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BACKGROUND: Multiparametric risk assessment is used in pulmonary arterial hypertension
(PAH) to target therapy. However, this strategy is imperfect because most patients remain at
intermediate or high risk after initial treatment, with low risk being the goal. Metrics of right
ventricular (RV) adaptation are promising tools that may help refine our therapeutic strategy.

RESEARCH QUESTION: Does RV adaptation predict therapeutic response over time?

STUDY DESIGN ANDMETHODS: We evaluated 52 incident treatment-naive patients with advanced
PAH by catheterization and cardiac imaging longitudinally at baseline, follow-up 1
(w3 months), and follow-up 2 (w18 months). All patients received goal-directed therapy with
parenteral treprostinil and/or combination therapy with treatment escalation if functional class I
or II was not achieved. On the basis of their therapeutic response, patients were evaluated at
follow-up 1 as nonresponders (died) or as responders, and again at follow-up 2 as super-
responders (low risk) or partial responders (high/intermediate risk). Multiparametric risk was
based on a simplified European Respiratory Society/European Society of Cardiology guideline
score. RV adaptation was evaluated with the single-beat coupling ratio (Ees/Ea) and diastolic
function with diastolic elastance (Eed). Data are expressed as mean � SD or as OR (95% CI).

RESULTS: Nine patients (17%) were nonresponders. PAH-directed therapy improved the
European Respiratory Society low-risk score from 1 (2%) at baseline to 23 (55%) at follow-up
2. Ees/Ea at presentation was nonsignificantly higher in responders (0.9 � 0.4)
vs nonresponders (0.6 � 0.4; P ¼ .09) but could not be used to predict super-responder status
at follow-up 2 (OR, 1.40 [95% CI, 0.28-7.0]; P ¼ .84). Baseline RV ejection fraction and
change in Eed were successfully used to predict super-responder status at follow-up 2 (OR,
1.15 [95% CI, 1.0-1.27]; P ¼ .009 and OR, 0.29 [95% CI, 0.86-0.96]; P ¼ .04, respectively).

INTERPRETATION: In patients with advanced PAH, RV-pulmonary arterial coupling could not
discriminate irreversible RV failure (nonresponders) at presentation but showed a late trend
to improvement by follow-up 2. Early change in Eed and baseline RV ejection fraction were
the best predictors of therapeutic response. CHEST 2022; 161(4):1048-1059
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Take-home Points

Study Question: Does right ventricular (RV) adap-
tation characterized by right ventricular-pulmonary
arterial (RV-PA) coupling or diastolic stiffness pre-
dict therapeutic response among patients with pul-
monary arterial hypertension (PAH) over time?
Results: Our study evaluated an incident treatment-
naive advanced PAH cohort for an average of
47 months. We longitudinally examined the RV-PA
coupling ratio and diastolic stiffness as predictors
of therapeutic response at follow-up 1 (w3 months)
and again at follow-up 2 (w20 months). We found
that there was no lower threshold of coupling ratio
that predicted death at initial presentation. We also
found that baseline RV ejection fraction and change
in diastolic stiffness are the best early predictors of
therapeutic response by follow-up 2.
Interpretation: RV diastolic stiffness is the best early
predictor of therapeutic response in advanced PAH.
The RV-PA coupling ratio may still hold promise as
a predictor in less advanced disease.
Pulmonary arterial hypertension (PAH) is a chronic
progressive pulmonary vasculopathy resulting in
increased right ventricular (RV) afterload and eventual
RV failure. Although the prognosis for patients with
PAH has improved since the introduction of PAH-
directed therapies, the disease remains progressive in
many patients. The World Symposium on Pulmonary
Hypertension (WSPH) has adopted treatment
recommendations based on serial assessment using a
multiparametric risk score.1,2 However, therapeutic
decisions are still marked by uncertainty, especially after
the initial presentation: many patients remain at
intermediate or high risk, despite the goal being to
achieve low-risk status.3 In this setting, dynamic risk
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assessment based on RV adaptation to the disease may
help us refine our treatment strategy.

Ideally, the therapeutic goal would be to predict those
who be “super-responders”: that is, those who would
experience sustained improvement, remaining at low
risk for long periods.4 Further, early targeting of patients
who progress despite therapy would offer additional
opportunities regarding prognosis and potential
treatments. Preliminary evidence suggests that
aggressive treatment strategies are associated with both
improvements in RV function and low-risk status.5

However, the most sensitive measure of RV function as a
predictor of this response is unknown.

