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Abstract
Background  Postoperative rehabilitation exercise is commonly prescribed after total hip arthroplasty (THA), but 
its efficacy compared to no or minimal rehabilitation exercise has been questioned. Preliminary efficacy would be 
indicated if a dose-response relationship exists between performed exercise dose and degree of postoperative 
recovery. The objective was to evaluate the preliminary efficacy of home-based rehabilitation using elastic band 
exercise on performance-based function after THA, based on the association between performed exercise dose and 
change in performance-based function (gait speed) from 3 (start of intervention) to 10 weeks (end of intervention) 
after surgery.

Methods  A prospective cohort study was conducted. Following primary THA, patients were prescribed home-based 
rehabilitation exercise using elastic bands. Performed exercise dose (repetitions/week) was objectively measured 
using attached sensor technology. Primary outcome was change in gait speed (40 m fast-paced walk test). Secondary 
outcomes included patient-reported hip disability. In the primary analysis, a linear regression model was used.

Results  Ninety-four patients (39 women) with a median age of 66.5 years performed a median of 339 exercise 
repetitions/week (1st-3rd quartile: 209–549). Across outcomes, participants significantly improved from 3 to 10-week 
follow-up. The association between performed exercise dose and change in mean gait speed was 0.01 m/s [95% CI: 
-0.01; 0.02] per 100 repetitions.

Conclusions  We found no indication of preliminary efficacy of home-based rehabilitation exercise using elastic 
bands, as no significant and clinically relevant associations between performed exercise dose and changes in 
outcomes were present. Trials comparing postoperative rehabilitation exercise with no exercise early after THA are 
warranted.

Trial registration  Pre-registered: ClinicalTrials.gov (Identifier: NCT03109821, 12/04/2017).
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Background
Total hip arthroplasty (THA) is commonly performed 
in patients with severe hip osteoarthritis (OA) to reduce 
pain and improve function [1], and projections show a 
significant increase in procedures [2, 3]. This challenges 
health care budgets [3] and calls for optimised clinical 
pathways. Functional performance and muscle strength 
are substantially reduced after THA [4, 5], and postopera-
tive rehabilitation exercise has been recommended [6, 7]. 
However, an evidence-based rehabilitation exercise pro-
tocol has not been established [8], and the organization 
and content of postoperative rehabilitation varies greatly 
[9–12]. Using home-based rehabilitation exercise as usual 
clinical practice is in concordance with clinical guidelines 
[7, 13] and the findings from a recent systematic review 
with meta-analysis [14]. The systematic review reported, 
that out-patient rehabilitation exercise with close super-
vision (minimum two supervised sessions per week) is 
not superior to home-based rehabilitation exercise with 
no or very little supervision (a maximum of two super-
vised sessions after hospital discharge) for both patient-
reported and performance-based function, pain and 
health-related quality of life [14].

Although postoperative rehabilitation exercise in 
some form is recommended (as opposed to no reha-
bilitation exercise), the evidence for its effectiveness is 
inconclusive. Some systematic reviews conclude, that 
rehabilitation exercise may be superior to no or very 
little rehabilitation exercise after THA, measured on 
gait speed and hip abduction muscle-strength [15, 16], 
as well as pain and self-reported function (Harris Hip 
Score) [16]. Opposed to that, a recent systematic review 
concluded, that rehabilitation exercise compared to 
usual care, or no or minimal intervention was not asso-
ciated with improved patient-reported function or hip 
muscle strength [17]. A relevant question, which was not 
addressed in these systematic reviews, is how much exer-
cise patients performed and if the exercise dose is related 
to the postoperative outcome. Evidence regarding this 
is sparse, and previous studies have reported conflicting 
results [18, 19].

The presence of a dose–response gradient is recog-
nized as a criterion for believing in a causal effect [20]. 
Therefore, preliminary efficacy would be indicated if a 
dose-response relationship exists between the amount of 
performed exercise and degree of postoperative recovery. 
Recovery will primarily be evaluated based on function 
and pain, since these outcomes reflect the main reasons 
for performing THA surgery [1] as well as for prescrib-
ing exercise therapy [21]. To investigate a dose-response 
relationship between post-operative home-based reha-
bilitation exercise and recovery after THA, objective 
measures of exercise compliance are needed [22]. We 
have previously validated an in-built sensor attached to 

an elastic exercise band to monitor compliance to home-
based exercise in healthy subjects [23–25], and started 
using it for intervention research in clinical populations 
[26–29]. By using this sensor technology, it is possible 
to objectively quantify performed exercise dose, which 
improves the validity in studies assessing dose-response 
relationships and evaluating preliminary efficacy of 
interventions.

