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Resumo

A artroplastia total da anca (ATA) e do joelho (ATJ) é a abordagem terapéutica indicada em doentes com
osteoartrose da anca/joelho com sintomas e incapacidade nao controlaveis com tratamento conservador. A
fisioterapia permite maximizar os resultados clinicos apos ATA/ATJ. Contudo, as abordagens convencionais
obrigam a uma logistica pesada por parte dos prestadores e/ou utentes. Solucdes de tele-reabilitacdo tém
demonstrado resultados clinicos semelhantes a fisioterapia convencional, mas continuam a depender de forma
muito direta da disponibilidade de fisioterapeutas.

Sao, por isso, necessarias solucbes que permitam a realizacdo de programas de reabilitacdo domiciliarios
controlados remota e assincronamente pelas equipas clinicos, mas a maioria esta numa fase embrionaria e a
validacao clinica é escassa. O SWORD Phoenix® ¢ um dispositivo de biofeedback digital, baseado em sensores
de movimento inercial, que pretende responder a esta necessidade.

O objetivo desta tese foi o de comparar os resultados clinicos de ATA/ATJ seguida de um programa de reabilitacao
digital, realizado através do sistema SWORD Phoenix, com os de cirurgia seguida de fisioterapia convencional.
Adicionalmente, pretendeu-se também avaliar a usabilidade do sistema, e comparar os custos do um programa

digital com os da fisioterapia convencional.

Nesta tese sdo apresentados dois ensaios clinicos, prospetivos, uni-céntricos, nao randomizados, de grupo
paralelo, com um desenho semelhante. Os doentes foram recrutados antes da cirurgia, seguindo-se cirurgia eletiva
e alocacdo a um de dois grupos aquando da alta hospitalar: doentes que residiam fora dos limites administrativos
da cidade foram alocados ao programa digital; os outros foram alocados a fisioterapia convencional. Ambos os
grupos tiveram 8 semanas de reabilitacdo apos cirurgia. Os doentes foram avaliados antes da cirurgia, 4 ¢ 8
semanas apds cirurgia, e depois 3 e 6 meses apos cirurgia. O outcome primario foi a evolucao do teste Timed up
and Go (TUG) entre a avaliacao inicial e a das 8 semanas. Foram adicionalmente considerados os scores TUG,
bem como as amplitudes articulares da anca/joelho e ainda escalas auto-reportadas — Hip Osteoarthritis Outcome
Score (HOOS) e Knee Osteoarthritis Otucome Score (KOOS)- nos varios pontos de avaliacao (e evolucdo desde a

avaliacdo inicial). Foram ainda avaliados parametros de aceitacao e usabilidade, assim como os eventos adversos.

No ensaio clinico focado na ATA, foram incluidos 66 doentes: 35 foram alocados ao grupo cirurgia seguida de
programa digital (grupo digital) e 31 ao grupo cirurgia seguida de fisioterapia convencional (grupo convencional).
Na avaliacéo inicial, o grupo digital tinha pontuacdes mais baixas na subescala de qualidade de vida da HOOS.
Nao foram constatadas outras diferencas entre os grupos nesta avaliacdo. No total, 59 doentes terminaram o
programa (30 grupo digital vs 29 grupo convencional) e 57 a avaliacdo dos 6 meses (30 vs 27). Foram observados
resultados superiores — particularmente na analise “per protocol” (PP)- no grupo digital ndo s6 para o outcome
primario (p<0.001) mas também para os valores de TUG em todos os pontos de avaliacdo, bem como na variacao

desde a avaliacao inicial. Observamos, contudo, tendéncia para convergéncia entre os dois grupos apos a



avaliacdo das 8 semanas, com diferenca nao clinicamente significativa aos 6 meses para o TUG. Em relacéo as
amplitudes articulares, os resultados foram também superiores no grupo digital em todos os pontos de avaliacao,
excetuando para a flexdo da anca em pé. Foi também notada convergéncia nestes parametros apds as 8 semanas.
Relativamente a escala HOOS, na analise PP foram observados resultados favorecendo o grupo digital nae
variacdo desde a avaliacao inicial até as 8 semanas, 3 e 6 meses, bem como melhores resultados nas avaliacoes
das 8 semanas, 3 e 6 meses. Na analise “intent-to-treat” (ITT), as diferencas foram menos evidentes, mas os
scores as 8 semanas e 6 meses ns subescalas de Actividades da vida diaria (ADL) e Qualidade de vida (QoL)
também favorecem o grupo digital. Nao houve diferencas na taxa de eventos adversos — 14.3% digital e 22.6%
convencional (p=0.525). Em termos de usabilidade, no grupo digital, 91.4% classificaram a satisfacdo com 10/10.
Os doentes deste grupo tiveram uma média de 0.6 (intervalo 0-2) visitas e de uma mediana de 4 chamadas

adicionais (intervalo 0-7), e 37.1% necessitaram de ajuda de um cuidador na interacdo com o sistema.

No ensaio clinico focado na ATJ, foram incluidos 69 doentes: 38 grupo digital vs 31 grupo convencional. Na
avaliacao inicial, o grupo digital tinha pontuacdes mais baixas em todas as subescalas da KOOS. Nao foram
constatadas outras diferencas entre os grupos. No total, 59 doentes terminaram o programa e concluiram a
avaliacdo dos 6 meses (30 vs 29). Na analise PP, foram observados resultados superiores no grupo digital ndo
s6 para o outcome primario (p<0.001), mas também para o TUG em todos os pontos de avaliacao e variacao
desde avaliacao inicial. Na analise ITT, constataram-ser resultados superiores no grupo digital as 8 semanas, 3 e
6 meses mas nao na variacao desde avaliacao inicial. Foram observados resultados superiores no grupo digital
para a extensdo do joelho sentado, e na analise PP também na variacdo desde a avaliacao inicial até as 8 semanas
em todas as amplitudes articulares. Foi observada tendéncia para convergéncia entre os dois grupos para TUG e
ROM depois das 8 semanas. Em relacdo a KOOS, na analise PP, os resultados no grupo digital foram superiores
em todas as subescalas, em todos os pontos de avaliacdo e na variacdo desde avaliacdo inicial. Na analise ITT,
foram observados scores superiores na variacdo desde a avaliacao inicial até as 8 semanas, 3 e 6 meses, em
todas as subescalas excepto Sports. A taxa de eventos adversos foi superior no grupo convencional - 22-6% vs
2.6% no grupo digital (p=0.02). Em relacdo a usabilidade, no grupo digital, 73.7% classificaram a satisfacdo com
10/10. Os doentes deste grupo tiveram uma média de 0.4 (intervalo 0-2) visitas e uma mediana de 2.5 (intervalo

1-12) chamadas adicionais, e 58% necessitaram de ajuda de um cuidador na interacdo com o sistema.

Em conjunto, estes dois ensaios clinicos demonstram que a THA/TKA seguida de reabilitacao digital &€ uma
abordagem fazivel, permite maximizar os resultados clinicos em comparacdo com cirurgia seguida de fisioterapia
convencional, oferecendo uma solucdo escalavel que maximiza a conveniéncia do doente e minimiza a

dependéncia de recursos humanos, resultando em potenciais reducdes no custo da prestacao de cuidados.

Palavras-chave: artroplastia, anca, biofeedback, joelho, reabilitacao
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Abstract

Total hip (THA) or knee arthroplasty (TKA) are the mainstay treatment in patients with hip/knee osteoarthritis with
severe symptoms or functional limitations despite optimized conservative care. Rehabilitation maximizes
outcomes after THA/TKA. Conventional physical therapy (PT) poses considerable logistic difficulties to patients
and/or providers, and while tele-rehabilitation has demonstrated similar outcomes to conventional approaches, it
remains very demanding in terms of therapist time.

Technological solutions that enable home-based rehabilitation programs under remote and asynchronous
monitoring from clinical teams are therefore necessary. However, many are still on the early stages of development
and clinical validation is still poor. SWORD Phoenix® is a novel digital biofeedback system based on inertial motion
trackers that seeks to fulfill these needs.

The aim of this thesis was to compare the clinical outcomes of THA/TKA followed by a digital rehabilitation program
using this system against those of surgery plus conventional rehabilitation. Additionally, we sought to asses system

usability, and to compare the costs of the delivery of a digital program versus those of conventional rehabilitation.

The thesis presents two single-center, prospective, non-randomized, parallel-group clinical trials, with a similar
design. In both, patients were recruited before surgery and then allocated to one of two groups after discharge,
according to geographical criteria: patients residing outside city limits were allocated to the digital program and
the others were allocated to conventional PT. Both groups went through elective surgery plus 8 weeks of post-
surgical rehabilitation. Patients were assessed at baseline (pre-surgery), and then at 4 weeks 4, 8 weeks, 3 months
and 6 months after surgery. The primary outcome was the evolution in the Timed up and Go test (TUG) between
baseline and 8 weeks. TUG scores in the other timepoints (and their evolution from baseline) were also considered,
as well as hip/knee range of motion (ROM) and patient-reported outcome measures — Hip Osteoarthritis Outcomes
Scale (HOQOS) and Knee Osteoarthitis Outcomes Scale (KOOS) - in all timepoints. Acceptance and usability

parameters were also assessed, as well as adverse events.

In the THA study, 66 patients were included: 35 surgery plus digital program (digital group) versus 31 surgery
plus conventional rehabilitation (conventional group), and 59 completed the program (30 vs 29). There were no
differences at baseline between groups except for lower HOOS quality of life (QoL) subscale scores in the digital
PT group. Overall, greater benefits were observed in the digital group not only for the primary outcome (p<0.001),
as well for the TUG score in all timepoints and change from baseline, particularly evident in the per protocol (PP)
analysis. As to hip ROM, results also favor the digital group in all timepoints, except for standing hip flexion. We
did observe convergence between groups after the 8 week assessment, leading to a non-clinically significant
difference at the 6M assessment for TUG. Convergence was also noted for ROM. As to HOOS, results in the PP
analysis were also in favor of the digital group, showing not only greater changes from baseline to 8 weeks and 6

months, as well as higher results at 8 weeks and 6 months in all subscales except Pain. In the intent-to-treat
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analysis (ITT), differences between groups are less evident, but scores in the Activities of Daily Living (ADL) and
Quiality of Life (QoL) at 8 weeks and 6 months favor the digital group.

There was no difference in terms of adverse events in both groups - 14.3% in the digital group vs 22.6% in the
conventional group (p=0.525).

In terms of usability, in the digital group, 91.4% rated their satisfaction as 10/10. Patients in this group required
an average of 0.6 (range 0-2) extra contacts and a median of 4 extra calls (range 0-7) for technical assistance.

Also, 37.1% required the assistance of a caregiver to interact with the system.

In the TKA study, 69 patients were included: 38 digital group versus 31 conventional group, and 59 completed
the program and follow up assessments (30 vs 29). The digital group had lower KOOS scores (in all subscales) at
baseline, with no other differences noted between groups.

