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Abstract

Pulmonary arterial hypertension (PAH) is a chronic progressive disease that leads to right heart failure and death. Pulmonary
arterial capacitance (PAC), defined as stroke volume divided by the pulmonary pulse pressure, has been identified as a prognostic
factor in PAH. The impact of changes in PAC over time, however, is unclear. We evaluated changes in PAC over time to determine
if such changes predicted transplant-free survival. A single-center retrospective study of consecutive group | PAH patients who had
two or more right heart catheterizations (RHC) between January 2007 and June 2016 was undertaken. Hemodynamic data, clinical
data, and outcomes were collected. Univariate and multivariate Cox proportional-hazards modelling to identify the contribution of
risk factors for a composite outcome of death or lung transplantation was done. Mixed-effects logistic regression was performed
to investigate the association between the change in PAC value over time and the composite outcome. A P value < 0.05 was
considered significant. In total, 109 consecutive patients with a total of 300 RHC data were identified. PAC correlated inversely
with functional status (P <0.001) and inversely with pulmonary vascular resistance (P <0.001). PAC values increased with the
addition of new PAH-specific medications. Mixed effects logistic regression modeling using longitudinal data showed that a decrease
in PAC over the study period was associated with increased mortality and transplantation (adjusted P=10.039) over the study
period. Change in PAC was a better predictor of outcome over the study period than baseline PAC or changes in other hemo-
dynamic or clinical parameters. Decreases in PAC were predictive of increased mortality or transplantation in patients with group |
PAH. There was a trend towards increased PAC in response to the addition of a PAH-specific medication. Our data support the
use of PAC as a therapeutic target in PAH.
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treatment is critical for reducing mortality. Current
treatment guidelines recommend the use of multiple thera-
peutic targets including functional assessment, biomarker
analysis, transthoracic echocardiography, and hemo-
dynamic  assessment to guide therapy.®  These

Introduction

Pulmonary arterial hypertension (PAH) is a progressive
chronic disease that results in right heart failure and
death. PAH is defined as a mean pulmonary artery pressure
(mPAP) > 25mmHg as measured on right heart catheteriza-
tion (RHC) in the presence of a pulmonary capillary wedge
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pressure (PCWP)<15mmHg.! Despite advances in the
treatment of PAH over the past two decades, mortality
remains high.> Better understanding of responses to
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recommendations largely extrapolate the use of prognostic
markers, which when measured on initial and subsequent
assessment serve to predict mortality and outcome, derived
from large registries.*>

Indices of pulmonary artery (PA) stiffness have been used
as prognostic markers in PAH.®’ This approach was origin-
ally used in systemic hypertension, where aortic stiffening
was demonstrated to be a marker of poor prognosis.” In a
landmark study by Mahapatra et al., PA stiffness in PAH
was evaluated by a pulmonary arterial capacitance (PAC)
measurement, hemodynamically defined as stroke volume
(cardiac output divided by heart rate) divided by pulmonary
pulse pressure (PA systolic pressure minus PA diastolic pres-
sure).” Results of this study, which included patients with
PAH with a mPAP greater than 40, showed that PAC was
an independent predictor of mortality, with a higher hazard
ratio (HR) compared with other traditional hemodynamic
prognostic factors such as mPAP or cardiac index.” The use
of PAC as a predictor of mortality has been confirmed in
subsequent studies.'”!" Measures of PA stiffness have been
used in a number of subsets of pulmonary hypertension
(PH) populations, including as a method of predicting out-
come after pulmonary endarterectomy for chronic thrombo-
embolic PH, in chronic obstructive pulmonary disease as a
marker of abnormal hemodynamic response to exercise, in
congenital structural heart disease, and in the optimization
of patients with portopulmonary hypertension prior to liver
transplant.'> !> PA stiffness has also been shown to be a
predictor of mortality in patients with PH secondary to
left heart disease.'®

Despite the potential of PAC as a prognostic factor in
PAH, there is a paucity of information regarding PAC
changes over the course of a patient’s disease.” Therefore,
we evaluated the impact of PAC and change in PAC over
time, as measured by RHC in group 1 PAH patients, on
outcomes.

Materials and methods
Participants

After obtaining IRB approval, a comprehensive review was
undertaken over the period January 2007 to June 2016 of
outpatient RHCs performed at one outpatient catheteriza-
tion facility. All patients were seen and assessed at the
Pulmonary Hypertension Clinic at Baylor College of
Medicine prior to the RHC. Patients who had two or
more RHCs performed were included in the analysis. PAH
was defined by mPAP >25mmHg and PCWP < 15mmHg
and included patients with the World Health Organization
(WHO) group 1 PAH."” Hemodynamic variables from RHC
were recorded, with additional parameters calculated as
described below. For each RHC, information from the
closest available clinic note was obtained including demo-
graphic data, type of PAH, WHO functional class (FC), six-
minute walk distance (60MWD), physical exam findings, and

current medications. If WHO FC was not assigned during
the clinic visit, a single PH specialist (ZS) assigned a WHO
FC in a blind fashion, if sufficient clinical information was
available. Laboratory data closest to the times of the RHCs
were extracted. In particular, B-type natriuretic peptide
(BNP) values were recorded. Finally, for each patient, the
most recent information regarding follow-up was recorded,
including vital status, 6 MWD, and WHO FC.

