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Abstract

Background: There is growing interest in developing risk assessment
tools/metrics to improve treatment, management, and outcomes for
pulmonary arterial hypertension (PAH). This study investigated the
association of the pulmonary artery pulsatility index (PAPi) with pa-
tient characteristics, hospitalization, and mortality.

Methods: Data collected from the US-based Registry to Evaluate
Early and Long-Term PAH Disease Management were stratified/ana-
lyzed according to baseline PAPi quartiles (36-month follow-up).

Results: In total, 2,711 patients were included. Baseline demograph-
ic/clinical characteristics were similar; however, the lowest quartiles
(< 3.55; > 3.55 to < 5.5) had higher New York Heart Association/
World Health Organization functional class, while those in the high-
est quartiles (> 5.5 to < 9.0; > 9.0) had longer 6-min walk distance.
Of 2,414 patients assessed for hospitalization, 1,326 (54.9%) were
hospitalized. Lower PAPi correlated with increasing hospitalization
probability (> 9.0 quartile, n = 291 (48.0%); > 5.5 to < 9.0 quartile, n
=333 (54.8%); > 3.55 to < 5.5 quartile, n = 340 (57.2%); and < 3.55
quartile, n = 362 (59.7%)). Of 681 (28.1%) patients who died, 150
(24.1%) were in the > 9.0 quartile, 154 (25.5%) the > 5.5 to < 9.0
quartile, 157 (26.7%) the > 3.55 to < 5.5 quartile, and 220 (35.9%) the
< 3.55 quartile (P < 0.001). Compared with the < 3.55 quartile, there
was a 35.6%, 25.8%, and 23.3% reduction in mortality in the > 9.0,
>5.5t0<9.0, and > 3.55 to < 5.5 quartiles, respectively.

Conclusions: PAPi may be a useful prognostic tool and long-term
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predictor of clinical events in PAH.

Keywords: Pulmonary arterial hypertension; Pulmonary artery pul-
satility index; Risk assessment

Introduction

Pulmonary arterial hypertension (PAH) is a progressive disorder
associated with elevated pulmonary vascular resistance, leading
to right ventricular (RV) failure and death [1]. Although mor-
tality remains high, there has been progress in new treatment
strategies [2]. The European Society of Cardiology/European
Respiratory Society (ESC/ERS) guidelines recommend that pa-
tients are assessed regularly to determine risk of dying, and that
treatment is tailored to maintain low-risk status [2].

Attention has become focused on development of mul-
tiparametric risk assessment tools. The ESC/ERS three-strata
and four-strata risk assessment tools have been validated using
data from disease registries [3—7], and other tools have been
developed from the US-based Registry to Evaluate Early and
Long-Term PAH Disease Management (REVEAL), including
the REVEAL 2.0 Risk Calculator and its abridged form, RE-
VEAL Lite 2 [8, 9]. The REVEAL 2.0 score incorporates demo-
graphic, laboratory, hemodynamic, and echocardiographic vari-
ables, while the REVEAL Lite 2 risk calculator only relies on
six noninvasive variables, including functional class, heart rate,
systolic blood pressure, 6-min walk distance (6MWD), B-type
natriuretic peptide (BNP)/N-terminal proBNP, and renal func-
tion. There is growing interest in developing other tools and met-
rics for routine clinical use, as consistent and accurate evaluation
of risk could improve patient outcomes. Future tools could be
utilized to inform continuous re-evaluation and re-adjustment of
treatment strategies to remain tailored to individual patients [10].
Future tools might also help to identify patients with subclinical
disease progression, whose condition can be mistakenly catego-
rized as stable when symptoms indicative of worsening PAH are
absent or not identified by current risk assessment tools [11].

RV-pulmonary arterial (PA) coupling is highly prognostic
for survival in PAH [12, 13]. RV-PA coupling, assessed by the
tricuspid annular plane systolic excursion/systolic pulmonary
artery pressure ratio by echocardiography, was added to the
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2022 ESC/ERS guidelines, as poor coupling can detect de-
velopment of RV failure [14]. Another metric, the pulmonary
artery pulsatility index (PAP1i), is a hemodynamic index de-
fined as PA pulse pressure (i.e., PA systolic pressure minus PA
diastolic pressure) divided by right atrial pressure (RAP); it
shows the RV adaptive response to increased afterload (RV-PA
coupling). Although PA pulse pressure is an invasive measure-
ment [15], PAPi has been proposed as an improved marker for
RV-PA coupling [13] and was shown to predict RV failure in
patients with acute inferior wall myocardial infarction and left
ventricular assist device implantation [16—18]. PAPi has also
been associated with mortality and cardiac events in patients
with cardiovascular disease [19].

