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Background: Physical activity after intensive care unit (ICU) discharge is challenging to measure but
could inform research and practice. A patient's smartphone may provide a novel method to quantify
physical activity.
Objectives: We aimed to evaluate the feasibility and accuracy of using smartphone step counts among
survivors of critical illness.
Methods: We performed a prospective observational cohort study in 50 patients who had an ICU length
of stay>48 h, owned a smartphone, were ambulatory before admission, and were likely to attend follow-
up at 3 and 6 months after discharge. At follow-up, daily step counts were extracted from participants’
smartphones and two FitBit pedometers, and exercise capacity (6-min walk test) and quality of life
(European Quality of Life-5 Dimensions) were measured.
Results: Thirty-nine (78%) patients returned at 3 months and 33 (66%) at 6 months, the median [inter-
quartile range] smartphone step counts being 3372 [1688e5899] and 2716 [1717e5994], respectively.
There was a strong linear relationship, with smartphone approximating 0.71 (0.58, 0.84) of FitBit step
counts, P < 0.0001, R-squared ¼ 0.87. There were weak relationships between step counts and the 6-min
walk test distance.
Conclusion: Although smartphone ownership and data acquisition limit the viability of using extracted
smartphone steps at this time, mean daily step counts recorded using a smartphone may act as a sur-
rogate for a dedicated pedometer; however, the relationship between step counts and other measures of
physical recovery remains unclear.
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1. Introduction

The quality of survivorship after intensive care unit (ICU)
discharge is important to patients, and there are calls for it to be
reported alongside mortality in clinical trials.1 Quantifying the
quality of survivorship is challenging; however, the capacity to
undertake physical activity is a major determinant of this quality.2

Physical activity is defined as any bodily movement produced by
skeletal muscles that results in energy expenditure.3,4 There is a
doseeresponse association between physical activity and all-cause
mortality.5e7 The World Health Organization's International Clas-
sification of Function places paramount importance on activity
levels when assessing an individual's disability.8 Currently, the
assessment of physical activity in survivors of critical illness is
limited; hitherto, the literature is dominated by subjective health-
related quality of life (HRQoL) assessments,9e11 which usually
include a physical function subscore or single-point objective as-
sessments of exercise capacity in a laboratory or clinical environ-
ment.9,12,13 These assessments require considerable researcher and
patient time and/or patient travel and do not assess physical ac-
tivity per se. These requirements increase the expense and limit the
feasibility of measuring physical activity in clinical trials.

Wearable devices containing accelerometers have the poten-
tial to provide a mechanism for continuous assessment of phys-
ical activity.14e17 However, currently available wearable devices
remain too expensive to implement in larger clinical trials.
Because current generation smartphones have inbuilt acceler-
ometers, it may be feasible to utilise the patient's smartphone to
obtain physical activity data in survivors of ICU.18 It has recently
been demonstrated it is feasible to extract premorbid step counts
from patients' smartphones on admission to ICU,18 although the
validity of these data has not been assessed in ‘real world’. In
addition, smartphones have not been used to quantify physical
activity in ICU survivors.

Objectives for our studywere to (1) assess the feasibility of using
smartphone step counts as a surrogate for a dedicated pedometer,
(2) describe the change in step counts over time, and (3) describe
relationships between smartphone step counts and currently used
measures of physical activity in a cohort of ICU survivors.

2. Methods

We performed a single-centre prospective cohort study,
approved by the HREC of the "Royal Adelaide Hospital" (HREC/15/
RAH/236) and registered with the Australian New Zealand Clinical
Trials Registry (http://www.anzctr.com.au;
ACTRN12616000427471). We approached patients for consent
when they regained mental capacity (this could have been in the
ICU or on the ward), extracted data from their smartphones as
previously described,18 and invited them to return for study visits at
3 and 6 months after ICU discharge. We mailed participants both
hip- and wrist-worn pedometers, free of charge, with instructions
for use (Appendix 1, Supplementary material), to arrive at their
home address, at least 10 days before the study visit. Before device
delivery, synchronisation with our laboratory computer was
checked. Participants were also asked to install the Moves app on
their phone; the Moves app is a validated cross-platform, freely
available, pedometer app.19 At each study visit, patient comorbid-
ities were recorded and scored according to the Functional Co-
morbidity Index,20 which scores patients on a scale of 0e18 on
comorbidities likely to impact physical function. We also extracted
step count data from the participants' smartphone and pedometers,
and physical activity was assessed by 6-minwalk test and using the
European Quality of Life-5 Dimensions (EQ-5D) questionnaire. If
extraction of usable data was not achieved from the pedometers or
theMoves app had not been installed, patients underwent a second
study period. Patients were paid an honorarium for attending the
follow-up clinic as it was outside of standard care.
2.1. Participants