Objectives
The primary objective was to evaluate the preliminary 
efficacy of home-based rehabilitation using elastic band 
exercise on performance-based function after THA, 
based on the relationship between the performed exer-
cise dose and the change in performance-based function 
(gait speed measured by 40-m fast-paced walk test) from 
3 (start of intervention) to 10 weeks (end of intervention) 
after surgery [30]. The secondary objective was to inves-
tigate if a dose-response relationship exists between the 
performed exercise dose and changes in: hip-related dis-
ability, lower-extremity functional performance, and hip 
muscle strength [30].

Methods
Study design and ethics
A pragmatic, single-center, prospective cohort study – 
“The Pragmatic Home-Based Exercise after Total Hip 
Arthroplasty – Silkeborg study (PHETHAS-1)” – was 
conducted. We included patients who were prescribed 
home-based rehabilitation exercise after THA (usual 
care) and used sensor technology to objectively mea-
sure performed exercise dose (exposure) during a 7-week 
intervention period from 3 weeks (start of home-based 
strengthening exercise, baseline) to 10 weeks (follow-up) 
after THA. Performance-based and patient-reported out-
comes were measured at baseline and follow-up.

This is the primary study report for PHETHAS-1, 
which adheres to the STROBE (Strengthening the report-
ing of observational studies in epidemiology) statement 
[31, 32]. It uses the checklist for cohort studies [32, 33] 
as well as applicable items from the CONSORT (Con-
solidated Standards of Reporting Trials) statement [34, 
35] and the REPORT trial guide [36]. Written informed 
consent was obtained from all participants. The study 
was reported to The Central Denmark Region Commit-
tee on Health Research Ethics and was reviewed as non-
notifiable (Inquiry 270/2017). The study was approved by 
the Danish Data Protection Agency (ref. no: 1-16-02-589-
15) and preregistered with ClinicalTrials.gov (Identifier: 
NCT03109821 12/04/2017) [37]. The full study protocol 
was published open access, 14 Oct 2019 [30].
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Setting
The present study was conducted from 21 April 2017 to 
8 January 2020 at a public Danish hospital (Elective Sur-
gery Centre, Silkeborg Regional Hospital). At the hos-
pital, THA is performed using a posterolateral surgical 
approach and the following clinical rehabilitation prac-
tice is used; during admission, patients are instructed to 
perform unloaded exercises (not part of the intervention 
studied) at home until their scheduled follow-up visit 
at the hospital three weeks after surgery. Here, they are 
instructed in a home-based rehabilitation exercise pro-
gram including strengthening exercises, that should be 
performed at home without further supervision. Refer-
ral to supervised outpatient rehabilitation is initiated in 
approximately 30% of the patients, based on individual 
needs. There are no clear-cut criteria for referral to the 
supervised pathway, but the patient’s preference, rehabili-
tation goal, functional ability in daily activities, reduced 
cognitive function and comorbidities are factors influ-
encing the decision.

Intervention
The intervention was the home-based rehabilitation 
exercise program used in clinical practice at the Elective 
Surgery Centre, thus, a pragmatic approach was used. 
All patients received identical instruction in the exercise 
program, which was initiated immediately after the out-
come assessment at baseline (3 weeks after surgery). The 
physiotherapists who did the exercise instruction all had 
at least 6 months of experience working with THA. In 
a previously published protocol paper [30], we outlined 
the intervention in great detail using the exercise-specific 
Consensus on Exercise Reporting Template (CERT) [38] 
as well as the Template for Intervention Description and 
Replication (TIDieR) [39] – both supplemented with 
the full set of strength training descriptors as suggested 
by Toigo and Boutellier [40] (replicated in Appendix A, 
Table A2). We refer to the published protocol for details 
[30], but a summarised description is presented below.

Strengthening exercises included in the program were: 
standing hip abduction, flexion and extension with elas-
tic band resistance and sit-to-stands. The elastic band 
exercises were performed in a standing position with 
the elastic band placed as a loop around the ankles, and 
the participants were instructed to perform the exer-
cises with both the operated and non-operated leg. In 
each repetition, the prescribed time-under-tension was 
5 seconds (2s concentric, 1s isometric and 2 s excentric). 
The prescribed training dosage was two sets (one set in 
week 1) with repetitions to contraction failure in each 
set and a relative load of 10 to 20 repetition maximum 
(RM), which should be performed every second day (3–4 
times a week). Participants were instructed to change the 
elastic band color and obtain a higher load, if they were 

able to perform more than 20 repetitions in two of three 
elastic band exercises. Supplemental exercises were daily 
stretching of hip flexor muscles (stretch 2 × 30 seconds or 
lying 5–10  min in prone position) and balance exercise 
(one-legged stance – gradually progressing to 1  min). 
From week two, the prescribed dosage of elastic band 
exercises was a mean of 630 repetitions per week (range 
420 to 840 repetitions per week), but based on previous 
research [41] and a pilot study conducted prior to this 
trial (unpublished), a larger variation in actually per-
formed number of repetitions was expected.

