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Aims Activity trackers for clinical trials and remote monitoring are appealing as they provide objective data outside of
the clinic setting. Algorithms determine physical activity intensity and count steps. Multiple studies show physical in-
activity in pulmonary arterial hypertension (PAH). There are no studies comparing different activity trackers worn
on different parts of the body in PAH. We had patients with PAH simultaneously wear two different accelerome-
ters, compared measures between the two devices, and correlated the measures with standard clinical metrics in

PAH.
Methods This was a single-centre, prospective observational study. Daily physical activity and daily total steps were
and results measured using Actigraph GT9X Link and MC10 Biostamp nPoint for 5-10days. Actigraph was worn on the

non-dominant hand and the MC10 Biostamp nPoint was worn on the chest and leg with disposable adhesives.
Twenty-two participants wore both accelerometers >12h/day for an average 7.8 days. The average activity time
measured by Actigraph was significantly higher than that measured by MC10 (251£25min vs. 113 £ 18 min,
P=0.0001). Actigraph’s algorithm reported more time in light activity than moderate (190 £ 62 min vs. 60 £ 56 min,
P=0.0001). REVEAL 2.0 scores correlated highly with activity time measured using either device. Invasively
measured haemodynamics within 7 days did not correlate with activity time or daily steps.

Conclusion Different activity trackers yield discordant results in PAH patients. Further studies are needed in determining the
best device, optimal wear time, and different thresholds for activities in chronic diseases.
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Graphical Abstract

CONTINUOUS HEART RATE MONITORING TO DETERMINE ACTIVITY LEVEL
IN PAH USING TWO DIFFERENT WEARABLE TECHNOLOGIES

MC10 Biostamp nPoint Wearable Sensor
1 lead ECG + accelerometer

Actigraph GTX9 Wrist Watch
«© Accelerometer

| Both devices worn simultaneously for 5-10 days, >12 hours a day ]<—
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CONCLUSIONS

» Wide discrepancy between the two wearable devices for activty time and steps

» Actigraph correlates better with PAH metrics than Biostamp nPoint

» Future work should address what each device is measuring, which device is preferred for
specifc measures/activities, optimal wear time for a specific assessment and adjusted
thresholds for use in chronic diseases

Keywords Activity tracker ¢ Wearable ¢ PAH e Steps e Activity time
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Introduction

The COVID-19 pandemic has highlighted an urgent need for remote
patient monitoring; of course, home monitoring minimizes exposure
risk to patient and providers but could also decrease cost and im-
prove management of chronic disease.! Multiple clinical trials have
also started to include exploratory, or even primary,” endpoints using
wearable ‘cechnology.3 Activity trackers are appealing as they provide
objective data outside of the clinic setting not reliant on patient re-
call* Proprietary algorithms can determine intensity (light, moderate,
and vigorous) and segregate sedentary vs. active time. The initial val-
idation studies of activity trackers monitored physical activity levels in
healthy controls using wrist->® and hip-based sensors.” There are
multiple studies using different accelerometers showing physical in-
activity in chronic pulmonary diseases® and specifically pulmonary ar-
terial hypertension (PAH).C)"11 Multiple different devices are available
and can be worn on different parts of the body. At this stage, there
are few studies comparing data quality and algorithm analysis for dif-
ferent devices worn on different parts of the body at the same
time.">™"® Activity trackers placed on the ankle likely offer the most
accurate step count.™"® Wearing them on the ankle is not as aes-
thetically appealing as the wrist, heart failure patients with oedema or
compression stockings may have difficulty wearing them, and new
devices have other features (heart rate monitoring) that would be dif-
ficult to use on the ankle. There are none comparing activity data
quality in PAH a disease for which we know activity is remarkably
low. Total wear time is also an important factor when evaluating
physical activity time or total steps.

