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Abstract End points that are repeatable and sensitive to
change are important in pulmonary arterial hypertension
(PAH) for clinical practice and trials of new therapies. In 42
patients with PAH, test—retest repeatability was assessed
using the intraclass correlation coefficient and treatment
effect size using Cohen’s d statistic. Intraclass correlation
coefficients demonstrated excellent repeatability for MRI,

6 min walk test and log to base 10 N-terminal pro-brain
natriuretic peptide (log, NT-proBNP). The treatment effect
size for MRI-derived right ventricular ejection fraction was
large (Cohen’s d 0.81), whereas the effect size for the 6 min
walk test (Cohen’s d 0.22) and log, NT-proBNP (Cohen's d
0.20) were fair. This study supports further evaluation of MRI
as a non-invasive end point for clinical assessment and PAH
therapy trials.

Trial registration number NCT03841344.

INTRODUCTION

Pulmonary arterial hypertension (PAH) is progressive,
leading to right ventricular (RV) failure and death.!
Accurate measurement of RV function is important
for assessment of disease severity and prognosis.”™
Despite new therapies and improvements in survival,’
PAH remains a life-shortening condition. MRI is the
gold standard for RV assessment,” has prognostic
value® and predicts clinical worsening” in PAH. A trial
end point that is highly repeatable, is sensitive to treat-
ment and predicts outcomes would be highly desir-
able.®” MRI has been proposed as a trial end point in
PAH,?? however, there is limited data on repeatability
and treatment effect size.

METHODS

Patients

Patients with PAH who were treatment-naive
commencing therapy, prevalent undergoing escalation
of therapy and clinically stable requiring no escalation
of therapy, were recruited. See online supplemental file
S1.

Study investigations

Investigations performed at visit 1 included N-terminal
pro-brain natriuretic peptide (NT-ProBNP), 6 min
walk test (6MWT) and MRI. Follow-up visits 2 and 3
occurred approximately 6 months after study visit 1.
Visits 2 and 3 occurred within 24 hours of each other
(online supplemental figure S2).

MRI acquisition and analysis

All MRI examinations were performed on either a 1.5
T GE HDx (GE Healthcare, Milwaukee, USA) whole
body scanner using an 8-channel cardiac coil ora3 T
Philips Ingenia (Best, The Netherlands) whole body
scanner using a 32-channel dStream torso coil (online
supplemental file S1). Analysis of MRI was under-
taken blinded to the patient’s data. RV parameters
and pulmonary arterial flow were analysed on Qmass
MEDIS suite (V.3.0.18.0, Medical Imaging Systems,
The Netherlands) on short axis and phase contrast
images, respectively. Regions of interest were drawn on
the pulmonary artery and left atrium of the dynamic
contrast-enhanced perfusion images to calculate first
pass pulmonary transit time and full width at half
maximum using in-house software (see online supple-
mental figure S3).

Six min walk test and NT-ProBNP

The 6MWT was performed by a respiratory physiol-
ogist. NT-ProBNP analysis was performed on patient
plasma samples using the Luminex 100/200 multiplex
analyser using the cardiovascular marker kit (HCVD-
1MAG-67K Millipore) at the end of the study.

Statistical analysis

Repeatability was determined by the intraclass corre-
lation coefficient (ICC) using a two-way mixed abso-
lute agreement model with the average measure
recorded. An ICC of =0.75 was considered excel-
lent, 0.60-0.74 good, 0.40-0.59 fair and <0.40poor.
Mean difference and 95% ClIs were presented where
appropriate. Cohen’s d (calculated with the averaged
SD, d_) was used to assess the standardised treatment
effect size between visit 1 and visit 2."° A Cohen’s d
value of <0.20 was considered no change, 0.20-0.49
was considered fair change, 0.50-0.79 was considered
a medium change and =0.80 was considered a large
change. All analysis was performed on SPSS V.22 and
GraphPad Prism V.16.