Increasingly, the consensus for RV-pulmonary arterial
(RV-PA) adaptation is the coupling ratio (Ees/Ea). This
ratio relates “load-independent” RV contractility (RV
elastance, Ees) to afterload (PA elastance, Ea). In the
adapted state, there is a commensurate increase in Ees to
accommodate increasing Ea such that the ratio remains>
1.5 where RV work efficiency is optimized.6 In contrast to
Ees/Ea, the right ventricular ejection fraction (RVEF) is
often used as a metric of RV function and is a global
measurement dependent on the composite of Ees, Ea,
diastolic function, and preload conditions. The load
independence of Ees makes Ees/Ea potentially more
sensitive to adaptation and a more accurate metric of RV
function than RVEF. Further, techniques7 have made
Ees/Ea and RV diastolic function easier to quantify with
standard catheterization, whereas RVEF by MRI is time-
and cost-demanding. Therefore, Ees/Ea is an attractive
measurement for real-time serial evaluation of RV
function.

Although there is general interest in and acceptance of
Ees/Ea as a potential reference standard for RV
adaptation,8,9 little is known about how it can be used
clinically in real time. Cross-sectional data on treated
prevalent patients show that an RV coupling ratio #

0.65 to 0.8, and increased diastolic stiffness (Eed), are
related to reduced RVEF6,10 and clinical worsening.10-12

However, it is not clear from these studies how
interpatient differences in coupling may be related to
PAH-directed therapy. Short-term changes in coupling
ratio are heterogeneous, and changes in RV Eed may
prove a better indicator of therapeutic changes.13

Therefore, long-term serial assessment of RV coupling,
Eed, and RVEF is needed to determine which of these
metrics best predict therapeutic response.

In the present study, among advanced, treatment-naive
subjects uniformly prescribed parenteral prostacyclin,
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we aimed (1) to assess whether longitudinal
measurement of RVEF, Ees/Ea, and Eed can be used to
predict therapeutic response defined by achievement of a
low-risk multiparametric score3 and (2) to determine
whether there is a coupling ratio that predicts
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therapeutic failure at diagnosis (irreversible RV failure).
We hypothesized that RV-PA coupling and/or Eed may
be an earlier and more predictive metric of super-
responder status (European Respiratory Society [ERS]
low-risk score) than RVEF.
Study Design and Methods
Subjects

Fifty-two incident functional class (FC) III or IV patients with
WSPH group 1 PAH gave informed consent to participate in
the study, which was approved by the institutional review board
at the University of Arizona (IRB #1100000621). This is part of
a continuously enrolling study of all incident FC III or IV
patients receiving sequential combination therapy with parenteral
treprostinil and oral therapy according to guidelines at the
time14 from December 2012 to November 2017. Short-term
analysis of a cohort subset has been previously published.13 The
diagnosis of PAH was established by dedicated PAH health
care providers, with invasive confirmation based on updated
guidelines,15 and all patients were naive for PAH-directed
therapy at baseline (Fig 1).

Study Protocol and Assessment of Therapeutic Response

After study inclusion, a pulmonary artery catheter was advanced via
the antecubital vein or the internal jugular vein for measurements of
pulmonary artery pressure (systolic, mean, and diastolic PAP), RV
pressure, right atrial pressure, wedged PAP, and cardiac output
(direct Fick or thermodilution). Baseline hemodynamics,
echocardiography, cardiac MRI, and brain natriuretic peptide (BNP)
levels were obtained within 48 h.

All patients underwent initiation of parenteral treprostinil monother-
apy by aggressive inpatient, and subsequently outpatient, titration as
previously described.13 A 6-min walk test was conducted before
discharge. Patients were assessed at follow-up 1 (w3 months) for
therapeutic response to treprostinil monotherapy. Nonresponders
died before follow-up 1. Patients received sequential combination
therapy if they remained in FC III or IV at follow-up 1 per
recommendations at the time.14 Responders continued to follow-up
2 (w17-20 months), at which point the therapeutic response was
again assessed (Fig 1). Patients underwent echocardiography, BNP
determination, cardiac MRI, and hemodynamic assessment16 at
follow-up 1 and follow-up 2.