The participants were also advised to gradually increase 
their physical activity level after surgery to comply with 
the Danish Health and Medicines Authority’s recommen-
dations on physical activity. Furthermore, participants 
were given instructions on how to handle pain during 
exercises (reduction of load) [42] and recreational activi-
ties. The pain management guide is available online as 
extended data for the published protocol [30, 42].

Participants
The inclusion criteria were: age above 18 years, scheduled 
for primary THA due to OA and ability to understand 
written and spoken Danish. The exclusion criterion was: 
referral to supervised rehabilitation in the municipal-
ity (instead of the usual care, home-based rehabilitation 
exercise used in the present study).

A limited number of sensors used to measure exercise 
dose and physical activity made restricted inclusion nec-
essary and only 2–3 participants could be recruited per 
week. To mitigate the risk of selection bias, participants 
were consecutively sampled from random pre-specified 
assessment programs in the outpatient department. 
Patients were allocated at random to these assessment 
programs by a secretary without any influence from per-
sonnel involved in the study.

Data collection
Demographics and supplementary descriptive partici-
pant variables were collected at baseline (3 weeks after 
surgery) by the physiotherapist conducting the outcome 
assessments. Variables collected were: Age, gender, 
height, weight, ASA (The American Society of Anesthe-
siologists physical status classification system) classifica-
tion, prosthesis type, prior total joint replacement and 
length of hospital stay.

Exposure
Performed exercise dose was quantified as the total 
physiological exercise stimulus (number of repetitions 
per week) recorded by a sensor (www.Bandcizer.io) 
attached to the elastic exercise band [23, 24]. The sensor 
automatically switches on, records, and stores exercise 
data when the elastic exercise band that it is attached to 

http://www.Bandcizer.io
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is used. Previously, it has been found valid in measuring 
date, time of day, number of repetitions, single repetition 
time-under-tension (TUT), and total TUT during home-
based strength training exercises for the lower extremity 
[24]. Performed exercise dose was also quantified as the 
number of days per week with strengthening exercises 
being performed, both based on sensor data and patient-
reported data from exercise diaries (see description in 
Appendix A, Table A3, details on ‘mean change in pain 
after each exercise session’).

To minimize sensor-induced influence on exercise 
compliance and to reduce expectation bias, the partici-
pants were informed that the sensor was used to measure 
how they exercised. They were not told that the focus was 
on how much exercise was performed nor were they told 
what the study hypothesis was.

Outcomes
Performance-based outcome assessments were con-
ducted at baseline and follow-up (10 weeks after sur-
gery) by three physiotherapists who had been thoroughly 
trained in performing the assessments and who were 
blinded to exercise compliance data. Patient-reported 
outcome measures were collected pre-surgery, at baseline 
and at follow-up (see participant timeline in Appendix A, 
Table A1, replicated from the published protocol [30]).

The primary outcome was the change in gait speed 
from 3 to 10 weeks after surgery measured by the 40-m 
fast-paced walk test [43, 44]. This test was chosen, since 
it measures performance-based function and is recom-
mended by Osteoarthritis Research Society International 
(OARSI) as part of the core set of tests to assess physical 
function in people with hip or knee OA [43, 44]. Further-
more, patients undergoing THA surgery have reported 
walking ability to be the most important function to 
improve [45].

Secondary outcomes were absolute gait speed at 10 
week, change in patient-reported function, pain, symp-
toms and hip-related quality of life measured by Hip dis-
ability and Osteoarthritis Outcome Score (HOOS) [46], 
change in maximal isometric hip flexion and hip abduc-
tion strength and change in performance-based lower 
extremity function measured by the 30-s chair stand test 
[43, 44]. A detailed description of all study outcomes and 
measurement tools with supplementary details were pre-
sented in the published protocol [30] and are also avail-
able in Appendix A, Table A3.

Data collection was continued for participants who 
stopped exercising but was discontinued if participants 
explicitly withdrew from the study or if major events or 
diseases prevented the outcome assessments.

Data management
Demograhics, supplementary descriptive variables and 
outcome measurements were entered in EpiData 3.1. 
Anonymous coding with ID numbers and range checks 
for data values were used to minimize typing errors. 
Instead of double entering data as planned, 20% of the 
participants’s data were validated by two research assis-
tants. Very few and minor errors were found, and further 
validation was not considered relevant.

Raw Bandcizer data was uploaded to a secure online 
database. Here, data were accessed, and graphical illus-
trations of exercise sessions and repetitions were visu-
ally inspected. Hereafter performed exercise dose was 
determined. Due to invalid time-under-tension (TUT) 
data, and in accordance with the pre-defined contingency 
plan [30], the exposure variable was changed from TUT 
to number of repetitions. Reasons are described in detail 
in the section ‘Deviations from the trial registration and 
protocol’. The quantification of exercise dose was still 
challenged, as substantial differences between automati-
cally software-generated and manually counted number 
of repetitions were found. To ensure data validity, we 
therefore manually counted every single repetition for 
all exercise sets. Also, in case heterogeneity of illustrated 
repetitions made counting challenging an interpretation 
level was assigned. Details on this process are available 
in Appendix A. In one case, data quality was too poor to 
calculate or count repetitions, and in further two cases, 
due to sensor failure, no data were obtained. Hence, the 
latter three cases were not included in the primary analy-
sis (Fig. 1).

