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INTRODUCTION

Risk stratification in patients with pulmonary arterial
hypertension (PAH) is a complex process, relying mainly
on clinical, laboratory, imaging, and hemodynamic
parameters. Risk assessment gained relevance since the
publication of the 2015 European Society of Cardiology
(ESC)/European Respiratory Society (ERS) Guidelines
for the Diagnosis and Treatment of Pulmonary Hyper-
tension (PH). This risk-based approach was later proven
practical in predicting morbidity and mortality events,
becoming the standard practice for PAH management.' ™

The recently published 2022 ESC/ERS Guidelines
modify the risk assessment model in an attempt to solve
some of the limitations observed in the 2015 model. This
new model includes a comprehensive baseline evaluation
at diagnosis and a simplified follow-up risk strategy. The
baseline risk assessment is similar to that proposed in the
2015 guidelines, stratifying into three groups depending
on the risk for 1-year mortality: low, intermediate, and
high risk. Nevertheless, the new baseline risk assessment
model relies more heavily on findings on right ventricle
function and adds new echocardiographic and magnetic
resonance variables.*

Regarding follow-up assessment, the ESC/ERS 2022
Guidelines propose a simplified model with noninvasive
parameters such as functional class (FC), NT-proBNP/BNP
(with cutoff points modified), and distance walked in the
6-min walk test (6MWT). This model was validated using
two large databases: the COMPERA and the French
Pulmonary Hypertension Network registries.>® In contrast
with the baseline risk assessment, this model generates
four risk groups based on the risk for 1-year mortality: low
risk, intermediate-low, intermediate-high, and high risk.*

The cardiopulmonary exercise test (CPET) is con-
sidered for baseline assessment of PAH patients in the

with the previous 12.2% and 0.0% in the original scale. This new model
increased the number of patients correctly classified into higher-risk strata
(positive NRI of 0.06), as well as classified more patients without events in
lower-risk strata (negative NRI of 0.04). The proposed score showed a slightly
superior prognostic capacity compared with the original model (Harrel's C-
index 0.717 vs. 0.709). Using O, uptake instead of distance walked in the
6MWT improves the identification of high-risk patients using the 4-strata
scale. This change could have relevant prognostic implications and lead to
changes in the specific treatment of PAH.

cardiopulmonary exercise test, pulmonary arterial hypertension, risk assessment, 6 min

aforementioned guidelines. CPET is a noninvasive test
that evaluates both the respiratory and cardiovascular
systems, providing an objective quantification of func-
tional capacity. Several studies confirm the usefulness of
CPET in assessing the prognosis and response to
treatment in PAH’'* Recently, Badagliacca et al demon-
strated the usefulness of measuring O, uptake (VO,) and
stroke volume index (SVI) for the stratification of
intermediate-risk cases."’

The objective of this study was to assess the impact on
risk stratification of replacing 6MWT with CPET to
evaluate exercise capacity in young patients with PAH.

MATERIALS AND METHODS
Study population

This is a cross-sectional, retrospective study including
prevalent patients with PAH diagnosed between January
2006 and January 2022 in two hospitals in Spain:
Hospital Universitario Doce de Octubre in Madrid, and
Hospital Universitario Marqués de Valdecilla in Santan-
der. Diagnosis of PAH required a right heart catheteriza-
tion fulfilling the accepted criteria during the study
period: mean pulmonary artery pressure 225 mmHg;
pulmonary artery wedge pressure <15mmHg, and
pulmonary vascular resistance >3 Wood Units.

Patients were eligible if all the following variables
were present on their medical records: FC, NT-proBNP,
distance walked in the 6MWT, and peak VO,. 6MWT and
CPET must be carried out within 3 months of difference.
We excluded patients with changes in pulmonary
vasodilator therapy in the time between both tests. All
forms of PAH were considered, except patients with
Eisenmenger syndrome.
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Prognostic stratification

The prognostic assessment was performed using two
models: Model 1, the COMPERA 4-strata model; and
Model 2, in which the distance walked in the 6MWT
was replaced for peak VO,. The cut-off low-risk value
for VO, was established in accordance with recent PH
guidelines (>15mL/kg/min). The cut-off point for
high- and intermediate-high risk was set up at 10 mL/
kg/min. We considered 14 mL/kg/min to differentiate
intermediate-low from intermediate-high risk. These
last two additional cut-off values for VO, were based on
the values previously proposed by Badagliacca for
patients at intermediate risk'' (Supporting Informa-
tion: Table 1).

