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Abstract

Despite exercise intolerance being predictive of outcomes in pulmonary arterial hypertension (PAH), its underlying cardiac
mechanisms are not well described. The aim of the study was to explore the biventricular response to exercise and its asso-
ciations with cardiorespiratory fitness in children with PAH. Participants underwent incremental cardiopulmonary exercise
testing and simultaneous exercise echocardiography on a recumbent cycle ergometer. Linear mixed models were used to
assess cardiac function variance and associations between cardiac and metabolic parameters during exercise. Eleven par-
ticipants were included with a mean age of 13.4 ± 2.9 yr old. Right ventricle (RV) systolic pressure (RVsp) increased from a
mean of 59 ± 25 mmHg at rest to 130 ± 40 mmHg at peak exercise (P < 0.001), whereas RV fractional area change (RV-
FAC) and RV-free wall longitudinal strain (RVFW-Sl) worsened (35.2 vs. 27%, P ¼ 0.09 and �16.6 vs. �14.6%, P ¼ 0.1, respec-
tively). At low- and moderate-intensity exercise, RVsp was positively associated with stroke volume and O2 pulse (P < 0.1).
At high-intensity exercise, RV-FAC, RVFW-Sl, and left ventricular longitudinal strain were positively associated with oxygen
uptake and O2 pulse (P < 0.1), whereas stroke volume decreased toward peak (P ¼ 0.04). In children with PAH, the increase
of pulmonary pressure alone does not limit peak exercise, but rather the concomitant reduced RV functional reserve, result-
ing in RV to pulmonary artery (RV-PA) uncoupling, worsening of interventricular interaction and LV dysfunction. A better
mechanistic understanding of PAH exercise physiopathology can inform stress testing and cardiac rehabilitation in this
population.

NEW & NOTEWORTHY In children with pulmonary arterial hypertension, there is a marked increase in pulmonary artery pressure
during physical activity, but this is not the underlying mechanism that limits exercise. Instead, right ventricle-to-pulmonary artery
uncoupling occurs at the transition from moderate to high-intensity exercise and correlates with lower peak oxygen uptake. This
highlights the more complex underlying pathological responses and the need for multiparametric assessment of cardiac function
reserve in these patients when feasible.

exercise testing; pulmonary hypertension; right ventricular function; tissue-Doppler imaging; ventricular strain

INTRODUCTION

Pulmonary arterial hypertension (PAH) carries high
morbidity and mortality, particularly in idiopathic PAH
(iPAH) (1, 2). Right ventricular (RV) dysfunction and

exercise capacity are major predictors of outcome, dis-
ease progression, and quality of life (3–5). In PAH, cardio-
pulmonary exercise testing (CPET) can elucidate the
pathophysiology of exercise limitations (6) and several
parameters obtained during CPET, i.e., oxygen uptake
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(V_ O2) and oxygen pulse (O2 pulse) correlate with clinical
outcomes (7, 8).

Few studies have investigated the associations between
biventricular function and exercise limitations in PAH (9), but
concomitantly obtained echocardiographic and CPET data
are rarely, if ever reported, especially in PAH. Importantly, a
recent systematic analysis of exercise echocardiography in
PAH showed that cardiac functional reserve was associated
with invasive pulmonary pressure and vascular resistance
measurements, peak V_ O2, and survival (10). Despite the find-
ings of the review, use of exercise echocardiography remains
limited, especially in children, who in general exhibit more
severe PAH compared with adults (11).

Exercise echocardiography (12–14), including in children
with cardiac pathology (15) and adults with PAH (16), can
contribute to understanding biventricular exercise response
and functional reserve, and its relationship with cardiores-
piratory fitness (10). Current diagnostic tests based on exer-
cise such as the 6-min walk test (6-MWT) and CPET (17) may
help predict survival in children with iPAH (3). Nevertheless,
these simple tests cannot elucidate the underlying mecha-
nisms of RV and LV dysfunction, especially more complex
aspects such as RV to pulmonary artery (RV-PA) coupling
(18) or RV to LV interventricular interactions (19, 20).

We sought to describe the myocardial response to exercise
and factors limiting exercise capacity in children with iPAH
using concomitant CPET and exercise echocardiography.
Specifically, we aimed to explore 1) associations between peak
exercise echocardiographic parameters and clinical disease
characteristics, 2) changes in right ventricular systolic pressure
(RVsp) in relation to exercise intensity and responses in biven-
tricular function, and 3) relationships between cardiac func-
tion, RVsp, heart rate (HR), V_ O2, and O2 pulse during exercise,
and how exercise intensity influences these associations.

MATERIALS AND METHODS

Participant Selection

Participants with a diagnosis of iPAH, based on guideline
definitions at the time of recruitment (21), had >8 yr of age,
and had a 6-MWT distance >400 m were prospectively
recruited at the Hospital for Sick Children in Toronto.
Participants were excluded if they had World Health
Organization (WHO) functional class IV heart failure, muscu-
loskeletal disease, respiratory disease (except for controlled
hyperreactive airway disease), or were unable to perform
exercise on a reclining bicycle. Informed written consent
was obtained from participants and their guardians, respec-
tively. After screening, 14 participants were prospectively
recruited for exercise testing. Two participants subsequently
withdrew, and one subject had very poor acoustic windows,
precluding most measurements, resulting in 11 participants
being included. The study was approved by the Research
Ethics Board at the Hospital for Sick Children, Toronto (No.
100049873).

Clinical Data Collection

Clinical information was collected from medical records,
including demographics, medication use, most recent cathe-
terization data, and spirometry data at rest. The 6-MWT was

performed according to a standardized protocol (3) at least 1
h before CPET.

Exercise Testing

An incremental CPET on a recumbent cycle ergometer
(45� inclination) (eBike EL, GE Healthcare, Milwaukee, WI)
following a modified Bruce protocol was performed in all
participants. The test was stopped at volitional exhaustion
or when unable to maintain a pedaling frequency of 60
rpm (22).

Work rates were set as follows: participants pedaled at 0 W
for 3 min, with a 20-W increase in work rate every 3 min.
Initially, the first step had a 20-Wwork rate, used for the first
participant only, which proved difficult and was changed for
the remainder of tests to include a 0-W step. Participants
were monitored with 12-lead electrocardiogram (ECG), non-
invasive blood pressure, and pulse oximetry during testing.
Breath-by-breath measurements were done using a meta-
bolic cart (METAMAX 3B, CORTEX Biophysik GmbH,
Leipzig, Germany), calibrated for barometric pressure, flow
volume (3-L Syringe, Hans Rudolph, Shawnee, KS), and two-
point gas composition. Participants were fitted with size-
appropriate, low-dead space (73–114 mL), and low-resistance
oronasal mask and breathing valve assemblies (V-mask 7400
series, Hans Rudolph, Shawnee, KS). Subjective exercise in-
tensity was assessed using a standard modified Borg scale
(1–10) at the end of each stage and end of exercise. Breath-
by-breath data were extracted as 10-s averages and aligned
to work rate data. Within-test analysis was done using aver-
ages of the last 60 s of each exercise stage and last 30 s for
peak. Gas exchange threshold (GET) (23) was calculated via
piecewise regression using the V-slope method via in-house
code (MATLAB, Natick) (24). All reported V_ O2 values are rela-
tive to body mass (mL·min�1·kg�1). The exercise intensity
domains were defined based on the mean GET values for the
cohort, with low- to moderate-intensity exercise being below
the GET, high-intensity exercise being above the GET, and
the latter including the peak intensity exercise step. These
were used to aid interpretation of dynamic changes during
exercise.