Hemodynamic variables

RHC performed by two PH experts (ZS and AF) at an
outpatient catheterization laboratory were included.
Hemodynamic information was obtained from end expira-
tory waveform analysis. Cardiac output was determined via
thermodilution, using at least three readings within 10% of
each other. Cardiac index (CI) was calculated based on
height and body surface area. The PAC was defined as
stroke volume (SV) divided by pulmonary pulse pressure
(PP; PA systolic pressure minus PA diastolic pressure).
Additional calculated parameters included the transpulmon-
ary gradient (TPG; mPAP minus PCWP), diastolic pulmon-
ary gradient (DPG; diastolic pulmonary artery pressure
[DPAP] minus PCWP), pulmonary vascular resistance
(PVR), right ventricular stroke work (RVSW; mPAP
minus right atrial pressure multiplied by the stroke
volume). The pulmonary artery pulsatility index (PAPI)
was calculated as the pulse pressure divided by the right
atrial pressure.'®

Statistical analysis

Demographic, clinical, hemodynamic, and laboratory data
(including WHO FC and medications) were reported as
median (interquartile range [IQR]) for continuous variables,
and as frequencies and proportions for categorical variables.
Correlations between PAC and hemodynamic variables
were examined using Spearman correlation test. Box plots
were used to describe the relationship between PAC and
WHO FC. The percent change in PAC between serial
RHC was calculated. Patient survival was presented by
Kaplan—Meier curves. The difference in survival between
the two groups of patients, those who had an increase in
the PAC and those who had a decrease in the PAC over the
study period, was compared using the log-rank test.
Univariate and multivariate Cox proportional-hazards
models were used to determine the contribution of potential
risk factors to patient death or being transplanted versus
being alive and not being transplanted. Mixed-effects logis-
tic regression model was used to investigate the association
between mortality or being transplanted and the change in
PAC over time. Given multiple tests being done, multiple
testing corrections were conducted using Simes method."”
All analyses were performed on Stata version 13.1
(StataCorp LP, College Station, TX, USA). A P
value < 0.05 was considered statistically significant.
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Fig. 1. Schema of patients included in the study. All outpatient RHC
procedures performed by two PH specialists were screened for
inclusion. Only patients with two or more RHCs over the study period
were included for analysis. All patients met the hemodynamic defin-
ition of PAH with a mPAP > 25 mmHg and PCWP < |5 mmHg.

Results

A total of 651 RHCs were reviewed: 333 had one RHC; 18
patients had WHO defined group 2, 3, 4, and 5 PH; and the
remaining 109 patients were included in the analysis (Fig. 1).
The mean number of RHCs was 2.7 per patient. The mean
time between RHCs was 1.8 years (660 days). If a patient
had more than two sequential RHC measures, data were
collected for all time points and analysis was performed
evaluating changes in parameters between sequential RHC
(e.g. changes between the first and the second RHC, and
then changes between the second and third RHC, etc.).
The reason for performance of all subsequent RCHs was
assessed: indications included 59.1% clinical worsening
(including studies done to guide changes PAH-specific medi-
cations); 22.1% study protocol; 13.4% evaluation for liver
transplant listing; and 5.4% other. The “other” category
comprised various indications including evaluation prior
to elective surgery, evaluation prior to heart/lung or lung
transplant, and diagnostic uncertainty. Baseline clinical
characteristics and laboratory data are outlined in Table 1.
Note that 64% of patients were on PAH-specific medica-
tions at the time of initial RHC. Hemodynamic measure-
ments are outlined in Table 2. A final outcome, namely vital
status and whether or not transplantation was performed,
was available for all patients.

A number of correlations between the PAC and different
clinical and hemodynamic data were found. The relation-
ship between the WHO FC and PAC is shown in Fig. 2.
The overall P value for PAC by WHO FC was significant
(P <0.001), suggesting patients with a lower FC had a
higher PAC. With pair-wise comparisons, there were signifi-
cant differences between classes 2 and 3, and between classes

Table |. Baseline patient characteristics.