The study only involved a risk assessment per patient.
In patients with more than one risk evaluation, we
selected the one with the shortest interval between CPET
and 6MWT.

CPET

All exercise tests were performed on a cycle ergometer in
an upright position using the same protocol in the two
centers. The test involved 1-2 min warm-up pedaling at a
cadence of 55-65 revolutions with a load of 0-20W,
followed by an incremental phase of 5 W every 30 or 455,
depending on the patient's functional class and fitness.
The test was performed under the supervision of a
physician. Blood pressure, O2 saturation, and 12-lead
ECG were monitored. CPET stopped upon the appear-
ance of an adverse event or symptoms, albeit trying to
meet maximal exercise criteria (heart rate >85% of
maximum rate and/or RER > 1.05 and/or plateau on the
VO, curve). Once the loaded phase ended, an unloaded
2-3 min recovery phase followed.

Variables

All variables were obtained from the Spanish Registry of
Pulmonary Hypertension (REHAP). We included demo-
graphic variables (sex, age at diagnosis, anthropometric
data); variables related to the management of the disease
(PAH form, treatment, distance walked in the 6MWT,
NT-proBNP, and FC); and CPET variables (maximal
workload in Watts, VO, expressed in ml/kg/minute
and predicted value for sex and age, VE/VCO, at the
anaerobic threshold, End-tidal CO, pressure at the
anaerobic threshold, peak 02 pulse, and maximum
systolic blood pressure during exercise).

ulmonary Circulation
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Ethical considerations

This study was carried out in accordance with the tenets
of the Declaration of Helsinki. All patients signed an
informed consent form before inclusion in the REHAP
registry. The study was approved by the Institutional
Review Board of the two hospitals.

Statistical analysis

The distribution of continuous variables was assessed
using the Shapiro-Wilk test. Continuous variables were
expressed as mean and standard deviation, or as the
median or interquartile range for nonnormally distrib-
uted variables. Categorical variables were expressed as
absolute values and proportions. Imputation of missing
values was not performed. Student's T test was used to
assess the association between a normally distributed
quantitative variable and a qualitative variable. Compar-
ison between nonnormally distributed quantitative
variables and qualitative data was performed using
Mann-Whitney U test. > Test was used for the
comparison of qualitative variables.

A comparison of the two models was carried out by
Harrell's C-index. Kaplan-Meier curves and a Cox
regression analysis was performed to determine which
factors influenced the time until the development of
morbidity-mortality events, expressed as Hazard Ratio
(HR) and 95% confidence interval (CI). CPET was
established as the starting point for follow-up, and death
or pulmonary transplantation was the event. For both the
univariate and multivariate analyses, the variables that
have been shown in other studies to have a relationship
with morbidity and mortality events were included, as
well as the new proposed variables. For the multivariate
analysis, the “backward steps” method was used.

All analyses were performed using STATA (Version
14.0, Stata), SPSS version 20.0 (SPSS Inc.) and the open-
source R software. A p <0.05 was considered statistically
significant.

RESULTS

Over 667 patients followed up between January 2006 and
January 2022, 250 were selected, considering that at least
a concurrent CPET and 6MWT were available. Of them,
70 were excluded, as they did not meet the inclusion
criteria (Figure 1). The final sample of 180 patients was
mainly composed of women (69.4%) and the mean age
was 44.5+ 0.9 years. The most frequent PAH form was
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667 patients with PAH under
follow-up in both centers

250 patients with PAH included
in the study

FIGURE 1 Patient inclusion flowchart.

A

70 patients due to missing data

180 PAH patients with 242 risk
assesstments

M

180 risk assessments

62 repeated risk assessments of
different patients, selecting those
with less time between PECP and

6MWT

corresponding to 180 PAH

idiopathic PAH (53.3%). The characteristics of included
patients are shown in Table 1.