Between December 2015 and July 2016, all patients admitted to
the Royal Adelaide Hospital ICU were screened. Patients were
eligible if they had received at least 48 h of ICU care and owned a
smartphone. We excluded patients who were admitted after an
elective procedure, were nonambulatory before ICU stay, were
younger than 18 years, lived more than 50 km away from the Royal
Adelaide Hospital, lacked capacity to provide written informed
consent, were readmitted to the ICU, were pregnant or the treating
intensivist anticipated that the patient was unlikely to be alive in 6
months.
2.2. Outcomes

2.2.1. Step counts
Step counts from participants' phones were extracted from

preinstalled pedometer apps, e.g. the Health app (iOS), S Health or
Google Fit (Android), or any equivalent pedometer app, collectively
defined as ‘smartphone data’. The S Health and Health app have
been independently verified as accurate;21,22 however, we are un-
aware of the accuracy of Google Fit data. In addition, we asked
participants to install the Moves app before their 3-month
appointment and checked its installation before their 6-month
appointment. We used these ‘Moves app data’ to provide a mea-
sure of smartphone step counts on all devices, not just those with a
dedicated, preinstalled, pedometer app. Data were extracted by
visual inspection of the smartphone apps; this involved opening
the app on the participants' phone and manually making a note of
the daily step counts. Both hip-mounted (Fitbit One) and wrist-
mounted (Fitbit Flex) pedometers were sent to participants to
arrive at least 10 days before the study visit. These pedometers
were chosen as they have been validated against direct observation
in a laboratory: the Fitbit One has been previously shown to have
the greatest precision and least bias19 and the Fitbit Flex, being
chosen as a wrist-mounted pedometer, has been shown to have the
greatest accuracy in slowwalkers.23 We provided participants with
detailed instructions for use (Appendix 1, Supplementary
material): We instructed them to wear the Fitbit One on the right
hip and the Fitbit Flex on their wrist, to wear the devices contin-
uously during waking hours each day, and to charge them over-
night. Telephone assistance was provided if required. Fitbit devices
were synchronised with accounts specific to each individual
pedometer, and data extracted in accordance with the manufac-
turer's instructions, via visual inspection of the data on a laboratory
smartphone. If, at the clinic visit, we determined an error had led to
incomplete data capture, participants retained the pedometers and
were provided with a sheet to record smartphone and Moves app
step counts for the 10-day period after their clinic appointment. As
we were assessing the validity of the step counts obtained from
phones premorbidly, patients were instructed, by letter and via a
phone call, to use their smartphone as they would if not partici-
pating in the study. We defined, a priori, that recording of greater
than or equal to 7 days of data would be deemed sufficient and
representative, as this would include a weekend,24,25 and only
participants meeting this threshold were included for analysis. We
performed a cost analysis based on retail price (Fitbit one, AU$123
and Fitbit Flex, AU$94) for replacement devices when devices were
lost or not returned.

http://www.anzctr.com.au
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2.3. Exercise capacity and HRQoL

At each study visit, participants performed a 6-min walk test in
accordance with published guidelines,26,27 with the distance
walked recorded and percentage of predicted distance calculated.28

We surveyed HRQoL using the EQ-5D.29

2.4. Statistical methods

Proportions are described as n (%), and continuous measures
as mean (standard deviation, SD) or median [interquartile range,
IQR] as indicated. The relationships between smartphone and
Fig. 1. CONSORT diagram e Patients who provided partial data for the 3- or 6-m
dedicated pedometer step counts and between 6-min walk test
and step counts were assessed by ordinary least squares regres-
sion, reported as the coefficient point estimate (95% confidence
interval, CI) with associated P-value and R-squared statistic.
Secondary analysis of pooled visit data was performed using
general estimating equation (GEE) to adjust for repeated mea-
sures. Ordinal scale outcomes were assessed by ordinal logistic
regression. Concordance between dedicated pedometer mea-
sures and between smartphone estimates were assessed using
Lin's concordance correlation coefficient (rc) and BlandeAltman
95% limits of agreement. Strength of relationships is reported
according to Lin30.
onth follow-up are included as being followed up. ICU, intensive care unit.
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Because of an absence of preexisting data, we were unable to
perform formal sample size calculations. We planned to recruit 50
participants to provide preliminary information to determine the
relationship between smartphone and pedometer-obtained step
counts. No adjustment has been made for multiple comparisons,
and given the nature of the feasibility study, no imputation was
made for missing data. All summary measures are referenced to
the proportion of subjects providing data, and comparisons were
limited to individuals who provided data at both time points.
Analyses were performed in Stata/MP 14.2 (StataCorp LP, Texas,
USA). The Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) guidelines were followed for the report-
ing of observational studies.31