Characteristics n=109
Age at RHC, years, median (IQR) 49 (39-60)
Age, 65+, n (%) 15 (14)
Male, n (%) 21 (19)
Group | PAH subtype
Idiopathic 41 (38)
Hereditary 4 (4)
Drug-induced 5(5)
Connective tissue disease-associated PAH 35 (32)
Portopulmonary hypertension Il (10)
Congenital heart disease-associated PAH 12 (1)
HIV-associated PAH I (1)
Race, n (%)
Caucasian 68 (62)
Hispanic 26 (24)
African American 9 (8)
Asian 2 (2)
Other 4 (4)
BMI, kg/m?, median (IQR) 27.5 (23-31)
WHO FC, n (%)
I 4 (4)
Il 31 (28)
11l 62 (57)
v 4 (4)
Not available 8 (7)

6MWD, m, median (IQR)
Laboratory data

Platelets, K/UL, median (IQR)

Creatinine (mg/dL), median (IQR)

GFR (mL/min/1.73m?), median (IQR)

GFR <60 mL/min/1.73m?, n (%)

BNP (pg/mL), median (IQR)

(normal range 0-100)

Medications, n (%)

ETRA

PDES5-I

PO PG

Inh PG

SC PG

iv. PG

Any PG

ETRA + PDE-5

ETRA+PG

PDE5 14 PG

ETRA + PDE-5 + PG

Cardiac glycoside

Calcium-channel blocker

Anticoagulation

Aldosterone antagonist

390 (325-444)

218 (163-265)
0.9 (0.7-1.1)
80 (60-90)
20 (18.4)

68 (34-223)

38 (34.9)
55 (50.5)
0 (0)
8 (7.3)
3 (2.8)
14 (12.8)
24 (22.0)
26 (23.9)
12 (11.0)
19 (17.4)
9 (8.3)
43 (39.5)
23 (21.1)
37 (33.9)
26 (23.9)

(continued)
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Table 1. Continued

Characteristics n=109
Loop diuretic 44 (40.4)
Thiazide 10 (9.2)
Any diuretic 62 (56.9)

Numbers in parentheses are percentages unless otherwise indicated.

BMI, body mass index; BNP, brain natriuretic peptide; ETRA, endothelin recep-
tor antagonist; GFR, glomerular filtration rate; HIV, human immunodeficiency
virus; INH, inhaled; IQR, interquartile range; i.v., intravenous; PAH, pulmonary
arterial hypertension; PDE5-I, phosphodiesterase type 5 inhibitor; PG, prosta-
glandin; PO, per os; RHC, right heart catheterization; SC, subcutaneous; WHO,
World Health Organization.

Table 2. Baseline hemodynamic data.

Characteristics n=109

Vital signs, median (IQR)

MAP (mmHg)

Heart rate (beats per minute)

RHC data, median (IQR)
MVO2 (%)

84.3 (75.3-95.3)
77 (68-87)

66.1 (59.9-72.0)

mRAP (mmHg) 9.0 (6.0-13.0)
RV systolic pressure (mmHg) 84.0 (71.0-100.0)
RV diastolic pressure (mmHg) 12.0 (7.0-16.5)

PA systolic pressure (mmHg) 82.0 (71.5-100.0)
33.0 (25.5-41.0)

49.0 (39.0-60.0)

PA diastolic pressure (mmHg)
mPAP (mmHg)

PP (mmHg) 50.0 (39.0-60.0)
PCWP (mmHg) 11.0 (8.0-14.0)
SV (mL) 59.0 (42.5-76.7)
TD CO (L/min) 43 (3.4-6.1)
TD CI (Umin/m?) 2.5 (2.0-3.2)
BSA (m?) 1.8 (1.7-2.0)
PAC (mL/mmHg) 1.1 (0.8-1.9)

PVR (dynes*s/cm®)
PRVI (dynes*s/cm>m?)
RVSW (g/m/m?)
RVSWI (g/m?/beat)
DPG (mmHg)

TPG (mmHg)
Pulsatility index

691.3 (394.0-1016.2)
395.0 (204.1-565.2)
28.8 (22.2-41.5)
16.5 (12.3-22.5)
22.0 (15.5-29.5)
37.8 (27.7-48.3)
5.4 (4.1-7.9)

Numbers in parenthesis are percentages unless otherwise indicated.

BSA, body surface area; DPG, diastolic pulmonary vascular pressure gradient;
IQR, interquartile range; MAP, mean arterial pressure; MVO2, mixed venous
oxygen saturation; PA, pulmonary arterial; PAC, pulmonary arterial compliance;
PADP, pulmonary artery diastolic pressure; PCWP, pulmonary capillary wedge
pressure; PP, pulse pressure; PVR, pulmonary vascular resistance; PVRI, pulmon-
ary vascular resistance index; RAP, right atrial pressure; RV, right ventricular;
RVSVY, right ventricular stroke work; RVSWI, right ventricular stroke work
index; SV, stroke volume; TD Cl, cardiac index by thermodilution; TD CO,
cardiac output by thermodilution; TPG, transpulmonary gradient.

2 and 4. The PAC showed a negative correlation with PVR
based on the Spearman correlation (rho —0.767, P <0.001).