RESULTS

Patients

Of 42 patients who completed the study, 16 were
incident and treatment-naive and initiated PAH
therapy, 12 were prevalent and underwent an esca-
lation of therapy and 14 were stable on therapy
with no change in treatment occurring between the
study visits.(online supplemental table S5).
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Table 1 Repeatability in all patients with PAH (ICC), and treatment effect size for patients with PAH initiating or escalating PAH therapy
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All PAH Patients with PAH initiating or escalating therapy
Change
Visit 1 Visit 2 (Visit 1-visit 2) 95% CI
Mean
N ICC N Mean SD Mean SD difference SD SEM Lower Upper Cohen's d
Walk test
6MWT distance (m) 39 0.987 24 325.63 156.30 361.50 166.29 —35.88 79.06 16.14 -69.26 -2.49 0.22
Blood tests
Log NT-ProBNP 32 0.772 24 2.76 0.46 2.67 0.41 0.09 0.32 0.07 -0.05 0.22 0.20
MRI metrics
SA with threshold
RVEDM (g) 40 0.970 26 117.80 45.72 99.40 43.96 18.40 30.90 6.06 5.92 30.88 0.41
RVESM (g) 40 0.980 26 106.68 39.73 94.61 42.08 12.06 26.79 5.25 1.24 22.88 0.29
RVEDV (mL) 40 0.969 26 145.71 39.12 146.03 55.87 -0.32 29.13 571 -12.08 11.45 0.01
RVESV (mL) 40 0.983 26 93.93 34.66 81.28 41.40 12.65 22.02 4.32 3.76 21.55 0.33
RVEF (%) 40 0.883 26 36.56 11.48 45.69 11.12 -9.12 10.45 2.05 -13.35 -4.90 0.81
RVSV (mL) 40 0.864 26 51.78 17.30 64.75 23.92 -12.97 23.27 4.56 -22.37 —-3.57 0.62
RVCO (L/min) 40 0.886 26 3.95 1.45 4.48 1.55 -0.53 1.54 0.30 -1.15 0.09 0.35
Systolic septal angle (°) 40 0.852 27 163.33 16.45 156.81 14.00 6.52 11.28 2.17 2.06 10.98 0.43
Diastolic septal angle (°) 40 0.897 27 153.11 14.73 145.48 10.44 7.63 10.15 1.95 3.61 11.65 0.60
Q flow
Net flow volume (mL) 41 0.893 26 58.05 30.18 69.49 31.30 -11.44 34.83 6.83 —25.51 2.62 0.37
Forward flow volume (mL) 41 0.860 26 60.37 27.58 72.33 29.15 -11.96 31.97 6.27 -24.88 0.95 0.42
Backward flow volume (mL) 41 0.817 26 232 6.76 2.84 5.74 -0.52 5.85 1.15 -2.88 1.85 0.08
Regurgitant fraction (%) 41 0.731 26 6.28 19.58 5.42 11.52 0.87 18.77 3.68 -6.71 8.45 0.05
Average flow velocity (cm/s) 41 0.909 26 7.31 3.60 8.25 3.69 -0.94 3.69 0.72 -2.43 0.55 0.26
Peak flow velocity (cm/s) 41 0.582 26 52.97 16.37 67.68 22.71 -14.7 19.35 3.79 -22.53 —-6.90 0.74
Diastolic vessel area (mm?) 41 0.933 26 981.10 257.92 961.84 242.96 19.26 104.52 20.5 -22.96 61.48 0.08
Systolic vessel area (mmd) 41 0.953 26 1077.57 279.96 1083.62 266.78 -6.05 101.08 19.82 —-46.88 34.77 0.02 o
Pulmonary arterial A 0.776 26 9.96 4.87 13.00 5.12 -3.04 3.62 0.71 -4.50 —1.58 0.61 ;—;
pulsatility (%) —h
DCF imaging 8
Pulmonary transit time (s) 36 0.728 21 6.76 1.81 6.12 1.88 0.64 1.60 0.35 -0.09 1.37 0.35 g
FWHM (s) 32 0.906 18 7.89 3.14 6.20 2.40 1.68 2.19 0.52 0.60 2.77 0.60 g
Data are shown for all patients with PAH initiating or escalating PAH therapy. ~
DCE, dynamic contrast-enhanced imaging; FWHM, full width at half maximum; ICC, intraclass correlation coefficient; Log, NT-ProBNP, log to base 10 N-terminal pro-brain natriuretic peptide; 6MWT, six min walk test; PAH, pulmonary arterial ?_’,_
hypertension; RVCO, right ventricular cardiac output; RVEDM, right ventricle end-diastolic mass; RVEDV, right ventricle end-systolic volume; RVEF, right ventricle end-systolic volume; RVESM, right ventricle end-systolic mass; RVSV, right ventricle =)
stroke volume; SA, short axis. =
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Comparison of treatment effect size using Cohen’s d results in patients initiating and/or escalating pulmonary arterial hypertension (PAH)

therapy. 6MWT, 6 min walk test; Log, NT-ProBNP, log to base 10 N-terminal pro-brain natriuretic peptide; RV, right ventricular.