Echocardiography at Rest and During Exercise

A standardized supine resting echocardiogram was per-
formed before exercise testing using a 4- to 6-MHz transducer
and E95 ultrasound system (GE HealthCare, Milwaukee) fol-
lowing pediatric guidelines (25). During exercise, selected
views were acquired, starting 60 s into each exercise stage,
then at 2 min and 6 min into recovery. In one participant,
echocardiography was not performed at 2-min recovery.
Images were obtained using two-dimensional (2-D), M-Mode,
and spectral and tissue Doppler (TDI). LV chamber diameters
were measured in the parasternal short-axis view on M-Mode
images, and fractional shortening and LV eccentricity index
(EccI) were calculated at end systole and end diastole. RV ba-
sal and mid diameters were measured in apical four-cham-
ber views, and RV:LV diameter ratio was calculated using RV
and LV basal measurements taken in the same LV-centered
apical view at end-systole (26). Spectral pulse wave-Doppler
interrogation of transmitral inflow and aortic outflow was
performed from apical views. Mitral peak early (E) and late
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(A) diastolic waves were measured, and E/A ratio was calcu-
lated. Peak pulse-wave and TDI systolic (S0) and diastolic (E0,
A0) velocities were recorded just below the level of the mitral
(LV) and tricuspid (RV) valves. Fused E/A or E0/A0 waves
weremeasured as E and E0, respectively. RVspwas estimated
by the modified Bernoulli equation obtained from peak tri-
cuspid regurgitation velocity. An assumed right atrial pres-
sure of 5 mmHg was added to the calculated gradient across
the tricuspid valve as per the clinical standard in our labora-
tory. As another parameter of RV function and RV-LV inter-
action, the RV systolic-to-diastolic (S:D) ratio was derived
from RV TDI data (27, 28). Systole was defined as the interval
between the end of the A0 wave and end of the S0 wave.
Diastole was defined as the interval between the end of S 0

and end of the A 0 waves. All measurements were averaged
over three consecutive cardiac cycles and are further
described in Table 1.

Speckle Tracking Analysis

Two-dimensional images were obtained at 40–90 frames/
s in the apical four-chamber (A4C), modified RV A4C, and
parasternal basal LV short-axis views. Speckle tracking anal-
ysis was performed offline on one manually selected best
cardiac cycle (ECHOPAC v. 112, GE Vingmed Ultrasound AS,

Horten, Norway). After endocardial border and myocardial
region of interest tracing, tracking quality was verified auto-
matically and manually by the operator and approved if �2
segments/view were excluded. Averaged LV A4C peak sys-
tolic longitudinal strain (LV-Sl), LV basal peak systolic cir-
cumferential strain (LV-Sc), free-wall RV peak systolic
longitudinal strain (RVFW-Sl), six-segment average RV
peak systolic longitudinal strain (RV-Sl), and their respec-
tive segmental values were calculated. Intraobserver and
interobserver intraclass correlation coefficients of exercise
measurements from our research group were reported pre-
viously as 0.75–0.98 for strain parameters and 0.79–0.93
for TDI parameters (13, 29, 30).

Statistical Analysis

Frequencies are reported as both counts and percen-
tages. Continuous values are reported as means ± SD
(tables) and model-estimated margins with 95% confi-
dence intervals (CI, repeated measures longitudinal change
figures). Associations between baseline characteristics and
peak echocardiographic measurements were explored using a
Pearson’s correlation matrix. Coefficients and P values were
reported for each association. The following baseline/disease
characteristics were considered: V_ O2, minute ventilation/

Table 1. Echocardiographic parameters measured

Parameter Description

Right ventricular (RV) and left ventricular (LV) function
Tricuspid annular plane systolic excursion (TAPSE) The distance that the RV basal plane moves toward the apex in systole measured in mm.

Reflects the longitudinal component of the RV systolic function. Is influenced by pas-
sive cardiac movement during exercise.

RV-free wall peak systolic longitudinal strain (RVFW-Sl) Measured using speckle tracking echocardiography. It represents the percentage of de-
formation for the RV lateral wall from diastole to systole as an average of the three seg-
ments (basal, mid, apical). Automatically accounts for passive drift, requires good
quality images.

RV fractional area change (RV-FAC) Calculated as the percentage of change for the RV area measured on the apical four-
chamber view from end-diastole to end-systole. More global measure of RV function,
also including the transverse component. Affected by image quality and out-of-plane
movement during exercise.

LV fractional shortening (LV FS) Calculated as the percentage of change in LV diameter measured at the basal segment
level from end-diastole to end-systole. Reflects regional basal systolic function and cor-
relates to global function when no regional dysfunction is present.

LV peak longitudinal strain (LV-Sl) Measured using speckle tracking echocardiography. It represents the average percent-
age of deformation for the LV (apical 4 chamber view) during systole. Automatically
accounts for passive drift, requires good quality images, provides information on longi-
tudinal and global LV function.

RV and LV peak systolic and diastolic
annular velocities (S 0 and E 0)

Measured using tissue pulsed wave Doppler imaging (TDI). Reflect the longitudinal com-
ponent of the RV/LV systolic and diastolic function. Are influenced by passive move-
ment of the myocardium and heart rate during exercise.

LV stroke volume (LV-SV) Estimated using the subaortic time velocity integral (pulsed wave Doppler) and LV out-
flow tract diameter. Represents the volume of blood ejected through the aortic valve
during systole. Method is influenced by angle of Doppler alignment change during
exercise. Cardiac output (CO) was calculated using LV-SV and heart rate.

RV pressure, RV-to-LV interventricular interaction
RV systolic pressure (RVsp) Calculated using the velocity of the tricuspid regurgitant jet and estimated systemic ve-

nous pressure. Correlates to the pulmonary artery pressure.
LV eccentricity index (EccI) Measure of LV chamber shape, which quantifies the degree of septal flattening at end-di-

astole (ED-EccI) or end-systole (ES-EccI). Calculated as the ratio between the LV diame-
ter parallel to the interventricular septum and the LV diameter perpendicular to it.
Higher EccI correlates to higher RVsp and denotes worse RV to LV interaction.