To address the question of how well two different accelerometers
compare in a chronic cardiopulmonary disease with decreased activ-
ity time, we had patients with PAH simultaneously wear a research
grade accelerometer on their non-dominant hand and a chest/leg-
based accelerometer. We compared total physical activity time
measurements and total daily steps between the two devices. We
also compared physical activity measurements to established metrics
in PAH [risk assessment, N-terminal pro B-type natriuretic peptide
(NT-pro-BNP), and haemodynamics]. We hypothesized that wrist-
based devices would artefactually measure more physical activity
time and steps compared to the chest/leg-based devices because of
less relevant arm movements. We also hypothesized that chest-
based devices would correlate more tightly with PAH clinical metrics
because they would be less by irrelevant movements measured with
the wrist-based device.

Methods

This was a single-centre prospective observational study completed at
the University of Rochester Medical Center Pulmonary Hypertension
Association’s accredited Comprehensive Care Center. IRB approval was
obtained before consenting any participants. We offered participation to
interested WHO Group 1 PAH patients'® at the time of a routine clinic
visit during the recruitment period (March 2020-2021). We only
excluded those who endorsed severe immobility unrelated to PAH.
Patients were not required to have a smart device or internet. Daily phys-
ical activity and daily total steps were measured using Actigraph GT9X
Link and MC10 Biostamp nPoint for 5-10days. Seven days has been
shown to be sufficient when monitoring stable PAH patients using a

wrist-based activity tracker.” Given the added work of wearing MC10
Biostamp nPoint in this chronically ill group, we included an option for
participants to return the device early if it was too burdensome or have
flexibility on when they could return the device based on their schedule.
At the minimum participants needed to have the device for 5 days.
Participants were asked to wear the Actigraph on the non-dominant
hand; the MC10 Biostamp nPoint requires two small sensors (chest and
thigh) affixed to the skin with disposable adhesives."” We downloaded
Actigraph data after the unit was returned; MC10 Biostamp data must be
downloaded and re-charged daily which takes roughly 60 min on a dock.
During this docking time, we encouraged participants to shower or do
activities that would not require much physical activity, and we asked
them to remove the Actigraph when the MC10 device was charging (for
parity). We reviewed Actigraph data to verify that minimal activity
occurred during MC10 charging. Participants were encouraged to wear
the devices nearly continuously or at least during waking hours.
Proprietary algorithms prevented direct comparisons between select
periods of activity or time. If participants had difficulty sleeping with either
device on they were asked to take both off to minimize time where direct
comparisons could not be made. After consent at the initial visit, a 6-min
walk test (6BMWT) was performed according to the American Thoracic
Society 6SMWT guidelines,® and, using the MC10 Biostamp nPoint affixed
to the chest, we also measured continuous heart rate to calculate cardiac
effort during the 6MWT (heart beats/walk distance) using previously
reported methods."** Actigraph is capable of measuring heart rate
when paired with Polar chest strap. We did not provide subjects with
chest straps. Participants completed an emphasis 10 questionnaire®' at
the initial visit when an investigator recorded baseline demographics and
clinical information to calculate a Reveal 2.0 score.”” No changes were
made to medications within 30days of enrolment. Participants were
encouraged to continue their baseline activity during the monitoring
period. During the remote monitoring period, participants completed a
daily survey documenting on a scale of 1-10 (10 being the most active)
their perceived level of activity for the day, duration of activity (any time
spent moving around during the day), duration of time spent out of the
house, degree of breathlessness with activity and rest, duration of inactiv-
ity, energy level for the day, and duration of sleep.

Statistical analysis

We included data for analysis if both accelerometers were worn for
>12 h per day during the same time and then used Bland—Altman to com-
pare total activity time and total daily steps between the two devices.
Using Pearson and Spearman correlation coefficient, we compared these
activity metrics to age, 6MWT distance, cardiac effort during 6MWT,
NT-pro-BNP, Functional Class, Emphasis 10 score, Reveal 2.0, and re-
mote daily activity survey. We compared haemodynamic data to activity
data if right heart catheterization was performed within 7 days of the start
of activity monitoring. Right heart catheterization was only performed if
clinically indicated. Categorical variables are reported as counts and per-
centages. Continuous variables are reported as mean with standard devi-
ation or median with interquartile ratio. Student’s paired t-test or Mann—
Whitney test was performed as appropriate for group comparisons using
SAS 94.

