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Abstract

In 301 treatment-naı̈ve patients with pulmonary arterial hypertension stratified by the European Society of Cardiology/European

Respiratory Society risk score, further stratification of intermediate-risk patients based on six-minute walk distance and the

tricuspid annular plane systolic excursion/systolic pulmonary artery pressure ratio identified a subset with mortality rates com-

parable to low-risk patients.
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Introduction

Risk stratification is increasingly important in pulmonary
hypertension (PH).1–5 The current European Society of
Cardiology/European Respiratory Society (ESC/ERS)
guidelines therefore recommend a risk stratification
scheme to facilitate initial treatment decisions and monitor-
ing of treatment response in patients with pulmonary arter-
ial hypertension (PAH).1 The scheme classifies patients into
three risk groups reflecting mortality, and has been validated
in several PAH cohorts.3–5 However, it remains unclear how
patients with an intermediate risk should be treated—initial
monotherapy and initial combination therapy are both
options in the current ESC/ERS guidelines.1 Furthermore,
the aim of medical treatment is to shift high- and intermedi-
ate-risk patients into the low-risk group by improving their
hemodynamic function and, concordantly, their life expect-
ancy.1,3,4,6 Usually, this goal is not achieved since many
patients remain in the intermediate-risk group3–5 or have a
mixed pattern of low and intermediate risk. The current
guidelines do not clearly specify how to manage PH in
those patients: should they be treated as high-risk patients
considering therapy escalation or as low-risk patients with
frequent follow-up until deterioration?1,7

We therefore analyzed whether further stratification of
intermediate-risk patients would allow a more decisive pre-
diction of their mortality.

Methods

The raw data that underpin this study are available from the
corresponding author on reasonable request.

We retrospectively analyzed patients with PAH who
entered the Giessen PH Registry8 between 2008 and 2018.
All patients were treatment-naı̈ve and underwent diagnostic
right heart catheterization in our clinic including measure-
ments of right atrial pressure, cardiac index, and mixed
venous oxygen saturation. Right heart catheterization par-
ameters obtained after a short waiting period were used for
risk stratification to avoid methodological issues.9

Transthoracic echocardiography data as well as six-minute
walk distance (6MWD) and brain natriuretic peptide values
were also considered for risk stratification, if available.
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Missing data (6MWD, brain natriuretic peptide, right atrial
pressure, cardiac index, mixed venous oxygen saturation,
and the tricuspid annular plane systolic excursion/systolic
pulmonary artery pressure (TAPSE/PASP) ratio) were
addressed by multiple imputation. All patients were diag-
nosed according to the current guidelines,1 and all diagnoses
of PH were assessed by a multidisciplinary board including
pulmonary physicians and radiologists. Patients were fol-
lowed until December 2018. Survival status was determined
by contacting the patient or their primary care physician.
The investigation conforms with the principles outlined in
the Declaration of Helsinki and was approved by the ethics
committee of the Faculty of Medicine at our University. All
participating patients gave written informed consent to be
enrolled in the Giessen PH Registry. All authors had full
access to all the data in the study and take responsibility for
its integrity and the data analysis. Patients were classified as
low, intermediate, or high risk based on the parameters
listed above, using ESC/ERS cut-off values1 and the strategy
described by Kylhammar and co-workers.4

For focused risk stratification of intermediate-risk
patients, we developed two models. In the first model,
6MWD was considered alone for advanced risk stratifica-
tion using the threshold mentioned in the ESC/ERS risk
stratification scheme (high risk: <165m).1 In the second
model, 6MWD (optimal cut-off (Youden’s index): <270m)
was combined with the TAPSE/PASP ratio (optimal cut-off
(Youden’s index): <0.24mm/mmHg). If at least one of the
two included parameters was below the optimal cut-off, the
patient was assigned an overall classification of high-inter-
mediate risk; otherwise, the patient was classified as low-
intermediate risk. Kaplan–Meier analysis and log-rank
tests were performed to evaluate survival differences
between risk groups. Cox regression analysis was performed
to assess hazard ratios with low-risk patients as the reference
group. The optimal cut-offs for 6MWD and TAPSE/PASP
were derived from patients at intermediate risk.