RV:LV diameter ratio Calculated as the ratio between the basal diameter of the RV and LV in the same apical
four-chamber view at end-systole. Higher values reflect a combination of RV dilation
and LV compression, reflecting worse RV to LV interaction.

RV systolic-to-diastolic duration ratio (RV S:D ratio) Represents the ratio between systolic and diastolic durations measured in this study by
TDI imaging. A proposed measure of RV global dysfunction and RV to LV interaction,
potentially associated with increased RVsp.
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carbon dioxide production (V_ E/V_ CO2) slope, V_ O2 at the gas
exchange threshold (GET), peak O2 pulse, baseline pulmonary
vascular resistance index (PVRi), baseline invasive right ven-
tricle systolic pressure (RVsp), 6-min walk test distance (6-
MWTD), forced expiratory volume at 1 s (FEV1). The following
peak exercise echocardiographic measurements were consid-
ered: left ventricular end-diastolic eccentricity index (LVED-
EccI), left ventricular end-systolic eccentricity index (LVES-
EccI), LV stroke volume (LV-SV), LV fractional shortening
(LV-FS), lateral left ventricular mitral (LV) peak systolic veloc-
ities (LV-S0), lateral LV peak diastolic velocity (LV-E0), LV E/
E0, LV peak systolic apical four chamber longitudinal strain
(LV-Sl), peak systolic LV basal circumferential strain (LV-Sc),
RVsp, tricuspid annular plane systolic excursion (TAPSE), RV
fractional area change (RV-FAC), RV tricuspid peak systolic
annular velocity (RV-S0), RV tricuspid peak diastolic annular
velocity (RV-S0), and RV systolic-to-diastolic ratio (RV S:D).

To account for repeatedmeasures and datamissing at ran-
dom within each exercise step, linear mixed models with
participant cluster as random effect term (intercept) and The
Kenward–Roger approximation of degrees of freedom were
used to limit type 1 error inflation. The random effects mod-
els were compared with the linearmodel using the likelihood
ratio test, and a significant random effect (intercept) for par-
ticipant cluster was observed for all models (P< 0.05).

This methodological framework was used when analyzing
1) the relation between cardiac parameters and RVsp, V_ O2,
and HR; 2) the relation between cardiac function and exer-
cise intensity; and 3) cardiac factors associated with V_ O2, O2

pulse, and RVsp during exercise.
For the models used in analysis 1, all data points for the

repeated measures were included to allow for the relation-
ship throughout the test to be assessed and to increase statis-
tical power. Dependent variables used were RVsp, HR, V_ O2.
Independent variable candidates were RV-FAC, RVFW-Sl,
RV-S0, RV-E0, TAPSE, RV S:D ratio, RV:LV diameter ratio,
LVED-EccI, LVES-EccI, LV-Sl, LV-Sc, LV-S0, LV-E0, and LV-
SV. The model was not adjusted for exercise intensity step.
These relationships were also plotted using scatterplots,
which showed exercise intensity steps for reference and bet-
ter interpretation. To take advantage of the complete data-
set, all steps between 40 W and peak (not present in all
participants equally) were also included. Analyses were
not adjusted for exercise intensity to allow for the relation-
ship between dependent and independent variables to be
assessed regardless of exercise intensity or timing, but the
repeated-measures nature of the data (i.e., multiple obser-
vations from the same individual) was accounted for
within the random effects model. Visual inspection of
these scatter plots suggested some possible nonlinear rela-
tionships. These were explored using fractional polyno-
mials by comparing the model deviance of linear and
nonlinear models. Fractional polynomial models resulted
in minimal, nonsignificant improvements in model fit,
and only linear models were reported for simplicity.

For the models used in analysis number 2, the “exercise
step” repeated measure variable was defined as a categorical
variable, with the following strata: baseline, 0 W, 20 W, 40
W, and peak exercise (mean of 70 W), 2 min and 6 min into
recovery. All measures with the number of available data
points are reported at each step in the appropriate Tables.

This allowed for between-stage comparisons to be performed
with easy to interpret measures of effect and per-stage mar-
gins estimates to be plotted. In analysis number 2, depend-
ent variables were LV and RV cardiac function parameters,
and the independent variable was exercise intensity step
(categorical). Changes in the dependent variables by exercise
intensity were plotted using estimated model margins (and
95% confidence interval). Pairwise comparisons between
exercise steps were performed, limited to comparing all exer-
cise steps to rest and to their respective previous exercise
step, with Bonferroni adjustment for multiple testing (11
tests/family).

For analysis number 3, on the associations between cardiac
function parameters and oxygen uptake (V_ O2), O2 pulse and
RVsp, all exercise step time variables were converted to per-
centages of the overall test length and treated as continuous
longitudinal time variable. Each test had a given number of
steps, 3 min in length, with resting evaluation being defined
as 0%, the test end as 100%, and all in between steps related
to the end-test as follows: (step number)/(total steps) � 100.
This allowed for all data points to be used in this subanalysis
and aligned across individuals, as well as a continuous-to-
continuous interaction term to be specified in the model,
reducing the required degrees of freedom and assessing
the relationship changes throughout the length of exercise
testing. For this analysis, the dependent variables were:
RVsp, O2 pulse, and V_ O2. Independent variables were cho-
sen from the following candidate variables: RVsp, RV-FAC,
TAPSE, RV-S 0, RVFW-Sl, RV-Sl, RV S:D, LV-FS, LV-SV, LV-
S 0, LV-E 0, LV-Sl, and LV-Sc, adjusted by exercise test time,
as a proportion from total exercise test length, treated as a
continuous longitudinal time variable. Associations between
the dependent and independent variables across length of
the test were explored using a univariable longitudinal data
analysis approach, including a continuous-to-continuous
interaction term between the candidate-independent varia-
bles of cardiac function and the time variable. The main
effect of the cardiac function-independent variable and the
interaction effect was reported. To allow for appropriate
interpretation of the main effect of exercise intensity, the
time variable was centered around the 50% value (corre-
sponding to the mean), and thus the main effect represents
the effect at midtest. The cardiac function-independent vari-
ables were not centered on mean, as the main effect of the
time variable was not of interest in this analysis. The slope of
the association of interest was estimated in 10% increments
across the time variable (percentage of total test length), and
the time point where the association became statistically sig-
nificant (P < 0.1 chosen) was reported. These numerical data
were interpreted and summarized in a corresponding graph-
ical abstract.

All statistical analyses were performed in SPSS v. 22.0
(IBM, Armonk, New York, NY) and STATA SE/17 (StataCorp,
College Station, TX).

