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Abstract

Rationale: Limitation of physical activity is a

common presenting complaint for patients with
pulmonary arterial hypertension (PAH). Physical activity is
thought to be determined by cardiopulmonary function,
yet there are limited data that investigate this relationship.

Objectives: We aimed to study the relationship between right
ventricular function and daily activity and its impact on health-
related quality of life (HRQoL) in PAH.

Methods: Baseline data for 55 patients enrolled in PHANTOM
(Pulmonary Hypertension and Anastrozole), an ongoing
multicenter randomized controlled trial of anastrozole in PAH,
were used. Postmenopausal women and men were eligible and
underwent 6-minute walk testing and echocardiography and
completed HRQoL questionnaires. Each patient wore an
accelerometer for 7 days. Multivariable linear regression models
were used to study the association between tricuspid annular
plane systolic excursion (TAPSE) and vector magnitude counts,
and between daily activity and HRQoL. Principal component
analysis and K-means clustering were used to identify activity-
based phenotypes. K-nearest neighbors classification was applied
to an independent cross-sectional cohort from the University of
Pennsylvania.

Results: The mean age of patients in PHANTOM was 61 years. In
total, 67% were women with idiopathic PAH as the most common
etiology. A 0.4-cm increase in TAPSE was associated with an increase
in daily vector magnitude counts (: 34,000; 95% confidence interval
[CI], 900-67,000; P = 0.004) after adjustment for age, sex, body mass
index, etiology of PAH, and wear time. A 1-SD increase in vector
magnitude counts was associated with higher 6-minute walk distance
(B:56.1 m; 95% CI, 28.6-83.7; P < 0.001) and lower emPHasis-10
scores (3: —3.3;95% CI, 0.3-6.4; P = 0.03). Three activity phenotypes,
low, medium, and high, were identified. The most active phenotype
had greater 6-minute walk distances (P =0.001) and lower emPHasis-
10 scores (P =0.009) after adjustment for age, sex, body mass index,
World Health Organization functional class, and parenteral
prostacyclin use. Phenotypes of physical activity were reproduced in
the second cohort and were independently associated with 6-minute
walk distance.

Conclusions: Better right ventricular systolic function was
associated with increased levels of activity in PAH. Increased
daily activity was associated with greater 6-minute walk distance
and better HRQoL. Distinct activity-based phenotypes may be
helpful in risk stratification of patients with PAH or provide
novel endpoints for clinical trials.
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Pulmonary arterial hypertension (PAH) is a
progressive disease characterized by
increased pulmonary vascular resistance,
increased pulmonary arterial pressures, and
right ventricular (RV) dysfunction (1).
Limitation in physical activity is one of the
earliest manifestations of PAH. Physical
activity is any body movement that requires
more energy than resting (2, 3) and is
affected by cardiac, respiratory, and
musculoskeletal function, as well as
emotional, social, and environmental factors.
These different domains collectively
determine behaviors and attitudes that
impact the patient experience of activity

(4, 5). Although the terms are often used
interchangeably, physical activity
encompasses more than just exercise, a
subset of physical activity that is planned,
structured, and repetitive and has as a final
or an intermediate objective to improve or
maintain physical fitness (3).

Intuitively, we expect that worse
underlying PAH leads to reduced daily
activity. However, data to support this
conventional thinking are limited. Prior
studies have found that patients with PAH
are more sedentary and have reduced health-
related quality of life (HRQoL) compared
with age- and sex-matched controls (6-9). A
small single-center study showed that step
counts in this population correlated with
6-minute walk distance and generic
measures of HRQoL (such as the European
quality of life index) (10). However, the role
of RV function in determining physical
activity and the association of daily physical
activity with 6-minute walk distance and

PAH-specific HRQoL are poorly understood.

PAH care has traditionally focused on
exercise capacity as a marker of disease
progression and as an endpoint in clinical
trials (1, 11-13). This has been assessed
clinically using standardized tests such as the
6-minute walk test (14). By design, this test
can currently only be performed episodically
in a clinical setting (15) and has unclear
pertinence to day-to-day limitations.
Alternatively, triaxial accelerometers are
easy-to-use devices that provide valid,
objective, and continuous measures of
physical activity throughout the day in the

patient’s home environment (16-18). To our
knowledge, no prior studies have
investigated the associations of objectively
measured physical activity with disease
severity in patients with PAH receiving care
across multiple centers in the United States.