3. Results

Of 586 patients who were in the ICU for more than 48 h during
the study period, we enrolled 50 of 84 (69%) eligible participants
(Fig. 1). At the 3-month visit, 2 participants had died, 7 withdrew
consent, and 2 were lost to follow-up, with 39 (78%) participants
attending. By 6 months, a further 2 participants had died, 3 with-
drew consent, and another was lost to follow-up, such that 33 (66%)
participants completed both study periods. Demographics for pa-
tients presenting at 3 and 6 months are shown in Table 1, with
further details in Supplementary material Table 1.

3.1. Step counts

We were able to extract step counts from 17 (44%) and 14 (42%)
smartphones at 3 and 6 months, respectively. The Moves app
provided step counts for 20 (51%) and 17 (52%) individuals at
follow-up. Pedometer data were available for just over 60% of
participants (Table 2). The average daily step counts at 3 and 6
months for each device and the between-device concordance are
shown in Table 2. None of these measures were significantly
different between time periods, analysed by GEE, adjusted for
repeated measures with visit as a categorical variable (Table 2 and
Supplementary Figure 1). The reasons for failed data extraction are
shown in Table 3.

The relationship for pooled 3- and 6-month smartphone step
counts was strong (196 þ 0.71 [0.58, 0.84] times for Fitbit One,
P < 0.0001, R-squared 0.87, n ¼ 21).

Sensitivity analysis using a GEE model to adjust for repeated
measures within subjects produced an almost identical model,
211 þ 0.71 (0.60, 0.82), P < 0.0001, with adjusted and unadjusted
Table 1
Demographic information at 3- and 6-month visits.

Demographics

Male, n (%)
Age (years), median [IQR]
APACHE 3J (score), median [IQR]
ICU LoS (days), median [IQR]
Hospital LoS (days), median [IQR]
Trauma, n (%)
Medical, n (%)
Surgical, n (%)
Functional Comorbidity Index, median [IQR]

Phone type
Apple
Android

Phone usage
Carried phone on person >75% of the time

APACHE 3J, Acute Physiology and Chronic Health Evaluation III (version J, at
length of stay.
Functional Comorbidity Index16 scores patients on 0e18 on comorbidities
model lines of fit shown in Fig. 2. The relationship and strength of
association between smartphone and pedometer estimates of step
counts, as assessed by linear regression at each visit, are presented
in Supplementary Table 2.

3.2. Physical function

Distance travelled and percentage predicted distance during the
6-min walk test, as well as the motor score, visuale analogue scale,
and total score for the EQ-5D, at 3 and 6 months are presented in
Table 2. The relationship and strength of association between the 6-
min walk test and step counts using the pedometer and smart-
phone at each visit were modest (Supplementary Table 2).

3.3. Cost of measuring physical activity

Over the course of the study, a total of 23 (32%) Fitbit devices
were lost, unrecoverable, or malfunctioned, at an approximate cost
of AU$2150 (Table 3); this estimate is before the postal costs are
considered.

4. Discussion

Although not currently feasible to usewithin larger scale clinical
research, extracted smartphone data provided a reliable estimate of
step counts compared with the hip-worn Fitbit One. However,
several factors limit the strength of our assertion.

There were logistical issues with data acquisition and retrieval.
The proportion of pedometers returning sufficient data was
approximately 60%; this is significantly less than the 100% reported
by Borges et al.32 and the 90% reported byMcNelly et al.33 This may
be due to the specific device chosen; several devices malfunc-
tioned or failed to synchronise for data extraction, possibly
because the participant had, despite instructions to the contrary,
attempted to synchronise them with their phone. Despite
consultation with the manufacturer, the cause of the malfunction
remains unclear. The option of two study periods does not appear
to have increased data acquisition, suggesting the absence of a
familiarisation effect over time.

We were also only able to extract data from 42 to 44% of eligible
participants’ smartphones, despite relying on a simple visual in-
spection of the smartphone apps. This was hindered by only Apple
devices having an automatically activated step counter in the
Health app. Moreover, the Health appwas only recently introduced.
Future studies are likely to have increased data extraction success.
3 months (n ¼ 39) 6 months (n ¼ 33)

30 (77%) 26 (79%)
56 [44e65] 55 [39e64]
59 [37e77] 53 [35e75]
6 [4e10] 6 [4e9]
18 [12e28] 17 [10e25]
10 (26%) 9 (27%)
27 (69%) 23 (70%)
2 (5%) 1 (3%)
3 [1e5] 3 [1e4]

15 (38%) 15 (45%)
24 (62%) 18 (55%)

25 (64%) 22 (67%)

ICU admission); IQR, interquartile range; ICU, intensive care unit; LoS,

likely to impact on physical function.