RESULTS

A total of n ¼ 11 participants (64%, n ¼ 7 girls), with moder-
ate to severe iPAH (mean PVRi 13.6 ± 8.9 mmHg·L�1·min�1)
were included. The mean age was13.4 ± 2.9 [range, 9–17] yr,
and the mean time from diagnosis was 92 ± 61 mo. The
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baseline characteristics are described in Table 2. Of all partici-
pants, four were on pulmonary vasodilator monotherapy, six
on combination therapy, and one was without medications.
Eight were classified as WHO functional class I and 3 as WHO
functional class II. The cohort had significantly reduced exer-
cise tolerance compared with available normal values in chil-
dren (13), with a mean peak V_ O2 of 19.7 ± 5.6 mL·kg�1·min�1

(45 ± 12.2% predicted). Resting echocardiographic measure-
ments are shown in Supplemental Tables S1–S3.

Associations between peak exercise echocardiographic pa-
rameters and commonly reported resting clinical disease
characteristics were explored, with the following being
found: peak LV-Sl was associated with V_ E/V_ CO2 slope (b ¼
�0.9, P¼ 0.02), invasivelymeasured PVRi (b¼ 0.9, P¼ 0.05)
and RVsp (b ¼ 0.9, P ¼ 0.04). Peak exercise RVsp correlated
to invasively measured PVRi (b ¼ 0.8, P ¼ 0.02) and RVsp at
baseline (b ¼ 0.8, P ¼ 0.03). Peak RV-S0 correlated to peak O2

pulse (b ¼ 0.6, P ¼ 0.04). The time between the study visit
and the most recent invasive catheterization varied signifi-
cantly, from the same day to 7.8 years. All tested associations
are detailed in Supplemental Table S4 and only include asso-
ciations with>5 data points.

Biventricular Functional Response and RV-LV
Interactions during Exercise

Summary statistics of echocardiographic parameters at
rest and during exercise are detailed in Supplemental
Table S1 (RV measurements), Supplemental Table S2 (LV
measurements), and Supplemental Table S3 (RV and LV
strain).

RV Function and Pressure Response to Exercise

RVsp increased continuously and markedly from rest to
peak exercise (by a mean of 140 ± 66%), returning to baseline
during recovery (combined P < 0.001; Fig. 1A). RV function
response during exercise varied depending on the parameter
measured. There was amodest increase in TAPSE (combined
P ¼ 0.03; Fig. 1B) and RVFW-Sl, which worsened at peak
exercise relative to the previous step (combined P ¼ 0.05;
Fig. 1C). RV-FAC decreased during exercise to a stable low
value, returning to baseline in recovery (combined P ¼ 0.09;
Fig. 1D). In contrast, RV-S0 (combined P < 0.001; Fig. 1E) and
RV-E0 (combined P < 0.001; Fig. 1F) increased with exercise,
returning to baseline during recovery. Detailed results are
shown in Supplemental Table S1 (“conventional” RV func-
tion parameters) and Supplemental Table S3 (RV strain
parameters).

RV-LV Interactions During Exercise

Biventricular size.
Exercise was associated with a reduction in LV end-dia-
stolic (combined P < 0.001; Fig. 2A and Supplemental
Table S2) and end-systolic (combined P < 0.001; Fig. 2B
and Supplemental Table S2) diameter, and an increase in
LVED-EccI (combined P ¼ 0.02; Fig. 2C and Supplemental
Table S2) and LVES-EccI (combined P ¼ 0.01; Fig. 2D and
Supplemental Table S2). This quantitative assessment cor-
related with visual assessment of the interventricular sep-
tal shape during exercise. In six participants, the septum
shifted from a flat septal configuration to septal bowing
into the LV. In one participant, the septal configuration
changed from normal to flat, in one it remained bowed
into the LV throughout the test, and in three it remained
flat throughout the exercise test. There was a trend for RV
middiameter increase during exercise (combined P ¼ 0.09;
Fig. 2E and Supplemental Table S1), leading to a concomi-
tant increase in RV:LV diameter ratio (combined P <
0.001; Fig. 2F and Supplemental Table S1).

LV function response.
In contrast to the RV response, LV function increased dur-
ing exercise, returning to baseline in recovery as repre-
sented by LV FS (combined P < 0.001; Fig. 3A), LV-Sl
(combined P < 0.001; Fig. 3B), LV-Sc (combined P < 0.001;
Fig. 3C), and LV-S 0 (combined P < 0.001; Fig. 3D). LV-SV
increased modestly up to 40 W, then decreased to peak
exercise (combined P ¼ 0.04; Fig. 3E). There was an
increase in LV-E 0 (combined P < 0.001, Fig. 3F), but the
E/E0 ratio remained constant throughout exercise and recov-
ery (Supplemental Table S2). Further details and measure-
ments are shown in Supplemental Table S2 (“conventional LV
function parameters”) and Supplemental Table S3 (“LV strain
parameters”).

Table 2. Children with pulmonary arterial hypertension:
demographic, anthropometric, biological, and clinical
data

Means ± SD

n

With Available Data

Age, yr 13.4 ± 2.9 11
Time from diagnosis, mo 91.7 ± 61.1 10
Height, cm 157.2 ± 16.6 11
Body mass, kg 52.7 ± 19.3 11
BSA, kg·m�2 1.5 ± 0.3 11
6-MWTD, m 528.7 ± 73.3 10
NT-proBNP, pmol·L�1 21.3 ± 15.8 9
SBP, mmHg 103.9 ± 8.7 10
DBP, mmHg 59.9 ± 8.1 10
SaO2 at rest, % 97 ± 2.5 11
Spirometry
FEV1, %predicted 84.9 ± 11.8 9
MVV, % predicted 76.1 ± 24 8

Cardiopulmonary exercise testing
Peak work rate, W 67 ± 16 11
Peak V_ O2, mL·kg�1·min�1 19.7 ± 5.6 11
Peak V_ O2, % predicted 45 ± 12.2 11
SaO2 at peak exercise, % 92.1 ± 7 10
HR at peak exercise, beats/min 154 ± 23 11
Peak exercise RER 1.13 ± 0.15 10
Peak RPE, Borg units 8 ± 2 7
V_ E/V_ CO2 slope 35.8 ± 6.5 11

Most recent cardiac catheterization
Months from study date 27 ± 33 9
RVsp, mmHg 65.9 ± 22.8 9
mPAP, mmHg 44.3 ± 15 11
PVRi, mmHg·L�1·min�1 13.6 ± 8.9 11

Values are means ± SD; n ¼ 11 children. 6-MWTD, 6-min walk
test distance; BSA, body surface area; DBP, diastolic blood pres-
sure; FEV1, forced expiratory volume in the 1st s; HR, heart rate;
mPAP, mean pulmonary arterial pressure; MVV, maximum volun-
tary ventilation; NT-proBNP, NH2-terminal probrain natriuretic
peptide; PVRi, pulmonary vascular resistance index; RER, respira-
tory exchange ratio; RPE, rate of perceived exertion; RVsp, right
ventricle systolic pressure; SaO2 , oxygen saturation; V_ CO2, carbon
dioxide production; V_ E, ventilatory equivalent; V_ O2, oxygen
uptake.
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Biventricular Function Relation to RVsp and HR During
Exercise