PAPi is widely utilized in cardiac critical care and plays a
key role in clinical decision-making [20]; however, most sup-
porting literature remains limited to small, single-center stud-
ies [13, 21]. Recent studies show an association between low
PAPi values and higher mortality in patients with PAH [13,
22,23]. The present study investigated the association of PAPi
quartiles with baseline demographic and clinical characteris-
tics, hospitalization, and mortality in a large population of pa-
tients with PAH from REVEAL (NCT00370214).

Materials and Methods

REVEAL study population

REVEAL is an observational registry that enrolled patients
with PAH at 55 centers in the United States between March
2006 and December 2009 [24]. Patients were followed for at
least 5 years [24]. They had hemodynamically confirmed (per
the timing of this analysis) PAH via right heart catheteriza-
tion (RHC), with mean pulmonary artery pressure > 25 mm Hg
at rest or > 30 mm Hg with exercise, mean pulmonary capil-
lary wedge pressure or left ventricular end-diastolic pressure
< 18 mm Hg at rest, and pulmonary vascular resistance > 3
Wood units [24]. REVEAL (NCT00370214) was conducted
in accordance with the amended Declaration of Helsinki. The
REVEAL protocol was reviewed and approved by the Institu-
tional Review Board of each participating center with written
informed consent obtained from all patients.

Patients were included in the present analysis if they were
> 18 years of age and had at least one RHC > 60 days before en-
rollment or within 60 days of follow-up. Patients were exclud-
ed if they had pulmonary artery wedge pressure > 15 mm Hg
or met inclusion criteria during exercise only.

Study endpoints and statistical analysis

The analysis included patient demographic and clinical char-
acteristics collected at registry entry (baseline). PAPi values
were calculated from RHC data at baseline. Patients were
stratified according to PAPi quartile (< 3.55, > 3.55 to < 5.5,
>5.510<9.0, or > 9.0). The quartiles were identified using a
combination of data visualization techniques and a standard
statistical process to examine the distribution and determine

the appropriate cut-points. The quartiles were derived from
the full analytic sample that included all patients who met the
eligibility criteria. An additional analysis using absolute PAPi
cut-off values (< 3.55 vs. > 3.55) was included in accordance
with similar analyses to date [20].

Group comparisons between PAPi strata for the associa-
tion of PAPi with baseline demographics, all-cause hospitali-
zation, and all-cause mortality were performed using Pearson’s
Chi-squared test. Hospitalization and mortality throughout
follow-up were additionally evaluated using Kaplan—-Meier
analysis; hazard ratios, 95% confidence intervals, and P values
were calculated for the lowest PAPi quartile (< 3.55) versus
each of the higher three quartiles, or for < 3.55 versus > 3.55
(absolute cut-off values). Hospitalization and mortality were
additionally analyzed in a subset of patients with available
hospitalization records according to whether they had incident
or prevalent PAH: incident cases were defined as patients who
received a diagnosis of PAH confirmed by RHC during re-
cruitment to REVEAL, while prevalent cases were defined as
patients diagnosed prior to the start of REVEAL.

Continuous variables were summarized using the number
of patients, number of missing values, mean, median, standard
deviation, range, and first and third quartiles. Categorical vari-
ables were summarized using number of patients, number of
missing values, frequency counts, and percentages. Calcula-
tions of percentages were based on the number of patients with
available values, i.e., patients with missing or unknown values
were excluded.

To determine the optimal cut-off value for PAPi that
best separates mortality of two groups, maximally selected
log-rank statistics were employed using the maxstat R pack-
age [25]. Kaplan—Meier curves of mortality for the two PAPi
groups were generated, and significance testing for between-
group differences was performed.

Results
Patients

The total population of the REVEAL registry was 3,515 at data
lock in October 2011 [24]; from this population, 2,711 patients
were eligible for the present analysis. Reasons for exclusion
are shown in Figure 1; of note, four patients with negative PA
pulse pressures were excluded from the analysis.