In this study, our goal was to
understand the role of physical activity in
PAH. Specifically, we aimed to assess the
relationship of RV systolic function,
quantified by the tricuspid annular plane
systolic excursion (TAPSE), with physical
activity measured using accelerometry.
TAPSE measures the systolic displacement of
the tricuspid valve annulus toward the RV
apex and is simple to perform and
reproducible. It has been studied extensively
in PAH as a reliable measure of RV systolic
function and has prognostic significance with
lower values indicating worse RV function
(1, 19, 20). We hypothesized that patients
with PAH who have better RV function
(higher TAPSE) have higher overall physical
activity and that the patients with higher
activity would have better HRQoL.
Additionally, we sought to determine if we
could phenotype patients with PAH based
on physical activity patterns and reproduce
the phenotypes in an independent cohort of
patients with PAH.

Methods

Study Samples

We performed a cross-sectional analysis of
the baseline (prerandomization) data from
the PHANTOM (Pulmonary Hypertension
and Anastrozole) trial, an ongoing NHLBI-
funded multicenter placebo-controlled trial
(NCT03229499). This trial enrolled adult
men and postmenopausal women with PAH
on stable therapy at the University of
Pennsylvania, Stanford University,
University of Colorado Denver, Johns
Hopkins University, Washington University,
Rhode Island Hospital, and Vanderbilt
University. The study excluded patients who
were hospitalized, acutely ill, with World
Health Organization (WHO) functional class
IV, or those limited by musculoskeletal
function or coordination. Patients with

contraindications to anastrozole such as
osteoporosis, ongoing treatment with
hormone replacement therapy, and a history
of breast cancer were excluded (see Table E1
in the online supplement). Prerandomization
data from the first 55 patients enrolled in the
trial between 2018 and 2020 before the
coronavirus disease (COVID-19) pandemic
were included.

For the validation analysis, we utilized
an independent cross-sectional single-center
cohort of 60 women with PAH at the
University of Pennsylvania enrolled between
2015 and 2017. Premenopausal women were
included in this study, but inclusion and
exclusion criteria were otherwise similar to
those of PHANTOM. No subjects were in
both studies. Both studies were approved by
the institutional review board, and all
subjects provided informed consent.

Data Collection

In both cohorts, subjects attended a study
visit, during which demographics and
medical histories were recorded. Subjects
performed 6-minute walk testing using
standardized methods (15) and underwent
protocolized research grade
echocardiograms. All echocardiograms were
interpreted centrally at the Mayo Echo Core
Laboratory (PHANTOM) and the Penn
Echo Core (Penn cohort) according to the
Society of Echocardiography guidelines from
2015 (21). Echocardiography readers were
blinded to other clinical information. TAPSE
was chosen a priori as the primary variable of
interest as described above, especially given
challenges with transthoracic and subcostal
windows on echocardiography in the

setting of RV dilatation. Other parameters
of RV systolic function, including RV
fractional area change and Tei index, were
also assessed as secondary variables of
interest (22).

Patients completed the Medical
Outcome Study Short Form-36 (SF-36) and
the emPHasis-10 (E-10) during their study
visit. SE-36 is designed to assess general
HRQoL across two domains, mental and
physical (23). The mental component score
was calculated utilizing the vitality, social
functioning role, emotional, and mental
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Table 1. Patient characteristics (PHANTOM)

Age, yr
Sex, female, %
Body mass index, kg/m?
Race, %
White
African American
Other
PAH etiology, %
Idiopathic/heritable
Connective tissue disease
Other
PAH medications, %
Only oral
Inhaled = oral
Parenteral prostacyclin analog =+ oral
WHO functional class, %
I
Il
11}
emPHasis-10
SF-36-MCS
SF-36-PCS
6-minute walk distance, m
TAPSE, cm
Right ventricular dysfunction, %
None
Mild
Moderate
Severe
Accelerometry variables (per day)
Vector magnitude counts
Step counts
Sedentary, min
Light activity, min
Moderate activity, min

n=>55

61+10.3
67
30.1 £6.4

80
7
13

49
24
27

67
11
22

7
64
29
19+9
55+ 7
37+8
424 +113
2.2 (1.9-2.6)

11
42
36
11

355,600 + 158,400
3,860 = 2,830
610 (508-680)
165 (131-190)

8 (2-13)

Definition of abbreviations: MCS = mental component score; PAH = pulmonary arterial
hypertension; PCS = physical component score; PHANTOM = Pulmonary Hypertension and
Anastrozole; SF-36 = Short form-36; TAPSE = tricuspid annular plane systolic excursion;

WHO = World Health Organization.