Response to therapy was scored by the Swedish/COMPERA
(Comparative, Prospective Registry of Newly Initiated Therapies for
Pulmonary Hypertension)3,17 approach, using the cutoff values
suggested by the current European Respiratory Society/European
Society of Cardiology (ERS/ESC) pulmonary hypertension (PH)
guidelines,1,2 termed the “ERS risk score.” Patients were categorized
as nonresponders if they died before follow-up 1. Patients were
categorized as super-responders4 if they met criteria for low-risk
PAH2 and as partial responders if they remained in the
intermediate- or high-risk category (Fig 1). The US Registry to
Evaluate Early and Long-Term PAH Disease Management
(REVEAL) score18 and REVEAL 2.019 score were also calculated and
presented similarly.

Cardiac Imaging

Cardiac MRI was performed as described previously.13 Briefly,
standard volumetric measurements were made from short-axis cine
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TABLE 1 ] Demographics and Clinical Data, Multiparametric Risk Score, Resting Hemodynamics, Cardiac Imaging,
and Right Ventricular-Pulmonary Arterial Coupling and Diastolic Function by Assessment Time

Variable

Event

Baseline Follow-Up 1 Follow-Up 2

Age, y 54 � 14 . .

Sex (female), No. (%) 41 (78.8) . .

Ethnicity (Hispanic), No. (%) 12 (23.1) . .

BMI, kg/m2 30.8 � 8.4 . .

WSPH category, No. (%)

CTD 12 (23) . .

Drugs/toxins 8 (15) . .

HIV 1 (2) . .

iPAH 25 (48) . .

Portal hypertension 4 (8) . .

PVOD 1 (2) . .

CHD 1(2) . .

Diabetes (yes) 9 (17) . .

BNP, pg/mL 698 � 646 251 � 285a 112 � 134b

6-Min walk distance, m 288 � 98 345 � 123 380 � 129b

Therapy

Combination therapy, No. (%) . . 34 (81)

Monotherapy, No. (%) . 45 (100) 8 (19)

Treprostinil dosage, ng/kg/min 9.8 � 2.8 44.5 � 8.9a 65 � 19.1a,b

Risk scoresc

ERS low risk, No. (%) 1 (1.9) 8 (18.6)a 23 (54.8)a,b

ERS intermediate risk, No. (%) 24 (46.2) 33 (76.7)a 17 (40.5)

ERS high risk, No. (%) 27 (51.9) 2 (4.7)a 2 (4.8)a,b

REVEAL risk score 10.0 � 1.6 7.5 � 2.1a 6.0 � 2.4a,b

REVEAL 2.0 risk score 10.0 � 2.0 6.8 � 2.7a 5.1 � 2.9a,b

Hemodynamics

Mean PAP, mm Hg 55.9 � 10.9 45.7 � 9.8a 39.0 � 9.4a,b

Cardiac output, L/min 4.0 � 1.3 5.4 � 1.5a 5.3 � 1.2a

PCWP, mm Hg 9.0 � 4.1 6.9 � 3.7a 7.0 � 2.9a,b

Mean RAP, mm Hg 12.0 � 6.0 6.0 � 5.0a 5.0 � 4.0a,b

PVR, Wood units 12.8 � 5.1 7.8 � 3.0a 6.4 � 2.5a,b

Compliance, mL/mm Hg 1.0 � 0.4 1.6 � 0.7a 2.0 � 0.9a,b

PAO2 sat, % 59.1 � 9.4 64.9 � 7.5a 66.5 � 7.3b

Cardiac imaging

Echo RA area, cm2 26.2 � 5.7 24.4 � 6.8 24.3 � 8.6

Echo TAPSE, cm 1.4 � 0.4 2.1 � 2.6 2.0 � 0.4

Echo FAC, % 19.4 � 8.5 23.6 � 9.4 24.1 � 11.0

MRI RVESVI, mL/m2 87.6 � 43.6 80.5 � 45.8 79.1 � 54.2

MRI RVEDVI, mL/m2 116.1 � 45.0 113.8 � 48.0 117.3 � 57.4

MRI RVEF, % 20.2 � 8.3 31.9 � 10.0a 35.1 � 10.9a

MRI SV/ESV 0.38 � 0.23 0.50 � 0.23a 0.60 � 0.24a

MRI RV mass, g/m2 45.2 � 18.3 46.7 � 20.4 46.5 � 34.2

RV mass/volume, g/mL 0.42 � 0.13 0.43 � 0.14 0.40 � 0.15

(Continued)
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TABLE 1 ] (Continued)