In the PP analysis, greater benefits were observed in the digital group not only for the primary outcome (p<0.001),
as well for the TUG score in all timepoints and change from baseline. The ITT analysis shows better outcomes in
the digital group for TUG at 8 weeks and 6 months, but not in change from baseline. Regarding knee ROM, better
outcomes were noted in the digital group for sitting knee extension, and in the PP analysis in terms of change from
baseline to 8 weeks in all movements assessed. We did observe convergence between groups after the 8 week
assessment, in both TUG and ROM. Regarding KOQS, in the PP analysis, scores in the digital group were higher
for all subscales at all timepoints and also considering change from baseline. In the ITT analysis, higher scores in
the digital group were found when considering change from baseline to 8 weeks and 6 months in all subscales
except Sports.

The adverse event rate was higher in the conventional group — 22-6% vs 2.6% In the digital group (p=0.02).

In terms of usability, in the digital group, 73.7% rated their satisfaction as 10/10. Patients in this group required
an average of 0.4 (range 0-2) extra contacts and a median of 2.5 extra calls (range 1-12) for technical assistance.

Also, 58% required the assistance of a caregiver to interact with the system.
Taken together, these two trials demonstrate that THA/TKA followed by a digital rehabilitation program is feasible,
safe and capable of maximizing clinical outcomes in comparison to surgery plus conventional rehabilitation, while

being far less demanding in terms of human resources and therefore resulting in lower costs of care.

Key words: arthroplasty, biofeedback, hip, knee, rehabilitation
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Chapter 1| Introduction

1.1. Thesis organization
This thesis is organized into six chapters. The present chapter - Chapter 1 - provides an overview of the
motivation behind the thesis, presents the specific objectives and outlines the thesis roadmap, including

a brief description of the purpose of each chapter.

Chapter 2 provides an overview of the current state of the art, beginning with an epidemiological
contextualization of the problem, followed by a review of current evidence on rehabilitation after THA/TKA

and subsequently addressing current technological solutions and their clinical validation.

Chapters 3 describes the THA clinical trial, including methods, results and discussion. For the purpose
of this thesis, the introduction part was omitted, since it is covered in chapter 2; original contributions
were adapted and expanded to provide additional information that was not possible to convey in the

published papers.

Chapter 4 describes the TKA clinical trial, including methods, results and discussion. For the purpose of
this thesis, the introduction part was omitted, since it is covered in chapter 2; original contributions were
adapted and expanded to provide additional information that was not possible to convey in the published

papers.

Chapter 5 discusses common and contrasting aspects related to both trials, which merit a joint reflection,
including not only clinical aspects but also those related to usability, as well as the discussion of trial

limitations.

Chapter 6 presents a pos-hoc cost-comparison analysis between the two post-surgery interventions. For
the purpose of this analysis, and given the similarity between the post-surgery interventions in the two

clinical trials, they were both combined.

Chapter 7 presents the overarching conclusions and takes a look forward, expanding on future directions

and lines of research created by the work herein presented.
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1.2. Motivation
The world population is aging' and with this, the prevalence of osteoarthritis (OA) is rising.? OA affects
mostly the hand, hip, knee and spine joints.: Clinically, hip and knee osteoarthritis are important causes

of disability worldwide.

In patients with severe symptoms or functional limitations associated with a reduced quality of life despite
optimized conservative care, total hip (THA) or knee arthroplasty (TKA) remains the mainstay treatment.
In fact, the incidence of THA/TKA has been steadily increasing, and will continue to do so in the following

decades.5”

Rehabilitation maximizes outcomes after THA/TKA.=2 However, the provision of these services varies
widely= and there are no universally accepted guidelines for rehabilitation after THA/TKA.11-12 Access
to rehabilitation is thus far from ideal, and the wide variation in program composition** does little to

ensure all patients have access to effective rehabilitation.

Moreover, in the current context of increasing expenditure in healthcare systems worldwide and huge
pressure to contain it,* the development of novel delivery models that are financially sustainable, is both

a challenge and a priority.”

Most rehabilitation programs after THA/TKA are performed in an outpatient setting, whether at the
hospital or at rehabilitation clinics.® This, however, poses considerable logistic difficulties to both patients
and caregivers, which are amplified in remote areas.» Home-based supervised programs, conversely,
are heavy on logistics on the provider side.* To circumvent this, tele-rehabilitation solutions have been
developed, and these have demonstrated similar outcomes to conventional physical therapy following
both THA and TKA.2-» However, these solutions remain very demanding in terms of therapist time, and
still face multiple technical challenges, namely in terms of setup and need for technical support.® In
recent years, more advanced technological solutions have emerged that further enhance patient
autonomy and minimize realtime human supervision.?-® Crucially, these incorporate biofeedback

systems with the intent of increasing both patient adherence and performance.

Promising as these may be, clinical validation is still poor, with very few randomized controlled trials
against conventional physical therapy=®= and only one in the context of TKA, with a very short follow-

up.28
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SWORD Health has developed a novel digital biofeedback system (SWORD Phoenix®) based on inertial
motion trackers, that enables independent home-based physical rehabilitation under remote monitoring

from the clinical team, addressing the limitations of current systems.

This thesis aimed to explore how would the clinical impact of THA/TKA plus digital intervention compare
to with that of surgery plus conventional physical therapy, and additionally assess the safety and usability

of this system, in the context of home-based rehabilitation afeter THA/TKA.

The importance of this work lies in the fact that solutions like the one presented here, if effective, can
hold the key to solve current constraints in the delivery of rehabilitation interventions, and unlock the
potential of technology to democratize access to healthcare. This is especially important since innovations

in medical technology are generally believed to be the primary driver of healthcare spending. =

1.3. Previous research
SWORD Phoenix® is a certified class | medical device (CE marking) since May 2016 (Registration
number: ED 60110945 0001) and is the result of a research and development project that began in

2008, when Virgilio Bento initiated his PhD in electronics engineering.

The first prototype of the system was developed to explore the use of vibratory feedback in the
rehabilitation of stroke patients. The safety and tolerability of this prototype was validated in a proof of

concept clinical trial involving five patients with hemiparesis resulting from ischemic stroke.®

This clinical trial opened the door to further investigation and innovation. Recognizing the need for proper
assessment of motor performance in neurorehabilitation, a three-dimensional motion quantification
system was developed. A second proof-of-concept trial was then developed to compare the assessment
of upper limb function between a trained therapist and an automated algorithm processing the
information derived from the motion trackers. This algorithm included features inferred from the
Functional Ability Score of the Wolf Motor Function Test (WMFT).* Five stroke patients were tested on
both sides across five selected tasks. There was an agreement between both systems in four out of five
patients, demonstrating that the prototype was able to automatically classify upper limb function with a

high accuracy.”

The motion quantification system was then combined with the vibration module to create the SWORD
system (Stroke Wearable Operative Rehabilitation Device). A pilot clinical trial was then performed to

explore the utility of the solution in stroke rehabilitation. This pilot trial was performed in a hospital setting
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and involved five patients with hemiparesis after ischemic stroke. This was a crossover trial where the
traditional approach was tested against this system.® For comparison, a simple motor task was chosen
- shoulder flexion with elbow flexed at 90 degrees - as a proxy of the hand-to-mouth task. All patients
performed the exercise in both experimental conditions - using the movement quantification system with
and without vibratory feedback. The results showed that, for four in five participants, the use of the
SWORD device with active feedback promoted an increase in training intensity and quality, defined as

the number of correct movements performed by the user during the duration of the session.:

Based on these results, a larger trial was performed.* This was a randomized controlled trial with a
crossover design, involving 44 patients with hemiparesis after ischemic stroke (ClinicalTrials.gov Registry
Number NCT01967290). This trial was performed in an inpatient setting, in the first rehabilitation session
after stroke. Two patient groups were defined and randomly distributed between the intervention group
(motion analysis plus vibratory feedback whilst performing the exercise) and the active comparator
(motion analysis of the same exercise without feedback). The primary outcome was the number of correct
movements per minute. In this trial, the vibratory feedback was able to modulate motor training,
increasing the number of correct movements by an average of 7.2/minute (95%ClI [4.9;9.4]; p<0.001)

and reducing the probability of performing an error from 1:3 to 1:9.»

This trial confirmed the results obtained in the previous pilot trial and not only stimulated further research,
but ultimately led to the creation of SWORD Health, in order to bridge the gap between bench and bedside

and transform the system into a medical device that could be used in the field.

However, this implied a profound change in the nature of the feedback provided - the vibratory module
was abandoned and exchanged for visual and auditory feedback provided through a patient dedicated
app. This decision was influenced by several factors, arising both from research in neurorehabilitation
and from pragmatical observations: a) neurobiological data shows increased functional activity in several
cortical areas after stroke®; b) a multimodal approach implies activation and coordination of several
cortical regions, stimulating neuroplasticity”; c) research findings suggest that visual and auditory
feedback may enhance patient performance®; d) vibratory feedback has intrinsic limitations in patients
with sensory impairment; e) vibratory feedback is not sufficient to relay all the required kinetic information
to the patient; f) the vibratory interferes with the motion tracking system accuracy. From the above stated
reasons, the last two - pragmatical in nature — were the main drivers for this paradigm change and a
clear example of the sometimes profound changes that translation from an academic/investigational

context to the real-world implies.
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When the motion tracking system and the vibratory modules were combined in the previous clinical trial,
the movement that was performed by the patients was purely in the vertical plane, requiring only inputs
from the gyroscope and accelerometer. However, to adequately track motion on the horizontal plane, the
magnetometer is necessary to correct the accumulated drift of the gyroscope.“The vibratory module
generates a magnetic field that interferes with the magnetometer, and therefore with the accuracy of the

system, rendering it unreliable for use in a clinical scenario.

Furthermore, in the previous context where the system was studied, the patient was either under direct
supervision of a clinician (or physical therapist) and/or had been given specific instructions in person
regarding the movements he was expected to perform. However, without a visual interface displaying a
video and audio description of the exercises, it was not possible to reduce (much less eliminate) the need
for either direct human supervision or close proximity to the clinical team. In other words, it would never
be possible to devise a system that could be potentially used by the patient at home, without direct

clinical supervision, in the absence of a visual interface.