Data are summarized as mean =+ SD or median (interquartile range).

health domains. The physical component
score was calculated using the physical
functioning role, physical pain, and general
health perception domains (23). The E-10 is
a pulmonary hypertension (PH) specific
instrument that consists of questions
addressing breathlessness,

fatigue, confidence, and control. Each

item was scored on a six-point scale from 0
to 5, and the total score ranges from 0 to 50
with higher scores indicating worse
HRQoL with a reliability coefficient of

0.95 (24, 25). The SF-36 and E-10 have
been validated and widely used in PAH
(24, 26-29).

Activity Measures

In PHANTOM, all patients were
instructed to wear the ActiGraph GT9X
accelerometer on the nondominant hip
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during waking hours for a 7-day period after
the baseline study visit and before starting
study drug. In the Penn cohort, patients were
instructed to wear the ActiGraph GT3X
monitor on their nondominant wrist for

24 hours for a 7-day period. Nonwear time
was defined using a standardized

algorithm (16, 30, 31). Days with less than

5 hours of wear time were excluded in both
cohorts (32). Patients removed the
ActiGraphs for water-based activities such as
bathing.

These accelerometers gather data along
three orthogonal axes: anteroposterior,
vertical, and mediolateral at a frequency of
30 Hz. The data were processed using the
ActiLife software into epoch lengths of
1 minute and summarized as vector
magnitude counts that reflect the mean
amplitude deviation across the three axes,

calculated by obtaining the square root of the
quadrate of the three separate dimensional
axes [(x* + y2 + 22)12] (16). We used the
total daily vector magnitude counts as the
primary output feature from accelerometers.
Secondary output features included step
counts and time spent in sedentary activity
(1.0-1.5 METs), light activity (1.6-3.0
METs), moderate activity (3.1-6.0 METs), or
vigorous activity (>6.1 metabolic equivalent
of tasks [METs]) (33). In this study, we
expressed the accelerometer data as wear
time in minutes, vector magnitude counts,
step counts, and minutes spent in different
activity intensities. The median value of
activity metrics summed over wear time was
calculated as robust measures of activity
intensities for each subject and was used in
the analyses.

In both cohorts, patients maintained an
activity diary (Table E2), where they
recorded times when they were asleep and
when they performed intentional exercise.
Activity diaries were used as a quality control
measure to evaluate algorithm-generated
ActiGraph wear times.

Statistical Analysis

Data were summarized using means and SDs
or medians and interquartile ranges, as
appropriate. Heatmaps were used to visualize
physical activity over the 7-day period. We
conducted two sets of regression analyses to
evaluate the associations between
echocardiographic functioning and daily
physical activity and physical activity with
patients’ self-reported outcomes, respectively.
First, a linear regression model was used to
estimate the association between TAPSE
(independent variable) and vector magnitude
counts (dependent variable). Other
independent and dependent variables
included qualitative RV dysfunction (as a
categorical variable), RV fractional area
change, Tei index, and step counts,
respectively.

We then used separate models to assess
the association between vector magnitude
counts (independent variable) and 6-minute
walk distance and E-10 and SF-36 scores
(dependent variables). All models were
adjusted a priori for age, sex, body mass
index, PAH attributable to connective tissue
disease versus other types, and accelerometer
wear time.