During a median follow-up of 131.5 months
(67.5-178.9), 38 patients died and 22 needed lung
transplantation. As compared with the group of survi-
vors, those patients who died or needed transplantation
had a poorer functional class, higher levels of cardiac
biomarkers, and received systemic prostacyclins, and
dual or triple vasodilator therapy more frequently at the
time of the assessment. Regarding CPET variables, those
cases that ultimately died or needed transplantation
exhibited lower VO, and higher VE/CO, values.

The median time from diagnosis to CPET was 32.6
(9.1-75.6) months, with a nonsignificant tendency to a
longer interval from disease onset in patients who died or
needed transplantation (25.7 vs. 46.2 months; p = 0.456).
There were no significant differences in the etiology in
patients who died or needed lung transplantation
(p=0.085). Overall transplant-free survival since the
index CPET was 98%, 95%, 91%, and 79% at 1, 3, 5, and
10 years, respectively.

Table 2 shows the prevalence of each individual
variable by risk level. In our cohort, most patients walked
more than 440 m and were categorized as low-risk (36.6%)
or intermediate-low risk (51.1%). A low number of
patients were classified as intermediate-high risk (12.2%).
The application of the modified scale, where walked
distance was replaced for VO,, revealed variations in the
risk stratification in a high proportion of patients. The
most frequent variation was from intermediate-low to
intermediate-high risk. The use of VO, also enabled the
classification of two patients as high-risk cases, who had

not been previously identified as such. This last group had
a 50% mortality at 1 year (Figure 2 and Supporting
Information: Table 6). After this “re-stratification,”
survival at 5 and 10 years was 80% and 45%, respectively,
in the group of patients at intermediate-high risk. These
survival rates were significantly higher in comparison
with the group of intermediate-low risk patients (90% and
75% at 5 and 10 years, respectively, Figure 3).

The cut-off points in 4 strata for peak VO, allowed to
show statistically significant differences in the time free
from transplant or death between the four groups
(p =0.030) (Supporting Information: Table 2). Attending
only at 1-year survival, it was 100% for patients at low
and low-intermediate risk, 96.3% for intermediate-high
risk, and 50% for high risk (Supporting Information:
Table 3).

In addition, the peak VO, expressed in mL/minute,
mL/kg/minute and percentage was shown in the Cox
regression analysis to be useful in predicting death or
transplant, as well as the peak VO, in 4 strata and the
modified stratification model that includes peak VO,
(model 2) (Supporting Information: Table 4). In the
multivariate analysis of the Cox regression for death or
transplant, the model 2 demonstrated to have an
independent predictive value for low-intermediate
risk [HR =3.844 (1.542-9.581; p=0.004)] and for the
intermediate-high risk [HR=3.771 (1.186-11.992;
p = 0.025)] (Supporting Information: Table 5).

The original 4-strata model demonstrated excellent
goodness of fit (Harrel's C-index: 0.709) (Table 3). The
4-strata model including VO, had a slightly superior
prognostic capacity compared with the latter (Harrel's
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TABLE 1 Baseline characteristics of the study patients.