Next, we evaluated PAH-specific medication usage over
time. Whenever a new PAH-specific medication was added
in the interval between two RHCs, the PAC was evaluated
before and after the medication addition. In general, the
addition of a new medication was associated with an
increase in PAC by 29.9%. A list of medications that were
added is outline in Table 3 and the distribution of PAC
change with the addition of a new medication is shown in
Fig. 3.

Analysis was performed to see if changes in different par-
ameters were predictive of mortality in terms of time to
death or transplant. Patients were divided into two groups
based on whether the PAC increased or decreased over the
study period. There was a significant difference in mortality
or transplantation between these groups using Kaplan—
Meier survival analysis, with a log-rank test P value of
0.031 (Fig. 4). Using a similar strategy, the changes in
PVR, CI, TPG, DPG, pulsatility index, BNP, and 6MWD
were evaluated; however, the log-rank test value failed to
reach significance for these values. Of note, the log-rank
test P value for PVR was not significant (P =0.508).
Patients who experienced an increase in BNP over the
study period had increased mortality (log-rank test P
value of 0.051).

Univariate Cox proportional-hazards modeling was per-
formed on the baseline clinical characteristics and hemo-
dynamic factors. Male gender, presence of
portopulmonary hypertension, and baseline use of PAH-
specific medications were predictive of mortality. Of note,
the baseline PAC in itself was not significantly associated
with mortality in the univariate analysis. The multivariate
Cox model indicated that patients having decreased PAC
over the study period had significantly higher risk for
death or transplant (HR =4.21, 95% confidence interval,
1.77-10.02) (Table 4). The PVR did gain significance in
this model, but only with a HR of 1.003.

A mixed-effects logistic regression model using the longi-
tudinal data demonstrated that an increase in PAC over
time was associated with decreased mortality and trans-
plantation (odds ratio [OR]=0.42, P=0.005) (Table 9).
6MWD was also statistically significant (OR =3.45,
P=0.004). Although changes in right ventricular stroke
work index (RVSWI) were statistically significant, the ORs
suggest this would be less clinically important (OR =1.04).
The PVR was not significant in this model.

Discussion

Our study demonstrates that a decrease in the PAC over
time was associated with an increased risk of death or
lung transplantation. The change in PAC was a better pre-
dictor of outcome than baseline PAC or changes in other
hemodynamic parameters including PVR, CI, and RVSWI.
In addition, our assessment suggests that the PAC changes
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Fig. 2. Relationship between WHO FC and PAC. Results show that patients with a higher WHO FC tended to have lower PAC, The overall P

value for PAC by WHO FC was significant (P < 0.001).

Table 3. List of which medications were added, when
patients had an escalation of their therapy between two

serial RHCs.

Addition of medications n=185

| medication added 56
ETRA 22
PDE-5 29
IV PG 5

2 medications added 65
ETRA 4 PDE5-I 38
ETRA +inh PG |
ETRA 4 SC PG |
ETRA+1V PG 4
PDE-5+ PO PG |
PDE-5 +inh PG 5
PDE-5+SC PG 3
PDE-5 +i.v. PG 12

3 medications added 54
ETRA + PDE-5 + PO PG |
ETRA + PDE-5 +inh PG 19
ETRA + PDE-5 + SC PG 8
ETRA + PDE-5 +i.v. PG 26

ETRA, endothelin receptor antagonist; i.v., intravenous; PDE5-I,
phosphodiesterase type 5 inhibitor; PG, prostaglandin; PO, per
os; SC, subcutaneous.

with the addition of PAH-specific medications. Our study
population included patients with a mPAP>25mmHg,
which differs from another study using a cutoff >40.’
PAC was prognostically relevant throughout a range of
PAH severity.

Based on our findings, using the PAC as a marker to
evaluate the response to therapy in PAH appears promising.
We showed that PAH patients who had a decrease in PAC
had improved outcomes, and also that the addition of a
PAH-specific medication tended to have a favorable effect
on this value. Examining parameters of pulmonary arterial
vascular stiffness to evaluate response to therapy has a solid
pathophysiologic basis. Increased stiffness of the proximal
PA increases the right ventricular (RV) afterload. Having
increased stiffness of the PA also augments the vessel’s pul-
satility: some research suggests that this increase in flow
pulsatility also causes additional strain on the right ven-
tricle. Moreover, this increased pulsatility is transmitted to
the distal pulmonary vessels, which could induce endothelial
dysfunction and lead to increased vasoconstriction.® In sum,
increased pulmonary stiffness could work via multiple path-
ways to increase the load on the RV. Studies have investi-
gated this link between PAC and RV function in humans.
Using cardiac magnetic resonance imaging (CMRI),
researchers correlated PA stiffness with measures of RV per-
formance, both in patients with PAH* and in normal
patients.”’ RV function is critically important to outcomes
in PAH: markers of poor RV function have been shown to
be poor prognostic indicators based on registry data.*>
Even in otherwise healthy patients, poor RV function cor-
relates with death.?