A follow-up clinical trial, with a similar methodology to the previous one, was then planned to test the
new feedback on the motor performance of patients after stroke. It was hypothesized that this new
feedback would have a positive impact on motor performance and that the magnitude of the effect would
be at least similar to the vibratory feedback tested in the previous trial. This was a single-center,
prospective, randomized, cross-over trial (NCT03032692) involving 30 patients, which were recruited in
an outpatient clinic setting (therefore, in a post-acute setting). Patients were allocated to two groups. Both
groups performed one exercise with the affected upper limb with and without biofeedback, in reverse
order. The primary outcome was the number of correct movements, defined as those starting at the
baseline and reaching the target joint angle, without violating movement or posture constraints. In this
trial, the number of correct movements was higher in the sessions with feedback by an average of 13.2
movements/session (95% Cl [5.9; 20.4]; P<0.01) and movement error probability was decreased from

1:1.3t01:7.7.%

Collectively, these clinical trials validated the positive impact on performance of the biofeedback provided
by the SWORD system, and formed the basis for the application to an SME Instrument Phase 2 Grant,

to further develop the system and bring it to market.
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1.4. Thesis research in context
The project funded by the European Commission, which started in July 2015, brought about further
improvements to all system components (hardware and software) and also the development of a web-

based Portal to allow the clinical teams to monitor patient performance and evolution remotely.

The work performed under that project culminated in the certification of the system - under the
commercial designation SWORD Phoenix® - as a class | medical device for use in rehabilitation, in May

2016.

Crucially, the ethos behind the development of such a system was never one of providing a digital tool
to be used as part of the rehabilitation program, but one of re-defining care by enabling digital
rehabilitation programs to be delivered and executed independently by the patients under remote

(asynchronous) monitoring from the clinical teams.

To this effect, and given the innovative nature of this approach, with little research published in the area,
producing clinical evidence that such a system could form the mainstay of rehabilitation programs, was

a necessity.

Of note, at this point in time, preliminary evidence of the utility of this system for rehabilitation after stroke
had been produced, both in inpatient and outpatient settings, but no validation existed for home-based
use, and no evidence of whether such a system could bring about meaningful outcomes had been

produced.

Concurrently, while the application of SWORD Phoenix® In the rehabilitation of neurological disorders
was underway, namely through partnerships with public hospitals (Centro Hospitalar de Entre Douro e
Vouga and Centro de Medicina Fisica e Reabilitacdo da Regido Centro- Rovisco Pais) and private

outpatient clinics, its application in musculoskeletal disorders was also being considered.

This resulted from the combination of several factors: a) musculoskeletal disorders (MSD) are the single
largest cause of disability worldwide;* b) exercise is the mainstay in the treatment of musculoskeletal
conditions;** c) very promising initial field experience with patients suffering from musculoskeletal
disorders receiving care at the institutions using SWORD Phoenix®, both in terms of patient acceptability

and clinical impact.

Within MSDs, osteoarthritis, in particular of the hip and knee, are important causes of disability
worldwides, thus posing a natural interest as investigation targets. Also, biomechanically, both joints are

much less complex than the shoulder joint, reinforcing their appeal as initial targets.
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In addition to this, the prevalence of OA - including of the hip and knee- is rising.?, and so is the incidence
of THA/TKA*” which are the largest cost drivers in OA care.* This has led countries to develop programs
to support better and more efficient care to these patients, namely through programs like the
Comprehensive Joint Replacement (CJR) program in the United States of America (USA) = This program
is intended to test bundled payment (ie, payment of a fixed amount per patient, including surgery and
post-surgical rehabilitation within a 90 day period) and quality measurement to encourage providers to
work together in improving quality of care.

Within this context, and given the conjunction of all the factors discussed above, pursuing the validation
of SWORD Phoenix® in the rehabilitation of MSD in general, and after THA/TKA in particular, became

particularly attractive.

1.5. Objectives

The research questions that supported this thesis were:

Question 1: Is there any difference between the clinical outcomes of THA/TKA plus digital rehabilitation

versus surgery plus conventional rehabilitation?

Question 2: Is the digital intervention well accepted, easily usable and engaging for patients undergoing
rehabilitation after THA/TKA independently at home?

Question 3: Is the digital intervention associated with potential cost savings versus conventional

rehabilititation?
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2.1. Global socio-economical context

The world population is aging' and this is true both for developed and developing countries. In fact, the
rate at which the population is aging is even greater in developing countries.! In 2017, estimates point
to 962 million people aged 60 years or over, twice the number of 1980, an number which is expected

to reach nearly 2.1 billion people in 2050.

This has led to marked increases in Old-Age Dependency Ratios (OADR) across the globe, and to milder
increases in Prospective Old Age Dependency Ratios (POADR), which take into account the years of life
remaining as a proxy for dependency rather than years of life already lived.! Both are expected to continue

increasing,! translating into a heavier burden of care for future societies.

The corollary of this is an increase in healthcare expenditure. In the European Union (EU), for example,
the total cost of ageing (including pensions, healthcare, long-term care, education and unemployment
benefits) is expected to increase by 1.7% to 26.7% of Gross Domestic Product (GDP) between 2016 and
2070.2 Importantly, long-term care and healthcare costs are expected to contribute the most for this

rise, increasing by 2.1% in the same period.=

This accrues to the problem of increasing healthcare spending throughout the Organization for Economic
Cooperation and Development (OECD)®, which, despite the recent slowdown since the global financial
crisis, is expected to consume an additional 2% of GDP over the next 20 years.* Four main factors are
cited as reasons for this increase even in developed countries: a) rising incomes lead to greater
expectations on the quality of care; b) institutional characteristics of healthcare systems, with more
regulated systems being more cost-saving; c) changing demography and d) new technologies.® The
impact of changing demography in healthcare spend has been much debated.® While it seems obvious
that age relates to a decrease in health status, it is not so clear that an increased life expectancy directly
increases healthcare costs.® Still, evidence suggests that population aging moderately increases
expenditures on acute care and strongly increases expenditures on long-term care.® What seems clearer

is that innovations in medical technology is the primary driver of healthcare spending.s=

In this current context, of increasing healthcare expenditure and the need to contain it, to ensure
sustainability®, new models of healthcare delivery are a necessity, and technology needs to become part

of the solution, instead of part of the problem.
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2.2. Epidemiology and burden of Osteoarthritis

Osteoarthritis (OA) is the most prevalent chronic joint disease.® It can involve any joint, but most
frequently involves the hands, knees and hips, with knee and hip OA being the major drivers of OA-

associated disability.?

The prevalence of OA is difficult to estimate, as it depends on the precise definition used, the age, sex,
geographical area studied and the site of interest.>* It is, however, clear, that OA becomes more common
with age, and that after the age of 50, it is more prevalent in women than in men.:== A study published
in 2003, by Woolf & Pfleger, presents an estimated prevalence of 10% in men and 18% in women after
age 60.2 The EpiReumaPT, the only study on the epidemiology of rheumatological disorders in Portugal,
reports a much higher prevalence in the 50-64 age group, with a combined prevalence of 29.7% (16.2%
in men and 43.5% in women).® The magnitude of the difference between these two reports is significant.
Still, if we factor in the fact that the prevalence of OA is increasing, mainly due to the aging population
and the obesity epidemics,* and take into account that the first study was published in 2003 and the
latter in 2018, then it seems likely that the current global prevalence is closer to the figure reported by
the Portuguese study. In regards to the increase in OA prevalence, a study on the prevalence of doctor-

diagnosed arthritis in the US estimates a prevalence of almost 25% in the adult population by 2030.

Regarding hip OA, a study published in 2014 by Kim ef a/# reported a prevalence of radiographic and
symptomatic OA of 19.6% and 4.2%, respectively, in the Framingham Study Community Cohort.#” The
EpiReumaPT study reports a 2.9% prevalence of hip OA in the adult population.=

Regarding knee OA, a Swedish study reported a prevalence of 25.4% for radiographic OA and of 15.4%
for symptomatic OA.* The EpiReumaPT study reports a 12.4% prevalence of knee OA in the adult
population.= These values are significantly higher than the 7% reported in the Framingham Osteoarthritis
study published in 1987, probably related to an increase in prevalence since then. In fact, the most
recent report of the Global Burden of Disease points to an increase in the prevalence of hip and knee
OA between 2007 and 2017 of 21.6% for females and 16.7% for males, affecting more than 300 million

people worldwide.*

Hip and knee OA are a leading cause of disability in adults,* particularly in the elderly.©2 The most recent
report of the Global Burden of Disease points to more than 9.6 million Years Lived with Disability (YLD)

caused by these two disorders — a number which increased 31.4% between 2007 and 2017.%
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The resulting socio-economic impact is brutal, with direct and indirect costs amounting to between 1.0%

and 2.5% of the GDP in developed countries, driven mainly by knee and hip OA.=
2.3. Clinical aspects of hip and knee osteoarthritis

A detailed review of the clinical aspects of hip and knee OA is out of the scope of this thesis. Still, a
contextualization of these disorders is important to understand the work herein presented, and therefore

a brief reference will be made to the most relevant clinical aspects of hip and knee OA.

2.3.1. Pathophysiology

Osteoarthritis was once viewed as a process involving mainly cartilage degradation resulting from
biomechanical stress.»s* However, recent evidence points towards an involvement of several joint
structures, especially the synovium and the subchondral bone.># Synovial inflammation happens in both
early and late stages of OA, and is thought to be secondary to cartilage debris and catabolic mediators
entering the synovial cavity.* Regarding the subchondral bone, subchondral sclerosis, osteophyte
formation and bone remodeling are hallmarks of the disorder and crucial for radiological diagnosis.*
However, these may occur early in the disorder, and it has even been postulated that they may be one

of the drivers of cartilage damage.*

2.3.2. Risk factors for hip and knee osteoarthritis

There are several known risk factors for OA, which can be divided in systemic and local factors. Regarding
systemic factors, age, female gender, obesity and osteoporosis are well established risk factors.:=
Intriguingly, for reasons yet unknown, obesity has a much greater impact on the risk of knee OA than in
hip OA.= There also appears to be a strong genetic basis for susceptibility to OA, as determined by both

family-based and genome-wide association studies.*

As to local factors, traumatic knee injuries are one of the main risk factors for knee OA, as well as
prolonged kneeling or squatting.: Abnormal mechanical alignment of the knee and quadriceps weakness
are also two established is an independent risk factors for knee OA development and progression.ss

Evidence regarding the association between sporting activities and knee or hip OA is conflicting.:
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2.3.3. Clinical features and diagnosis

Pain is the main symptom associated with OA.3**¢&” Pain in OA typically follows a mechanical pattern,
worsening with movement and weight bearing, and is often associated with short-lasting stiffness after
significant inactivity periods.»* Movement limitation is another important feature of the disorder 3=+

Together with pain, these two features lead to increasing disability as the disease progresses.

Other features of the disorder are joint effusion, which can be present both in initial and later stages, as

well as variable degrees of joint inflammation.ss’

Physical examination enables a thorough characterization of joint involvement, with crepitus being a

frequently encountered sign.s

The diagnosis of hip® or knee® osteoarthritis depends upon clinical and imaging criteria. The main
radiographic features supporting the diagnosis are osteophytes and a reduction in joint space.=s Given
the widespread availability, simplicity and low cost of plain radiography, the role of other imaging
techniques, namely Computerized Tomography (CT), echography and Magnetic Resonance Imaging

(MRI) in the diagnosis of OA is unclear and they are not routinely used.