Non-survivors
or transplant

Total population Survivors recipients P
N 180 120 60 -
Age at CPET (years) 44.5+0.9 43.8+1.0 46.6 +1.9 0.145
Time from PAH diagnosis 32.6 (9.1-75.6) 25.7 (8.0-79.9) 46.2 (13.3-70.7) 0.456
and CPET (months)
Type of PAH 0.085
Idiopathic 96 (53.3) 64 (53.3%) 32 (53.3%)
Heritable 9 (5.0) 9 (7.5%) 0 (0.0%)
Drug-induced 17 (9.4) 7 (5.8%) 10 (16.7%)
CHD-PAH 8 (4.4) 7 (5.8%) 1 (1.7%)
CTD-PAH 27 (15.0) 17 (14.2%) 10 (16.7%)
PVOD 9 (5.0) 6 (5.0%) 3 (5.0%)
Portopulmonary 4 (2.2) 2 (1.7%) 2 (3.3%)
HIV 10 (5.6) 8 (6.7%) 2 (3.3%)
Sex (female) 125 (69.4%) 91 (75.8%) 34 (56.7%) 0.008
BMI (kg/m?) 24.0 (21.5-28.0) 24.4 (22.0-28.7) 23.4 (20.8-26.0) 0.040
WHO functional class 0.011
I 145 (80.6) 103 (85.8) 42 (70.0)
I 35 (19.4) 17 (14.2) 18 (30.0)
6MWT (m) 475.0 +£90.8 498.7 + 89.7 453.1 +£85.8 0.001
NT-proBNP (pg/mL) 253.0 (77.0-895.5) 124.5 (58.5-528.0) 756.0 (280.0-1786.5) <0.001
Pulmonary vasodilator
therapy
Calcium-antagonists 12 (6.7) 11 (9.2) 1(1.7) 0.048
Monotherapy 72 (40.0) 53 (44.2) 19 (31.7) 0.033
Dual therapy 67 (37.2) 36 (30.0) 31 (51.7)
Triple therapy 33 (18.3) 24 (20.0) 9 (15.0)
CPET variables
Max. power (Watts) 60.0 (50.0-75.0) 65.0 (50.0-80.0) 50.0 (45.0-60.0) <0.001
Peak VO, (mL/kg/min) 16.5 (13.9-20.0) 17.4 (14.0-21.0) 15.3 (13.0-18.5) 0.014
Peak VO, (predicted%) 59.5 (48.0-73.0) 63.0 (51.0-74.0) 53.0 (45.0-65.0) 0.002
Peak O, pulse (mL/beat) 8.0 (6.0-10.0) 8.0 (6.0-10.0) 7.0 (6.0-10.0) 0.534
VE/VCO, at AT 35.4 (31.2-41.4) 35.0 (30.3-40.1) 37.3 (32.6-44.7) 0.021
PetCO, at AT 30 (25-35) 30.0 (25.0-34.8) 29.6 (23.8-33.2) 0.155
Max. VE/VCO, 45 (36-54) 43.5 (34.0-54.0) 45.0 (38.0-58.0) 0.205
Max. SBP (mmHg) 149.6 +2.1 153.1+2.5 142.3+3.6 0.015

Abbreviations: 6MWT, 6-min walk test; AT, anaerobic threshold; BMI, body mass index; BP, maximum systolic blood pressure; CHD-PAH, pulmonary arterial
hypertension associated with congenital heart diseases; CPET, cardiopulmonary exercise testing; CTD-PAH, pulmonary arterial hypertension associated with
connective tissue disorders; HIV, human immunodeficiency virus; PAH, pulmonary arterial hypertension; PetCO2, end-tidal carbon dioxide; max; PVOD,
pulmonary veno-occlusive disease; VE/VCO,, ventilatory equivalent for carbon dioxide; VO,, oxygen uptake; WHO, World Health Organization.
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TABLE 2 Individual risk stratification of the variables included.

Intermediate- Intermediate- High
Low risk low risk high risk risk
Functional class (%) 145 (80.6) - 35 (19.5) 0 (0.0)
6MWT (%) 123 (68.3) 52 (28.9) 5(2.8) 0 (0.0)
VO, (%) 116 (64.4) 16 (8.9) 43 (23.9) 5(2.8)
NT-proBNP (%) 95 (52.8) 25 (23.9) 25 (23.9) 35 (19.4)
Abbreviations: 6MWT, 6-min walk test; VO,, oxygen uptake.
Low Risk
Low Risk
Low-Intermediate Risk
Low-Intermediate Risk
Intermediate-High Risk
Intermediate-High Risk
High Risk
]