Baseline characteristics by PAPi quartile

There was no substantial difference between PAPi quartiles
in any baseline characteristics except New York Heart Asso-
ciation/World Health Organization (NYHA/WHO) functional
class; patients in the lowest quartiles (< 3.55 and > 3.55 to
< 5.5) generally had more severe functional impairment (Ta-
bles 1, 2) [24]. This was also observed for the analysis ac-
cording to absolute PAPi cut-off value of < 3.55 versus > 3.55
(Supplementary Material 1, cr.elmerpub.com); patients with
PAPi values < 3.55 also had higher body mass index and were
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Total population of the REVEAL registry at data lock
(October 2011)
N=3,515

rCriteria for exclusion )
* Baseline age < 18 years (n = 129)
» Baseline age < 18 years/missing at least one PAPi parameter at diagnosis (n = 12)
* Baseline age < 18 years/missing RHC (n = 1)
* Baseline age < 18 years/PAWP at diagnosis > 15 mmHg (n = 3)
» Baseline age < 18 years/PAWP at diagnosis > 15 mmHg/missing at least one PAPi parameter
at diagnosis (n = 1)
¢ Missing at least one PAPi parameter at diagnosis (n = 320)
e Missing RHC (n = 41)
* Missing RHC/missing at least one PAPi parameter at diagnosis (n = 6)
* Negative PAPi (n =4)
* PAWP at diagnosis > 15 mmHg (n = 246)
* PAWP at diagnosis > 15 mmHg/missing at least one PAPi parameter at diagnosis (n = 39)
K. PAWP at diagnosis > 15 mmHg/missing RHC (n = 2) Y,

r

Total patients for inclusion
n=271

Figure 1. Reasons for exclusion from the study. PAPi: pulmonary artery pulsatility index; PAWP: pulmonary artery wedge pres-
sure; REVEAL: Registry to Evaluate Early and Long-Term PAH Disease Management; RHC: right heart catheterization.

more likely to be male compared with those with values > 3.55
(Supplementary Material 1, cr.elmerpub.com).

There was a trend for a longer SMWD in the highest PAPi
quartiles (Table 2). In additional analysis by absolute cut-off
value < 3.55 versus > 3.55, patients with PAPi values < 3.55
had a poorer 6MWD, a higher BNP, and a higher PAH risk
score (per REVEAL 2.0 Risk Calculator) compared with pa-
tients with values > 3.55 (Supplementary Material 2, cr.elmer-
pub.com). In addition, patients with PAPi values < 3.55 were
more likely to receive prostacyclin therapy and less likely to
receive endothelin receptor antagonist therapy than those with
values > 3.55 (Supplementary Material 2, cr.elmerpub.com).

The baseline and clinical characteristics of the incident and
prevalent groups were similar (Supplementary Materials 3—6, cr.
elmerpub.com), with the exception that a higher proportion of pa-
tients in the incident group than in the prevalent group had chronic
obstructive pulmonary disease (overall 14.0% vs. 8.0%). Addi-
tionally, while more severe functional impairment for some char-
acteristics (e.g., shorter 6GMWD) was observed among lower PAPi
quartiles in the incident group, this was not observed in the preva-
lent group (Supplementary Materials 3—6, cr.elmerpub.com).

Hospitalization and mortality by PAPi quartile

Of 2,414 patients assessed for hospitalization, 1,326 (54.9%)
were hospitalized during the study (March 2006 to December
2012) (Table 3). There was a significant difference between
PAPi quartiles in the proportion of patients hospitalized; lower
PAPi values were associated with increasing probability of hos-
pitalization: 291 (48.0%) in the > 9.0 quartile, 333 (54.8%) in the
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>5.5t0<9.0 quartile, 340 (57.2%) in the > 3.55 to < 5.5 quatrtile,
and 362 (59.7%) in the < 3.55 quartile (P < 0.001). Compared
with patients in the lowest quartile, there was a 34.4%, 21.1%,
and 14.9% lower risk of hospitalization over the study period in
the > 9.0 (P <0.001), > 5.5t0 <9.0 (P <0.001), and > 3.55 to
<5.5(P=0.019) quartiles, respectively (Fig. 2).

A total of 681 (28.1%) patients died during the study (Ta-
ble 3). A similar pattern to hospitalization was observed for
mortality; there were 150 deaths (24.1%) in the > 9.0 quartile,
154 (25.5%) in the > 5.5 to < 9.0 quatrtile, 157 (26.7%) in the
>3.55 to < 5.5 quartile, and 220 (35.9%) in the < 3.55 quartile
(P <0.001). There was a 35.6%, 25.8%, and 23.3% reduction
in mortality over the study period in the >9.0 (P <0.001),>5.5
t0 <9.0 (P <0.001), and > 3.55 to < 5.5 (P = 0.002) quartiles,
versus the < 3.55 quartile, respectively (Fig. 3).

Analysis of hospitalization and mortality in the incident
and prevalent groups demonstrated a similar pattern to the
overall analysis, with patients in higher PAPi quartiles experi-
encing lower rates of hospitalization and death (Supplementa-
ry Materials 7, 8, cr.elmerpub.com). However, in patients with
prevalent PAH, there was no significant difference between the
<3.55 quartile and the > 3.55 to < 5.5 quartile (Supplementary
Materials 7, 8, cr.elmerpub.com).