2.3.4. Management of hip and knee osteoarthritis

According to the position paper of the Osteoarthritis Research Society International (OARSI) on
recommendations for the management of hip and knee OA, optimal patient management requires a

combination of pharmacological and non-pharmacological modalities.*

Regarding  non-pharmacological  interventions,  patient  education, maintaining  regular
aerobic/strengthening exercises and weight management are those with the highest level of evidence

(class la).*

Regarding pharmacological interventions, oral analgesics are recommended as the first line of therapy
against pain (class la) and non-steroid anti-inflammatory drugs (NSAIDs) should be used only if
necessary, in the lowest effective dose, and long-term use should be avoided (class la).* Topical NSAIDs
are an effective alternative (class la). In patients with refractory pain, intra-articular administration of
corticoids or hyaluronate can be considered (class la). The use of other analgesics, such as weak opioids,

can be considered in case of ongoing pain. (class la).
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For patients with significant pain and disability refractory to these treatment modalities, surgery needs to
be considered. In hip OA, osteostomy and joint preserving procedures can be considered in young
patients, especially in the presence of hip dysplasia (class IIb).* Likewise, in young patients with
unicompartmental knee OA, high tibial osteostomy can be considered to delay the need for total joint
replacement (class lIb).* Surgical lavage and debridement in knee OA is not more effective than placebo

and is, therefore, not advised.™ Total hip and knee replacement are discussed below.

2.4, Total hip and knee replacement
2.4.1. Epidemiology and costs

THA is a very common procedure, with more than 1 million procedures undertaken worldwide each
year.” As a consequence of the aging population, the rates of primary and revision THA have been

increasing globally.”

In the United Kingdom, data from the 2017 report from the National Joint Registry shows a 214% increase
in the number of primary THA procedures between 2004 and 2017 and a 297% increase in the number
of revision THA over the same period, totaling almost 100,000 procedures.” In the USA, estimates point
to a 174% increase in primary THA between 2005 and 2030, and to a 237% increase in revision THA.s
This will translate into around 572,000 primary procedures per year and into 96,700 revision procedures

in 2030.°

Like THA, TKA is also a very common surgical procedure. The number of THA procedures has been
increasing every year and will continue to do so in the next decades. Data from UK s National Joint
Registry shows a 524% increase in the number of primary TKA procedures between 2004 and 2017 and
a 510% increase in the number of revision THA over the same period, totaling almost 110,000
procedures.” In the USA, it has been estimated that by 2030, the demand for primary TKA will increase
by 673% and for revision TKA by 601% compared to 2005.5 This will translate into around 3.48 million

primary and 268.000 revision procedures.:

The costs associated with THA and TKA are substantial. A study published in 2012, by Murphy &
Helmick, estimated costs due to hospital expenditures of THA and TKA in the USA, presenting a total
figure of $42.3 billion.” Little data exists for cost estimations outside the USA. Still, a study published by
Dakin et al. in 2012 reports an average cost of £7458 (circa 8633€) per primary TKA and five years of
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subsequent care.” Extrapolated to the number of surgical procedures in 2017, this would place costs

with TKA and subsequent care in the UK above £750 million (circa 870 million €).

Despite the huge costs associated with these procedures, a systematic review conducted by Daigle ef
al., which included several high-quality studies, demonstrates that they are highly cost-effective.” Still,
the numbers presented above, especially for the US, clearly highlight the need to optimize outcomes

after surgery, aiming to further improve cost-effectiveness.

2.4.2. Indications for surgery

No international consensus exists regarding surgical indications for THA or TKA, and there is wide
variation between surgeons.”” In general, though, surgery is considered for patients with refractory pain
after a trial of non-operative interventions, with substantial disability and significant radiographic

changes.”7

Regarding knee OA, indications for partial knee arthroplasty are the same as for TKA, but the disease
should be isolated to one compartment.” In good candidates, this procedure may have a better functional

outcome than TKA, at the expense of a high rate of revision procedures.”

2.4.3. Types of prosthetics

For THA, there are four main types of fixation options: cemented, uncemented, hybrid (cemented stem
and uncemented cup) and reverse hybrid (uncemented stem and cemented cup). Alternative bearing
surfaces (eg ceramic, metal) can be used. Therefore, multiple combinations exist, with an even greater

variability depending on the specific brand/design.

For TKA, the variability is even greater, with both cemented, uncemented and hybrid designs; fixed-
bearing (tibial component attached firmly to the metal implant beneath) or mobile-bearing; with or without

ligament preservation (posterior and/or anterior cruciate ligament preserving).

In both cases, head-to-head comparison of the different types of prosthetics was and still is almost
inexistent, and the decision is mostly based on specific patient characteristics, as well as on surgeon

preferences.””’s This was one of the reasons behind the creation of prospective national registries.”7

As a result of these registries, evidence favoring certain types of prosthetics, or certain brands, are

starting to appear.”” Regarding THA, a recent cost-effectiveness study that gathered data from the UK
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and Swedish registries showed that small-head (<36mm in diameter) cemented metal-on-polyethylene
implants were the most cost-effective for adults >65 years old in contrast with ceramic-on-polyethylene
for <65 years old, and that uncemented or hybrid were not cost effective.” Regarding TKA, a study with
data from the UK registry compared five brands of cemented, unconstrained (ligament-sparing), fixed-

tibial bearing prosthetics — which are the most used type — showed a superiority of the Nexgen brand.”

2.4.4. Outcomes after surgery

Traditionally, surgical outcomes in both THA and TKA have been measured by survival analysis, with
revision surgery as an endpoint.”’* Based on these criteria, excellent implant survivorship has been
reported for THA, with 10-year survivorship rates of 95% and 20-year rates >80%. For TKA, the 10 year

risk of revision is situated between 4 and 6%.7

However, this approach does not address clinical or functional outcomes, nor patient satisfaction with

the procedure, and therefore is not acceptable as the only measure of surgical outcome.

On the other hand, while range of motion is a frequent concern for patients and clinicians alike, it is, at
least for TKA, considered a poor marker of implant success,” with little relation to functional

performance® and may not reflect patient satisfaction adequately.®

Self-reported outcome scores, also called Patient Reported Outcome Scores (PROMs) provide relevant
data on function, symptoms and activity from a patient perspective. There is no agreement about what
constitutes a good PROM though, and there is no clear superior outcome measure.* For THA studies,
the most commonly used PROMs are the Western Ontario and McMaster University Athritis Index
(WOMAC), the Oxford Hip Score and the Hip Osteoarthritis Outcome Score (HOOS).:= For TKA studies,
WOMAC, the Oxford Knee Score and the Knee Osteoarthritis Outcome Score (KOOS) are the most

commonly used.®

Several authors, however, conclude that PROMs are heavily influenced by pain and that, as a result, they
should be combined with performance-based measures. =% For studies on THA or TKA, the
Osteoarthritis Research Society International recommends that the 30 second chair rise test, 4x10m
fast-paced walk test, a timed stair climbing test, Timed up and Go Test (TUG) and 6-minute walking test

(6MW) be included as outcome measures.®

Based on performance measures and on PROMs, THA and TKA are associated with clinically significant

improvements in a vast majority of patients.z= Still, results after THA appear to be slightly superior to
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those after TKA - the RESTORE study, involving 263 patients submitted to THA and TKA, reported
significant improvements in about 90% of patients after THA and 70% of those after TKA=®, whereas the
results of a 20-year Dutch registry involving 2089 patients report significant improvements in 91.5% of

THA patients at 12 months and 79% for TKA.®

On a different aspect, a recently published Finnish® study, involving 408 employees from the public

sectors that underwent THA, reported that 94% returned to work after THA on average after three months.

2.4.5. Impact of surgery on quality of life

A systematic review on health-related Quality of Life (QoL) after THA and TKA, by Ethgen et a/,, published
in 2004, which included a total of 74 studies, concluded that THA and TKA were quite effective in terms

of improvement in health-related QoL, with some exceptions regarding social dimensions.=

Subsequently, a study, by Bruyére ef al., followed 39 patients prospectively for seven years (22 THA; 17
TKA) and reported a significant improvement in both generic health-related Qol, measured through the
Short Form 36 (SF-36), and in specific health-related QoL, measured through the WOMAC, over a short

term period of follow-up (six months), which were maintained for seven years.*

A more recent study, performed by Dailiana ef a/. on patient-reported QoL after primary major total joint
arthroplasty (TJA), which involved 378 patients (174 THA and 208 TKA) reported significant
improvements in the WOMAC and in the Centre for Epidemiological Studies Depression Scale (CES-D10)

one year after surgery, as well as an 88% satisfaction rate.*

In spite of these promising results, a recent lranian study* involving 217 patients after THA, compared
with a matched reference population, reported significantly lower health-related QoL measures in the
patient group. This indicates that, despite a beneficial impact of these procedures, achieving near-normal

outcomes remains an elusive goal.

2.4.6. Risk factors for adverse events and sub-optimal outcomes after surgery

Regarding factors associated with adverse events, a study performed by Keswani et a/.,” compared
adverse events after discharge from Total Joint Arthroplasty (TJA) by discharge destination (home, skilled
nursing facility or inpatient rehabilitation) to identify risk factors for inpatient discharge and adverse events

after discharge. This was a large study involving 106,360 patients submitted to TJA, and found the
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following factors associated with adverse events after discharge: a) severe adverse event before
discharge; b) age; c) operative time; d) male gender; e) functional status; f) Body Mass Index (BMI)>40;
g) history of smoking; h) hypertension; i) steroids for chronic condition within 30 days of procedure; j)
bleeding disorder; K) American Society of Anesthesiology (ASA) class 3/4.e Additionally, the following
factors were associated with unplanned 30-day admission: a) diabetes; b) pulmonary disease; c) cardiac
disease. Interestingly, this study also demonstrated that non-home discharge was associated with an
increase in the risk of adverse events, even after adjusting for patient risk levels, and this was true for all

patients except for those at very high risk of adverse events.”

Another study, by Paxton ef a/s analyzed the factors associated with the change in physical activity levels
one to two years post-operatively.® This study, which evaluated 5678 THA and 11084 TKA procedures,
identified female gender, obesity and certain comorbidities (psychosis, renal failure, neurological

disorders) as predictors of a limited increase in physical activity following TJA.*

2.5. Rehabilitation after total hip and knee replacement

Rehabilitation maximizes outcomes after THA/TKA®= and, as such, is widely prescribed after surgery.
However, there are no universally accepted guidelines for rehabilitation after THA or TKA.1221-18 |n fact,
surprisingly, clinical evidence on this matter is limited, with variable quality and sometimes
inconsistent.’2s-¢ This is particularly evident for rehabilitation after THA, where two systematic reviews,
performed by the same authors, published in 2009 and 2015 pointed out that, while the narrative
review supported the benefits of physiotherapy exercise in terms of function, walking and muscle
strengthening, the quality of the available studies was insufficient to draw definitive conclusions. The
main issues reported by these papers were design flaws in early studies, small sample sizes and short
follow-up times.'>'*= A more recent meta-analysis, published in 2019,* on the efficacy of exercise for
improving functional outcomes after THA, which included ten studies with a total of 441 patients, reported
that, in comparison with the control group, post-operative exercise has better pain relief and clinical

outcomes.