Some studies have evaluated PAC changes with the
administration of PAH-specific medications. One small
study suggested that it increased with prostanoids, but not
with oral therapies.>® This is in line with the results of our
study, which showed that, on the whole, PAC improved
with the addition of PAH-specific medications. Another
study evaluated the changes in a number of different par-
ameters after treatment with 3—12 months of PAH therapy;
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Fig. 3. Percent change in PAC with the addition of a new medication.
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Fig. 4. Kaplan—Meier survival curves for patients with an increase in PAC over the study period, as compared to those with a decrease in PAC.

although it found that changes in CI were predictive of mor-
tality, it did not find that changes in PAC were significant.?*
Different results in our study could be due to the longer
length of follow-up and/or the differences in pattern of
medication administration: in the other study, baseline
hemodynamics were done at diagnosis of PAH while
patients were naive to therapy, whereas many of our
patients were already on therapy at the time of study initi-
ation. Another study evaluated pooled hemodynamics from
four randomized controlled trials and evaluated the change
in hemodynamics after 12 weeks of therapy; it found that
the changes in these parameters were not sufficient enough
to explain the differences in clinical events with the interven-
tion and control arms. This study included the PAC and

showed that this did increase with active intervention.?

It is possible that this analysis, given the relatively short
study length, cannot be extrapolated to longer-term therapy.

In prior clinical practice and in other studies, PVR has
been used to direct therapeutic interventions. Prior studies
have shown that PVR does change with therapy,® and that
a lack of fall in the PVR after three months of epoprostenol
administration is predictive of mortality.*® However, the use
of this measurement has been questioned. A CMRI study
evaluating parameters including right heart function, prox-
imal PA stiffness, and PVR showed that the RV function
could deteriorate despite a reduction in PVR.?” Thus PVR,
which primarily comprises the resistance provided from
small vessels in the pulmonary vasculature, might not
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Table 4. Multivariate Cox proportional hazards model.
HR 95% confidence interval Unadjusted P Adjusted P*
Decrease in PAC over the study period 4.21 1.77 10.02 0.001 0.004
Age > 65 years 1.19 0.32 4.43 0.799 0.799
Male 7.25 281 18.70 <0.001 0.001
TD CO (L/min/m?) 1.46 0.98 2.17 0.064 0.070
6MWD <400 m 3.07 1.21 7.80 0.018 0.028
Use of PDE5 3.16 1.29 7.74 0.012 0.022
Use of PG 4.05 1.50 10.91 0.006 0.015
Use of loop diuretic 2.58 I.15 5.76 0.021 0.028
RVSP (mmHg) 0.93 0.86 0.99 0.028 0.033
PASP (mmHg) 1.15 1.06 1.24 < 0.001 0.003
DPG (mmHg) 0.88 0.8l 0.95 0.001 0.003
PVR (dynes*s/cm®) 1.003 1.001 1.005 0.007 0.015
RVSWI (g/m?/beat) 0.90 0.82 0.98 0.021 0.028

Factors which obtained statistical significance in the ability to predict the combined outcome of death or transplant are included.

*Adjusted by multiple testing correction using Simes method.

6MWD, six-minute walk distance; DPG, diastolic pulmonary vascular pressure gradient; PAC, pulmonary arterial capacitance; PASP, pulmonary arterial systolic
pressure; PDES, phosphodiesterase-5 inhibitor; PG, prostaglandin; PVR, pulmonary vascular resistance; RVSP, right ventricular systolic pressure; RVSWI, right

ventricular stroke work index; TD CO, cardiac output by thermodilution.

Table 5. Mixed-effects logistic regression model.

OR 95% confidence interval Unadjusted P Adjusted P*
PAC (mL/mmHg) 0.42 0.21 0.86 0.018 0.039
Age > 65 years 0.43 0.14 1.33 0.141 0.172
Male 9.84 2.92 33.11 < 0.001 0.003
6MWD <400 m 345 1.48 8.08 0.004 0.018
Platelets (k/UL) 0.99 0.99 1.00 0.008 0.025
Creatinine (mg/dL) 3.63 0.59 22.26 0.163 0.176
Use of PG 1.88 0.80 442 0.146 0.172
Use of loop diuretic 2.46 1.08 5.58 0.032 0.052
DPG (mmHg) 0.94 0.88 0.99 0.024 0.045
PVR (dynes¥s/cm®) 1.001 0.9999 1.003 0.068 0.099
RVSWI (g/m?/beat) 1.04 1.01 1.07 0.012 0.030
Pericardial effusion 4.44 1.75 11.25 0.002 0.011

Analysis used longitudinal changes in various parameters to see if the change in the PAC over time was predictive of the combined outcome. Having a decrease in

the PAC was associated with increased mortality or need for transplantation.
*Adjusted by multiple testing correction using Simes method.