Optimal cut-off value for PAPi risk categories

Standardized log-rank statistics of all possible PAPi cut-off
points were generated to determine the optimal cut-off point
associated with mortality. The optimal cut-off point based on
maximally selected log-rank statistics was 3.44 for PAPi (Fig.
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Table 3. Hospitalization and Mortality by PAPi Quartile (36-Month Follow-Up)

PAPi quartile
P value®
Overall <3.55 >3.55t0<5.5 >55t0<9.0 >9.0
Hospitalization, n (%) N=2,414 n =606 n =159 n =608 n =606
Yes 1,326 (54.9) 362 (59.7) 340 (57.2) 333 (54.8) 291 (48.0) <0.001
No 1,088 (45.1) 244 (40.3) 254 (42.8) 275 (45.2) 315 (52.0)
Mortality, n (%) N=2,427 n=0613 n=>588 n=603 n=623
Yes 681 (28.1) 220 (35.9) 157 (26.7) 154 (25.5) 150 (24.1) <0.001
No 1,746 (71.9) 393 (64.1) 431 (73.3) 449 (74.5) 473 (75.9)

aPearson’s Chi-squared test. PAPi: pulmonary artery pulsatility index.

4a). Kaplan—Meier curves for the corresponding PAPi groups
(< 3.44 and > 3.44) provided the best risk discrimination
(P < 0.001) (Fig. 4b). Additionally, the range of PAPi values
from 0 to 56 validated in the histogram distribution (Supple-
mentary Material 9, cr.elmerpub.com) was in line with prior
research in a smaller sample of patients with PAH [22].

Discussion

This large study of 2,711 patients in REVEAL demonstrated

that PAPi is a useful prognostic tool in patients with PAH.
In the analysis by PAPi quartile, lower PAPi values (< 3.55
and > 3.55 to < 5.5) were associated with more severe func-
tional impairment, greater risk of hospitalization, and a worse
mortality rate compared with higher PAPi values (> 5.5 to
< 9.0 and > 9.0). Notably, Kaplan—Meier curves for both hos-
pitalization and mortality began to diverge almost immediate-
ly. Another study showed that lower PAPi quartile was associ-
ated with worse mortality and hospitalization outcomes in all
patients undergoing RHC [19], supporting the current study’s
results that quartile data are more robust than a binary value.

PAPiI quartile
1.00 — < 3.55
— 23551t0<55
2 —255t0<90
3 075 — =2l
©
e}
2
S
[<}]
(<]
]
= 0.50
0
©
N
S
2 0.25- . .
o Compared with < 3.55 quartile
T > 3.55 to < 5.5 quartile: HR, 0.851 (95% Cl, 0.744-0.974); P = 0.019
>5.5t0 < 9.0 quartile: HR, 0.789 (95% CI, 0.689-0.904); P < 0.001
2 9.0 quartile: HR, 0.656 (95% Cl, 0.570-0.753); P < 0.001
0.00
I I I 1 I
0 20 40 60 80
Months from baseline
No. at risk
< 3.55 quartile 678 299 178 104 0
>3.55to <55 quartile 668 348 219 120 0
>2551t0<9.0 quartile 682 380 234 158 1
>9.0 quartile 683 394 270 190 0

Figure 2. Probability of patients remaining hospitalization-free according to PAPi quartile. Cl: confidence interval; HR: hazard

ratio; PAPi: pulmonary artery pulsatility index.
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PAPi quartile
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— 2355t0<55
—255t0<9.0
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2
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o)
o
S
2 o4
=
(7))
0.2 Compared with < 3.55 quartile
2 3.55to < 5.5 quartile: HR: 0.767 (95% CI: 0.645-0.911); P = 0.002
>5.5t0 < 9.0 quartile: HR: 0.742 (95% Cl: 0.624—0.883); P < 0.001
> 9.0 quartile: HR: 0.644 (95% CI: 0.539-0.769); P < 0.001
0.0 T T T T T
0 20 40 60 80
Months from baseline
No. at risk
< 3.55 quartile 678 505 372 272 0
> 3.55 to < 5.5 quartile 668 544 432 296 2
= 5.5 t0 < 9.0 quartile 682 553 436 327 1
= 9.0 quartile 683 560 451 361 0

Figure 3. Mortality rates according to PAPi quartile. Cl: confidence interval; HR: hazard ratio; PAPi: pulmonary artery pulsatility

index.