Across the duration of exercise, RVsp was significantly
and inversely associated with RV-FAC (Fig. 4A) and posi-
tively associated with RV-S 0 (Fig. 4B), RV-E 0 (Fig. 4C), and
RV S:D ratio (Fig. 4D). There was a nonstatistically signifi-
cant inverse association with RVFW-Sl (Fig. 4E), with

fewer data points and substantial spread. TAPSE was not
associated with RVsp (Fig. 4F). Positive associations were
observed between RVsp and RV-LV interaction parame-
ters: LV-SV (Fig. 5A), LV-Sl (Fig. 5B), LV-S 0 (Fig. 5C), LV-E 0

(Fig. 5D), LVED-EccI (Fig. 5E), and LVES-EccI (Fig. 5F).
Similar associations were found between HR and the same
cardiac parameters (Supplemental Fig. S1 for RV and
Supplemental Fig. S2 for LV parameters), likely because of

40
60

80
10

0
12

0
14

0
R

V
sp

 (m
m

H
g)

Rest 0 W 20 W 40 W Peak 2 min 6 min

A
10

12
14

16
18

R
V-

S
' (

cm
/s

)

Rest 0 W 20 W 40 W Peak 2 min 6 min

E 

14
16

18
20

22
TA

P
S

E
 (m

m
)

Rest 0 W 20 W 40 W Peak 2 min 6 min

B

20
25

30
35

40
R

V-
FA

C
 (%

)

Rest 0 W 20 W 40 W Peak 2 min 6 min

DC

R
V

FW
-S

l (
%

)
-2

5
-2

0
-1

5
-1

0

Rest 0 W 20 W 40 W Peak 2 min 6 min

10
15

20
25

30
R

V-
E

' (
cm

/s
)'

Rest 0 W 20 W 40 W Peak 2 min 6 min

F

Figure 1. Right ventricle (RV) function and pressure response to exercise. A: RV systolic pressure (RVsp). B: tricuspid annular plane systolic excursion
(TAPSE). C: RV free-wall (FW) peak longitudinal strain (Sl). D: RV fractional area change (FAC). E: RV peak S0 velocity. F: RV peak E0 velocity. All figures
show linear mixed model (exercise step as fixed effect, participant cluster as random effect) margin estimates with 95% confidence intervals.
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the strong linear relationship between HR and RVsp
(Supplemental Fig. S3).

Relationship Between Metabolic Parameters and
Cardiac Function During Exercise

Without adjusting for exercise intensity or heart rate
response, of the RV function parameters, only RV-S0 (P <
0.001), RV-E0 (P < 0.001), RV:LV diameter ratio (P < 0.001),

and RV S:D ratio (P < 0.001) were significantly associated
with V_ O2. In contrast, measures of RV systolic function
including RV-FAC (P ¼ 0.9), RVFW-Sl (P ¼ 0.5), and TAPSE
(P ¼ 0.1) were not associated with V_ O2 independent of exer-
cise intensity (Supplemental Fig. S4). RVsp was significantly
associated with V_ O2 (P < 0.001, Supplemental Fig. S3). Of LV
parameters, LV-Sl (P < 0.001), LV-S0 (P < 0.001), and LV-E0

(P < 0.001) were associated with V_ O2. In contrast, LV-SV

2.
5

3
3.

5
4

LV
E

D
D

 (m
m

)

Rest 0 W 20 W 40 W Peak 2 min 6 min

1.
5

2
2.

5
3

LV
E

S
D

 (m
m

)

Rest 0 W 20 W 40 W Peak 2 min 6 min

A B
1.

2
1.

3
1.

4
1.

5
1.

6
1.

7
LV

E
D

-E
cc

I

Rest 0 W 20 W 40 W Peak 2 min 6 min

C

1.
2

1.
4

1.
6

1.
8

2
LV

E
S

-E
cc

I

Rest 0 W 20 W 40 W Peak 2 min 6 min

D

E F

3
3.

5
4

4.
5

5
R

V
 m

id
 d

ia
m

et
er

 (m
m

)

Rest 0 W 20 W 40 W Peak 2 min 6 min

1
1.

5
2

2.
5

R
V

/L
V

 d
ia

m
et

er
 ra

tio

Rest 0 W 20 W 40 W Peak 2 min 6 min

Figure 2. Left ventricle (LV) and right ventricle (RV) size changes in response to exercise. A: LV end-diastolic diameter (LVEDD). B: LV end-systolic diameter
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EXERCISE CARDIAC RESERVE IN PULMONARY ARTERIAL HYPERTENSION

AJP-Heart Circ Physiol � doi:10.1152/ajpheart.00096.2024 � www.ajpheart.org H755
Downloaded from journals.physiology.org/journal/ajpheart at Univ of Exeter Library (144.173.255.190) on September 26, 2024.

http://www.ajpheart.org


(�0.2), LVED-EccI (P ¼ 0.1), and LVES-EccI (P ¼ 0.1) were
not associated with V_ O2 independent of exercise intensity
(Supplemental Fig. S5).

The associations between the cardiac parameters of interest
and RVsp, V_ O2, and O2 pulse differed significantly across the
length of the test and are graphically summarized in Fig. 6 and
detailed in Table 3 (further numerical data in Supplemental

Table S5 and Supplemental Figs. S6–S8). The GET was
observed at a mean work rate of 40 ± 8.5 W, with a mean
V_ O2 of 15.2 mL·min�1·kg�1, which corresponds to a mean
of 69 ± 8.5% of the total test length. This allows for the
interpretation of the dynamic relationships between car-
diac parameters throughout exercise in relation to exer-
cise intensity. CO was associated with V_ O2 independently
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of exercise intensity, but HR was not. At low- and moder-
ate-intensity exercise, RVsp (and correlated measures,
such as RV S:D ratio, RV:LV diameter ratio, and LVES-
EccI) were positively associated with V_ O2 and O2 pulse.
The strength of these associations decreased approaching
the GET. LV-Sl showed a positive association with RVsp,
stronger at high intensity and peak exercise, whereas TAPSE
showed an inverse relationship with RVsp beyond the GET.
RV-FAC and RVFW-Sl were positively associated with V_ O2 and
O2 pulse, respectively. This relationship became significant

starting with moderate intensity exercise, and the strength of
association increased beyond the GET and at peak exercise.
LVED-EccI and RV:LV diameter ratios were inversely associ-
ated with V_ O2 at high intensity and peak exercise, although
weakly so.