Results

Twenty-two participants were enrolled and wore both accelerome-
ters >12h/day (720 min) for an average of 7.8days (173 days of
paired measurements). No participants were excluded because of in-
adequate data collection. The Actigraph was worn on average for
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1249 £ 139 min per day while the MC10 was worn on average for
1220 £ 99 min per day. Demographics are listed separately in Table 1
for participants who were treatment-naive; for those who were
starting additional PAH therapy because of intermediate or high
Reveal 2.0 scores (treatment intensification); and for those whom the
provider and patient agreed were satisfactory on current PAH ther-
apy (stable).

Physical activity time

The average activity time measured by Actigraph was significantly
higher than what was measured by the chest and thigh MC10 sensors
(251+£25min vs. 113£18min, P=0.0001). Of the activity time,
Actigraph’s algorithm reported that participants spent more time in
light activity than moderate (190+62min vs. 60+56min,
P=0.0001). MC10 does not attempt such as segregation. Bland—
Altman shows that the wrist-based Actigraph almost always meas-
ures more ‘activity’ than the chest/leg-based MC10, but this is most
pronounced for those with more than 150min of activity daily
(Figure 7).

Total daily steps

There was a numeric difference in the average number of daily steps
measured between the Actigraph and MC10 (3254 £ 5781 steps vs.
2448+ 3990 steps, P=0.59). Bland—-Altman plots show very wide
limits of agreement without a clear bias in steps measured by the two
devices. Actigraph appears to overestimate daily steps at lower daily
step counts (<3000 steps/day) when using MC10 as the reference
(Figure 1).

Table |

Activity, steps, and other pulmonary
arterial hypertension metrics

Actigraph had a stronger correlation between its own measure of
daily activity time and steps than MC10 (Figure 2). REVEAL 2.0 scores
correlated highly with daily activity times measured using either de-
vice but much less so with daily steps (Table 2). Similarly, 6MWT dis-
tance and NT-pro-BNP correlated strongly with activity time (both
devices) but not with daily steps (either device). Invasively measured
haemodynamics measured by right heart catheterization within
7 days of initiating activity measures as well as cardiac effort during
6MWT did not correlate with activity time or daily steps measured
by either device (Table 2). Investigator assessed FC (before the activ-
ity trackers were issued) correlated strongly with light and total activ-
ity on the Actigraph but much less strongly with the MC-10 device;
Emphasis-10 quality of life scores did not correlate with activity.

Remote survey

Eighteen subjects returned their daily activity survey (Table 3). Age
and body mass index were not associated with any of the survey
parameters (Table 4). REVEAL 2.0 score and NT-pro-BNP correlated
strongly with activity level and estimated inactivity time. Different
Actigraph parameters correlated with activity level and estimated ac-
tivity and inactivity time. MC10 correlated with estimated activity
time. Interestingly, cardiac expenditure correlated the strongest with
energy level. Borg score after 6MWT correlated strongly with their
reported degree of breathless during remote activities (r=10.69,
P=10.001). We did not find any correlation with time spent out of the
house or estimated sleep duration.

Disease characteristics at the time of activity measures

Treatment Naive (n = 6)

Age 61+13
Female sex 5(83%)
PAH Aetiology
Idiopathic 4 (67%)
Connective tissue disease 2 (33%)
Vasodilator therapy
None 6 (100%)
Monotherapy 0
Combination 0
Prostacyclin 0
6MWD (m) 395 (229, 429)
Cardiac effort (beats/m) 19(14,29)
NT-pro-BNP 1827 (112, 3852)
Functional class (I/1I/1l) 0/3/3
Reveal 2.0 73145
Emphasis 10 33+£5
RHC N=6
RA, mmHg 9+3
mPAP, mmHg 45+13
PVR, Woods units 118167
Cl, L/imin/m? 1.7+0.5

Treatment intensification (n = 6) Stable (n =10)