FIGURE 2 Sankey diagram displaying the flow of patients from initial risk stratification base on the original 4-strata COMPERA model
2.0 (left) to the modified model including VO, instead of 6-min walk distance in the 6MWT (right).
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FIGURE 3 Survival curves for the study (a) 100
patients based on the original 4-strata model (a) e
and the modified model including VO, instead %
of 6-min walk distance in the 6MWT (b). 754
50
25+
0 -
T ¥ T T T T T
0 24 48 72 96 120 144
Follow-up time (months)
At risk
Low risk 66 64 62 55 54 48 35
Intermediate-Low risk 92 89 78 65 56 49 41
Intermediate-High risk 22 19 19 14 10 10 3
Low risk
Intermediate-Low risk
Intermediate-High risk
(b) 1004 — :
% 75
50
25
0 o=
T T ] T T T T
0 24 48 72 96 120 144
Follow-up time (months)
At risk
Lowrisk 61 59 58 51 50 45 36
Intermediate-Low risk 83 82 74 63 57 50 37
Intermediate-High risk 34 30 26 19 12 1 5
Highrisk 2 1 1 1 1 1 1
Low risk Intermediate-Low risk

C-index: 0.717). The Akaike Information Criterion (AIC)
and Bayesian Information Criterion (BIC) for the original
4-strata model were 514.2933 and 520.6792. The AIC and
BIC for the 4 strata model including VO, were 515.9041
and 525.483. The NRI index was 0.108.

DISCUSSION

This study evaluates the additional value of using CPET
instead of the 6MWT in a prevalent cohort of young
patients with PAH classified into the low or
intermediate-low-risk stratum by the COMPERA score
system.” The use of the peak VO, enabled the
reclassification of 20% of cases and identified more

Intermediate-High risk High risk

patients at intermediate-high or high-risk. These
patients could benefit from the intensification of
vasodilator therapy or from an earlier consideration
as candidates for lung transplantation. The four-strata
COMPERA score for PAH patients is a simple tool for
risk assessment during follow-up. However, its appli-
cation in cohorts composed mainly of young patients
has some limitations, and CPET may yield more
accurate results in this scenario.

First, the mean age of the patients included in this
study (40 years) was more than 25 years lower than that
of the patients included in the COMPERA registry
(mean of 65.7 years).” This age was also 20 years lower
than the age of the patients included in the French
Registry of Pulmonary Hypertension, which performed
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TABLE 3 Comparison of the different Cox regression models
tested in the study population.

Harrel's
Risk stratification HR 95% CI C-index
4-strata COMPERA model 0.709
Low -
Intermediate-low 4.76 2.13-10.65
Intermediate-high 10.73 4.29-26.81
High - - -
Modified 4-strata COMPERA model including VO, 0.717
Low =
Intermediate-low 4.42 1.96-9.98
Intermediate-high 9.91 4.09-23.98
High 8.84 1.08-72.56

Abbreviations: CI, confidence interval; HR, hazard ratio; VO,, peak 02
uptake.

the external validation of that model (mean of 61.0
years).6 In these two studies, there was a high
frequency of comorbidities. The 6MWT may yield
excessively low scores in older patients with comorbid-
ities and not be related to the PAH. In addition, the
6MWT may be influenced by the ceiling effect, which
significantly limits the evaluation of functional capac-
ity."*"'* Young patients with PAH, and even with heart
failure, can walk distances greater than 440 m in the
6MWT, and therefore obtain lower scores (distances
longer than 440 m score 1 on the 4-strata scale). In this
line, a recent study demonstrated that there is a low
level of concordance between the distance walked in
the 6BMWT and the peak VO, in patients with PAH, and
a lack of concordance between the different CPET
variables used in risk stratification.'” The younger age
of our study population, added to the distance in the
6MWT, reflects the youth and robust status of our
population, which clearly depicts a ceiling effect.
Hence, the CPET emerges as a useful tool for these
patients. As many as 26.7% of patients showed peak
VO, values consistent with intermediate-high or high
risk, as compared with 2.8% when risk stratification
was based on the distance walked. Additionally, cardiac
biomarkers are also influenced by age. Therefore, they
are less useful in the diagnosis of acute heart failure,
especially in patients older than 75 years. In this sense,
age might be detrimental to young patients, as scales
tend to predict a lower risk than the observed risk.
Although the analysis of cut-off values for NT-proBNP
was out of the scope of this study, CPET would help

overcome part of this limitation and better predict
high risk.