DPG, diastolic pulmonary vascular pressure gradient; PAC, pulmonary arterial capacitance; PG, prostaglandin; PVR, pulmonary vascular resistance; RVSWVI, right

ventricular stroke work index.

encompass a significant enough portion of the strain placed
on the RV to make it as important a parameter as proximal
arterial stiffness.® The PAC, in contrast, is more representa-
tive of the coupling between the pulmonary vasculature and
the RV. This was borne out in our study, which showed that
changes in PAC and not PVR was predictive of mortality.
Another explanation for why PAC might have outper-
formed PVR in our study stems from the relationship
between PAC and PVR. In our analysis, we found PAC
and PVR to be related: as described in prior work and in

our analysis, this relationship was an inverse hyperbolic
one.'>?*3! Patients with severe PAH and elevated PVR
would be on a relatively flat part of the slope of the inverse
hyperbolic PVR versus PAC relationship: in them, having a
reduction in PVR could be associated with only small
changes in PAC. These patients could be less equipped to
deal with RV pulsatility since their capacitance was not sig-
nificantly augmented.®® It points to the PVR as an insensi-
tive marker for evaluating clinically meaningful changes in
patients with advanced PH. Although some recent work has
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suggested that the relationship between PVR and PAC
could change according to different disease states, in these
studies the PVR versus PAC curve is shifted, but maintains
the same inverse hyperbolic relationship.**** It is possible
that despite initial findings suggesting that the relationship
between PVR and PAC remains constant over the course of
treatment of PAH,? that in fact it could shift. This could
introduce an element of uncertainty regarding the relative
prognostic capabilities of PAC and PVR.

Although the gold standard for measuring PA compli-
ance remains an invasive hemodynamic measurement, as
was performed in our study, a number of other modalities
have also been evaluated as methods to measure the PA
compliance parameter.** Early work evaluated the pulmon-
ary vasculature pulsatility and strain as measured by intra-
vascular ultrasound, and found that there was a good
correlation between these findings and hemodynamic meas-
urements of PA compliance by RHC; they even found a
mortality difference in patients with reduced pulsatility in
the pulmonary artery.'" The pulmonary artery capacitance
as measured by non-invasive Doppler echocardiography
correlated with RHC data, and was also a predictor of mor-
tality. This modality, however, was limited because it relied
on measuring the pulmonary regurgitant jet, which was only
obtained in 60% of patients assessed.>® Using Doppler
tissue-wave echocardiography was successful in obtaining
data from a larger fraction of patients, but relied on meas-
urement of the tricuspid regurgitant jet.>® Other modalities
including computed tomography scanning and cine-
angiography have been utilized, but with less success.**

Results from CMRI have provided important informa-
tion about PA stiffness, and this modality is perhaps the
most promising non-invasive method of evaluating PAC.
Studies using this technology have confirmed data from
hemodynamic assessment, including the correlation of PA
stiffness and mortality.'® A subsequent study looking at
same-day CMRI and RHC showed good correlation
between the two methodologies. Importantly, it found a
curvilinear relationship between CMRI measures of PA
stiffness and systolic PA pressures, suggesting that the PA
stiffness could be an early marker of developing PH.’
CMRI-derived markers of stiffness have also been shown
to correlated with functional capacity.®® Although cardiac
MRI is limited in terms of its cost and availability, it could
offer a non-invasive alternative to hemodynamic assess-
ments of the PA stiffness. This modality is also beneficial
because it can quantitate markers of right heart dysfunction
which are also prognostic in PAH.***

There are a few limitations of this study. The study was a
retrospective review of data from sequential RHCs over a
nine-year period. The indications for sequential RHC varied
and were at the discretion of the PH physician and reasons
for performing the test included clinical worsening, research
study protocols, need for escalation of therapy, or pre-trans-
plant evaluation. Although an assessment was performed
to evaluate the change in PAC with the addition of

PAH-specific medications, the change in medications was
done at the discretion of the PAH specialist and was not
performed in a controlled fashion. Clinical parameters other
than the prescribed medications may have changed as well.
Patients were excluded from analysis if they did not have
two RHCs, so patients who worsened and died before
obtaining a second RHC were excluded from analysis; this
produces a survival bias in the patients evaluated. Although
the majority of patients had subsequent RHC for clinical
worsening or for titration of medications, overall the indi-
cations were heterogeneous.

Conclusions

Changes in PAC as measured by RHC were predictive of
mortality in a heterogenous group of patients with WHO
group 1 PAH. This hemodynamic parameter tends to
increase with the addition of a new PAH-specific medica-
tion. Using the PAC as a therapeutic target in PAH has a
physiologic basis due to the effect it has on RV workload;
some data even suggest that early changes in PAC could
precede measurable changes in RV function. Although in
our study the PAC was measured using RHC, promising
work suggests that CMRI can also accurately assess this
parameter. While more work is needed, our data support
the role of PAC as a therapeutic target in in patients with
group 1 PAH.