53+17 53415

3 (50%) 7 (70%)

3 (50%) 6 (60%)

2 (33%) 1(1%)

0 0

2 (33%) 1.(10%)

4 (67%) 5 (50%)

0 4 (40%)

377 (152, 498) 381 (352, 459)
19 (13, 4.4) 1.6 (14,2.0)
2029 (50, 3845) 214 (137, 360)
0/1/5 0/10/0
93+35 42422
3112 2449

N=4 N=6

1216 1043

4845 3811
82+3.1 57429
22405 23405
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Figure | Bland-Altman plot and comparison of daily physical activity time and daily total steps between Actigraph and MC10 Biostamp. (A) The
Actigraph’s wrist-based location measures markedly more activity time than MC10’s chest and thigh sensors. (B) Bland—Altman plot showing physical
activity time <300 min (boxed region in panel A). Twelve points are missing. (C) Using MC10 as the baseline, there is significant difference between
Actigraph and MC10 measurement <150 min. (D) There is wide range and agreement between step count measured between the two devices.
(E) Bland—Altman plot showing <6000 daily steps (boxed region in panel D). Ten points are missing. (F) Using MC10 as the baseline, there is wide vari-
ability between step counts measured between the two devices, specifically at <3000 steps/day.

Discussion

We report significant differences between the metrics (especially ac-
tivity time) measured with wrist as compared to chest-based activity
trackers in a diverse group of PAH patients. The chest-based MC10
nPoint is less likely to be influenced by otherwise sedentary arm
movements compared to the wrist-based Actigraph, but interesting-
ly, light activity and total activity measured by the Actigraph corre-
lated strongly with Reveal 2.0 and functional class (more so than the
MC10). Especially for the subjective measure of functional class
(symptoms), it may be that near-sedentary activity involving the arms
‘counts’ as activity in this impaired group of individuals with PAH. The
MC10 algorithm focusing on torso and leg movements is apparently
more stringent in counting activity time especially for inactive partici-
pants (Figure 1A), but then the correlation with symptom reports is
weaker. As our field considers novel trial endpoints and remote
markers of clinical status, it is important to understand what wearable
devices are capable of measuring and how those metrics correlate
with validated clinical measures.

Activity trackers offer continuous monitoring in the home setting
without patient recall or bias.* They are capable of measuring differ-
ent types of movement, with walking being the major component.
Ankle worn activity trackers are likely the most accurate way to ob-
tain step counts in the remote setting.'*'> Multiple reasons including
oedema, difficulty affixing the device, or aesthetics could limit compli-
ance with an ankle worn activity tracker. No single device is compre-
hensive, because an ankle monitor would be insensitive to upper
torso activity. When comparing hip and wrist-based Actigraph in

healthy young and old adults, the wrist-worn Actigraph counted sig-
nificantly more steps, specifically for those whose counts were
<6000 s'ceps/day.23 The authors cautioned using total steps per day
as an outcome.”® This is similar to what we observed comparing
MC10 and Actigraph (Actigraph counted substantially more activity
time and somewhat more steps in this more sedentary range).
Another study compared different commercial accelerometers worn
on the wrist, shirt, waist, and ankle/foot and measured variable accur-
acy in an older population with abnormal gaits** this observation sug-
gests that the proprietary algorithms may not be useful in those with
illness. Our study hypothesized potential benefits of MC10 Biostamp
nPoint: (i) sensors are lightweight and worn under clothes; (ii) activity
time and step measurements are based off dynamic activities (i.e.
those typically needed for health benefits); and (iii) there is less noise
introduced by arm or leg swing when at rest. In contrast with our hy-
pothesis, we found that the wrist-based Actigraph correlated better
with commonly used clinical metrics in PAH better than the MC10
Biostamp nPoint. One key unknown is whether a less stringent
Biostamp algorithm for movement would have shown more activity
and therefore stronger correlations.