Other methodological issues, such as insufficient information on the intervention (timing, dosage, specific
program), were reported by Pozzi ef al. in their systematic review of physiotherapy following TKA.®
Importantly, the latter systematic review also notes that trials that suggested physical therapy is not

necessary after TKA lack methodological control and subjects in all groups appeared under-rehabilitated. s
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In this context of unknown ideal timings, composition and duration of physical therapy programs, it is
not surprising that programs vary widely between different centers®. Still, even in the face of these
limitations, the picture presented by Artz ef a/. on the provision of physiotherapy following THA and TKA
is dim.= This study, published in 2012, analyzed routine practices at 24 high-volume National Health
Service (NHS) Hospitals in England and Whales. After THA, no high-volume orthopedic centers offered
routine physiotherapy unless patients were considered to be in clinical need of additional physiotherapy
support. Referral for physiotherapy after TKA was more routinely performed, but still 26% of hospitals
failed to refer patients routinely. This is particularly worrisome since the rehabilitation program may

influence both short- and long-term results. 15

Notwithstanding, studies suggest that intensive and progressive rehabilitation translates into better
results, also maximizing patient’s adherence to therapy and overall satisfaction.* There is also evidence
stating that therapeutic exercise should be a primary component of post-operative care, that programs
should include strengthening exercises, and that the exercise programs should be supervised and
progressed as the patients meet clinical and strength milestones.'s Other authors also state that a more

functional approach to rehabilitation, including weight-bearing exercises, appears to be more effective.®

According to an expert consensus on best practices for post-acute rehabilitation after THA and TKA,
which involved a Delphi panel of USA and Canadian experts, rehabilitation should start within three weeks
of discharge”. Despite the absence of consensus on specific dose parameters of duration, frequency,
and number of treatment sessions, the greatest support for rehabilitation after THA was for four to eight
weeks of supervised rehabilitation, two to three times per week and, for TKA, of four to 12 weeks.”” The

panel also recommended that interventions should be based on therapeutic exercise.”

The only European guidelines on rehabilitation after THA and TKA are those developed in collaboration
between the French Physical and Rehabilitation Medicine Society (SOFMER) and the French Federation
of Physical Rehabilitation Medicine (FEDMER). These recommend, as standard for rehabilitation after
THA or TKA, a nine week program consisting of three weekly sessions in the first six weeks and two to

three weekly sessions in the last three weeks. 1718

Regarding the rehabilitation setting, physical therapy delivered in an outpatient setting requires that
patients travels to the clinic, which poses considerable logistic difficulties to both patients and caregivers,
which are amplified in an elderly population and in remote areas.’s» In this sense, home-based programs
could facilitate access to rehabilitation and increase patient uptake and adherence, which are important

issues in rehabilitation.' Both for THA and for TKA, evidence shows that home-based and clinic-based
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rehabilitation protocols have generated similar improvements.wo11z1618

Home-based programs, conversely, are heavy on logistics on the provider side.® To circumvent this,
telerehabilitation solutions have been developed and these have demonstrated similar outcomes to
conventional physical therapy following both THA and TKA.2-= Telerehabilitation also enhances therapy
uptake, while allowing professionals to remotely adjust rehabilitation programs.te-12 However, these
solutions remain very demanding in terms of therapist time, and still face multiple technical challenges,

namely in terms of setup and need for technical support.

In lieu of the limitations faced by both conventional and tele-rehabilitation, the need for supervised
rehabilitation has been recently challenged, especially after THA. Coulter ef a/., for example, in a study
involving 98 patients, reported no differences between a supervised versus unsupervised program at the
six month follow-up assessment, but the program duration was only 4 weeks, and the supervised group
only had one session per week.'* Mikkelsen ef a/. also performed a study comparing supervised versus
unsupervised rehabilitation after THA, which involved 68 patients, and reported no differences at one
year after surgery.s Even if the latter study was methodologically more refined, the patients in the
unsupervised program were instructed to perform pre-structured sessions that had been developed by a
clinical team, while patients in the supervised program had two supervised sessions per week plus five
unsupervised sessions. Therefore, it can be argued that this study demonstrates the benefit of some
form of structured exercise after THA, and points to the relevance of intensity as a very important

component of the recovery process.

A more recent study, published by Klement ef a/.,*= which included 941 patients, compared the outcomes
of an unsupervised, web-based self-directed physical therapy program after THA (646 patients) with those
of a combined unsupervised program together with outpatient physical therapy (295), and reported better
outcomes in the unsupervised program. However, the authors note that, from the patients who were
prescribed a combined program, 88.2% were due to perceived need for outpatient rehabilitation by the
attending physician. The authors therefore conclude that the unsupervised program may be suited for

less disabled but not all patients.

Finally, a recent systematic review and meta-analysis of randomized controlled trials investigating the
effect of supervised exercise compared to non-supervised home-based exercise after THA, which included
seven studies and a total of 389 participants, reported a small and non-significant difference in favor of

the supervised groups for patient-reported function, hip-related pain, health-related quality of life and
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performance-based function at end of treatment and in patient-reported function at the six to twelve-

month follow-up.ts In conclusion, evidence in this field is still equivocal.

2.6. Novel technologies for rehabilitation after total hip and knee replacement

In the face of the challenges faced both by conventional outpatient or in-home rehabilitation and by
telerehabilitation, technological solutions that enable home-based rehabilitation to take place without the
need for real-time human supervision can be the key to facilitate access, improve effectiveness and lower

costs.

In this sense, the term “novel technologies” is used here in relation to technological approaches that
may fulfill these needs and that are /afv sensu comparable to the solution presented in this thesis, and
not in the broader meaning of the expression. This excludes, for example, robotic devices, which are
expensive, heavy and not portable, as well as other technologies like large camera-based system for

motion analysis (existing only in gait analysis laboratories) and fully immersive virtual reality systems.

In the context of the present thesis, four main categories of novel technologies are to be considered: a)
systems based on electromyography (EMG); b) portable camera-based systems (such as Microsoft®
Kinecte); c) systems based on the Nintendo® Wiie Fit console; d) systems based on inertial motion units

(IMUs).

Crucially, all the above-mentioned systems incorporate biofeedback with the intent of increasing both
patient adherence and performance. In fact, biofeedback has been used in rehabilitation for over 50
years, with most studies focused on EMG-based solutions.” Unfortunately, in this area, while there have
been some advances in novel technologies for neurological rehabilitationts: there is little validation on
such solutions for musculoskeletal disorders, particularly for hip OA or THA, where only two studies were

found.z0 Available evidence is discussed below.

A recent systematic review on the use of biofeedback devices in comparison to usual care after TKA
found a total of eleven studies on the subject.z These studies involved a variety of biofeedback systems:
three with Nintendo® Wii® Fit or Wii® balance> (one of them combined with a leg press device and a
motion capture laboratory); two with other balance boards®:; two with EMG15; one with a Fitbit® activity
monitor®; one with an instrumented treadmill and motion capture lab™®; one with a pressure sensor
embedded in a pillow™ and another with a goniometer embedded in a knee orthesis.” From these

studies, only one of those involving Wiie 2and the one involving Fitbit® » were performed in a home-
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based autonomous setting and another, also involving Wii®s, was performed in a home-based setting
under guidance from a home health professional. Importantly, three of these studies=2 had a very
short follow-up time, limited to 1 week, and therefore only preliminary conclusions on patient acceptance
and possible efficacy could be derived from them, and only four studies®zz212212 had a follow-up time of
four to six months. Still, this review concluded that training with biofeedback after TKA is a viable way to

improve gait symmetry, reduce pain and increase activity level.

Another recent systematic review addressing the efficacy of virtual reality tools for TKA, included a total
of six studies - three with solutions based on the Nintendo® Wii® Fit console (also incorporated on the
previous systematic review); one based on Microsoft® Kinect®; ** one based on IMUs# and one based on
a dynamometric platform.= From those not based on Wii®, which were discussed in the paragraphs
above, only the study based on an IMU solution was performed in a home-based setting, and this study
is discussed below. This systematic review did not report any advantage of virtual reality tools over
conventional training, while noting that more studies were necessary, in particular regarding the feasibility

of continued in-home intervention.

2.6.1 Electromyography-based solutions

Regarding EMG-based solutions, evidence was found for patellofemoral pain,=*¥ anterior cruciate
ligament (ACL) reconstruction,= knee OA, meniscal repair and minor arthroscopic knee

surgeries.s

Some of these papers were included in a systematic review performed by Wasielewski et a/. in 2011,
with the exception of the papers by Anwer ef a/,* Christanell et a/,** Shanb et a/.? and Wang et al.,'

which were published afterwards.

That systematic review concluded that potential improvements in knee extension and functional
outcomes were demonstrated for ACL reconstruction and meniscal repair, but with limited datasets to
draw more definitive conclusions,* and that participants with patellofemoral pain and OA did not benefit

from these interventions.

The study by Anwer et a/» aimed to evaluate the effectiveness of EMG biofeedback as an add-on to
isometric quadriceps training. The study involved 33 patients and concluded that, at the end of the five-
week program, the group which performed the exercises with biofeedback had significantly greater

quadriceps strength.®
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The study by Christanell et a/, which involved 16 patients, demonstrated that EMG biofeedback in
addition to conventional physical therapy could increase knee strength after ACL reconstruction, over a

six-week program.®

The study by Shanb et a/. involved 45 patients, who were divided into two groups; the experimental group
had biofeedback training in addition to a conventional rehabilitation program, two sessions per week for
four months.» The authors reported significant improvements in quadriceps torque, voluntary activation

and knee functional activity in the experimental group in comparison to the control group.®

Finally, Wang et a/. performed a study involving 66 patients, which were randomly assigned to one of two
groups: no intervention or EMG-based biofeedback relaxation training twice a day for five days,
concurrently with continuous passive-motion (CPM) therapy.'# The authors reported significant less pain

during CPM in the biofeedback group.:

Evidence on the efficacy of EMG-biofeedback based systems is therefore only preliminary, and these
have yet to be incorporated in a fully functional solution that can be used independently by the patients

at home.

2.6.2. Camera-based solutions

In relation to camera-based solutions, only three studies were found on the validation of Kinect®-based
telerehabilitation systems, one on THA,7 another on TKA/unicompartmental knee arthroplasty (UKA)*

and a more recent one on both.