References

1. Galie N, Humbert M, Vachiery JL, et al. 2015 ESC/ERS
Guidelines for the diagnosis and treatment of pulmonary hyper-
tension: The Joint Task Force for the Diagnosis and Treatment
of Pulmonary Hypertension of the European Society of
Cardiology (ESC) and the European Respiratory Society
(ERS): Endorsed by: Association for European Paediatric and
Congenital Cardiology (AEPC), International Society for Heart
and Lung Transplantation (ISHLT). Eur Respir J 2015; 46(4):
903-975.

2. Benza RL, Miller DP, Barst RJ, et al. An evaluation of long-
term survival from time of diagnosis in pulmonary arterial
hypertension from the REVEAL Registry. Chest 2012; 142(2):
448-456.

3. McLaughlin VV, Gaine SP, Howard LS, et al. Treatment goals
of pulmonary hypertension. J Am Coll Cardiol 2013; 62(25
Suppl): D73-81.

4. Benza RL, Miller DP, Gomberg-Maitland M, et al. Predicting
survival in pulmonary arterial hypertension: insights from the
Registry to Evaluate Early and Long-Term Pulmonary Arterial
Hypertension Disease Management (REVEAL). Circulation
2010; 122(2): 164-172.

5. Humbert M, Sitbon O, Chaouat A, et al. Survival in patients
with idiopathic, familial, and anorexigen-associated pulmonary
arterial hypertension in the modern management era.
Circulation 2010; 122(2): 156-163.

6. Tan W, Madhavan K, Hunter KS, et al. Vascular stiffening in
pulmonary hypertension: cause or consequence? (2013 Grover
Conference series). Pulm Circ 2014; 4(4): 560-580.



Pulmonary Circulation Volume 7 Number 2 |

407

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Thenappan T, Prins KW, Pritzker MR, et al. The critical role
of pulmonary arterial compliance in pulmonary hypertension.
Ann Am Thorac Soc 2016; 13(2): 276-284.

Kaess BM, Rong J, Larson MG, et al. Aortic stiffness, blood
pressure progression, and incident hypertension. JAMA 2012;
308(9): 875-881.

Mahapatra S, Nishimura RA, Sorajja P, et al. Relationship of
pulmonary arterial capacitance and mortality in idiopathic
pulmonary arterial hypertension. J Am Coll Cardiol 2006;
47(4): 799-803.

Gan CT, Lankhaar JW, Westerhof N, et al. Noninvasively
assessed pulmonary artery stiffness predicts mortality in pul-
monary arterial hypertension. Chest 2007; 132(6): 1906-1912.
Rodes-Cabau J, Domingo E, Roman A, et al. Intravascular
ultrasound of the elastic pulmonary arteries: a new approach
for the evaluation of primary pulmonary hypertension. Heart
2003; 89(3): 311-315.

de Perrot M, McRae K, Shargall Y, et al. Early postoperative
pulmonary vascular compliance predicts outcome after pul-
monary endarterectomy for chronic thromboembolic pulmon-
ary hypertension. Chest 2011; 140(1): 34-41.

Hilde JM, Skjorten I, Hansteen V, et al. Haemodynamic
responses to exercise in patients with COPD. Eur Respir J
2013; 41(5): 1031-1041.

Bandara M, Gordon FD, Sarwar A, et al. Successful outcomes
following living donor liver transplantation for portopulmon-
ary hypertension. Liver Transpl 2010; 16(8): 983-989.
Inuzuka R, Seki M, Sugimoto M, et al. Pulmonary arterial
wall stiffness and its impact on right ventricular afterload in
patients with repaired tetralogy of Fallot. Ann Thorac Surg
2013; 96(4): 1435-1441.

Al-Naamani N, Preston IR, Paulus JK, et al. Pulmonary arter-
ial capacitance is an important predictor of mortality in heart
failure with a preserved ejection fraction. JACC Heart Fail
2015; 3(6): 467-474.

Simonneau G, Gatzoulis MA, Adatia I, et al. Updated clinical
classification of pulmonary hypertension. J Am Coll Cardiol
2013; 62(25 Suppl): D34-41.

Morine KJ, Kiernan MS, Pham DT, et al. Pulmonary artery
pulsatility index is associated with right ventricular failure
after left ventricular assist device surgery. J Card Fail 2016;
22(2): 110-116.

Simes RJ. An improved Bonferroni procedure for multiple
tests of significance. Biometrika 1986; 73(3): 751-754.

Stevens GR, Garcia-Alvarez A, Sahni S, et al. RV dysfunction
in pulmonary hypertension is independently related to pul-
monary artery stiffness. JACC Cardiovasc Imaging 2012;
5(4): 378-387.