Over the past decade, there have been multiple studies showing
decreased physical activity time in PAH patients using multiple activity
trackers worn on different parts of the body (arm, wrist, hip, and
clothes).” "> We do not know how well the activity segregation
algorithms (for the Actigraph) perform with variable gaits and walking
speeds seen in chronic diseases, such as PAH. In our study, three par-
ticipants wore an Actigraph during their SMWT. Actigraph classified
the majority of the 6MWT as light activity, even with a walk distance
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Figure 2 Internal correlations between steps/day and physical activity time measurement with Actigraph and MC10 Biostamp nPoint. (A) There
was stronger internal correlation between steps/day and activity time measured by Actigraph. (B) Comparison with activity time <400 min/day with
steps/day measured by Actigraph (boxed region in panel A). Twelve points are missing. (C) Correlation between steps/day and activity time measured
by MC10 Biostamp nPoint. (D) Comparison with activity time <400 min/day with steps/day measured by MC10 Biostamp nPoint (boxed region in

panel C). Five points are missing.

of ~500m. Our patients uniformly regard hallway walking for
6MWT as moderate (or heavy) activity. This is supported by the
Borg score correlating with perceived breathlessness at home. The
current algorithms may be disconnected from the functional abilities
in those impaired by chronic disease. Although an activity may be
classified as light for a healthy individual, it might actually be more
moderate in someone with chronic disease. Development of differ-
ent thresholds for light or moderate activity are needed for chronic-
ally ill patients, as the current algorithms are likely misclassifying
activity types.

We found very little moderate activity time measured by
Actigraph and relatively little activity time using the apparently more
stringent MC10 nPoint. Our data suggest that, in PAH, physical activ-
ity time seems to be a much more meaningful measurement than
daily steps as it correlated better with REVEAL 2.0, functional class,
6MWT distance, and NT-pro-BNP (Table 2). Daily steps (with either
device) did not correlate at all with validated PAH disease measures.
Interestingly, for those participants with a recent invasive study, none

of the activity metrics (either device) correlated with haemodynamic
measures; this finding mirrors previous reports.'%**?’ It seems odd
that the correlation between total activity (both devices) and NT-
pro-BNP was relatively strong but relationships with invasive meas-
ures (even stroke volume) were nil. This could be a function of
power (all had NT-pro-BNP and only seven had recent invasive
data), but it is intriguing that NT-pro-BNP stands far apart from inva-
sive data in correlating with activity. Cardiac effort, which is the num-
ber of heart beats used during the 6MWT divided by the walk
distance which we propose as an indirect measure of right ventricular
function because it correlates with stroke volume in two previous
reports'*%%; interestingly, this measure did not correlate with activity
measures. The contrast between the NT-pro-BNP (as a barometer
of right ventricular strain/dysfunction) correlating well with activity
and these other measures of right ventricular function not correlating
with overall activity requires further study in larger groups. However,
one possible explanation is that, like with 6MWT distance, factors
other than right ventricular function can have substantial influence on
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Table 2 Pearson correlation between activity metrics and other measures/characteristics

Average daily activity time

Actigraph

Light Moderate Total

r P r P r
REVEAL 2.0 -0.76 0.0001 -0.61 0.002 -0.71
FC -0.68 0.0004 -0.47 0.02 -0.60
NT-pro-BNP -0.55 0.007 -0.41 0.05 -0.50
6MWD (m) 0.55 0.007 0.45 0.03 0.52
Age (years) -0.44 0.03 -0.30 0.16 -0.39
Emphasis 10 -0.35 0.10 -0.14 0.51 -0.26

Average daily steps

MC 10 Actigraph MC10

Total
P r P r P r P
0.0002 -0.62 0.002 -0.42 0.051 -0.35 0.10
0.002 -0.37 0.08 -0.26 0.23 -0.24 0.26
0.01 -0.46 0.02 -0.27 0.20 -0.23 0.29
0.01 0.52 0.01 0.29 0.17 0.24 0.26
0.07 -0.42 0.04 -0.16 0.45 -0.11 0.61
0.23 -0.07 0.74 0.04 0.85 0.09 0.67

There was no correlation with sex, cardiac effort, body mass index, mPAP, PVR, and SV with any measure of activity.