Variable

Event

Baseline Follow-Up 1 Follow-Up 2

RV-PA coupling and diastolic function

Ees, mm Hg/mL 1.5 � 0.8 1.3 � 0.7 1.2 � 0.8

Ea, mm Hg/mL 2.0 � 1.0 1.2 � 0.5a 1.0 � 0.4a,b

Pmax, mm Hg 159.9 � 33.4 147.2 � 36.8 132.5 � 39.7a

RV-PA coupling ratio, Ees/Ea 0.8 � 0.4 1.1 � 0.5 1.2 � 0.8a

Eed, mm Hg/mL 1.2 � 0.7 0.8 � 0.6a 0.8 � 0.4a

Eedcorrected, mm Hg/mL 3.3 � 2.1 1.9 � 1.4a 2.3 � 1.7

Between-group differences over time were evaluated by repeated-measures analysis of variance. Post hoc comparisons were evaluated by the Bonferroni
method. Data are expressed as means � SD unless indicated otherwise. BNP ¼ brain natriuretic peptide; CHD ¼ congenital heart disease; CTD ¼
connective tissue disease; Ea ¼ pulmonary arterial elastance; Echo ¼ echocardiography; Eed ¼ right ventricular diastolic elastance; Eedcorrected ¼ right
ventricular Eed corrected for mass/volume; Ees ¼ right ventricular systolic elastance; ERS ¼ European Respiratory Society; FAC ¼ fractional area change;
iPAH ¼ idiopathic PAH; PA ¼ pulmonary artery; PAH ¼ pulmonary arterial hypertension; PAP ¼ pulmonary artery pressure; PCWP ¼ pulmonary capillary
wedge pressure; Pmax ¼ maximal RV isovolumic pressure; PVOD ¼ pulmonary veno-occusive disease; PVR ¼ pulmonary vascular resistance; RA ¼ right
atrium; RAP ¼ right atrial pressure; REVEAL ¼ US Registry to Evaluate Early and Long-Term PAH Disease Management; RV ¼ right ventricle; RVEDVI ¼
right ventricular end-diastolic volume index; RVEF ¼ right ventricular ejection fraction; RVESVI ¼ right ventricular end-systolic volume index; PAO2 sat ¼
pulmonary arterial oxygen saturation; SV/ESV ¼ stroke volume/end-systolic volume; TAPSE ¼ tricuspid annular plane systolic excursion; WSPH ¼ World
Symposium on Pulmonary Hypertension.
aP < .05 vs baseline.
bP < .05 vs follow-up 1.
cERS scoring is discussed in Hoeper et al,3 REVEAL and REVEAL 2.0 scoring are discussed in Benza et al18 and Benza et al,19 respectively.
projections for cardiac MRI. Contour smoothing was done to include
trabeculations in end-systole (ESV) and diastole (EDV). Stroke
volume (SV) was calculated as EDV – ESV and RVEF as [(SV/
EDV) � 100]. All echocardiographic data were obtained in
accordance with the American Society of Echocardiography
guidelines.20 Parameters that were included were right atrial area,
RV fractional area change % [(RV end-diastolic area – RV end-
systolic area)/RV end-diastolic area � 100], tricuspid annular plane
systolic excursion, and presence of pericardial effusion.

RV Coupling and Diastolic Function

The single-beat method was used to quantify RV function.21 The
maximum isovolumic pressure, Pmax, was determined from a
sinusoidal curve fit of the RV pressure-time waveform during early
isovolumetric contraction (from end-diastolic to maximal dP/dt) and
late isovolumetric relaxation (minimal dP/dt to beginning of
diastole).21 RV systolic elastance (Ees), a measure of contractility,
was calculated as [Pmax – peak systolic RV pressure (sRVP)]/SV. An
additional calculation based on estimated end-systolic pressure (ESP)
from conductance catheter-derived regression, using mPAP, is also
presented for comparison.22 Arterial elastance, Ea, was calculated as
sRVP/SV. Estimates of Ees and Ea were done using thermodilution/
Fick-derived stroke volumes (as opposed to MRI) as previously
described.7 RV-PA coupling was calculated as Ees/Ea, which
simplifies to (Pmax/sRVP – 1). Diastolic function was assessed by
diastolic elastance (Eed), which is the slope of the end-diastolic
pressure-volume relationship (end-diastolic pulmonary vascular
resistance [PVR]) at end-diastolic volume.10 To examine the
potential contribution of hypertrophy to Eed, we examined Eed
relative to RV mass/volume (relative wall thickness), Eedcorrected.