The extended model based on peak VO, demon-
strates a slightly higher overall prognostic capacity, as
assessed by Harrel's C-index. The original model
applied to our population also showed a higher
predictive power as compared with data from the
COMPERA or the French network, and similar to that
shown by the REVEAL 2.0 registry.>®'® However, the
most innovative aspect of our study is the capacity for
“re-stratification” of this new model. This last aspect
seems to be highly important as, despite the young age
of our population, 10-year mortality exceeded 50% in
patients at intermediate-high risk. In addition, our
model successfully identified isolated cases of high risk,
where transplant-free survival is especially low. This
supports the recommendation in PH guidelines for
similar treatment in both intermediate-high and high-
risk populations during follow-up, involving the inten-
sification of treatment in this group.* The use of CPET
also allowed us the identification of patients at an
intermediate-low risk, who would also benefit from the
intensification of pulmonary vasodilators, otherwise
stratified as low-risk patients.

Multiple CPET parameters demonstrate a prognostic
value in PAH when used either independently or in
combination with echocardiographic or hemodynamic
parameters.'” The recent European guidelines for PAH
maintain oxygen uptake and VE/VCO, slope as prognos-
tic parameters at baseline risk stratification. However,
the cut-off values suggested reflect the result of studies
where these variables were analyzed individually and in
a limited number of patients. Recently, the group of
Badagliacca demonstrated the usefulness of peak VO, for
risk stratification in patients with idiopathic PAH at
intermediate risk. The values obtained were confirmed in
an internal validation cohort in this study.!' We used the
cut-off values suggested by the authors (=14, 10-14, and
<10 mL/kg/min) during follow-up to further validate
those results in our population.

Finally, it is worth mentioning that we included
different types of PAH, including pulmonary venous-
occlusive disease. In the COMPERA registry, most cases
were idiopathic, heritable, and drug-induced (aggre-
gately, 71.4% of cases). The French group applied the
original 4-strata model in a large cohort of PAH
associated with connective tissue disease (27%) and
portopulmonary hypertension (18%).>®'" The clinical
profile of our patients was similar to that of the
COMPERA registry, where the original 4-strata model
was used. However, in our study, there was a relatively
higher number of rare forms of PAH, such as PVOD or
PAH associated with congenital heart disease. In the two
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last PAH forms, CPET could be even more useful,
considering the young age of presentation of these rare
forms.

In summary, the referred functional class is a patient
reported, subjective variable, which usually does not
correlate well with the observed functional capacity in
the setting of PH, especially in young patients. The
distance achieved in the 6-min-walking test is also an
imperfect submaximal analysis of the functional well-
ness. This distance is usually maintained within the
considered normal values in young otherwise healthy
patients, until the disease is very advanced. Thus, the test
could underestimate the risk in this population without
comorbidities. The CPET emerges as a more robust,
objective, and maximal test of the exercise capacity. This
test might be useful for a more unbiassed evaluation of
clinical outcomes in the long run, reflecting subtle
changes in the cardiopulmonary function earlier when
compared with the referred functional class or the
distance walked in the 6MWT.

The results of our study should be interpreted
cautiously. The primary objective of this study was to
assess the effectiveness of the CPET in identifying young
patients without comorbidities at intermediate-high or
high-risk, which would otherwise be categorized as low-
risk. Mortality in this population was lower than that
reported in other registries. Therefore, the results would
not be applicable to different populations with higher
estimated mortality. Additionally, cardiorespiratory comor-
bidities were not considered in our study, which was
included in the year 2021 in the REHAP registry. However,
the high 6-min walk distance and the young age of the
cohort reflect a population that was unlikely to have
comorbidities. This study suggests that the inclusion of
VO, as a CPET variable, and the application of ventilatory
efficiency variables as the ventilatory equivalent for CO, or
PetCO, could be useful in the assessment of pulmonary
vascular disease and make VO, results more useful.
However, it is necessary that standard cut-off values are
established for these variables, as the lack of standard cut-
off values hinders the use of prognostic scales.

In conclusion, in a multicenter cohort of young
patients with PAH, the use of VO, instead of 6 MWT in a
4-strata model at follow-up enables more accurate risk
stratification. This may influence the prediction of
mortality or future need for lung transplantation, which
might lead to the intensification of vasodilator therapy.
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