Table 3 Daily remote survey

Activity perception (1-10) 53(3,7.3)
Estimated exertion time (min) 45 (22,91)
Estimated time out of the house (min) 137 (45, 248)
Breathlessness with activity (1-10) 3.9(15,5.8)
Breathlessness with rest (1-10) 1(1,1.2)
Estimated inactivity time (h) 5.6 (4,7.7)
Estimated sleep duration (h) 6.9 (6.3,7.7)
Energy level (1-10) 5.7 (4.3, 6.6)

Table 4 Correlation with daily remote survey

daily activity time and steps (e.g., medication side effects, comorbid-
ities, depression, fatigue, and deconditioning). Nonetheless, because
the Actigraph measure of daily activity correlated strongly with vali-
dated measures of PAH disease activity like NT-pro-BNP, Reveal
score, and functional class, our data support this tool for remote re-
search and clinical monitoring. We did not find an advantage for the
apparently more stringent MC10 device with its current algorithms
(and, in fact, our data suggest that recording arm activity as such is
important).

There are limitations to our study. This was a small study of 22 PAH
patients, although we think the wide range of disease severity and dif-
ferent types of therapies was a strength. The data was collected during
the pandemic, which likely further constrained activity in this already

Activity level Estimated activity time Estimated inactivity time Energy level
r P r P r P r P
REVEAL 2.0 -0.63 0.005 -0.26 0.29 0.70 0.001 -0.52 0.03
NT-pro-BNP -0.64 0.004 -0.25 0.31 0.76 0.0002 -0.45 0.06
Actigraph
Total activity time (min) 0.58 0.01 0.45 0.06 -0.63 0.005 0.22 0.36
Light activity time (min) 0.56 0.01 0.39 0.10 -0.65 0.003 0.31 0.21
Moderate activity time (min) 0.56 0.01 0.49 0.03 -0.55 0.01 0.12 0.68
Daily steps 0.44 0.06 0.57 0.01 -043 0.07 -0.03 0.88
MC10 Biostamp
Total activity time (min) 0.43 0.07 0.48 0.04 -0.53 0.02 0.12 0.64
Daily steps 0.41 0.08 0.62 0.006 -0.42 0.08 -0.11 0.67
6MWD (m) 0.42 0.08 0.25 0.30 -0.44 0.06 -0.64 0.004
Cardiac expenditure (beats/m) -0.41 0.09 0.25 0.31 0.39 0.10 -0.66 0.003
Emphasis 10 -0.15 0.54 -0.10 0.68 0.27 0.26 -0.57 0.01
Age (years) -0.27 0.27 -0.02 0.94 0.32 0.20 -0.36 0.14
BMI (kg/m?) 0.28 0.25 0.03 0.90 -0.28 0.26 0.08 0.73
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sedentary population. Participants could have changed their activity be-
haviour while being monitored, although this seems less of an issue
given the extremely low activity time measured. We did not obtain
granular details about activities performed remotely. We did not try to
‘prescribe’ specific activity (e.g. climbing steps, mopping the floor) nor
did we look for changes in activity with new or intensified therapy in
this first study. Further studies are needed to determine what each de-
vice is actually measuring by prescribing specific activities and assessing
the best device for a given activity. We also need to study the optimal
wear time (as this could significantly influence measurements) and
whether the categorical thresholds (e.g. low intensity, moderate inten-
sity) should be adjusted for chronic diseases.

In summary, our data add to the growing body of literature which
suggests that activity monitoring can provide useful information in
routine clinical care and as novel endpoints in research. There is still
much to be learned about what activity trackers are measuring (car-
diopulmonary health and conditioning vs. environmental or behav-
ioural confounds), and our data indicate that different devices can
yield discordant results. Further studies are needed in determining
what each device is actually measuring through controlled manipula-
tion, the best type of device for a given measure, optimal wear time
for assessment (as this could significantly influence measurements),
and adjusted thresholds for chronic diseases.
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