The prognostic abilities of the original and advanced risk
stratification systems were evaluated by calculating the c
statistic10 and compared by calculating the integrated dis-
crimination improvement. The integrated discrimination
improvement measures the extent to which a new model
changes the difference in estimated risk of an event between
individuals with and without an event.11

Statistical analyses were done using R (The R
Foundation, Vienna, Austria) and SPSS (Version 26, IBM,
Armonk, USA). Normally distributed parameters are
shown as mean� standard deviation.

Results

Overall, 301 patients with PAH were included in the ana-
lysis. The patients were 58� 15 years old and 65% were
female. Right heart catheterization measurements, brain
natriuretic peptide values, 6MWD, and echocardiographic
parameters were available in 268 (89%), 179 (59%), 234

(78%), and 274 (91%) patients, respectively. TAPSE/
PASP was measurable in 261 patients (87%). Baseline char-
acteristics showed hemodynamic impairment (mean pul-
monary arterial pressure: 45� 13mmHg; right atrial
pressure: 6.3� 4.7mmHg; pulmonary vascular resistance:
8.9� 5.0 Wood Units). Seventy-eight patients (26%) were
classified as low risk, 191 patients (63%) as intermediate
risk, and 32 patients (11%) as high risk. The intermediate-
and high-risk groups had older patients, a greater propor-
tion of men, and more severe hemodynamic impairment
than the low risk group.

The survival of the ESC/ERS risk groups differed signifi-
cantly (log-rank P< 0.001). One-, three-, and five-year
survival were 100%, 91%, and 79%, respectively, in the
low-risk group, 81%, 62%, and 56%, respectively, in the
intermediate-risk group, and 59%, 26%, and 17%, respect-
ively, in the high-risk group (Fig. 1a).

Classification of low-intermediate- and high-intermedi-
ate-risk groups based on 6MWD alone did not reflect sur-
vival when using non-imputed data (log-rank P> 0.05
between low-intermediate- and high-intermediate-risk
groups, plot not shown). However, after multiple imput-
ation of missing data, 6MWD was able to differentiate
between low-intermediate- and high-intermediate-risk
groups (log-rank P¼ 0.013, plot not shown). Interestingly,
the second risk stratification model combining 6MWD with
TAPSE/PASP was sufficient for advanced risk stratification
in the intermediate-risk group with and without imputation
of missing data. Of the intermediate-risk patients, 63 were
classified as low-intermediate risk and 128 as high-inter-
mediate risk based on 6MWD and TAPSE/PASP after mul-
tiple imputation. One-, three-, and five-year survival was
100%, 86%, and 78%, respectively, in the low-intermedi-
ate-risk group and 72%, 50%, and 45%, respectively, in
the high-intermediate-risk group (log-rank P< 0.001).

Right atrial pressure and cardiac index did not differ
between the low-intermediate- and high-intermediate-risk
groups, whereas mean pulmonary arterial pressure and
pulmonary vascular resistance were increased and mixed
venous oxygen saturation was decreased in the high-inter-
mediate-risk group (mean pulmonary arterial pressure:
42� 12mmHg vs 48� 13mmHg, P¼ 0.006; right atrial
pressure: 5.9� 3.9mmHg vs 6.4� 4.3mmHg, P¼ 0.441;
pulmonary vascular resistance: 7.6� 4.0 Wood Units vs
9.9� 4.9 Wood Units, P¼ 0.003; cardiac index:
1.7� 5.5L/min/m2 vs 2.4� 3.6 L/min/m2, P¼ 0.673; and
mixed venous oxygen saturation: 66� 7% vs 63� 6%,
P¼ 0.002).

