-rank tests were used to assess significance. Only

patients receiving riociguat (2.5 mg–maximum or 1.5 mg fixed dose) in PATENT-1 and CHEST-1 were included in this analysis. Day 0 was defined

as the first day of the long-term extension phase.

PAC: pulmonary arterial compliance.

Table 2. Cox proportional hazards analyses of the association of baseline pulmonary vascular resistance with survival and clinical worsening-

free survival in PATENT and CHEST.

Study Parameter

Survival Clinical worsening-free survival

Hazard ratio (95% CI) P value Hazard ratio (95% CI) P value

PATENT Baseline PVRa 0.94 (0.89–0.99) 0.024 0.96 (0.92–1.00) 0.045

Week 12 PVRb 0.90 (0.84–0.96) 0.001 0.93 (0.88–0.98) 0.004

Change in PVRb 0.86 (0.76–0.98) 0.019 0.91 (0.83–0.99) 0.033

CHEST Baseline PVRa 0.94 (0.86–1.01) 0.106 0.96 (0.90–1.02) 0.161

Week 16 PVRb 0.88 (0.78–1.00) 0.058 0.93 (0.84–1.02) 0.103

Change in PVRb 0.88 (0.69–1.12) 0.287 0.93 (0.78–1.10) 0.377

CI: confidence interval; PVR: pulmonary vascular resistance.

Cox proportional hazard analysis was univariate for assessment of baseline PVR and adjusted for baseline PVR for change in PVR from baseline to last visit. Unit

difference for hazard ratio¼�100 dyn�sec�cm�5.
aFor patients receiving riociguat in PATENT-1/CHEST-1, baseline was defined as PATENT-1/CHEST-1 baseline; for patients receiving placebo in PATENT-1/CHEST-1,

baseline was defined as PATENT-1 Week 12/CHEST-1 Week 16.
bOnly patients receiving riociguat (2.5 mg–maximum or 1.5 mg fixed dose) in PATENT-1 and CHEST-1 were included in this analysis.
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showed a significant association between PVR at baseline,
follow-up, or change in PVR with survival and clinical wor-
sening-free survival (Table 2) in patients with PAH in
PATENT; however, no association was found between
PVR at baseline, follow-up, or change from baseline with
either survival or clinical worsening-free survival in patients
with CTEPH in CHEST.

Discussion

We show that riociguat significantly improved PAC after 12
and 16 weeks of therapy in patients with PAH or CTEPH,
respectively. The improvement in PAC with riociguat was
irrespective of baseline RRS in both studies. PAC at base-
line was prognostic for survival and clinical worsening-free
survival in patients with PAH but only for clinical worsen-
ing-free survival in patients with CTEPH. PAC at follow-up
was also associated with reduced risk of clinical worsening
in patients with PAH, but not in those with CTEPH.
Finally, change in PAC with riociguat therapy was not asso-
ciated with survival or clinical worsening in patients with
PAH or CTEPH. The potential mechanism by which rioci-
guat improves PAC is unclear. The antifibrotic effects of
riociguat may help to reverse the remodeling of distal pul-
monary arteries observed in PAH and CTEPH.26

Supporting this hypothesis, riociguat reduced RV collagen

levels and reversed pulmonary artery remodeling in rodent
models of pulmonary hypertension.27–29

In patients with pulmonary hypertension, reduced PAC
and increased PVR contribute to RV dysfunction.6 Previous
results indicated that riociguat improved RV function in
patients with PAH or CTEPH in PATENT-1 and
CHEST-116,17 by significantly decreasing PVR, i.e. the
static afterload of the right ventricle. Building on this, we
show here that riociguat also increased PAC, which repre-
sents the pulsatile afterload of the right ventricle. This is
significant as RV function is an important prognostic
marker in patients with PAH or CTEPH. However, it
should be noted that PAC and PVR are mathematically
and pathophysiologically linked, with an inverse-hyperbolic
relationship.9,30 The constant product of PVR and PAC,
resistance-compliance time, is unaffected by therapy, and
due to the inverse-hyperbolic relationship between the two
parameters, posttreatment PAC levels could be a better
hemodynamic target than PVR as an increase in PVR
leads to a larger decrease in PAC.30

It is critical to identify clinical parameters that correlate
with long-term outcomes, thereby allowing physicians to
assess disease severity and adjust treatment accordingly.1

Corresponding with previous studies in patients with PAH
or PAH associated with systemic sclerosis,10–12 in PATENT,
every 0.5mL/mmHg increase in PAC at baseline was

Fig. 6. Kaplan–Meier analysis for (a) survival and (b) clinical worsening-free survival in PATENT-2 and (c) survival and (d) clinical worsening-free

survival in CHEST-2, separated by patients with a change in PAC from baseline to Week 12/16� or< than the median. Log-rank tests were used

to assess significance. Only patients receiving riociguat (2.5 mg–maximum or 1.5 mg fixed dose) in PATENT-1 and CHEST-1 were included in this

analysis. Day 0 was defined as the first day of the long-term extension phase.

PAC: pulmonary arterial compliance.