To determine if there were unique
activity phenotypes in PHANTOM, we
utilized median values of seven
accelerometer features, including wear time,
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Figure 1. Vector magnitude counts over a 7-day period from (A) PHANTOM (Pulmonary Hypertension and Anastrozole) and (B) Penn
(Pennsylvania) cohort. These heatmaps show vector magnitude counts for subjects across the 7-day study period. Each row represents data
from an individual patient. Each graphical square depicts the median vector magnitude counts for that hour over the 7-day study period.

vector magnitude counts, step counts, and
minutes spent in sedentary, light, moderate
and vigorous activity for each patient

(7 features X 55 subjects = 385 data points).
Features were standardized by mean
centering and SD scaling for harmonization
before performing a principal component
(PC) analysis (34-36). Accelerometer wear
time was included in the PC analysis, as it
was highly correlated with other measures.
K-means clustering was then performed on
the PC scores, which identified three
nonoverlapping activity phenotypes (34, 37,
38). Elbow and silhouette methods were used
to identify the optimal number of clusters to
partition the data set (34). Summary statistics
were obtained for patients within each
cluster. After cluster labels were assigned, we
conducted post hoc analyses to compare

characteristics across three clusters.
Multivariable linear regression models were
then used to assess the association of
underlying TAPSE with cluster assignment.
Additionally, multivariable linear regression
models were performed to estimate the
difference in 6-minute walk distance and
HRQoL across the three clusters. Based on a
priori hypotheses and differences in clinical
parameters noted among the three clusters,
models were adjusted for age, sex, body mass
index, WHO functional class, and use of
parenteral prostacyclin analogs. Models were
selected using lowest Akaike’s information
criteria (AIC) and Bayesian Information
criteria (BIC) values. Additional covariates
assessed included oxygen use and PAH
attributable to connective tissue disease
versus other types.

Minhas, Shou, Hershman, et al.: Physical Activity in PAH

To examine the reproducibility of
clustering in PHANTOM data, we projected
similar key accelerometer features collected
in the Penn cohort and centered and scaled
these data. These features from the Penn
cohort were then projected onto the PCs
generated from PHANTOM. A K-nearest
neighbors analysis was performed to
segregate patients into nonoverlapping
activity-based clusters (34, 39, 40). Two
subjects had ties for cluster assignment and
were excluded from further analysis. A
statistical modeling approach similar to
those outlined above were performed to
determine if associations in the
PHANTOM cohort were also seen in the
Penn cohort. All statistical analyses were
performed in R 3.6.2 (R Foundation for
Statistical Computing).
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Figure 2. Multivariable linear regression models of tricuspid annular plane systolic excursion (TAPSE) with (A) vector magnitude counts and
(B) step counts after adjusting for age, sex, body mass index, connective tissue disease as etiology of pulmonary arterial hypertension and
accelerometer wear time in PHANTOM (Pulmonary Hypertension and Anastrozole). (B coefficients reported per 0.4-cm increase in TAPSE. Gray
area represents the 95% confidence interval [Cl].)
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Figure 3. Expected mean estimates for (A) vector magnitude counts and (B) step counts by right ventricular dysfunction based on regression
models after adjusting for age, sex, body mass index, connective tissue disease as etiology of pulmonary arterial hypertension, and
accelerometer wear time in PHANTOM (Pulmonary Hypertension and Anastrozole). RV = right ventricular.
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Figure 4. Multivariable linear regression models of 6-minute walk distance with (A) vector magnitude counts and (B) step counts and
emPHasis-10 scores with (C) vector magnitude counts and (D) step counts after adjusting for age, sex, body mass index, connective tissue
disease as etiology of pulmonary arterial hypertension, and accelerometer wear time in PHANTOM (Pulmonary Hypertension and Anastrozole).
(B coefficients reported for a 10,000 increase in vector magnitude counts and 1,000 increase in step counts; gray area represents the 95%
confidence interval [Cl].) BMWD = 6-minute walk distance; E-10 = emPHasis-10.

Results

The PHANTOM cohort included 55
subjects. The mean age was 61 years, and
67% were women (Table 1). Idiopathic PAH
was the most common etiology, and 22%
patients were receiving parenteral
prostacyclin analogs. Patients wore the
ActiGraph an average of 13.6 hours each day.
Wear times varied greatly among patients.
(Figure E1A). Four patients had days with
fewer than 5 hours of wear time, two patients
with 1 day each and two patients with 2 days
each, excluded from analyses. Most patients
were WHO functional class II. Patients spent
the vast majority of their time being
sedentary and a small amount performing
light activity. No vigorous activity was
observed in this cohort. Over the week that
the ActiGraph was worn, there was
significant variability in activity between
patients depending on time of the day
(Figure 1A).