DISCUSSION

This study investigated the relationship between biventric-
ular function and cardiopulmonary metabolic parameters
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Figure 4. Right ventricle (RV) systolic pressure (RVsp) associations with RV systolic and diastolic function parameters throughout exercise. A: RV frac-
tional area change (RV-FAC). B: RV peak systolic longitudinal velocity (RV-S 0). C: RV peak longitudinal diastolic velocity (RV-E0). D: RV systolic-to-diastolic
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during incremental bicycle exercise in children with iPAH
using concomitant CPET and echocardiography. Our main
results show that 1) there is a significant increase in RVsp dur-
ing exercise, accompanied by an increase in RV function dur-
ing low and moderate exercise; 2) the ability of the RV
functional reserve to meet the increased afterload during
exercise determines exercise capacity (RV-PA uncoupling
occurred at a similar timing as the GET, at transition from

moderate to high-intensity exercise); and 3) RV-PA uncou-
pling worsens RV-LV interactions, impacting LV-SV, leading
to LV functional reserve contributing to peak exercise
capacity, in addition to RV function. These original findings
enhance our understanding of the pathophysiology of exer-
cise capacity and limitations in PAH and provide a basis for
further research to determine appropriate exercise testing
and prescription.
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Figure 5. Right ventricle (RV) systolic pressure (RVsp) associations with left ventricular (LV) systolic function and RV-LV interaction parameters. A: LV
stroke volume (LV-SV). B: LV peak systolic longitudinal strain (LV-Sl). C: LV peak longitudinal systolic velocity (RV-S0). D: RV:LV diameter ratio. E: LV end-
diastolic eccentricity index (LVED-EccI). F: LV end-systolic eccentricity index (LVES-EccI). F values, coefficient, and P values are from mixed models with
RVsp as dependent variable, cardiac function parameters as independent variable (fixed effect term), and participant cluster as random effect term, not
adjusted by exercise intensity step (Table 3 and Supplemental Table S5).
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Normal versus Pathological Cardiac Function Response
to Exercise

In healthy children, cardiac function increases during
exercise to respond to the additionalmetabolic requirements
(13, 31). This is achieved concurrently by augmenting SV
through the Frank–Starlingmechanism (32) and contractility
to allow for a higher HR by the force-frequency relationship
(29). As a result of these physiological mechanisms, systolic
cardiac function parameters have been described to increase
proportionally to exercise intensity (13, 29, 33, 34). This is
regardless of the methodology used, with studies using TDI,
STE, or 2-D echocardiography being consistent in describing
a similar pattern of steady increase in biventricular systolic
function. There has been evidence of a possible plateau in
deformation-based indices, such as longitudinal strain, at
high-intensity or peak exercise (13, 31, 35), which relates to
the plateau in SV that has been described in healthy individ-
uals (32).

Another important characteristic of RV function is the
concomitant contribution of multiple components, namely
longitudinal, radial and antero-posterior shortening, result-
ing in the global, three-dimensional systolic function. At
rest, the longitudinal component has the most important
contribution to global function, but it is not known whether
this changes during exercise, with different RV overload
states increasing or decreasing the role of other components
(36). Moreso, without three-dimensional modalities, each
component is assessed separately, and most importantly,
each technique has limitations. Thus, it is recommended
that the evaluation of the RV systolic function be multipara-
metric, ideally including TAPSE, RV-S0, RVFW-Sl, and RV-
FAC, and interpreted together (37).

Quantitative assessment of LV and RV diameters and func-
tion during incremental exercise in this iPAH cohort revealed
several pathophysiological mechanisms that may potentially
contribute to the reduced overall exercise capacity. RV func-
tion, including RV strain parameters, worsened on average

during peak exercise in iPAH children, correlating with
reduced O2 pulse and a dramatic increase in RVSp. In con-
trast, cardiac function improves during exercise in healthy
children (13, 29), suggesting an important role of impaired
myocardial functional reserve in limiting exercise capacity. It
is a plausible hypothesis that the normal distensibility of the
PA allowing for increased right ventricular cardiac output
during exercise is lost in patients with PAH, contributing to
markedly increased RVsp.

RV cardiac reserve exercise response was abnormal, result-
ing fromRV-PA uncoupling in the context of RVsp increasing,
whereas RV-FAC and RVFW-Sl decreased. Different patterns
were observed with different aspects of RV function, for
example, RV-S0 increased through exercise, whereas RVFW-Sl
decreased. We speculate that this reflects inherent mechanis-
tic processes, with velocity-based measures such as RV-S0

being related to heart rate and the force-frequency relation,
whereas deformation-based measures such as RVFW-Sl and
RV-FAC are more related to volume changes and the Frank–
Starling mechanism. It is worth noting that the modality of
acquisition and estimation is different for each, with different
sources of error during exercise, such as breathingmovement,
frame-rate limitation, and Doppler insonation angle, all
impacting the results. The increases in RVsp were associated
with an increased RV S:D ratio and reduced LV preload, as
observed by the worsening LV-EccI. In addition, there was an
inability to augment stroke volume despite the present,
although reduced, LV functional reserve. This shows that the
impaired RV exercise response may be driven by insufficient
RV contractile reserve to satisfy the simultaneous demands of
exercise and the resulting pathological increase in PA pres-
sure together with adverse RV-LV interactions. This leads to
RV-PA uncoupling and an inability to maintain LV-SV during
moderate-intensity exercise due to increased LV EccI (38).
Beyond moderate-exercise intensity (i.e., beyond the GET),
RV dysfunction becomes associated with exercise capacity.
Closer to peak exercise, LV systolic dysfunction and abnormal
RV-LV interaction become inversely associated with V_ O2 and

Figure 6. Summary of associations between cardiac function, right ventricle-left ventricle (RV-LV) interaction, and hemodynamic parameters and RV sys-
tolic pressure (RVsp), oxygen uptake (V_ O2), and O2 pulse in relation to the exercise intensity. Numerical data of all associations are presented in Table 3
and Supplemental Tables S5–S8. EccI, eccentricity index; FAC, fractional area change; GET, gas exchange threshold; HR, heart rate; PA, pulmonary ar-
tery; RVFW, RV-free wall; Sl, peak longitudinal strain; SV, stroke volume.

EXERCISE CARDIAC RESERVE IN PULMONARY ARTERIAL HYPERTENSION

AJP-Heart Circ Physiol � doi:10.1152/ajpheart.00096.2024 � www.ajpheart.org H759
Downloaded from journals.physiology.org/journal/ajpheart at Univ of Exeter Library (144.173.255.190) on September 26, 2024.

http://www.ajpheart.org


O2 pulse. Ultimately, these cascading effects might have con-
tributed to the significantly reduced peak oxygen consump-
tion when compared with values reported in similar age
healthy participants (13).

In our cohort, there was evidence of a pathologically
altered RV force-frequency relationship (FFR) during exer-
cise (39), approximated by an inverse relation between RV-
FAC/RVFW-Sl and HR. This is the opposite of the positive
FFR described during exercise in healthy children (13, 40).
Moreso, an inverse relation between RV-FAC/RVFW-Sl and
RVsp indicates impaired RV-PA coupling during exercise. In
contrast, TDI parameters maintained a positive association
with both HR and RVsp, possibly also due to increasing

translational cardiac motion during exercise, which affects
TDI measurements. These data emphasize the need to mea-
sure both global and longitudinal components of RV func-
tion, shown to be correlated to oxygen uptake (16), rather
than relying on one single parameter.