Sample size
The sample size calculation was outlined in the published 
protocol, and the procedure is elaborated below. It was 
based on a linear regression model with exercise dose as 
a continuous independent parameter and gait speed as 
the dependent parameter. A minimal clinically important 
difference (MCID) in the slope for change in gait speed as 
a function of exercise dose was needed. This MCID slope 
was based on a previous MCID value for gait speed of 
0.2 m/s [47] and the difference between highest and low-
est exercise dose, which was estimated to 4 hours (differ-
ence in total TUT during the intervention period), based 
on results from a pilot study conducted prior to this 
trial (unpublished). Using these values, a MCID slope of 
0.05 m/s per hour of exercise dose (0.2 m/s/4 hours) was 
used. Together with a standard deviation (SD) for exer-
cise dose of 1.06, a SD for gait speed of 0.16, a power of 
90% and a level of significance of 5%, a sample size of 88 
participants was required. SDs for exercise dose and gait 
speed were obtained from the previously mentioned pilot 
study. The sample size calculation was done using the 
Stata command: sampsi_reg [48].
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Fig. 1  Participant flow
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Statistical methods
A full statistical analysis plan was published as part of the 
published protocol and formed the basis for the analyses 
[30]. All deviations – with reasons – are provided below. 
The main analyses are summarized below, while descrip-
tion of exploratory analyses and handling of quantitative 
continuous and categorical data (e.g. grouping and trans-
formation) are available in Appendix A.

Descriptive statistics
Descriptive statistics were performed for demograph-
ics, supplementary descriptive variables, pre-surgery 
HOOS, pre-surgery self-efficacy, exposure, all outcomes 
(at 3-week, at 10 week and change values) and other pre-
specified variables. Categorical variables were presented 
as frequencies with percentages and continuous vari-
ables as means with standard deviation (SD) or medians 
with 1st and 3rd quartile, depending on data distribution 
being parametric or not.

Primary analysis
The analysis of a dose-response relationship between 
performed exercise dose and change in gait speed from 
3 to 10 weeks after surgery was investigated according 
to the analysis plan described in the published protocol 
[30]. Based on scatterplots the starting model was a lin-
ear regression model with a fixed increase in outcome. 
R-squared value was low, thus more complex regression 
models were tested, but without resulting in a model fit-
ting data better. Correlation between change in gait speed 
and gait speed at baseline was evaluated by scatterplot, 
and no regression to the mean was indicated. Further-
more, inclusion of the predefined possible confounding 
variables (self-efficacy at baseline, physical activity during 
intervention (mean upright time/day and mean number 
of steps/day), and gait speed at baseline) were evaluated 
in the model by comparing the dose-response estimates 
with and without the confounding variables. The normal-
ity assumption of the model was evaluated by a quantile-
quantile plot and histogram. Estimate of change in gait 
speed is presented as mean with 95% confidence intervals 
(CI).

Sensitivity analyses of the primary analysis outlined 
above were performed to test robustness of the estimate. 
First, outliers in change in gait speed were excluded 
before estimating the relationship between performed 
exercise dose and change in gait speed. Secondly, par-
ticipants, where a high level of interpretation had been 
used in the count of repetitions, were excluded from the 
analysis. Thirdly, participants not having used the sensor 
technology every time or most of the time during exercis-
ing were excluded from the analysis. Finally, mean num-
ber of exercise days per week (both based on sensor data 

and data from the exercise diary) was used as performed 
exercise dose variable in the analysis.

Secondary analyses
Models similar to the ones used in the primary analy-
sis were used to analyze the dose-response relationship 
between performed exercise dose and change in patient-
reported function measured by the subscale Activity of 
Daily Living in HOOS (HOOS-adl). The scatterplot of 
change in HOOS-adl score against performed number of 
repetitions showed a widespread distribution of data, but 
linear association was considered the best model for test-
ing association. The scatterplot of change in HOOS-adl 
against HOOS-adl baseline score indicated regression to 
the mean, hence, the baseline score was included in the 
regression model.

Linear regression models were also used to analyze 
association between gait speed at 10 weeks and per-
formed exercise dose, self-efficacy at baseline, physical 
activity (mean upright time/day and mean number of 
steps/day) and gait speed at baseline.

Change in gait speed, HOOS subscales, 30-s chair 
stand test and maximal isometric hip muscle strength 
were estimated within each quartile of performed exer-
cise, presented as mean with CI and graphically as 
boxplots.