Overall, the stratification into four risk groups using
6MWD and TAPSE/PASP was prognostic (Fig. 1b,
log-rank P< 0.001). The survival distribution showed a sig-
nificant difference between the low-intermediate- and high-
intermediate-risk groups (log-rank P< 0.001) but not
between the low-intermediate and low-risk groups (log-rank
P¼ 0.719). Patients at high risk showed impaired survival
compared with patients at high-intermediate risk (log-rank
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P¼ 0.006). Accordingly, Cox regression (with the low risk
group as the reference) revealed that low-intermediate risk
was not associated with increased mortality (hazard ratio
(95% confidence interval (CI)): 1.049 (0.466–2.362),

P¼ 0.908), whereas patients at high-intermediate and high
risk showed impaired survival (hazard ratio (95% CI): 4.173
(2.336–7.454), P< 0.001 (high-intermediate risk) and 8.065
(4.151–15.670), P< 0.001 (high risk)).
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Fig. 1. Advanced risk stratification of patients with PAH in the Giessen pulmonary hypertension registry. (a) Five-year survival of patients with

PAH classified according to the ESC/ERS risk stratification scheme. (b) Five-year survival of patients with PAH classified according to the ESC/ERS

risk stratification scheme combined with a further sub-stratification of intermediate-risk patients into low-intermediate- and high-intermediate-

risk groups using 6MWD and TAPSE/PASP as surrogates of right ventricular–arterial coupling. Stratification was performed after multiple

imputation of missing data.
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The c statistic for the ESC/ERS risk prediction model
was c¼ 0.66 (95% CI: 0.64–0.68), while the combination
of 6MWD and TAPSE/PASP in the advanced prediction
model showed superior prognostic information (c¼ 0.72
(95% CI: 0.70–0.74)) with an integrated discrimination
improvement of 0.07 (95% CI: 0.04–0.10, P< 0.001).

Discussion

Overall, this registry study gives further evidence for the
usefulness of the ESC/ERS risk stratification scheme for
PAH. For the first time, a large cohort including echocar-
diographic parameters was analyzed.3–5 As described previ-
ously, patients at low risk had significantly higher survival
than patients at intermediate or high risk.3,4 Analogous
results were observed by Boucly et al. who defined low-
risk patients as those meeting 3–4 out of 4 low-risk criteria.5

Furthermore, we introduced a new possibility to sub-stratify
patients at intermediate risk into low-intermediate- and
high-intermediate-risk groups. We chose 6MWD as the
main parameter for our advanced stratification because it
was previously shown to be one of the main predictors of
mortality in the ESC/ERS risk score.3 Of note, 6MWD was
sufficient for stratification only after imputation of missing
data, whereas 6MWD combined with TAPSE/PASP was
able to stratify intermediate-risk patients adequately with
and without imputation of missing data. TAPSE/PASP is
a reproducible marker for right ventricular-arterial coupling
which is a well-known predictor of mortality in PH.12–15 We
suggest that including right ventricular-arterial coupling
mirrored by TAPSE/PASP increases the reliability of the
presented method. Both 6MWD and TAPSE/PASP are
non-invasive parameters that can be determined easily.
Since we found no significant survival difference between
low and low-intermediate-risk groups, we conclude that
using these well-established predictors of mortality for
advanced risk stratification is a feasible method for initial
decision-making,1,16–19 depending on local availability in
expert centers. Our study provides evidence that almost
one-third of intermediate-risk patients have similar mortal-
ity to low-risk patients. Therefore, our simple advanced risk
stratification method allows the identification of a subset of
intermediate-risk patients who may benefit from early treat-
ment escalation, and improves the prognostic ability of
the commonly used ESC/ERS risk stratification
scheme. The presented method for risk stratification into
four risk groups is comparable to the risk stratification
scheme presented in the current guidelines for pulmonary
embolism.20

Study limitations

Limitations of the current study include its retrospective,
single-center design. Owing to missing data, the World
Health Organization functional class was not assessed for
risk stratification; for other parameters, missing data were

imputed. Further prospective studies are therefore needed to
confirm our findings.

Conclusions

The presented scheme is a straightforward and simple tool
for advanced risk stratification in PAH. Prospective evalu-
ation is warranted.
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