Association of RV Function with Daily
Physical Activity

We found that a higher TAPSE (better RV
function) was significantly associated with

higher vector magnitude counts in the
PHANTOM cohort. A 0.4-cm or 1-SD
increase in TAPSE was associated with an
increase in vector magnitude counts by
34,000 (95% CI, 900 to 67,000; P=0.004) and
possibly an increase in step counts by

424 steps (95% CI, —90 to 940 steps;
P=0.10) after adjustment for covariates
(Figures 2A and 2B). Similarly, patients with
more severe qualitative RV dysfunction had
significantly lower vector magnitude counts
and a trend toward lower step counts
(Figures 3A and 3B). Analyses including
other RV systolic function measures (RV
fractional area change and Tei Index) were
not statistically significant, but patients with
higher RV fractional area change and lower
Tei Index (better RV systolic function) had
quantitatively higher levels of activity

(Table E3).

Association of Daily Physical Activity
with Outcomes

A higher level of daily physical activity,
measured by vector magnitude counts, was
associated with a higher 6-minute walk
distance and lower E-10 scores, indicative of
better HRQoL in the PHANTOM cohort

Minhas, Shou, Hershman, et al.: Physical Activity in PAH

(Figure 4). A 1-SD increase in vector
magnitude counts was associated with a
56.1-m increase in 6-minute walk distance
(95% CI, 28.6-83.7 m; P < 0.001) and
3.3-point decrease in E-10 scores (95% CI,
0.3-6.4; P=0.03). Similar associations were
found for step counts.

Physical Activity Phenotypes

We identified three distinct
nonoverlapping clusters of subjects in
PHANTOM using PC analysis and
K-means clustering, those with low
activity, medium activity, and high
activity (Figure 5A and Table E4). The
most active cluster was younger and
more likely to be male and to have
idiopathic or heritable PAH (Table 2).
Less active patients had worse WHO
functional class. Across the three clusters
(from the lowest activity to highest
activity), 6-minute walk distance
significantly increased, and E-10 scores
were significantly lower (indicating
better HRQoL) even after adjustment for
age, sex, BMI, WHO functional class,
and use of parenteral prostacyclin
analogs (Figures 6A and 6B). No
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association was found between TAPSE
and cluster assignment or cluster
assignment and components of the
SF-36 score (Table E5).

Validation of Activity Phenotypes
The Penn cohort included 60 women.
The mean age was 50, idiopathic PAH
was the most common etiology, and
35% were receiving parenteral
prostacyclin analogs (Table 3). The
patients were younger, all women, and
more commonly in WHO functional
class III. Patients wore the ActiGraph
for an average of 15.8 hours each day,
consistent with somewhat lower

578

adherence considering this sample was
instructed to wear the ActiGraph 24 h/d.
Wear times varied greatly among
patients. (Figure E1B). Four patients had
days with fewer than 5 hours of wear
time, three patients with 1 day each and
one patient with 2 days, excluded from
analyses. E-10 scores and 6-minute walk
distances were similar in both cohorts.
Accelerometry variables were
systematically higher in the Penn cohort,
as expected with the device worn on the
wrist compared with the waist in
PHANTOM (41, 42). Patients spent a
majority of their time being sedentary
with a small amount in light activity and

no vigorous activity. Similar to
PHANTOM results, there was significant
variability in activity noted in this
cohort depending on time of the day
(Figure 1B).

We used a K-nearest neighbors
algorithm to project accelerometer features
from the Penn cohort onto the PCs derived
from PHANTOM. Three clusters with
similar distribution of activity states were
identified in this cohort. (Figure 5B and
Table 2). There were no significant
differences between the age or etiology of
PAH among the clusters in the Penn cohort.
Cluster assignment in this cohort was again
independently associated with 6-minute walk
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Table 2. Patient characteristics across activity clusters