Table 2
Outcome measures at 3 and 6 months.

Outcome measures 3 months (n ¼ 39) 6 months (n ¼ 33) P-Value1

Step counts (average count over preceding 7 days)
Smartphone N (%) 17 (44%) 14 (42%)

Median [IQR] 3372 [1688e5899] 2716 [1717e5994] 0.95
Moves app N (%) 20 (51%) 17 (52%)

Median [IQR] 2146 [878e4983] 1886 [1063e3629] 0.28
Fitbit One N (%) 25 (64%) 21 (64%)

Median [IQR] 2790 [1685e6677] 3765 [1762e6639] 0.29
Fitbit Flex N (%) 24 (62%) 20 (61%)

Median [IQR] 3221 [2189e6245] 4061 [1606e7246] 0.12
6MWT N (%) 28 (72%) 26 (79%)
Distance (m) Median [IQR] 479 [441e520] 536 [451e580] 0.004
% predicted Median [IQR] 74 [67e91] % 84 [73e95]% 0.28

EQ-5D N (%) 39 (100%) 33 (100%)
Mobility Median [IQR] 2 [1e3] 1 [1e2] 0.023
VAS Median [IQR] 60 [50e80] 75 [50e90] 0.10
Total Median [IQR] 10 [6e12] 7 [6e11] 0.07

Concordance between measures
Fitbit OneeFitbit Flex Mean difference (95% CI) �575 (�2684 to 1533)

rc ¼ 0.89 (n ¼ 20)
�981 (�4613 to 2651)
rc ¼ 0.85 (n ¼ 17)

Moves appesmartphone Mean difference (95% CI) �634 (�3593 to 2325)
rc ¼ 0.79 (n ¼ 11)

�776 (�5457 to 3906)
rc ¼ 0.65 (n ¼ 10)

6MWT, 6-minute walk test; EQ-5D, European Quality of Life-5 Dimensions; VAS, visual analogue scale; IQR, interquartile range; CI, confidence interval.
1. Comparison by generalised estimating equations unless specified.
2. Comparison by ordinal logistic regression, clustered on ID.

Table 3
Reasons for all failed data capture by pedometers and Moves app.

Fitbit One and Fitbit Flex n Moves app n

Used for less than 7 days 14 App did not record data for >7 days 10
Lost pedometers In post 6 No reason recorded 4

During study period 7 App not compatible with phone 2
Synchronisation errors 12 Phone broken 2
Device failure 4 App deleted because of impact on phone 2
Withdrew before data extraction 4 Patient died during study period 1
Patient died during study period 2 Withdrew during study period 1

Fig. 2. Scatterplot of smartphone mean daily step counts at 3 months (closed circles)
and 6 months (open circles) versus hip-worn Fitbit One. Line of model fit by ordinary
least squares (dashed line) and adjusted for repeated measures (GEE, solid line). Slope
coefficient 0.71 (0.58, 0.84), R-squared 0.87, P < 0.0001. GEE, general estimating
equation.

S. Gluck et al. / Australian Critical Care 33 (2020) 137e143 141
This amount of missing data would limit the usefulness of
wearable technology as the primary assessment of physical activity
outcome in clinical trials. We could extract these data from apps
already present on patients’ phones or included with the standard
operating system; similar physical activity could also be extracted
from smartphones as patients are admitted to the ICU.18 However,
owing to patients who provided baseline data being lost to follow-
up, being immobile, or changing their smartphone during this
epoch, comparing data at baseline with that at 3 and 6 months was
only possible in 7 of 50 (14%) participants. Smartphone data may
therefore allow follow-up comparison at an individual patient level
by the comparison of pre- and post-ICU physical activity data. This
would be of importance as premorbid physical activity has been
shown to have a significant effect on functional outcomes after
critical illness,33 and having these premorbid data readily available
would assist ICU clinicians in communicating this risk to patients
and their families.

We believe this is a unique and novel methodology worthy of
ongoing study. In terms of wearable technology to assess physical
activity, there was a significant rate of physical loss with the financial
cost in this study being approximately AUD $2150. Such a cost may
prove prohibitive for larger trials and, conversely, strengthens the
rationale to evaluate novel methods of data capture, such as patient-
owned technology (e.g., smartphone accelerometry).