10

Ees and Eed were analyzed with a semiautomated MATLAB
program (MathWorks).
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Statistical Analysis

Continuous data are expressed as means � SD. Categorical data are
expressed as counts and percentages. Baseline two-group
comparisons were done with unpaired, two-tailed t tests for
continuous variables or the Pearson c2 test for categorical variables.
If the data were not normally distributed, then the Wilcoxon rank-
sum test was used. Normality was assessed by visually examining
Q-Q plots and by the Shapiro-Wilk test. Within- and between-group
longitudinal differences were evaluated with a mixed-model,
repeated-measures analysis of variance. For the repeated-measures
analysis of variance, the assumption of sphericity was met.

To determine the relationship of RV coupling, Eed, or RVEF to
therapeutic response at follow-up 2 (super-responders vs partial
responders), univariate logistic regression model analysis was
conducted using these variables as well as variables likely related to
therapeutic response such as age,23 sex,24 race/ethnicity,25 and
connective tissue disease.26 Variables subsumed within the
multiparametric ERS risk score (ie, BNP, 6-min walk test distance)
were not used in the model, given this would be self-referential.
Therapeutic response at follow-up 2 was used as the dependent
variable. A three-model multivariate analysis was conducted to
examine for potential mediation/confounding (Table 2). RVEF and
diastolic elastance were added to a multivariate logistic regression,
model A based on P < .2 in the univariate analysis and their relevance
to our primary hypothesis. Model B consisted of model A, substituting
Eedcorrected for Eed. Because age was the only significant demographic/
clinical variable on univariate analysis, it was added to model A as a
model C analysis. Collinearity was assessed by linear regression for
continuous variables and the Spearman rank correlation for categorical
variables. All statistical analyses were performed with SPSS software
(version 27.0; IBM). Statistical tests were two-sided, and a P value <

.05 was considered statistically significant.
[ 1 6 1 # 4 CHES T A P R I L 2 0 2 2 ]



TABLE 2 ] Univariate and Multivariate Predictors of Therapeutic Response at Follow-Up 2

Characteristic
Super-

Responders
Partial

Responders
Univariate Analysis

OR (95% CI)

Multivariate Analysisa

Model A
OR (95% CI)

Model B
OR (95% CI)

Model C
OR (95% CI)

Demographics and
clinical

Age (mean � SD), y 48 � 11 59 � 12 0.92
(0.85-0.98)b

. . 0.9
(0.83-0.99)b

Sex (male), No. (%) 18 (81) 16 (76) 0.63
(0.14-2.8)

. . .

Ethnicity (Hispanic),
No. (%)

5 (25) 7 (30) 1.31
(0.34-5.0)

. . .

CTD, No. (%) 3 (13) 6 (31) 0.35
(0.08-1.6)

. . .

RV imaging, mean �
SD

Baseline RVEF 23.8 � 7.2 19.0 � 8.06 1.15
(1.0-1.27)b

1.31
(1.0-1.27)b

1.17
(1.03-1.4)b

1.14
(1.0-1.29)b

RVEF at FU1 32.4 � 9.1 30.2 � 11.0 1.0
(0.96-1.08)

. . .

DRVEFc 9.2 � 7.7 10.7 � 7.0 0.99
(0.89-1.09)

. . .

Baseline SV/ESV 0.43 � 0.27 0.34 � 0.17 6.9
(0.28-171.6)

. . .

SV/ESV at FU1 0.52 � 0.23 0.47 � 0.25 2.5
(0.17-36.1)

. . .

DSV/ESVc 0.12 � 0.27 0.15 � 0.19 0.6
(0.04-8.6)

. . .

RV-PA coupling and
diastolic function,
mean � SD

Baseline Ees/Ea 0.9 � 0.4 0.8 � 0.4 1.40
(0.28-7.0)

. . .

Ees/Ea at FU1 1.1 � 0.5 1.1 � 0.5 1.15
(0.31-4.2)

. . .

DEes/Eac 0.2 � 0.6 0.2 � 0.5 0.89
(0.27-2.87)

. . .

Baseline Eed 1.4 � 0.8 1.1 � 0.6 2.03
(0.75-5.51)

. . .

Eed at FU1 0.7 � 0.5 0.9 � 0.6 0.67
(0.12-2.0)

. . .