PHANTOM Penn Cohort
Low Medium High Low Medium High
Activity Level (n=13) (n=23) (n=19) P Value (n=25) (n=13) (n=19) P Value
Age, yr 667 63+9 54 + 11 <0.001 48 +16 52 +23 48 +16 0.77
Sex, female, % 85 74 58 0.24 — — — —
Body mass index, kg/m? 29+6 31x7 29+5 0.42 28+6 2758 27.2x4 0.89
PAH etiology, % 0.09 0.73
Idiopathic/heritable 15 57 63 — 48 38 58 —
Connective tissue disease 39 22 16 — 28 39 32 —
Other 46 21 21 — 24 23 10 —
PAH medications, % 0.17 0.07
Only oral 69 65 68 — 48 62 63 —
Inhaled *+ oral 8 22 0 — 4 30 0 —
Parenteral prostacyclin analog * oral 23 13 32 — 48 8 37 —
WHO functional class, % 0.008 0.26
I 0 0 21 — 0 15 16 —
Il 54 61 74 — 48 54 37 —
1} 46 39 5 — 52 31 47 —

Definition of abbreviations: PAH = pulmonary arterial hypertension; Penn = Pennsylvania; PHANTOM = Pulmonary Hypertension and Anastrozole;

WHO = World Health Organization.

Low, medium, and high indicate activity levels. Data are summarized as n % or median (interquartile range).

distance, where patients who were more
active had higher 6-minute walk distance
(Figure 6C), but there were no differences in

E-10 (Figure 6D). There was no significant
association between TAPSE and cluster
assignment.

Table 3. Patient characteristics (Penn Cohort)

n=60

Age, yr 50+ 18
Sex, female, % 100
Body mass index, kg/m? 28+6.2
Race, %

White 58

African American 32

Other 10
PAH etiology, %

Idiopathic/heritable 50

Connective tissue disease 31

Other 19
PAH medications, %

Only oral 56

Inhaled * oral 9

Parenteral prostacyclin analog = oral 35
WHO functional class, %

| 9

1l 46

1] 45
emPHasis-10 19+12
6-minute walk distance, m 403 £ 129
TAPSE, cm 2.0 (1.7-2.2)

Accelerometry variables (per day)
Vector magnitude counts
Step counts
Sedentary, min
Light activity, min
Moderate activity, min

1,860,000 = 613,800
7,960 + 2,710
333 (255-396)
236 (207-260)
16 (12—29)

Definition of abbreviations: PAH = pulmonary arterial hypertension; Penn = Pennsylvania;
TAPSE = tricuspid annular plane systolic excursion; WHO = World Health Organization.
Data are summarized as mean =+ SD or median (interquartile range).
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Discussion

In a multicenter sample from a clinical trial
of men and postmenopausal women with
PAH, better RV function was associated with
increased levels of accelerometer-measured
daily physical activity. A 1-SD increase in
TAPSE was associated with an increase in
vector magnitude counts by 34,000 units or
0.23 SDs. Higher levels of physical activity
were associated with a greater 6-minute walk
distance and better PAH-specific HRQoL, as
defined by the E-10 score. With the use of
novel features derived from accelerometers,
pattern-based activity phenotypes were
identified and reproducible in a second
cohort of PAH patients. In both of these
distinct study samples, the more physically
active group had greater 6-minute walk
distance. Subjects in both cohorts were
sedentary for a majority of their time
(8-10 h/d), with only minimal time spent in
activities of moderate intensity (1-20 min/d).
Patients with PAH are frequently
limited in their physical activity owing to
dyspnea, fatigue, and, in more severe cases,
syncope. Impairment in RV contractility
leading to an inability to adequately augment
cardiac output is thought to be the culprit
that precipitates these symptoms (43). In
animal models of PAH, improved RV
function improves exercise capacity (44).
Clinically, the 6-minute walk distance is most
often used as a measure of exercise capacity
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Figure 6. (A-D) Expected mean estimates for 6-minute walk distance and emPHasis-10 from PHANTOM (Pulmonary Hypertension and
Anastrozole) (A and B) and Penn (Pennsylvania) Cohort (C and D) with activity levels based on regression models adjusted for age, sex, body
mass index, World Health Organization functional class, and use of parenteral prostacyclin analog therapy. BMWD = 6-minute walk distance;

E-10 =emPHasis-10.

to assess disease severity and manage therapy
(1). However, it does not capture the patterns
of or variability in daily physical activity. A
decline in the 6-minute walk distance may
reflect worsening of disease, but the ability to
identify worsening is dependent, by design,
on the in-person completion of this test.
Another major concern regarding the
6-minute walk test is the presence of a
“ceiling effect” in those with milder disease
(45, 46). Accelerometry has the advantage of
measuring physical activity in the patients’
free-living environment on a much more
frequent basis and can be assessed
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longitudinally. Our study showed a strong
association between daily activity levels,
activity phenotypes, and the 6-minute walk
distance. The use of accelerometry offers the
opportunity to objectively capture real-time
changes in daily activity levels, a potentially
meaningful tool that may detect early signs
of disease worsening, prompting further
clinical assessments.