The study on THA, by Anton et a/, was a small study, involving seven patients, in a total of 19
rehabilitation sessions.# This study reported that the system was well received by the patients and that
it was able to identify exercises correctly, with some concerns regarding exercises performed with certain

types of clothing, with external objects (eg. chairs) and in cluttered environments.z

The study on TKA, by Chughtai ef a/,, which enrolled 157 patients (14 TKA; 139 UKA) was a single-arm
study aimed at evaluating patient adherence and compliance to a home-based rehabilitation program
with the technology, system usability and clinical outcomes.® The authors reported high usability and
patient adherence, as well as a marked improvement on the Knee Society Score (KSS) pain and function

scores, the WOMAC and in the Boston University Activity Measure for Post Acute Care score.*

The third study, which involved 111 patients submitted to THA or TKA* compared the outcomes of tele-

rehabilitation using a Kinect®-based versus usual care after a period of three weeks of inpatient
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rehabilitation, and reported comparable results between the two groups in terms of functional testing,

quality of life and pain.»

Despite these promising results, concerns on the real-world usability of camera-based solutions, such as

those raised by Anton ef a/still remain.?

Furthermore, even though commercial solutions using this technology are available (eg. Reflexion
Health), Kinect® was unfortunately discontinued as a stand-alone module and is now going to be made
available only as a module for developers, which will likely cause setbacks in its incorporation in

rehabilitation solutions.

2.6.3. Nintendo® Wiie- Based Solutions

In regards to solutions using the Nintendo® Wii® Fit console, there is preliminary validation of their
acceptability after TKA=us and anterior cruciate ligament (ACL) reconstruction.22 Fung et a/. compared
conventional outpatient physiotherapy program with or without an extra period of 15 minutes of Wii® Fit
gaming activities in 50 patients, and found it to be well accepted, although no clinical differences were
found in clinical outcomes between groups.# Ficklscherer et a/. used a similar design, in a study involving

17 patients submitted either to TKA or ACL reconstruction, and found similar conclusions.

The exceptions to these preliminary studies are the RCTs performed by Baltaci ef a/. involving 30 patients
submitted to ACL reconstruction, comparing a program performed with Wii® Fit against conventional
physical therapy,® and by Christiansen ef a/.,'z involving 26 patients, where the addition of weight bearing
feedback to conventional physiotherapy was tested against physiotherapy alone. The first study found no
differences in clinical outcomes between the two groups at the twelve-week assessment, in terms of
isokinetic knee strength, dynamic balance and functional squat tests.» The latter study found no
differences at 26 weeks regarding weight bearing symmetry or knee extension moments during the five
times sit-to-stand test (FTSST), but did find increases in knee extension during gait, as well as improved

FTSST times. 'z

Anecdotally, we found one study that combined both the Kinect® and the Wiie Fit devices with a dedicated
software, and tested the system in a single patient after TKA, during a six-week inpatient rehabilitation

program, in addition to conventional physiotherapy, concluding that such a approach was feasible.*#
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In addition to the little clinical validation available, there are no commercially available solutions based
on this technology directed specifically at rehabilitation for lower limb musculoskeletal disorders,

especially in an elderly population.

2.6.4. IMU-based solutions

A recent systematic review on interactive wearable systems for upper body rehabilitation, published in
2017, found only four studies on musculoskeletal disorders, all of which focused on usability aspects,
and none of which was a clinical trial.# Interestingly, in this review, which included 45 papers, 84% of

them used IMUs or accelerometers.#

For lower limbs, IMU-based solution have been mainly used in this field for movement characterization
and not as rehabilitation tools. - The same conclusion was reported in a recent review on wearable

motion tracking systems for rehabilitation after THA and TKA, published in 2018 by Bahadori ef a/*=

Regarding THA, only one study was found, by Raaben ef a/.,* which aimed to determine the effect of
real-time visual feedback on weight bearing during in-hospital rehabilitation, versus no feedback, using a
force sensor inside the insole of custom-made sandals. This study, which enrolled 24 patients, found
higher peak loads in the biofeedback group at the 12 week assessment.’ Still, this does not qualify

neither as an IMU-based solution nor as a fully functional rehabilitation system.

Regarding TKA, we found two studies published on a solution based on inertial motion trackers.z® One
study included 142 patients, which were randomized to receive a two-week program after surgery (10
sessions) with this system versus conventional rehabilitation. The outcomes were similar in both groups,
but the intervention duration was too short to draw definitive conclusions.z The other study, by Argent et
al.," published in 2019, was a smaller study, involving fifteen patients, and aimed at testing the usability
of a prototype system. The authors reported a high degree of usability and a mean adherence of 79%

(i.e. 79% of patients completed the recommended number of sessions).x

Additionally, we found two other studies with an IMU-based solution for chronic knee pain.=® The first
study, published in 2017, was a single-arm study which enrolled 41 patients with chronic knee pain.»
Participants had a 12-week program consisting of: a) therapeutic exercise (led by a mobile application
and two IMUs); b) education (articles presented through the mobile application); c) cognitive behavioral
therapy-like sessions (four video sessions); d) group chatting mediated by a health coach; e) patient-led

tracking of symptoms, weight and activity.» The authors report a mean improvement in KOOS Pain scores

28



Chapter 2| State of the Art

of 16 points at 12 weeks, as well as a 10-point improvement in the KOOS-PS (physical function short
scale), which were maintained at six months. Importantly, around one third of the patients included were
doing “physiotherapy-like” exercises at the time of inclusion, and they were not asked to stop, which is

a major confounding factor.

The second study, published in 2018, was an RCT involving 162 participants (treatment group n=101;
controls n=61).* The intervention was the same as above for the intervention group; the control group
only had access to three pieces of educational material (i.e. no active control). The authors reported a
significantly greater reduction in KOOS pain and KOOS-PS in the intervention group.® However, the
difference between groups was below the 10-point reported Minimal Clinically Important Difference
(MCID) of 8-10 points reported for this scale.’s: Plus, again, around one third of the patients included
were doing “physiotherapy-like” exercises at the time of inclusion, and they were not asked to stop, which

is @ major confounding factor.

In all, evidence backing IMU-based solutions is still lacking, but these appear to be promising solutions,

especially in the light of the two studies presented above on knee OA.

2.7. SWORD Phoenix®

After discussing the emerging novel technologies for rehabilitation after total hip or knee replacement,
and presenting IMU-based solutions as potentially promising solutions, a description of SWORD
Phoenix® will be provided below, to allow adequate understanding of system components and how they
are integrated. SWORD Phoenix® is a class | certified medical device composed of three components

(Figure 1A-E): a) Internal motion trackers; b) mobile app; c) web-based Portal.
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Figure 1. SWORD Phoenix® components. A - Motion Tracker Setup. B - Mobile App: preparation screen. This screen is shown
before each exercise, and displays a video of the exercise, as well as audio instructions. C - Mobile App: execution screen.
This screen is shown during exercise execution, displaying: a) timer; b) progress bar; c) posture dummy; d) repetition counter;
e) time left: D - Web Portal - prescription screen. This screen displays the available exercises on the left and the layout of the
exercise session on the right. E - Web Portal - results screen. In this screen, the following information is presented: a) date
and time of the session; b) session duration, c) pain and fatigue reported by the patient through the app, d) one card per
exercise, showing baseline and target joint angles, wrong and incomplete repetitions, as well as posture errors.
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2.7.1. Inertial motion trackers
The trackers are placed on body segments using Velcroe straps, in specific positions (Figure 1A):

i.  Red tracker: over the sternal manubrium
ii.  Green tracker: anterior surface of the hip, midway between the trochanter and the knee

iii. Blue tracker: over the anterior tibial crest

Even if an in-depth review of how patient movement is estimated using IMUs is outside of the scope of
this thesis, and also limited by proprietary company information which cannot be disclosed, a brief
explanation of this topic will be provided below, to enable a better understanding of the system featured
in this thesis.

Each tracker contains an IMU unit, which is composed of an accelerometer and a gyroscope. These
components provide measurements of linear acceleration and angular velocity. The trackers also feature
a magnetometer — which is not technically an inertial motion sensor - which provides measurements of
magnetic field strength.

Data coming from each of the sensors is combined within the IMU, using a proprietary sensor-fusion
algorithm. Even if specifics around the algorithm cannot be provided, IMU orientation is obtained by
integrating the angular velocity measured with the gyroscope, and correcting drift around the pitch (y)
and roll (x) axes with measurements from the accelerometer. The magnetometer is then used to correct
heading drift- ie, drift around the gravitational axis (z).

The output of each IMU is a quaternion, which is a four-element vector that can be used to estimate the
orientation of the IMU in relation to the Earth frame of reference. By strapping each IMU to a given body
segment, the IMUs allow the estimating the orientation of that body segment.

Each sensor communicates with the mobile app on a tablet through Bluetooth Low Energy, at a frequency
of 50Hz. To quantify the movement of a target joint, two crucial steps need to occur. First, the information
packages sent by each tracker need to be synchronised - this is achieved through a proprietary and
patented algorithm. Second, they need to be combined with a biomechanical model that depicts the
kinetic chain of that body segment and the degrees of liberty of the involved joints. This process allows
for the correction of movement estimation errors that are not coherent with the constraints imposed by
the biomechanical model.

Further adjustments are necessary to then adapt the theoretical body frame represented by the model
to the actual body frame of the patient. This is achieved through a calibration process at the beginning

of each exercise session, where the following adaptations are made: a) chest tracker inclination is
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compensated; b) inclinations and rotations of the hip and leg are compensated. This calibration also
allows a mapping of the magnetic environment surrounding the patient. In-session calibrations are
automatically triggered in the event of sustained incoherencies resulting from the accumulation of
heading drift that cannot be compensated automatically through the algorithm.

Within this framework, joint angles and range of motion are calculated by means of the projection of
spatial orientation vectors onto a 3D plane. In other words, each movement is defined as a specific
configuration of vectors and plane, which are assessed using an algorithm whose output is an angle.
Taking, as an example, standing hip flexion (Figure 2), the calculation of the flexion angle results from
the projection of the orientation vectors of the chest tracker and the hip tracker onto the sagittal plane,
and calculating the resulting angle (in degrees) between them - for joint angles- or the delta (in degrees)

between two time-points (movement start and finish) - for range of motion.

Figure 2. Example of joint angle/ range of motion calculation — hip flexion
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2.7.2. Mobile App

Before each exercise, a video demonstration is presented to the patient (Figure 1B), complemented with
an audio explanation. During execution, the patient is given real-time biofeedback through a dedicated
interface (Figure 1C). Only repetitions assessed as correct contribute to reach the session “s goals. These
are defined as movements starting at the baseline and reaching or surpassing the specified ROM without
violating movement or posture constraints. If the patient violates a constraint, an error message is
displayed, allowing the patient to correct the movement in the following attempts.