DEedc –0.7 � 0.6 –0.2 � 0.8 0.24
(0.07-0.88)b

0.27
(0.07-0.98)b

. 0.31
(0.07-1.33)

DEedcorrected
c –2.2 � 1.8 –0.8 � 2.2 0.70

(0.48-0.95)
. 0.82

(0.51-1.2)
.

Data are expressed as No. (%) or mean � SD. Logistic regression analysis was used to predict super-responders relative to partial responders (reference
category). Multivariate models A and B include variables significant in the univariate analysis at P < .2 whereas model C also includes age. D ¼ change;
CTD ¼ connective tissue disease; Eed ¼ RV diastolic elastance; Eedcorrected ¼ Eed corrected for RV mass/volume; Ees/Ea ¼ RV-PA coupling ratio; FU ¼
follow-up; PH ¼ pulmonary hypertension; RVEF ¼ right ventricular ejection fraction; SV/ESV ¼ RV stroke volume/end-systolic volume.
aMultivariate analysis models: Model A ¼ baseline RVEF þ DEed (change from baseline to follow-up 1); model B ¼ baseline RVEF þ DEedcorrected (Eed
corrected for RV mass/volume); model C ¼ model A þ age.
bP < .05.
cChange from baseline to follow-up 1.
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Figure 2 – Therapeutic changes in European Respiratory Society (ERS) risk score. There is an improvement from high and intermediate risk at baseline
to low and intermediate risk at follow-up 1. ERS within-group differences were tested by Pearson c2 test. *P < .05 vs baseline; †P < .05 vs follow-up 1.
Results

Patient Characteristics and Therapeutic Response

During the study period, 52 patients were enrolled.

Subjects were predominantly female and 17% had mixed

PH. At enrollment, the subjects had very advanced PAH

with RV dilation, reduced RVEF, and significantly

elevated afterload (Table 1). Baseline ERS risk scores and
D

.0
Nonresponder Responder

1.0

2.0

R
ig

h
t 

v
e

n
tr

ic
u

la
r

e
la

s
ta

n
c

e
, 
(E

e
s
)

3.0

4.0

A
P = .59

.0
Nonrespon

1.0

2.0

A
rt

e
ri

a
l 
e

la
s
ta

n
c

e
 (

E
a

)

3.0

4.0

B

Figure 3 – Right ventricular (RV) function at presentation in treatment non
afterload (Ea) (B), and RV-pulmonary arterial coupling ratio (RV-PA [Ees/E
death at initial hospitalization or soon after. Although Ees/Ea was nonsignifi
versible RV failure. D and E, A representative example of baseline severe enlar
and long axis (E) in a responder. Cardiac imaging parameters were similar

1054 Original Research
REVEAL scores demonstrated nearly all patients as high
or intermediate risk. There was a significant increase in
both low- and intermediate-risk ERS scores at follow-up 1
and a corresponding decrease in high risk on therapy (Fig
2). For follow-up 2, there was a corresponding increase in
low risk and reduction in intermediate risk (Fig 2).
REVEAL scores showed a similar trend (Table 1 and
e-Fig 1). Therapeutic improvements in RVEF were
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Figure 4 – Longitudinal assessment of right ventricular (RV) function among treatment responders. A and B, Spaghetti plots demonstrate changes in
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pulmonary artery coupling ratio; LV ¼ left ventricle; RV EDV ¼ RV end-diastolic volume; RVEF ¼ RV ejection fraction.
accompanied by improvements in PVR, pulmonary
compliance, cardiac output, and exercise capacity
(Table 1).

Nonresponders vs Responders (Therapeutic
Response at Follow-Up 1)

Nonresponders had elevated baseline BNP and lower 6-
min walk test distance than responders (e-Table 1). Eight
of nine nonresponders (89%) died at their presenting
hospitalization, and one subject died right after discharge.
Therefore, the treprostinil dosage was lower (15.6 �
4.6 ng/kg/min in nonresponders vs 26.1 � 19.1 ng/kg/
min in responders). Follow-up 1 occurred for responders
at 3 � 1.5 months (range, 2-7 months). Figure 3
demonstrates that RV coupling was nonsignificantly
higher in responders. Notably, 50% of responders had an
RV coupling ratio < 0.8 at presentation.

Among treatment responders, baseline RV Ees/Ea
demonstrated substantial RV uncoupling and elevated
diastolic stiffness (e-Table 1 and Figs 4A and 4B). RV
chestjournal.org
coupling showed high interpatient variability and was
not significantly changed over time in response to
therapy (Fig 4A). However, RV Eed and Eedcorrected
significantly improved over time in a more uniform
fashion (Fig 4B and e-Fig 2). Early improvements in Eed
were associated with improvements in RV size and
ejection fraction (Figs 4C and 4D).