There was marked variability in performance between “equiv-
alent measures”. The concordance between hip- and wrist-worn
Fitbit devices was poor. This is consistent with controlled labora-
tory experiments in which the accuracy and precision of Fitbit
One were superior to those of the wrist-worn Fitbit Flex,19

although wrist-worn pedometers have been shown to be more
accurate in slower walkers.23 Given our observations of a similar
degree of systematic bias between measures, we suggest that
the hip-worn Fitbit One is a better reference measure for clinicians
and researchers quantifying post-ICU physical activity using
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pedometers. Similarly, the concordance between the Moves
appeextracted and smartphone-extracted data was poor, with
Moves variably recording only a fraction of the steps registered on
any given smartphone. These findings portend the marked differ-
ences in model fit and strength of association outlined in
Supplementary Table 2, where the strongest association is seen
between smartphone data and Fitbit One. A potential way to
overcome variability between devices is measuring percentage
change over time using the same device.33

The number of steps recorded, using either a pedometer or
smartphone, was considerably fewer than that in previous
studies.25,33 This may relate to time to follow-up; McNelly et al.33

followed up their cohort at 18 months after ICU discharge,
potentially allowing greater recovery. Alternatively, patients in
our study may have had worse premorbid function or experi-
enced greater barriers to physical activity.34 However, the 6-min
walk test distances are further than those reported by Herridge
et al.,9 and the reported EQ-5D scores are greater than those re-
ported from patients with trauma, with sepsis, and in general
ICU.35,36 We observed no significant change in step counts be-
tween study visits. The choice of 3- and 6-month intervals was
pragmatic to assess feasibility, which, however, may have been
insufficient to allow adequate recovery, and step counts may have
increased with longer periods of observation. The weak associa-
tion between step counts and 6-min walk test suggests these
metrics relate to different aspects of physical activity and is not
entirely unexpected. The walk test assesses maximal performance
under supervision in a controlled environment, whereas step
counts in this study reflect average voluntary activity over a 7-day
period. In addition, step counts, although more meaningful to
clinicians, do not take into account intensity and duration of ac-
tivity and are a poor estimate of energy expenditure calculated by
accelerometry.

There is limited experiencewhen comparing data obtained from
smartphones and pedometers to outcomes more commonly
measured in the critically ill. However, previous studies using pe-
dometers have indicated strong associations between daily step
count and 6-min walk test distances in healthy individuals,37 pa-
tients with chronic obstructive pulmonary disease,38,39 and pa-
tients recovering from stroke,40 and these have been confirmed
with formal exercise testing.41 There are also associations between
daily step counts and global health-related quality of life measures,
such as the EQ-5D, in patients receiving chronic haemodialysis42

and with severe mental illness.43

In addition to the issues with data retrieval and device logistics,
where we were only able to extract step data from 42 to 44% of the
phones analysed and approximately 40% of pedometers failed to
provide analysable data, our study has a number of limitations. At
the time the study was conducted, only around half of ICU patients
owned a smartphone, and this significantly impacted patient
eligibility. However, as technology develops and those with tech-
nology integrated into their daily life age, we anticipate this pro-
portion will increase.44 We did not specify how many hours a day
would be regarded as a complete pedometer reading; indeed, this
was not possible with the generic Fitbit software or the simple
method of smartphone data extraction. While this may lead to
discrepancies in pedometer-obtained step data, we obtained the
average of data over 7 days to limit sample variability. The lack of a
single gold standard assessment for assessing the level of function
and/or activity for a survivor means that any comparison with a
newer methodology is difficult.

The major strength of our study is novelty, in that we are the
first to report on the feasibility of using smartphone data as an
objective metric of physical activity in ICU survivors. Although lo-
gistic difficulties weakened the findings in this study, these
difficulties are, we believe, intrinsically important in planning for
future studies and lend weight to ongoing research into patient-
owned technology and related activity measures.

Future work should involve the development of instructions to
participants to improve data acquisition, such as specifying how
many hours a day they are expected to wear the device, the
importance of wearing the device, what to do in the event they
forget to wear or lose the device, and to clarify the reason for not
synchronising the devices themselves. In addition, automating the
extraction process, currently performed manually, through the use
of digital forensics or a specific smartphone app would be essential
for this methodology to be widely applied.
5. Conclusions

Although the current proportion of ICU patients owning a
smartphone and logistic issues with data extraction limit the
viability of utilising patient-owned technology at this time, step
counts recorded from a patient's smartphone may provide a viable
surrogate for dedicated pedometer estimates and therefore an
objective measure of patient activity.
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