Importance of RV-PA Coupling and RV-LV Interaction
during Exercise

In healthy children and adolescents, pulmonary distensi-
bility and RV-PA coupling were described to be superior to
adults at exercise, highlighting the increased ability to adapt
to the augmentation of cardiac output without a dispropor-
tionate rise in RVsp (41). Markers of exercise RV-PA

Table 3. Associations between cardiac function parameters and RVsp, V_ O2, and O2 pulse in relation to increasing
exercise intensity

Main Effect (at 50% of Test Duration) Interaction Term (with %Test Duration) Unadjusted by Exercise Intensity

Median [CI] P Value Median [CI] P Value Median [CI] P Value

RVsp
TAPSE, mm �1.5 [�4;0.1] 0.2 �0.07 [�0.1;�0.02] 0.004

(P < 0.1 from 60% of test)
0.4 [�3.9;4.6] 0.9

LV-SV, mL 1.6 [�0.2;3.4] 0.09 �0.02 [�0.4;0.009] 0.2
(P < 0.1 up to 50% of test)

3.5 [1;6.1] 0.008

LV FS, % 0.8 [�0.1;1.7] 0.1 0.0002 [�0.02;0.02] 0.9 2.1 [0.8;3.4] 0.002
LVES-EccI 31.94 [7.7;56.1] <0.01 �0.3 [�0.7;0.07] 0.1

(P < 0.1 up to 90% of test)
51.5 [25.2;77.8] <0.001

RV:LV diameter ratio 34.7 [10.2;59.2] 0.007 �0.07 [�0.4;0.2] 0.6 65.8 [47.5;84.1] <0.001
LV-Sl, % �2.9 [�5.4;�0.4] 0.03 �0.02 [�0.07;0.04] 0.5

(P < 0.1 from 10% of test)
�7.5 [�10;�5] <0.001

V_ O2

CO, mL·kg�1·min�1 0.08 [0.05;0.1] <0.001 0.0008 [0.0003;0.001] 0.003 0.2 [0.2;0.3] <0.001
RV-FAC, % 0.2 [0.05;0.3] 0.008 0.003 [0.0006;0.005] 0.02

(P < 0.1 beyond 30% of test)
�0.02 [�0.4;0.3] 0.9

RV-Sl, % �0.07 [�0.3;0.1] 0.5 �0.004 [�0.008;0.0002] 0.06
(P < 0.1 beyond 90% of test)

�0.1 [�0.6;0.4] 0.6

LV-SV, mL �0.1 [�0.2;0.03] 0.1 �0.05 [�0.007;�0.003] <0.001
(P < 0.1 from 50% of test)

�0.2 [�0.5;0.1] 0.2

LV-Sl, % �0.2 [�0.4;0.006] 0.06 �0.06 [�0.01;�0.01] 0.008
(P < 0.1 from 50% of test)

�0.8 [�1.1;�0.5] <0.001

LVED-EccI �1.3 [�5.1;2.5] 0.5 �0.09 [�0.2;�0.03] 0.006
(P < 0.01 from 70% of test)

6.3 [�1.4;13.9] 0.1

LVES-EccI 4.1 [1.8;6.3] 0.001 �0.09 [�0.1;�0.06] <0.001
(P < 0.1 up to 80% of test)

3.2 [�0.9;7.4] 0.1

RV:LV diameter ratio 0.3 [�1.9;2.5] 0.8 �0.05 [�0.08;�0.03] <0.001
(P < 0.1 up to 20% and from 80%)

7.7 [4.3;11.2] <0.001

O2 pulse
RVFW-Sl, % �0.07 [�0.2;0.001] 0.05 �0.0004 [�0.002;0.001] 0.5

(P < 0.1 from 30% of test)
�0.03 [�0.2;0.1] 0.7

RVsp, mmHg 0.01 [�0.002;0.03] 0.1 �0.0001 [�0.0003;0.00004] 0.1
(P < 0.1 up to 50% of test)

0.03 [0.02;0.04] <0.001

RV S:D ratio 1.8 [0.2;3.39] 0.03 �0.01 [�0.04;0.02] 0.4
(P < 0.1 up to 60%)

4.18 [3.22;5.15] <0.001

LV-SV, mL 0.1 [0.05;0.2] 0.002 �0.0002 [�0.001;0.0007] 0.6
(P < 0.1 throughout the test)

0.2 [0.05;0.2] 0.004

LV FS, % 0.02 [�0.1;0.06] 0.2 �0.001 [�0.002;�0.0003] 0.002
P < 0.1 up to 40% of test)

0.06 [0.005;0.1] 0.03

LVES-EccI 1.4 [0.4;2.4] 0.008 �0.2 [�0.04;�0.1] 0.01
(P < 0.1 up to 80% of test)

1.4 [0.4;2.4] 0.01

RV:LV diameter ratio 0.7 [�0.4;1.7] 0.2 �0.02 [�0.04;�0.01] 0.001
(P < 0.1 up to 50%)

0.8 [�0.06;1.6] 0.07

Values are coefficients [95% confidence intervals (CIs)]. Increasing exercise intensity is defined as percentage from total test duration.
EccI, eccentricity index; FAC, fractional area change; FS, fractional shortening; LV, left ventricle; LVED, LV end diastolic; LVES, LV end
systolic; RV, right ventricle; RVsp, RV end-systolic pressure; RVFW, RV-free wall; Sl, peak longitudinal strain; S:D, systolic-to-diastolic ra-
tio; SV, stroke volume; TAPSE, tricuspid annular peak systolic excursion; V_ O2, oxygen uptake. All values are from a series of linear mixed
models where each cardiac parameter was included as an independent variable with exercise intensity percentage from the total test
length as a fixed effect continuous time variable, participant cluster as a random effect, and interaction term between each of the cardiac
parameters and time variable. P values are shown for main effect (centered around 50% of test length) and coefficients for the continu-
ous-to-continuous interaction term. Main term effect and 95% CI were plotted across the time variable, and time point inflexion where
the P value became <0.1 was reported, in increments of 10%. Unadjusted models account only for participant cluster random effect.
Shown are statistically significant associations, summarized in Fig. 6 Supplemental table S5 details all results from all explored associa-
tions. Supplemental Figs. S6–S8 show time-dependent changes in parameter relationships, based on interaction term models.
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coupling, such as the cardiac output to PA pressure slope
were recently described in detail in a large adult cohort of
mixed right heart diseases, with an important group of
healthy controls, some of them athletes, which showed high
sensitivity in identifying pathology (42). From a physiological
perspective, RV-PA coupling control is crucial in maintaining
optimal systolic efficiency, with an invasive ventricular-to-
pulmonary arterial elastance ratio being maintained within
narrow ranges, even with impressive changes in cardiac out-
put seen in exercise (43). A less-studied phenomenon during
exercise, with no work published to that that we are aware of,
is the downstream RV to LV interaction during exercise due
to physiological increases in RVsp. Most studies measuring
SV at exercise describe a continuous increase, or atmost a pla-
teau at peak, with very few describing a decrease, attributed
to detraining status or older age. Thus, it is plausible that
unfavorable RV-LV interactions do not occur to any signifi-
cant extent in healthy children during exercise. It is thus rea-
sonable to assume that the physiological increase in RVsp in
healthy children is not significant enough (44) to adversely
impact normal LV function.