Test—test repeatability (visits 2 and 3)

In patients with PAH, test—test repeatability was assessed between
visits 2 and 3; 6MWT (ICC 0.987) and log, NT-ProBNP (ICC
0.772) had excellent repeatability. Of cardiac MRI metrics
(table 1), all showed excellent repeatability. Data for MRI
pulmonary flow and perfusion transit times are shown in table 1.

Treatment effect size (visits 1 and 2)

For all patients, initiating or escalating therapy (n=28), the only
measurement with a large treatment effect size was RV ejection
fraction (Cohen’s d 0.81). The 6MWT (Cohen’s d 0.22) and
NT-ProBNP (Cohen’s d 0.20) demonstrated a fair treatment
effect size (table 1). Figure 1 shows Cohen’s d values for the
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Interstudy ICC

top three MRI end points, the 6MWT and NT-proBNP. Figure 2
shows ICC versus Cohen’s d value for all end points. In patients
initiating PAH therapy, RV ejection fraction (Cohen’s d 0.99),
diastolic septal angle (Cohen’s d 0.88) and peak pulmonary arte-
rial flow velocity (Cohen’s d 0.92) had a large treatment effect
size. In patients escalating therapy, RV ejection fraction, RV
stroke volume and pulmonary arterial pulsatility had a medium
effect size, whereas NT-ProBNP (Cohen’s d 0.02) and 6MWT
(Cohen’s d 0.07) demonstrated no treatment effect (see online
supplemental figure S4). The stable patient group showed either
no or fair changes across all measured parameters (online supple-
mental table S6).

¢ Red=cardiac MRI metrics

ORVEF
* Green=DCE imaging
PAFWHM . -
.SeptaIAngIeDiastoIe Purple=septal angles

* Blue=walk test
* Orange=Log,,NT-ProBNP

6MWT

1.00

Figure 2 Cohen's d versus interstudy intraclass correlation coefficient (ICC) for study measurements. DCE, dynamic contrast-enhanced imaging;
Log, ,NT-ProBNP, log to base 10 N-terminal pro-brain natriuretic peptide; PAFWHM, pulmonary arterial full width at half maximum; RVEF, right
ventricular ejection fraction; RVSY, right ventricle stroke volume; 6MWT 6 min walk test. ICC >0.75=excellent repeatability. Cohen’s d value of <0.20
was considered no change, 0.20-0.49 was considered fair change, 0.50-0.79 was considered a medium change and =0.80 was considered a large

change.
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DISCUSSION

Investigations used to monitor disease severity in patients with
PAH, namely 6MWT distance, NT-ProBNP level and MRI
metrics, had excellent repeatability. In contrast, only MRI
(RVEF) demonstrated a large treatment effect size in patients
initiating or escalating therapies, whereas for the 6MWT and
NT-ProBNP the treatment effect sizes were fair.

As observed in previous clinical trials' and highlighted at
the 6th World Symposium,” all metrics evaluated in patients
with PAH escalating therapy had a lower treatment effect size
compared with treatment-naive patients initiating therapy. This
represents a challenge when studying the effects of new therapies
in PAH where the standard of care is combination treatment.’
Importantly, MRI was still able to detect a medium treatment
effect size in patients receiving background PAH therapy. Due
to the large cost of conducting PAH therapy trials, strategies to
reduce the size of studies and their duration using a surrogate
end point that is repeatable and has a large treatment effect size
would be highly desirable.’

This study has a number of limitations including the small
sample size and the lack of comparison with invasively meas-
ured pulmonary haemodynamics. Nonetheless, we have demon-
strated in this exploratory study that MRI, the gold standard
for RV function assessment, detects a larger treatment effect
than the 6MWT or NT-proBNP. This may reflect the ceiling
effect of the 6MWT and the effect of comorbidities (including
chronic kidney disease) that may influence 6MWT distance and
NT-proBNP levels. MRI metrics predict clinical worsening’ and
mortality>™ fulfilling many of the criteria of a surrogate end
point.” Given that pulmonary haemodynamics are commonly
used in early phase PAH studies,' a direct comparison of MRI
metrics and pulmonary haemodynamics, to detect longitudinal
change following PAH therapy, is now required if MRI imaging
is to be considered a primary end-point for PAH therapy trials.®’

This study demonstrates the high repeatability of MRI metrics
in PAH and the large treatment effect size support further eval-
uation of MRI as a non-invasive endpoint in PAH therapy trials.

Correction notice This article has been corrected since it was published Online
First. Affiliations for FW and AC have been updated.
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