Among responders, estimating ESP from sRVP resulted
in a consistently lower Ees/Ea than when using ESP
estimated from mPAP (e-Fig 3; bias, –0.143). Limits of
agreement were large, 0.18 to –0.49. Further, there was
proportional bias at larger coupling ratios (b, –0.13; P <

.0001). This proportional bias was consistent over time
between baseline and follow-ups 1 and 2 (P ¼ .12 within
subjects’ difference by time).

Super-Responders vs Partial Responders
(Therapeutic Response at Follow-Up 2)

Super-responders were younger and had lower REVEAL
2.0 scores and higher RVEF than partial responders at
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Figure 5 – A-C, Right ventricular (RV) function, RV-pulmonary artery (PA) coupling, and diastolic function by partial or super-responder status at
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baseline (e-Table 1). Follow-up 2 occurred at 17 �
13 months (range, 4-45 months) in super-responders.
Some super-responders continued to receive treprostinil
monotherapy (8 of 23; 35%) as they achieved FC I or II
at follow-up 1, whereas the others were given
combination therapy (15 of 23; 65%) (Fig 1). Follow-up
2 occurred at 20 � 15 months (range, 6-49 months) on
combination therapy (19 of 19; 100%) in partial
responders (Fig 1). Both groups had similar treprostinil
dosing and diuretic use at follow-ups 1 and 2 (e-Tables 2
and 3). Super-responders were monitored for 48 months
(range, 10-86 months), and one of 23 (4%) died, whereas
partial responders were monitored for 47 months
(range, 21-85), during which seven of 20 (35%) died
(Fig 1).

Both groups had improvements in resting
hemodynamics, RV ESV, and RVEF by follow-up 1, but
only super-responders had continued improvement in
hemodynamics and ventricular volumes at follow-up 2
(Fig 5 and e-Tables 2 and 3). Only super-responders
showed a significant improvement in Eed, which
1056 Original Research
preceded improvements in coupling ratio (Figs 5B and
5C) and persisted after correction for RV mass/volume
(e-Table 3). At follow-up 2, super-responders
demonstrated a significant improvement in RV-PA
coupling (Fig 5C) from baseline and a trend to higher
Ees/Ea vs partial responders (P ¼ .09).

Univariate logistic regression (using baseline, change
from baseline to follow-up 1, and follow-up 1 variables)
was done to predict therapeutic response at follow-up 2
(Table 2). Lower age, higher baseline RVEF, and
decreasing Eed and Eed corrected for RV mass/volume
were associated with super-responder status. On
multivariate analysis, model A confirmed baseline RVEF
and change in Eed as predictors. When model A was
modified to substitute Eedcorrected for Eed (model B),
only RVEF was still significant. Model C showed that
lower age and higher baseline RVEF were associated
with therapeutic response, but reduced the predictive
power of Eed. This may indicate age as a potential
modifier of the relationship of Eed to therapeutic
response (Fig 5D).
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Discussion
This study is the first to demonstrate in patients with
advanced PAH, all receiving similar goal-directed
therapy, that (1) early change in Eed is a predictor of
long-term “super” therapeutic response, and (2) a
coupling ratio that clearly defines RV failure
unresponsive to therapy, irreversible RV failure, is
difficult to define. We hypothesized that Ees/Ea or Eed
could be used to predict eventual response and, thus,
could be a target for future study by individualizing care
for patients with RV dysfunction. Although there were
clear improvements in coupling among super-
responders, Ees/Ea demonstrated significant interpatient
heterogeneity. Eed, however, demonstrated a uniform
and early change allowing for prediction of response to
therapy.

The WSPH recommends combination therapy based on
dynamic risk assessment using serial measurements,
with the goal to attain/sustain low-risk status.2 Although
current guidelines recommend up-front combination
therapy,2 sequential combination was the therapeutic
standard at the time of this study.14 Further, we thought
it more important to match the physiologic changes to
sequential assessment under a uniform goal-directed
therapy approach. In other words, our hypothesis would
be best tested by seeing what changes in coupling occur
with the addition of therapy to a set goal rather than
waiting for clinical deterioration on up-front
combination therapy.