2.7.3. Web-based Portal

The Portal allows clinical teams to prescribe exercises, monitor results and edit prescriptions. To
prescribe a session, the clinician selects the exercises, number of sets, number of repetitions and ROM
for each exercise (Figure 1D). Upon the performance of a session, the results are uploaded to the
platform and available for review (Figure 1E). Based on this information, the clinical team can edit the
session remotely.

2.8. Cost analysis of new technological interventions

There is, unfortunately, a dearth of studies on this topic. A systematic review published in 2105 by Torrez-
Diez et al. = on the cost-utility and cost-effectiveness studies of telemedicine, electronic and mobile
health systems found a total of 35 articles, mostly on cost-effectiveness of telemedicine in general, with
some demonstrating that telemedicine can reduce costs.’ Another study, by Tousignant et al
performed a cost analysis of in-home telerehabilitation after TKA in comparison with conventional home-
visit rehabilitation. In this study, the cost for a single session of in-home telerehabilitation was lower or
about the same as conventional rehabilitation, depending on the distance between the patient’s home
and health care center, with a favorable cost differential when the patient was more than 30km from the
provider.® Another study, published in 2017 by Haines ef a./* presented a cost-effectiveness
comparison of motion-sensor biofeedback plus guidelines-based treatment of sub-acute or chronic low
back pain against guidelines-based care only (consisting of advice on staying active, pain management
and medical/physiotherapy care as deemed appropriate). These authors concluded that the motion-
sensor intervention was more cost-effective over 12 months, given the increase in productivity and the
reduction in medical/physical therapy treatment. As far as we are aware, these are the only studies

published on this subject so far.
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METHODS
3.1. Design

Single-center, non-randomized, parallel-group, clinical trial, designed to compare the clinical outcomes
of THA plus digital home-based rehabilitation versus THA plus conventional rehabilitation, as well as to

assess patient acceptance, usability and engagement with the system.

3.2. Investigation hypothesis

It was hypothesized that there would be no differences in the clinical outcomes of surgery plus digital

rehabilitation versus surgery plus conventional rehabilitation after THA.

In terms of safety, it was hypothesized that the adverse event rate of the surgery plus digital

intervention group would be similar to that of surgery plus conventional rehabilitation.

In terms of usability, it was hypothesized that the digital program would be well accepted by patients.

3.3. Outcomes

Several studies suggest that clinical outcomes should be measured not only in terms of range of motion,
which is considered a poor marker of implant success and patient satisfaction, w516 byt also using
PROMs and performance tests.’s2% As such, clinical outcomes were evaluated according to three

outcome measures: a) a performance test; b) PROMs; and ¢) hip range of motion.

In regards to the performance test, we chose the Timed up ad Go Test (TUG). The TUG measures the
time the patient takes to rise up from a chair, walk three meters, turn around, walk again towards the
chair and sit down again. This test was chosen as it is simple and practical, quick and easy to administer,
has excellent inter-rater reliability and very good test-retest reliability * and has been demonstrated to
predict both short- *# and long-term 2 function following hip and knee arthroplasty. Moreover, Podsiadlo
and Richardson confirmed it's content validity in elder persons in that it evaluated a well-recognized

series of maneuvers in daily life.7®

In regards to PROMs, the HOOS™ scale was used. This scale was validated for patients submitted to THA
by Nilsdotter ef a/'» The HOOS scale (Annex VII) consist of 5 subscales: 1) Pain; 2) other Symptoms; 3)
Activities of Daily Living (ADL); 4) Function in sport and recreation (Sport/Rec) and 5) hip/knee related

QoL. The previous week is the time period considered when answering the questions. Standardized
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options are given and each question is assigned a score from 0 to 4. A normalized score (100 indicating
no symptoms and 0O indicating extreme symptoms) is calculated for each subscale. Although there is no
validated MCID for THA, Ornetti ef a/. reported a smallest detectable difference (SDD) of: 10.5 points for
the HOOS-symptoms, 15.1 points for pain, 9.6 points for ADL, 15.5 points for sports and 16.2 points for
Qol, in patients with hip OA.r3

In regards to hip ROM, it was assessed in the following movements - lying flexion, lying abduction,
standing flexion, standing abduction and standing hyperextension. Given that SWORD Phoenix® is a
certified medical device with a joint angle measuring function, ROM was measured in all patients using
this system. According to the technical specifications of the device, the measurement error in comparison

to standard goniometry is of 5.5 degrees.

All clinical outcomes were assessed at baseline (pre-operatively), four weeks after initiating the
rehabilitation program, at the end of the program (eight weeks), three months after surgery and finally

six months after surgery.

3.3.1. Primary outcome

The primary outcome was the change in TUG score from baseline to the week 8 reassessment.

3.3.2. Secondary outcomes

The remaining clinical clinical outcomes (including other timepoints for TUG) were assessed as secondary
outcomes. Hierarchically, changes from baseline to week 8 were given particular emphasis, followed by
changes from baseline to 6 months and by changes from baseline to 3 months. Assessments at each of
the timepoints were also considered, with the 4 week and 3 month assessment being given less relevance

than the other timepoints.

Safety was measured through adverse event rates in both groups, divided in 3 periods: in-hospital; during

rehabilitation program and after rehabilitation program.

Usability was measured through global enrollment rate, retention rate (drop-outs) in each of the groups
and also, need for therapist contact in both groups. In the digital group, compliance to the program,

independence of use, need for therapist contact and patient satisfaction were also measured.
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3.4. Locations and timelines

This was a single-center clinical trial which was held at the Hospital da Prelada- Dr. Domingos Braga da

Cruz, Porto, Portugal, in collaboration with the Orthopedics Department.

All consecutive patients admitted for THA between December 19 2016 and January 16* 2018 were
screened for eligibility by the two orthopedic surgeons that oversaw the trial- Joaquim Pires and
Rosmaninho Seabra. Completion date for the assessment at the end of the eight-week active

rehabilitation period was March 21+ 2018 and for the six month follow-up was 16* July 16+ 2018.

3.5. Sample size estimation

Sample size estimation calculations were performed taking into consideration the change in TUG score
from baseline to 8 weeks. In the absence of a validated MCID for this scale in patients submitted to THA,
calculations were based on the Minimal Detectable Change (MDC) of 2.49 seconds, as reported by
Kennedy ef a# on a longitudinal study evaluating outcomes following THA or TKA. The behavior of the
variable of interest (TUG) at baseline was calculated based on that reported by Dayton ef a# in a study
on performance-based versus self-reported outcomes after THA (mean 8.80 seconds; standard deviation

3.27 seconds). The resulting computed effect size was of 0.76.

Considering this effect size, a power of 80% and a two-sided 0.05 significance level, 60 patients (30 in
each group) would be necessary to detect a 2.49 second difference between the two groups. Considering

a dropout rate of 15%, the target recruitment was 70 patients.
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3.6. Inclusion & Exclusion Criteria

3.6.1. Inclusion Criteria

a)
b)
c)
d)

e)

Patients over 18 years old;

Clinical and imaging evidence of hip osteoarthritis;

Indication for total hip replacement according to patient s orthopedic surgeon;
Ability to walk unaided or requiring assistive device (unilateral or bilateral);

Availability of a carer to assist the patient after surgery.

3.6.2. Exclusion Criteria

a)

b)

d)

f)

g

Patients admitted for revision of total hip replacement;

Contralateral hip or knee osteoarthritis severely limiting patient mobility and ability to comply
with a rehabilitation program;

Aphasia, dementia or psychiatric comorbidity interfering with the communication or compliance
to the rehabilitation process;

Respiratory, cardiac, metabolic or other condition incompatible with at least 30 minutes of light
to moderate physical activity;

Major medical complications occurring after surgery that prevent the discharge of the patient
within 10 days after the surgery;

Other medical and/or surgical complications that prevent the patient from complying with a
rehabilitation program;

Blind and/or illiterate patients.

3.7. Patient enrollment

3.7.1. Patient identification and recruitment

Whenever a potential candidate was identified, the local investigator approached the candidate and

explained the clinical trial in detail. The prospective candidate was given the patient information

document and informed consent (see Annex IX) and sufficient time to consider whether he wished to

participate in the trial. Subsequently, the prospective candidate was given opportunity to clarify any

doubts, after which the informed consent form was signed and dated in duplicate by the patient and the

investigator. Only then was the baseline assessment performed.
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3.7.2. Patient allocation

Patient allocation to the digital or conventional rehabilitation group was performed upon hospital
discharge using patient address as criterion. Subjects residing in areas outside the administrative limits
of the city of Oporto were allocated to the digital PT group. Conversely, patients residing within the
administrative limits of the city were allocated to the conventional rehabilitation group. Patient allocation

was performed centrally by one investigator —Fernando Dias Correia.

3.7.3. Blinding

The nature of the trial did not allow blinding of the patients. Patient assessment was performed by two
investigators- Joaquim Pires and Rosmaninho Seabra - blinded for allocation groups. Primary statistical

analysis was performed by a blinded statistician - Laetitia Teixeira.

3.8. Intervention

Patients were admitted for elective surgery and proceeded to surgery as per the existing hospital
protocols. Between day 1 post-op and hospital discharge, all patients were taught, as per the hospital
protocol, how to safely get in and out of bed and were asked to perform alternate ankle flexion and

extension exercises regularly. All patients performed initial gait training with canes.

After that, both groups received early-onset home-based rehabilitation immediately after discharge, for

eight weeks.

3.8.1. Digital PT Group

In the digital PT group, patients received an initial visit from the physical therapist, to assess specific
rehabilitation needs and to teach patients and/or caregivers how to set up and use the biofeedback
system. After this initial visit, the digital PT group performed a rehabilitation program solely through the
use of the biofeedback system, under remote monitoring from a physical therapist. Patients were
instructed to perform sessions between five and seven days a week, but compliance to this frequency
was not mandatory per protocol and patients were not excluded in case of lower adherence. The number
of sessions, daily adherence and total training time was registered automatically by the system and was

made available through the web Portal.
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3.8 1. 1. Face-to-face visits

Each patient in this group received three visits from the assigned physical therapist:

Visit 1: Initial deployment

In this visit, the physical therapist taught the patient how to operate the system, and adapted the exercise
program based on the presented guidelines (see below) and adapted to the patient s specific needs.
The therapist performed an initial session with the patient, ensuring that the patient was able to perform

each exercise and that he could operate the system, alone or with the help of a caregiver.

Visit 2: Interim visit (4 weeks + 5 days)

In this visit, the physical therapist assessed patient progress and adjusted the rehabilitation program

accordingly. This visit did not consist of a conventional face-to-face rehabilitation session.

Visit 3: Termination visit (8 weeks + 5 days)

The purpose of this visit was to collect the equipment. This visit did not consist of a conventional face-to-

face rehabilitation session.