Handling of missing data
As recommended in guidelines, <50% missing items in 
each subscale of HOOS was accepted [46] and ≤3 miss-
ing items in the General Self-efficacy scale was accepted 
[49]. For the physical activity data, ≥4 days of data collec-
tion with the ActivPAL movement sensor was considered 
sufficient to calculate mean upright time/day and steps/
day [50]. In some cases, participants had to stop the per-
formance-based outcome assessments tests due to pain. 
In these situations, data from the best performance were 
used no matter if the pre-defined number of test repeti-
tions was met.

In general, we did not use imputation procedures on 
exposure, but in one case an exception was made. In 
this case, failure of the BandCizer occurred, leaving the 
particpant without a sensor for a week before being pro-
vided with a new sensor. The participant had perfectly 
congruence between objectively measured exercise days 
and self-reported exercise days in the diary, hence, last-
observation-carried forward and next-observation car-
ried backwards were imputed to the missing exercise 
days. As no confounding variables were included in the 
primary analysis model, no data imputation of possible 
confounders was performed. Participants lost to follow-
up were excluded from the analyses.
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Deviations from the trial registration and published 
protocol
All predefined analyses have been performed. The 
exploratory analyses were not pre-defined and registered 
with ClinicalTrials.gov. However, they were defined in 
the protocol paper [30], which was published before the 
end of recruitment and before running any data analyses. 
Changes to outcomes between registration and proto-
col publication are reported in the protocol paper [30], 

hence, only deviations from the published protocol are 
described in detail below.

First, exposure is presented as number of repetitions 
per week instead of TUT/week. This change was made 
according to our pre-defined contingency plan for out-
comes [30] and based on the following thorough data 
assessment. The visual inspection showed a great deal 
of heterogeneity both within and between exercise ses-
sions and individuals. In general, repetitions seemed 
to be of shorter duration than recommended and per-
formed with relatively small range of motion. Based on 
this, we decided to test a sample of exercise sessions, to 
investigate whether the software’s automatically gener-
ated number of repetitions and TUT could be validated 
against manually calculated TUT and visually-counted 
number of repetitions. Based on this test, we realized, 
that TUT was too imprecise to be considered a valid 
measure in this study.

Secondly, due to data distribution and data quality, we 
performed sensitivity analyses for the primary analysis. 
The sensitivity analyses are described in detail in the sec-
tion ‘Statistical methods, primary analysis’.

Thirdly, adverse events were grouped as serious adverse 
events (SAE) and non-serious adverse events. This was 
decided to provide the reader with the most transpar-
ent and clinically relevant overview of data, since several 
different non-serious events were registered in the cat-
egory “other”. Classification of SAE was done according 
to definitions by the U.S Food & Drug Administration 
[51], International Council for Harmonisation of Techni-
cal Requirements for Registration of Pharmaceuticals for 
Human Use (ICH) [52] and Ioannidis et al. [53].

Finally, presentation of summary statistics on body 
mass index (BMI), pre-surgery HOOS scores, physi-
cal activity level and patient-perceived result of surgery 
were added. Also, supplementary description on pain 
and exercise data were provided to allow the reader a 
more detailed insight in data management and exercise 
compliance.

Results
Participants and exposure
Informed consent was obtained from 171 patients, of 
which 60 were excluded before baseline assessment at 
intervention start (3 week postoperative). The main rea-
son for exclusion was referral to supervised rehabilitation 
(n=47). A total of 94 participants completed the study 
(see Fig. 1). Demographics and participant characteristics 
are presented in Table 1 and Appendix B, Table B1.

The participants performed a median of 2.7 exercise 
sessions (1st and 3rd quartile: (2.0; 3.2)) and a median 
of 339 repetitions per week (1st and 3rd quartile: (209; 
549)). Hence, compared to the prescribed exercise dose 
more than 50% of the participants performed less than 

Table 1  Summary statistics on demographic variables and 
supplementary descriptive variables*
Demographic 
variables

Age (years)
median (1st; 3rd quartile) 66.5 (62; 72)
Gender
number (percentage)
- Male 55 (59)
- Female 39 (41)
Height (m), n=93
mean (SD) 1.75 (0.09)
Weight (kg), n=93
median (1st; 3rd quartile) 81 (72; 95)
BMI (kg/m2), n=93
median (1st; 3rd quartile) 26.6 (24.3; 

29.4)
ASA classification, n=92
number (percentage)
- ASA 1 26 (28)
- ASA 2 54 (59)
- ASA 3 12 (13)