In our cohort, RVSp during exercise rose beyond the �50
mmHg reported in healthy adults during exercise (44). The
ability to increase RVSp during exercise in patients with
PAH can indicate RV contractile reserve, which in turn is
associated with better outcomes (16), although the high PVRi
in PAH requires high RV contractile forces during exercise to
maintain adequate pulmonary flow (45). In the current
study, RVsp increased steadily during exercise, following the
increase in HR. RVsp was positively associated with O2 pulse
for the initial part of the exercise, as was LVES-EccI. At higher
exercise intensities, RV dysfunction was associated with
worse oxygen uptake and O2 pulse, congruent with the abnor-
mal RV-PA coupling discussed earlier. The detrimental
impact of high RVSp on LV compression and filling is
expected to reduce exercise capacity (20, 38). This leads to
reduced stroke volume and exercise tolerance as we observed
in the current study, although without investigating maximal
LV-EccI (38). These LV-RV interactions determine ventricular
filling and cardiac output during exercise. At high intensity,
lower LV-Sl was strongly associated with lower concomitant
V_ O2. At peak exercise, LVED-EccI was inversely associated
with V_ O2 emphasizing the role of LV-RV mechanical interac-
tion in exercise limitations in this population (19). Impaired
diastolic coronary artery perfusion resulting from prolonged
systolic duration may further contribute to this pathophysiol-
ogy and requires further investigation.

Clinical Implications and Future Directions

In current clinical practice, exercise echocardiography
and, to some degree, CPET remain underused diagnostic
and prognostic tools (46, 47), possibly more so in children
with PAH. These tests involve high-intensity or maximal
exercise, which might be perceived as difficult or even risky
in these patients. Furthermore, acquiring good-quality
images has been considered difficult, limiting the use of
these modalities (48). Current European guidelines empha-
size the role of CPET in the diagnosis and follow-up of PAH,
but state exercise stress echocardiography is yet to have an
established use (5). In our cohort, all participants were able

to exercise beyond their GET, into the high-intensity do-
main, without adverse events. Nonetheless, the issue of
image quality remains relevant, especially for STE at peak,
and it is important that testing protocols be optimized.

When exercise stress echocardiography is performed,
there is little to no guidance on what parameters are prog-
nostic and associated with the severity of the disease. Recent
evidence has shown the superior prognostic value of RV-PA
coupling over other imaging parameters at rest (18). Thus, it
is reasonable to study the RV-PA unit during exercise. In this
study, we show that it is the RV-PA coupling and worsening
RV-LV interactions that correlate with exercise capacity and
limitation. Furthermore, our results emphasize the impor-
tance of high-intensity exercise testing, as assessments
below the GET are likely to miss the full pathological
response, which we show occurs beyond this point. Using a
combined CPET and echocardiography approach provides
even more information, as cardiac output to PA pressure
slopes can be determined, as shown recently in a large study
of right heart disease (42).

Thus, future work should focus on improving protocols
for combined CPET and echocardiography exercise testing
to allow for more personalized and streamlined testing in
complex populations such as PAH. Our group has recently
developed a single-stage high-intensity exercise testing pro-
tocol, which takes into consideration the GET as an individ-
ual fitness threshold (49). A simplified protocol such as this,
potentially including a moderate intensity step, could be
more easily implemented in clinical practice and allow for
longitudinal evaluation to determine whether changes in
RV-PA coupling and RV-LV interaction precede a decline in
cardiorespiratory fitness. These could also potentially be
useful surrogate endpoints in therapeutic clinical trials,
beyond survival and subjective clinical worsening. Finally,
by identifying the relationship between cardiac reserve and
exercise intensity, more personalized physical rehabilitation
could potentially be prescribed, guided not just by symp-
toms but also by pinpointing the underlying pathological
mechanisms that limit exercise.

Limitations

A limitation of this study is the small sample size, despite
the rare disease categorization and the pediatric population.
Consequently, multivariable analysis of factors associated
with cardiopulmonary response to exercise was not attempted
outside of adjusting for exercise intensity. As such, some
associations could be mediated through confounding rela-
tionships, rather than direct, and this was accounted for in
how the findings were interpreted in the physiological con-
text. Because of the small sample size, the confidence inter-
vals of some estimates were wide and were interpreted
with caution when this was the case. During exercise test-
ing, the quality of the images obtained is variable, as previ-
ously documented (29, 39), leading to data gaps, which can
introduce bias, even if gaps are assumed as random. To
allow for the interpretation of results in terms of exercise
intensity domains, these were approximated by standard-
izing according to each individual’s GET and its relative av-
erage in relation to the peak test values. Despite limitations
on how accurately GET can be assessed, in a protocol with
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fixed increments, this still allows for more physiological
comparisons than based on work rate or heart rate alone.
Estimated RVsp was used in the analysis, and this has
some limitations when approximating true pulmonary
systolic pressure. Some of the functional parameters eval-
uated, such as the S:D ratio, are linked to heart rate, which
changes with exercise. In preliminary analysis, we deter-
mined that none of the currently used methods for heart
rate adjustments of the S:D ratio is usable during exercise
without extreme bias at high intensity. Instead, we relied
on the fact that this is a ratio measure, which will have a
constant “bias” at each exercise intensity level, impacted
by the heart rate at each intensity. Therefore, we adjusted
for this more physiological parameter instead. Whether
this overcomes the inherent issues of analyzing timing
data at extreme heart rates is still to be determined.
Finally, the recruited population is limited to those able to
exercise, and thus might not reflect the subset of patients
that are in worse functional status.

Conclusions

In children with PAH, it would appear that it is not the
increase in pulmonary pressure alone that limits peak exer-
cise, but rather the concomitant reduced RV functional
reserve. Thus, assessment of RV function during exercise, in
addition to assessment of PA pressures, may be important
for clinical assessment of patients with PAH. These com-
bined responses result in RV-PA uncoupling at high-inten-
sity exercise, subsequent worsening of interventricular
interaction, and LV dysfunction. Overall, our results inform
the need for, and implementation of, functional exercise
testing in this population for better cardiorespiratory fitness
characterization, possible prognostic stratification, and exer-
cise prescription.
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