Exercise capacity is an important
prognostic indicator in PAH (1). The
6-minute walk distance correlates well with
peak oxygen consumption (47) and is used
widely as an endpoint in clinical trials of PAH

therapies (48). Our study is the first to
examine the relationship between RV systolic
function and granular metrics of
accelerometry to our knowledge that reflect
patients’ daily activity in a multicenter cohort.
We found that better RV systolic function
measured by TAPSE was associated with
higher daily physical activity. The
associations of other measures of RV
systolic function with physical activity were
nonsignificant but were limited by missing
data (Table E3).

Measurements of daily physical activity
have been used to assess patients’
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performance status in several other diseases,
such as fibromyalgia, hypertension, chronic
obstructive pulmonary disease, and lung
cancer (49-52). In left-heart failure, reduced
physical activity measured by accelerometry
has been associated with worse functional
status and lower HRQoL scores. However,
investigations into the relationship of
physical activity with outcome measures in
PAH are limited to single-center cohorts
with relatively small sample sizes and
variability in data collection and processing.
These studies in PAH have focused primarily
on the association of step counts with clinical
measures. Although step counts are an easily
understood measure, they are not equitable
across devices; step-counting algorithms are
proprietary (and usually not publicly
available) and use different thresholds to
determine acceleration in different devices
(53). Furthermore, step-counting accuracy is
low in patients with chronic conditions and
low walking speeds (54).

In our study, we utilized granular
accelerometer output data measures in
addition to step counts and showed a strong
association between daily physical activity,
activity phenotypes, and HRQoL scores in the
multicenter PHANTOM cohort. The
relationship between activity phenotypes and
HRQoL was not seen in the single-center

Penn Cohort. Although this cohort consisted
of only women, it was thought to be
representative of PAH epidemiology, with the
disease being more prevalent in women.
However, the somewhat younger all-female
study population in this cohort could perhaps
explain our findings. PHANTOM included an
older population with PAH than other studies
because of our exclusion of premenopausal
females. These different age groups may have
different mental or emotional factors that
impact the E-10 in addition to
cardiopulmonary disease. Difference in site of
device wear may also have been a contributor.
Alternatively, we speculate that a more likely
explanation is the use of summary metrics for
our analyses. In this study, patients wore
ActiGraphs for 7 days. Total activity metrics
were computed by summing daily levels and
then using median values across the study
visit duration for each participant. Although
this use of median values helped identify
overall patterns, we speculate that the granular
data that captures between-day and within-
day variability in physical activity may be
pertinent.

Limitations

Our study has several limitations. Our
cohorts included a relatively small number of
patients in each cohort with differences in

age and sex between the two cohorts. There
was a high degree of missingness of RV
systolic measures other than TAPSE.
However, there appeared to be trends in the
same direction. The two cohorts used
different sites for device placement, one worn
at the hip (PHANTOM) and the other the
wrist (Penn). Prior studies have shown
significant correlations between the measures
obtained by both devices, although the wrist-
based device tends to register higher overall
counts attributable to frequent hand
movements, as we also noted in our cohort
(Figure 1) (41, 42). Despite these limitations,
the identification of similar patterns of
activity among the two PAH cohorts is
informative.

Conclusions

Overall, our study suggests that patients with
PAH segregate into distinct groups based on
their physical activity levels, which link to
clinical measures like the 6-minute walk
distance and HRQoL. It is possible that
future trials could use “clustering” to enrich
enrollment in clinical trials. Accelerometry
may be a promising tool to assess daily
physical activity in patients with PAH. Il

Author disclosures are available with the
text of this article at www.atsjournals.org.
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