Supplementa-
ry descriptive 
variables

Length of hospital stay (days), n=93
number (percentage)
−0† 23 (25)
−1 65 (70)
−2 5 (5)
Self-efficacy (mean per answered 
question)
median (1st; 3rd quartile)
- Pre-surgery, n=89 3.3 (2.8; 3.7)
- Baseline (3 weeks), n=88 3.5 (3; 3.8)
HOOS – pre-surgery
mean (SD)
- ADL 49.3 (15.5)
- Pain 46.5 (14.5)
- Symptoms 41.3 (16.0)
- QOL 29.7 (13.2)
Physical activity level, n=81
mean (SD)
- Upright time per day (hours) 5.5 (1.5)
- Steps per day (numbers) 6619 (2700)

* N=94 unless otherwise stated; † Discharge on the day of surgery

Abbreviations: SD: Standard deviation; BMI: Body mass index; ASA: The 
American Society of Anesthesiologists physical status classification system; 
HOOS: Hip disability and Osteoarthritis Outcome Score; ADL: Activities of daily 
living; QOL: Quality of life
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the lower limit of recommended number of repetitions 
per week. Further details on exercise dose are available in 
Appendix B.

Primary analysis
Ninety-one participants were included in the analysis. 
Gait speed improved from a median of 1.45 m/s (1st and 
3rd quartile: (0.21; 1.69)) at baseline to 1.74 (1st and 3rd 
quartile: (1.50; 2.04)) at follow-up, median change: 0.31 
(1st and 3rd quartile: (0.21; 0.42), p<0.001). Crude analy-
sis showed a non-significant increase in mean change of 
gait speed on 0.01  m/s [CI: -0.01; 0.02, p=0.22] per 100 
extra repetitions performed per week. Inclusion of the 
pre-defined possible confounders changed the estimate 
to values between 0.005 m/s and 0.012 m/s per 100 extra 
repetitions performed per week. These changes did not 
change interpretation of the estimate, hence, none of the 
confounders were included in the analysis model.

Sensitivity analyses for the primary analysis
Omitting the six outliers in speed change changed the 
estimate to 0.005  m/s ([CI: -0.005; 0.014], p=0.34) per 
100 extra performed repetitions per week, while exclud-
ing the three participants where a high degree of inter-
pretation for the estimation of exercise dose was used, 
changed the estimate to 0.01 ([CI: -0.004; 0.023], p=0.16). 
Thus, sensitivity analyses changed the estimates, but not 
to a degree that led to a different interpretation of the 
results. When using self-reported exercise dose (number 
of exercise days per week registered in diaries) as expo-
sure, the analysis showed a non-significant mean change 

in gait speed of 0.03  m/s [CI: -0.01; 0.07], p=0.20) per 
extra exercise day per week.

Summary statistics and secondary analyses
Summary statistics for HOOS, 30-s chair stand, and iso-
metric hip muscle strength are presented in Table 2.

A non-significant increase in the HOOS-adl score 
change of 0.58 ([CI: -0.11;1.26], p=0.10) per 100 extra 
repetitions performed per week was found. Adjusting for 
possible confounders resulted in estimates between 0.29 
and 0.64 per 100 extra repetitions performed per week.

Excluding the most extreme outlier increased change in 
HOOS-adl to a statistically significant association of 0.75 
([CI: 0.14; 1.36], p=0.02) per 100 extra repetitions per-
formed per week. When excluding all three outliers, the 
estimated association was 0.67 ([CI: 0.12;1.21], p=0.02).

Change in gait speed, HOOS subscales, 30s chair-stand 
and maximal isometric hip muscle strength (flexion and 
abduction) distributed on quartiles of performed exercise 
dose are presented graphically in Fig.  2 and Appendix 
C, Figures C1-C4. For all outcomes, the exact estimates 
of change distributed on quartile of performed exercise 
dose are available in Appendix C, Table C1.

In the multiple regression analysis of associations 
between gait speed at 10 weeks follow up and self-effi-
cacy at baseline, 24-hour physical activity, performed 
exercise dose and gait speed at baseline, small but sta-
tistically significant associations were found for the vari-
ables: mean upright time/day, mean number of steps/day 
and gait speed at baseline. Specific results are presented 
in Appendix C, Table C2.

Pain and adverse events
Based on each participant’s mean change in pain per 
exercise session (pain after exercise minus before exer-
cise), the population median change in pain was an 
increase of 1.5  mm on the visual analogue scale (VAS) 
(1st and 3rd quartile: (0.2; 3.7)). During intervention 
period, a total of 57 pain flares (pain change≥20 mm VAS) 
in 21 participants occurred following an exercise session. 
Further details on exercise-related pain are available in 
Appendix B, Table B5. Among the 94 participants com-
pleting the study, two were readmitted due to bleeding or 
wound seepage (to avoid risk of indirect identification, no 
further details are reported). In further five participants 
wound seepage and/or wound infection occurred. Sum-
mary statistics on serious and non-serious adverse events 
are described in detail in Appendix B, Table B6.