A study of the therapies received by patients who deteriorated
to NYHA/WHO functional class IV or had died indicated that
many were not being treated as aggressively as recommended
by guidelines (i.e., with systemic prostacyclin and/or combi-
nation therapy) [26]. Although early combination therapy was
not widely used at the beginning of REVEAL, the PAPi cut-off
association with mortality and hospitalization was demonstrat-
ed over 5 years—a long follow-up period.

The analysis of baseline characteristics by absolute cut-off
PAPi value of < 3.55 versus > 3.55 showed a slight difference
between the two groups in 6 MWD, BNP, and PAH risk score
(per REVEAL 2.0 Risk Calculator), which was not observed in
the analysis by PAPi quartile. The study identified a PAPi cut-
off of 3.55 as a good predictor of clinical worsening (6 MWD,
functional class, and BNP). While the value of 3.6 has previ-
ously been validated as a PAPi cut-off [20, 21], 3.55 was cho-
sen for our analysis because it provides a more precise cut-off
for examining potential differences in baseline characteristics
compared with values below and above 3.55.

PAP1i is widely used in clinical decision-making in cardiac
critical care [20]. A recent study demonstrated that PAP1 is as-
sociated with mortality and cardiac outcomes across a range of
cardiovascular diseases, with patients in the lowest PAPi quar-
tile being at the highest risk for all-cause mortality and adverse

Articles © The authors | Journal compilation © Cardiol Res and Elmer Press Inc™ | https://cr.elmerpub.com

cardiovascular-related outcomes [19]. PAPi has also been
shown to predict RV failure in patients with inferior myocar-
dial infarction and left ventricular assist device implantation
[16—18]. Three studies have evaluated the utility of PAPi as a
prognostic tool in patients with PAH [13, 22, 23]. However, all
the patients in these studies had primary pulmonary hyperten-
sion (now called idiopathic PAH); other PAH subgroups were
not included. A registry study of 102 patients with PAH en-
rolled between 2003 and 2016 in Singapore found that patients
with PAPi values < 5.3 had an almost three times higher risk
of mortality than patients with PAPi values > 5.3 [23]. In that
study, RAP was the component of PAPi that had the strong-
est prognostic value [23]. Another study using data in the US
National Institutes of Health Registry for Primary Pulmonary
Hypertension from 272 patients also found that mortality was
higher in patients with a PAPi value in the lowest quartile
(< 3.7) compared with values in higher quartiles (> 3.7; 67.2%
vs. 41.5% over 3 years) [22]. A retrospective cohort study of
590 patients in Canada between 2016 and 2020 found that
PAPi values < 5.3 were associated with higher 1-year mortal-
ity compared with values > 5.3 (10.2% vs. 5.2%) [13]. In this
study, as previously noted in the study from Singapore [23],
the RAP component of PAPi predicted mortality as accurately
as PAPi overall [13].
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Figure 4. PAPI cut-off point for mortality using log-rank statistics. (a) The optimal cut-off point was 3.44. (b) The corresponding
PAPI groups (< 3.44 and > 3.44) provided the best risk discrimination (P < 0.001). PAPi: pulmonary artery pulsatility index.

Although these studies were small, they do provide some
evidence that quartiles may be the best use of PAPi as op-
posed to binary cut-offs. As with the current study, they show
a clear trend for an association of higher PAPi quartiles with
lower morbidity and mortality; the quartile groups were also
similar compared with the binary cut-offs. For the present
study, exploration of the binary cut-offs was included in the
analysis due to prior research conducted on PAPi in the eval-
uation of PAH.

This study has limitations. REVEAL recruited patients be-
tween 2006 and 2012, before early combination therapy became

widely used for patients with PAH. Hospitalization and mortal-
ity data from our study should therefore be considered in the
context of changing management practices over the years. It
was also beyond the scope of our analysis to evaluate whether
any single component of the PAPi was driving its prognostic
value, as has been found previously [13, 23]. A key strength of
the study was the large number of patients (N = 2,711)—a much
larger cohort than evaluated in other similar studies.

Based on this large cohort of patients from REVEAL, PAPi
was a good prognostic tool and long-term predictor of hospitali-
zation and mortality in PAH. In addition, using quartiles seemed
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more sensitive than using binary cut-offs. PAPi may be an ad-
ditional metric to improve prediction of outcomes in PAH alone
or added to other risk assessment tools. Future studies should
longitudinally investigate whether PAPi demonstrates sustained
prognostic utility of baseline hemodynamic measures in the cur-
rent era of early and effective combination therapy.
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