8 | Effect of riociguat on pulmonary arterial compliance Thenappan et al.



associated with a 20% decrease in the risk of death and a
15% decrease in the risk of clinical worsening in patients
with PAH. Higher PAC at follow-up was also associated
with reduced risk of clinical worsening. Furthermore,
patients with PAC� 1.6mL/mmHg at follow-up had
improved survival and lower clinical worsening versus
those with PAC< 1.6mL/mmHg at follow-up. This is con-
sistent with a recent observation by Ghio et al.31 that
patients with PAC� 1.4mL/mmHg at either treatment ini-
tiation or escalation had better overall survival compared
with patients with PAC< 1.4mL/mmHg with therapy.
These results indicate that PAC is a relevant clinical param-
eter for predicting long-term outcomes and assessing treat-
ment response in patients with PAH.

In CHEST, the association between PAC and long-term
outcomes was not as robust as in PATENT. Only PAC at
baseline was prognostic of clinical worsening, and there was
no association between PAC at baseline or at follow-up with
survival in these patients. The reason for the difference in
the association between PAC and long-term outcomes
between patients with PAH or CTEPH is unclear.
However, the smaller number of patients with CTEPH in
the CHEST study compared with the number with PAH in
the PATENT study, and the different disease entities need to
be taken into account. The event rate for mortality was low
overall in both the PATENT and CHEST study cohorts
(Fig. 4a and c).

Although there was an association between absolute PAC
at baseline and follow-up with long-term outcomes in
PATENT, the relationship between change in PAC and out-
comes with riociguat was more ambiguous. Using Cox pro-
portional hazards regression analysis, a change of 0.5mL/
mmHg was not significantly associated with a change in risk
of mortality or clinical worsening. However, Kaplan–Meier
assessment of patients grouped by PAC� or< the median at
follow-up in PATENT-1 or CHEST-1 found that those
patients with a higher PAC had a significantly increased like-
lihood of survival and clinical worsening-free survival in
PATENT-2 and a significantly increased likelihood of clinical
worsening-free survival in CHEST-2. In a post hoc analysis of
the hemodynamic effect of macitentan in patients with PAH,
Galiè et al.32 reported that, while the absolute values of cardiac
index and right atrial pressure at baseline and at six months
after treatment were associated with the combined morbidity/
mortality endpoint, there was no relationship between the
change in these parameters and morbidity and mortality.
Similarly, in a study by Mazurek et al.,33 absolute values of
tricuspid plane annular systolic excursion (a measure of RV
function) at baseline and follow-up—but not the change from
baseline—were associated with long-term survival. These
results indicate that absolute cutoff values of indices of RV
function are more important than the change in these param-
eters with therapy. Therefore, it may be that change in PAC
with treatment is less important for assessing patient outcomes
than absolute PAC values at baseline or follow-up for patients
with PAH or CTEPH.

In our analysis, patients with idiopathic PAH had lower
PAC than those with PAH associated with connective tissue
disease. We believe this is because patients with idiopathic
PAH had relatively severe pulmonary vascular disease with
higher PVR compared with patients with PAH associated
with connective tissue disease (mean PVR was 844� 471 vs.
647� 350 dyn�sec�cm�5, respectively). Similar findings have
been observed by others previously.34

Limitations of this study include its exploratory post hoc
nature. Due to the nature of the analysis, no adjustment for
multiple statistical testing was conducted. In addition, PAC
was estimated from the ratio of SV to pulmonary pulse
pressure, which has several inherent limitations. This
method overestimates compliance, as it does not account
for blood flow from the pulmonary circulation into the
capillary bed during systole.35 Moreover, the method is
based on two important assumptions that may not be true
in all patients with PAH. First, it assumes that there is an
exponential decay of the pulmonary artery diastolic pres-
sure. Second, it assumes that the pressure–volume relation-
ship in the pulmonary artery is linear.35 Nevertheless, the
ratio of SV to pulmonary pulse pressure correlates well
with PAC estimation methods and is attractive for clinical
application as it can be calculated from standard hemo-
dynamic measurements.7,8 We also acknowledge that pro-
spective studies are warranted to confirm and validate the
present data. Further analyses that could provide interesting
results include an investigation of a similar PAC cutoff in
patients with PAH and CTEPH, including assessment of dif-
ferences in specificity and sensitivity between the study
populations, and evaluation of the potential impact of rio-
ciguat on the inverse-hyperbolic relationship between PAC
and PVR.

In conclusion, this study demonstrates the beneficial
effects of riociguat on PAC in patients with PAH and
those with inoperable or persistent/recurrent CTEPH. The
assessment of change in PAC with treatment is less import-
ant for assessing patient outcomes than absolute PAC
values at baseline or follow-up for patients with PAH or
CTEPH.
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32. Galiè N, Jansa P, Pulido T, et al. SERAPHIN haemodynamic

substudy: the effect of the dual endothelin receptor antagonist

macitentan on haemodynamic parameters and NT-proBNP
levels and their association with disease progression in patients
with pulmonary arterial hypertension. Eur Heart J 2017; 38:

1147–1155.
33. Mazurek JA, Vaidya A, Mathai SC, et al. Follow-up tricuspid

annular plane systolic excursion predicts survival in pulmonary
arterial hypertension. Pulm Circ 2017; 7: 361–371.

34. Fisher MR, Mathai SC, Champion HC, et al. Clinical differ-
ences between idiopathic and scleroderma-related pulmonary
hypertension. Arthritis Rheum 2006; 54: 3043–3050.

35. Lankhaar JW, Westerhof N, Faes TJ, et al. Quantification of
right ventricular afterload in patients with and without pul-
monary hypertension. Am J Physiol Heart Circ Physiol 2006;

291: H1731–H1737.

Pulmonary Circulation Volume 10 Number 4 | 11