RV diastolic stiffening (Eed) has gained attention in
PAH because of its relationship to prognosis.10

Intuitively, this association would be tied to the
improvement in cardiac output, stroke volume, and
RVEF.6 The relationship of RV diastolic function to
stroke volume is likely complex and dependent on
loading conditions, relative wall thickness, myocardial
fibrosis, pericardial conditions, and myocyte
properties. We speculate that the effect of Eed on
RVEF is related to changes in both intramyocyte
conditions as well as wall thickness.27 Therapeutic
changes in diastolic function are seen acutely (within
2 days) before changes in mass or fibrosis can
occur.13,28 In addition, high cardiac myocyte passive
stiffness has been seen in PAH.27,29,30 However, our
study showed that Eed correction for mass/volume did
alter the relationship to therapeutic response.
Although speculative, it is possible that either direct or
indirect (through lowering RV afterload) therapeutic
effects may alter RV diastolic stiffness. This process
may restore the myocyte length-systolic tension
chestjournal.org
reserve (Starling reserve), termed “heterometric”
autoregulation, and thereby improvements in stroke
volume in a contractility (Ees) or “homeometric”
autoregulation-independent manner.31 Thus,
improvements in Eed may be linked with stroke
volume and ejection fraction independent of RV-PA
coupling.

Individual heterogeneity in Ees/Ea makes it difficult to
apply to RV compensation. It is generally viewed that
heterometric autoregulation is a secondary
compensatory mechanism and would not begin until the
coupling response is maximized.32 This is supported by
cross-sectional studies including one demonstrating that
treated patients exhibit RV dilation at an Ees/Ea cutoff
of # 0.8.6 However, other studies have demonstrated
that RV dilation occurs even in early PH (mPAP,
w22 mm Hg) possibly indicating early augmentation of
heterometric autoregulation.33 Early use of heterometric
autoregulation is seen in patients with scleroderma34

and may account for some differences in this study. It is
unlikely that heterometric vs homeometric
autoregulation is an “on-off” phenomenon, especially if
the afterload is high. Therefore, it is quite possible that
the predictive ability of Ees/Ea is greater after PVR drops
to 50% to 60% of baseline, where investigators have
shown dramatic drops in RV end-diastolic volume
(reverse remodeling).35-37

As reviewed,9 there are few to no longitudinal studies on
RV-PA coupling and/or diastolic function, with only
one study10 examining, as a secondary end point, Eed
changes at w12 months follow-up in patients receiving
therapy. This study showed a nonsignificant decrease in
Eed after therapy (P ¼ .06). However, in these patients
the disease was not as advanced, the study did not have a
similar goal-oriented therapeutic approach, and both
responders and nonresponders were analyzed similarly.

Attention has been directed to the degree of phenotypic
heterogeneity in PAH. Patients with group 1 PAH and
who are older and have increased comorbidities have a
worse prognosis23,38,39 and therapeutic response.23 These
age-associated differences may be mediated in part by
differences in RV function.40 This is the first study to
demonstrate one potential mechanism of this age disparity
as being mediated by RV diastolic function. Although RV
diastolic function is altered by normal aging,41,42 previous
evidence for an abnormal RV aging response in PAH
comes mainly from experimental models.43,44

Our study has several limitations. It is possible that the
heterogeneity in Ees/Ea is due to measurement error
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inherent in the single-beat method. However, recent
work has validated the single-beat method to assess Ees
relative to reference standard conductance
catheterization, making this unlikely.11 In addition, the
small number of patients limits our ability to examine
the association of all factors related to a diastolic
function-mediated therapeutic response, such as
connective tissue disease and RV hypertrophy. The
small sample size also limits our power to give a decisive
Eed cutoff to apply clinically, and there is a strong
potential of having excluded certain effects due to lack of
power in the multivariate analysis. Our single-center
study design limits the generalizability of our findings in
addition to the sample size. Finally, it is possible that
Ees/Ea may be more useful with patients with preserved
1058 Original Research
or borderline RV function to detect occult RV
dysfunction.12
Interpretation
Our data suggest that RV diastolic elastance (Eed) is an
early marker of therapeutic response in patients with
advanced PAH. RV-PA coupling shows a trend to
improvement but with more intersubject variability.
Changes in Eed appear to be, in part, age-dependent;
however, it remains to be seen if an Eed-targeted
approach can alter long-term outcome. Future research
should examine the real-time use of the RV-PA coupling
ratio as a marker of therapeutic response in less
advanced forms of PAH.
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