Dawes TJ, Gandhi A, de Marvao A, et al. Pulmonary artery
stiffness is independently associated with right ventricular mass
and function: a cardiac MR imaging study. Radiology 2016;
280(2): 398-404.

Kawut SM, Barr RG, Lima JA, et al. Right ventricular struc-
ture is associated with the risk of heart failure and cardiovas-
cular death: the Multi-Ethnic Study of Atherosclerosis
(MESA)-right ventricle study. Circulation 2012; 126(14):
1681-1688.

Brittain EL, Pugh ME, Wheeler LA, et al. Prostanoids but not
oral therapies improve right ventricular function in pulmonary
arterial hypertension. JACC Heart Fail 2013; 1(4): 300-307.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Nickel N, Golpon H, Greer M, et al. The prognostic impact of
follow-up assessments in patients with idiopathic pulmonary
arterial hypertension. Eur Respir J 2012; 39(3): 589-596.
Ventetuolo CE, Gabler NB, Fritz JS, et al. Are hemodynamics
surrogate end points in pulmonary arterial hypertension?
Circulation 2014; 130(9): 768-775.

Sitbon O, Humbert M, Nunes H, et al. Long-term intravenous
epoprostenol infusion in primary pulmonary hypertension:
prognostic factors and survival. J Am Coll Cardiol 2002;
40(4): 780-788.

van de Veerdonk MC, Kind T, Marcus JT, et al. Progressive
right ventricular dysfunction in patients with pulmonary arter-
ial hypertension responding to therapy. J Am Coll Cardiol
2011; 58(24): 2511-2519.

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(4): H1731-1737.

Lankhaar JW, Westerhof N, Faes TJ, et al. Pulmonary vascu-
lar resistance and compliance stay inversely related during
treatment of pulmonary hypertension. Eur Heart J 2008,
29(13): 1688-1695.

Tedford RJ, Hassoun PM, Mathai SC, et al. Pulmonary capil-
lary wedge pressure augments right ventricular pulsatile load-
ing. Circulation 2012; 125(2): 289-297.

Saouti N, Westerhof N, Helderman F, et al. RC time constant
of single lung equals that of both lungs together: a study in
chronic thromboembolic pulmonary hypertension. Am J
Physiol Heart Circ Physiol 2009; 297(6): H2154-2160.
MacKenzie Ross RV, Toshner MR, Soon E, et al. Decreased
time constant of the pulmonary circulation in chronic
thromboembolic pulmonary hypertension. 4m J Physiol
Heart Circ Physiol 2013; 305(2): H259-264.

Hadinnapola C, Li Q, Su L, et al. The resistance-compliance
product of the pulmonary circulation varies in health and pul-
monary vascular disease. Physiol Rep 2015; 3(4): e12363.
Tian L and Chesler NC. In vivo and in vitro measurements of
pulmonary arterial stiffness: A brief review. Pulm Circ 2012;
2(4): 505-517.

Mahapatra S, Nishimura RA, Oh JK, et al. The prognostic
value of pulmonary vascular capacitance determined by
Doppler echocardiography in patients with pulmonary arterial
hypertension. J Am Soc Echocardiogr 2006; 19(8): 1045-1050.
Dyer K, Lanning C, Das B, et al. Noninvasive Doppler tissue
measurement of pulmonary artery compliance in children with
pulmonary hypertension. J Am Soc Echocardiogr 2006; 19(4):
403-412.

Sanz J, Kariisa M, Dellegrottaglie S, et al. Evaluation of pul-
monary artery stiffness in pulmonary hypertension with car-
diac magnetic resonance. JACC Cardiovasc Imaging 2009; 2(3):
286-295.

Kang KW, Chang HJ, Kim YJ, et al. Cardiac magnetic res-
onance imaging-derived pulmonary artery distensibility index
correlates with pulmonary artery stiffness and predicts func-
tional capacity in patients with pulmonary arterial hyperten-
sion. Circ J 2011; 75(9): 2244-2251.

van Wolferen SA, Marcus JT, Boonstra A, et al. Prognostic
value of right ventricular mass, volume, and function in idio-
pathic pulmonary arterial hypertension. Eur Heart J 2007;
28(10): 1250-1257.



408

| Longitudinal change in PAC Medrek et al.

40.

41.

Sachdev A, Villarraga HR, Frantz RP, et al. Right
ventricular strain for prediction of survival in patients with
pulmonary arterial hypertension. Chest 2011; 139(6):
1299-1309.

Mauritz GJ, Kind T, Marcus JT, et al. Progressive changes in
right ventricular geometric shortening and long-term survival

42.

in pulmonary arterial hypertension. Chest 2012; 141(4):
935-943.
Hardegree EL, Sachdev A, Villarraga HR, et al. Role of serial
quantitative assessment of right ventricular function by strain
in pulmonary arterial hypertension. 4m J Cardiol 2013; 111(1):
143-148.