Motivation for and evaluation of exercise, and patient-
perceived result of surgery
At baseline, all but one participant were either very moti-
vated or to some degree motivated to perform home-
based rehabilitation exercise and 99% of all participants 

Table 2  Summary statistics for HOOS, 30-s chair stand and 
isometric hip muscle strength
Outcomes Baseline Follow-up Change
HOOS
median (1st; 3rd quartile)
- ADL 75 (63; 85)* 91 (85; 95)* 13 (6; 21)†
- Symptoms 70 (60; 80)* 85 (75; 90) 10 (5; 20)*
- Pain 75 (65; 88)* 93 (85; 98) 12 (3; 23)*
- QOL 56 (44; 63)* 75 (63; 94)* 19 (6.5; 31)†
30-s chair stand test
median (1st;3rd quartile) 12 (10; 15) 16 (13; 20) 4 (2; 7)
Isometric hip muscle 
strength (Nm/kg)
mean (95% CI)
- Abduction 0.76 1.02 0.25

(0.71; 0.82)† (0.96; 1.08)† (0.21; 0.29)‡
 - Flexion  0.88 1.1 0.22

(0.82; 0.94)* (1.03; 1.16)† (0.18; 0.26)†
The table presents values at baseline and follow-up as well as change (baseline 
to follow-up, 3–10 weeks after surgery) in Hip disability and Osteoarthritis 
Outcome Score (HOOS), 30-s chair stand and isometric hip muscle strength. 
N=94 unless otherwise stated. * n=93; † n=92; ‡ n=91
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were very or almost certain, that they would comply to 
the prescribed exercise program. Further summary sta-
tistics on items regarding motivation for home-based 
rehabilitation exercise measured at baseline are available 
in Appendix B, Table B3.

At follow-up, when evaluating the prescribed exer-
cises, 94% of the participants were satisfied or very sat-
isfied, and 76% reported that because of participating in 
the study, they had exercised more than they would have 
done otherwise. Further summary statistics on items 
evaluating prescribed exercise are available in Appendix 
B, Table B4.

The patient-perceived result of surgery at the 10week 
follow up was rated excellent by 76% of the participants, 
while 4% reported a fair or poor result. 88% of the par-
ticipants perceived their hip problem as much bet-
ter than before surgery, while one participant reported 
the hip problem to be a little worse. Further details on 

patient-perceived results are available in Appendix B, 
Table B4 and Figure B1. The remaining exploratory anal-
yses outlined in Appendix A are presented in Appendix C 
(Tables C3-7 and Figures C5-7).

Discussion
Main findings
The participants showed both clinically and statisti-
cally significant improvements in maximum gait speed 
from baseline to follow-up, but no significant linear 
dose-response association was found between change 
in gait speed and performed number of repetitions per 
week. Clinically, the estimated increase in mean change 
of gait speed on 0.01  m/s [CI: -0.01; 0.02] corresponds 
to a needed increase of 2000 repetitions per week (1000 
reps/week if using the upper limit of the CI) to achieve 
a minimal clinically important difference of 0.2 m/s [47]. 
Hence, the observed associations were not statistically 

Fig. 2  Change in four outcomes distributed on quartile groups of exercise dosages. The figure shows box plots of the median change (baseline to follow-
up, 3–10 weeks after surgery) in four outcomes distributed on quartile groups of exercise dosages (number of performed repetitions per week). The 
four outcomes are: change in gait speed (m/s) measured by 40 m fast-paced walk test, change in function measured by Hip disability and Osteoarthritis 
Outcome Score (HOOS) (subscale adl), change in pain measured by HOOS and change in lower-extremity function measured by 30s-chair-stand. The 
dots represent outlying results
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significant, nor were they clinically relevant. Also, no 
significant linear association was found between the 
change in HOOS-adl score and the number of performed 
repetitions per week. However, a sensitivity analysis on 
HOOS-adl indicates, that a significant but not clinically 
meaningful association might be present (0.75 [CI=0.14; 
1.36] per 100 extra repetitions per week). We found no 
indications of a dose-response relationship when evalu-
ating changes in gait speed, HOOS subscales, 30s chair-
stand and isometric maximal hip muscle strength across 
quartiles of performed exercise. Based on these key find-
ings, preliminary efficacy of home-based rehabilitation 
exercise was not indicated. No confirmatory conclu-
sions on exercise efficacy can be drawn due to the cohort 
design without a non-exercise comparator.

Comparison with previous findings
Two other studies have evaluated associations between 
exercise dose and clinical improvements in THA popula-
tions. Zech et al. [19] reported that clinical improvements 
were not associated with the intensity and duration of 
postoperative exercise therapy in the early phase after 
THA [19], which is in concordance with our findings. Jan 
et al. found contrasting results in their randomized trial 
comparing participants performing a home exercise pro-
gram to a control group receiving no exercise [18]. Par-
ticipants in the intervention group who exercised more 
than 50% of the days in the intervention period, achieved 
greater improvements in muscle strength, gait speed 
and function, compared to the control group as well as 
the participants in the intervention group who exercised 
less than 50% of the days in the intervention period [18]. 
The results indicate a dose-response relationship, but the 
study was conducted more than 1.5 years after surgery 
[18] where spontaneous recovery after surgery likely had 
no confounding effect. This late timing is in contrast with 
our focus on early rehabilitation which reflects current 
clinical practice.

Explanation of results
The reduced compliance to the prescribed exercises did 
not seem to affect the overall recovery when compared 
to reference values [54–56] and to outcomes in previ-
ous Danish studies reported at similar time-points [41, 
57]. We have previously shown that patients with THA 
perceive exercises as a means to achieve their goals, and 
that they modify the exercise recommendations accord-
ing to their needs and individual goals [58]. This could 
be part of the reason why the performed exercise-dose 
varied substantially among participants. More than 50% 
of the participants did not perform the number of pre-
scribed repetitions per week, and still more than 75% of 
the population had an increase in gait speed above the 
reported clinically meaningful improvement of 0.2  m/s 

[47]. Additionally, at 10 weeks, the patients achieved a 
median maximum gait speed of 1.74 m/s, which is com-
parable to reference values previously reported in US 
populations [54, 55]. 91% of the population reported an 
excellent or very good patient-perceived result of surgery, 
88% rated their hip problem to be much better, and the 
10-week scores on HOOS subscales varied between 75 
and 93 (100 being the best possible). For the HOOS sub-
scales adl, pain and symptoms the achieved results were 
at the same level as the Danish reference population [56].

This may indicate that a dose-response relationship for 
rehabilitation exercise and post-operative recovery in the 
early phase after THA does not exist. We speculate that 
spontaneous recovery determines the recovery trajectory 
for the most part.

The literature does not provide clear answers as to 
whether a dose-response relationship between exercise 
and postoperative outcome should be expected in the 
THA population. A meta-analysis by Borde et al. inves-
tigated resistance training in populations of healthy old 
adults [59] and reported a dose-response relationship 
between both TUT (per repetition) and training inten-
sity (load) and the effect size for muscle strength [59]. 
In addition, a meta-analysis by Ralston et al. reported an 
association between weekly set volume and strength gain 
[60]. Based on these studies in healthy subjects [59, 60], 
a dose-response relationship could have been expected, 
although exercise responses may differ between healthy 
adults and adults with severe osteoarthritis recovering 
from surgery. The American College of Sports Medicine 
does state that individuals respond differently to resis-
tance training based on training status, past experience 
and joint health [61] and that a variety of exercise intensi-
ties may be effective in the elderly population especially 
when they start exercising [61]. Much like the effect size 
of spontaneous recovery may blur or exclude an exercise 
dose-response relationship after THA, the effect size of 
starting resistance exercise (going from nothing to some-
thing) may also blur or exclude an exercise dose-response 
relationship in previously untrained adults.

Strengths, limitations and generalizability
A main strength of our study is the use of objectively 
measured, performed exercise dose. Even though, data 
quality forced us to use the performed number of rep-
etitions instead of TUT, we still consider the use of 
performed number of repetitions based on sensor tech-
nology to be much more valid than patient-reported 
data, which can be challenged by non-timely reporting 
[62] and inaccuracy [63, 64]. We are aware, that it could 
be a limitation, that some interpretation was used in the 
counting of repetitions, and that 15% of the participants 
did not use the sensor technology every time or most 
of the time during exercising. However, interpretation 
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was only used in a minority of cases, and the sensitivity 
analyses on both issues did not change the interpretation 
of the primary result. Hence, we do not consider these 
issues concerning.

A limitation of the study is that about one third of 
the patients assessed for eligibility declined to partici-
pate, inducing a potential risk of selection bias. Possibly, 
resourceful patients with generally good health are more 
likely to accept study participation than patients with less 
resources. Furthermore, 30% of the participants were 
excluded due to referral to supervised rehabilitation in 
the municipality. As described in the introduction, there 
is no clear-cut criteria for this referral, but the excluded 
participants may be less resourceful, than the group of 
participants receiving usual care (home-based rehabilita-
tion exercise). Thus, the study results may not be general-
ized to the less resourceful group of patients receiving a 
THA.

Conclusions
We found no indication of preliminary efficacy of home-
based rehabilitation exercise using elastic bands, as no 
significant and clinically relevant associations between 
performed exercise dose and changes in the primary out-
come gait speed or HOOS-adl were present. Although 
no exercise-dose outcome-response relationships were 
observed, the whole cohort of participants improved sig-
nificantly from baseline to follow-up across outcomes. 
Confirmatory efficacy of home-based rehabilitation exer-
cise after THA needs to be assessed in a future random-
ized controlled trial using a non-exercise comparator.
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