3.8.1.2. Telephone calls

Each patient received two interim telephone calls per protocol, at weeks 2 and 6 (£ 3 days) after initiation
of the rehabilitation program. In these calls, the therapist ascertained more details on patient progress

to help guide the treatment, and explicitly questioned the patients about adverse events.

3.8.1.3. Additional visits or telephone calls

When required, additional visits or telephone calls for technical assistance were performed by the

physical therapist, and registered as such in the patient file (date, motive, duration).

42



Chapter 3| THA Clinical Trial

3.8.2. Conventional Rehabilitation Group

The conventional rehabilitation group received a home-based supervised program provided by a
physiotherapist, three times a week, for one hour. Patients were instructed by their physical therapist to

perform additional unsupervised sessions in at least two other days of the week.
Specific instructions regarding exercises, sets and repetitions were laid out in paper for each patient.

Compliance to these unsupervised sessions was not mandatory and formal registry of these sessions

were not kept.

3.8.3. Rehabilitation Protocols

In the absence of a gold standard, the rehabilitation protocols were designed taking into account a recent
systematic review on the subject,s the results of a Delphi panel on best practices for rehabilitation after

THA/TKAY and the protocol published by SOFMER.x

Detailed rehabilitation programs are presented in Tables 1 and 2. In any case, as can be seen in the
tables, these protocols were tailored to the patient s specific needs, according to the joint assessment

between the orthopedic surgeon and the physical therapist.
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Stage 1 (weeks 0-5)

Objectives

Precautions

Decrease pain and swelling

Restore range of motion

Strengthen hip flexors and abductors
Restore fully load capacity on both legs

Avoid hip internal rotation and hip adduction beyond
neutral

Avoid hip flexion above 90°

Ice pack application after each session and throughout
the day as needed

Intervention

Digital PT Group

Conventional rehabilitation

Open kinetic chain exercises without added resistance
Lying:

- Hip flexion (2x10 reps)

- Hip abduction (2x10 reps)

- Knee flexion (2x10 reps)

- Hip flexion with knee flexion (2x10 reps)

Sitting (high chair):
- Hip abduction (2x10 reps)
- Knee extension (2x10 reps)
- Sitto stand (2x10 reps)

Standing (initially with support):
- Hip flexion (2x10 reps)
- Hip abduction (2x10 reps)
- Hip hyperextension (2x10 reps)
- Knee flexion (2x10 reps)
- Hip flexion with knee flexion (2x10 reps)
- Mini-squats (2x10reps)

Note 1: adjust sets, reps and total session duration
according to patient tolerance (based on patient
performance and on the pain and fatigue scores)

Note 2: aim for at least 30 minutes in total
Note 3: recommend two daily sessions as soon as tolerated

Soft tissue massage
Active assisted mobilization of the hip to increase range
of motion
Gait training with bilateral support
Isometric exercises:
- gluteus contraction (3x10 sec)
- quadriceps contraction (3x10 sec)
- abductors contraction (3x10 sec)

Progressing to open kinetic chain exercises without
added resistance according to patient tolerance

- Same exercises as the digital PT group

Note 1: adjust sets, reps and total session duration
according to patient tolerance

Note 2: recommend additional sessions twice per week
(write down exercises, sets and reps)
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Stage 2 (weeks 6-8)

Objectives

Precautions

Strengthening of hip flexors and abductors
Improve balance
Independence on all activities of daily living

Identical to stage 1

Intervention

Digjtal PTI Group

Conventional rehabilitation

Open kinetic chain exercises in the lying, sitting and standing
positions
Same exercises as above but with higher number of
repetitions and added resistance
Progression to closed kinetic chain exercises:

- Squat (2x10)

- Forward and lateral lunges (2x10)
Stair climbing exercises:

- Climb a step (2x15 steps)

- Come down a step (2x15 reps)

Note 1: adjust sets, reps and total session duration
according to patient tolerance (based on patient
performance and on the pain and fatigue scores attributed
by the patient at the end of each session)

Note 2: maintain recommendation of two sessions/day

Soft tissue massage

Balance exercises with progression to one-leg support
Gait training with progressive withdrawal of external
support

Open kinetic chain exercises in the lying, sitting and
standing positions

Same exercises as above but with higher number of
repetitions and added resistance

Progression to closed kinetic chain exercises
- same exercises as the digital PT group

Note 1: adjust sets, reps and total session duration
according to patient tolerance

3.9. Patient Assessments

Patients were assessed at baseline (pre-operatively), on discharge (in-hospital), four weeks after initiating

the rehabilitation program, at the end of the program (eight weeks), three months after surgery and finally

six months after surgery. These assessments were performed in the ward or in the outpatient clinic by

the patient orthopaedic surgeon. For each of the post-discharge visits, a timeframe of five working days

before or after the date was allowed.

3.9.1. Baseline assessment (V1): pre-operative
Participant characterization consisted of:

a) Demographics (gender, age at enroliment);

b) Affected side

c) Comorbidities and risk factors for adverse events

e Body Mass Index

e Smoking
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Diabetes

Cardiac disease

Respiratory disease

Hypertension

Stroke

Renal Disease

Bleeding disorders

American Society of Anesthesiologists physical status classification score
Intake of steroids for chronic condition

Previous hip replacement

Previous knee replacement

d) Timed Up and Go test score

e) Hip Osteoarthritis Outcome Score

3.9.2. Assessment on discharge (V2)

An additional assessment on discharge was performed, with collection of the following information:

a) Data on hospitalization and surgical procedure

Time between admission and surgery
Surgical technique

Type of prosthesis

Type of anesthesia

Operative time

Length of stay

b) Complications before discharge

Falls
Infectious complications (urinary, respiratory, prosthesis)

Thromboembolism (deep vein thrombosis, pulmonary embolism)
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3.9.1. Subsequent assessments (V3, V4, V5)
These assessments consisted of:

a) Timed Up and Go test score
b) Hip Osteoarthritis Outcomes Scale score
c) Complications after discharge

a. Falls

b. Infectious complications

c. Thromboembolism

d. Readmissions

3.10. Safety and Adverse Events

As per the protocol, patients with serious medical/surgical complications not allowing discharge home
within 10 days were excluded from the trial. Other adverse events during hospitalization were retrieved

from medical records at the time of discharge.

During the rehabilitation period, patients in the conventional rehabilitation group were under regular
monitoring by a physical therapist, enabling early detection and reporting of adverse events. In the digital
PT group, safety was evaluated through pain and fatigue scores (graduated from O to 10) at the end of
each session, which were available for remote monitoring through the web-based portal. Patients were
also asked to report any adverse events to their physical therapist or to the investigator through a direct

telephone contact.

In the follow-up period, adverse events were not proactively questioned to participants.

3.11. Statistical Analysis

To assess differences in clinical and demographic variables of the patients allocated to the two groups,
independent samples T test or Mann-Whitney U test were used for quantitative variables. For categorical

variables, Chi-squared test and Fisher's exact test were used.

Outcome analysis was performed using both an intentto-treat (ITT) and a per-protocol (PP) analysis.
Differences between the two groups were performed using independent samples T test or Mann-Whitney

U test. For non-normally distributed variables, the magnitude of median difference was assessed using
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Hodges-Lehman estimator.

Since outcomes were measured in different moments, a repeated measures analysis was also
performed, using a repeated Analysis of Variance (ANOVA) with group as an independent factor and time

as a within-subjects factor.

3.12. Data Protection & Ethics Approval of Research

This clinical trial was jointly approved, together (but not independently) with the TKA trial, by the National
Data Protection Commission (authorization number 1476/2017) — see Annex X- and by the local ethics
committee at Hospital da Prelada (Chair: Dr. Juiz Conselheiro Aimeida Lopes)- see Annex XI. The
methods were conducted in accordance with the approved guidelines. All patient data was anonymized

and linked to the patient by a unique number that did not contain any personal identifiers.

3.13. Registration

This clinical trial was prospectively registered at www.clinicaltrials.gov with the following Unique identifier:

NCT03045549. Date of registration: 7 February 2017.

3.14. Availability of data and materials

The protocol of this trial is available from www.clinicaltrials.gov. Individual patient data (in Excel format)

that underlie the results reported in the paper was submitted as supplementary information, accessible

through the online version.

3.15. Funding

This work was supported in part by the European Commission through the Project H2020 SME

Instrument Phase 2 - Grant Agreement number 672814.

The manufacturer of the SWORD Phoenix medical device - SWORD Health, SA - was the sponsor of the

trial and, in that capacity, provided financial and logistics support to the work herein presented.
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RESULTS

3.16. Trial flow

One hundred and fifty-six patients were assessed for eligibility between 19 December 2016 and 16
January 2018. Figure 2 shows the CONSORT diagram for the trial. Trial inclusion rate was of 42%.
Between the eligibility screening and patient allocation, 46 patients refused to participate or withdrew

consent, corresponding to 51% (46/90) of all screening failures.

Assessed for eligibility (n=156)
Excluded (n=39)

- Post-surgery rehabilitation already planned (n=19)
- Cardiac, respiratory or other comorbidities (n=11)
- llliterate (n=6)

- Admitted for THA revision (n=2)

v - Absence of caregiver (n=1)

| Eligible for the study (n=117) |

Enrollment

| Excluded (n=40)
"] - Refused to participate (n=40)

A 4

I Surgical procedure (n=77) |

Excluded (n=11)
| - Withdrew consent between enroliment
and discharge (n=6)
- Postoperative complications preventing
4 discharge home within 10 days (n=5)
Allocation to study groups
(n=66)
I
! }

Digital PT group (n=35) Conventional rehabilitation group (n=31)

| | Surgical procedure I |

Allocation

Dropouts (n=2)
» - Surgical wound infection (n=1)
- Groin Pain (n=1)

Dropouts (n=5)
- Unable to use the system (n=2) [«
- Groin Pain (n=3)

Intervention

A4 A

| Completed the program (n=30) | | Completed the program (n=29) |

—>| Lost to follow-up (n=2)
v v

| Completed the 3 and 6-months assessments (n=30) | | Completed the 3 and 6-months assessments (n=27) |

| Follow-up | |

Figure 3. THA trial CONSORT diagram

Sixty-six patients were included (35 digital PT group s 31 conventional rehabilitation). The dropout rate
in the digital PT group was 14.3%: two patients did not adapt to the system and withdrew consent in the
first week; three were excluded due to groin pain. The dropout rate in the conventional rehabilitation
group was 6.5% - two patients were excluded, one patient was excluded due to a surgical wound infection

requiring readmission, and another due to groin pain. In total, 59 patients completed the trial (30 1s29)
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and 57 completed the follow-up assessments - two patients in the conventional rehabilitation group were
lost to follow-up between the three and six-month assessment. There were no differences between the

dropout rates in the two groups (p=0.433)

3.17. Baseline population characterization

Baseline characteristics of trial participants regarding demographics, comorbidities and risk factors for
adverse events, as well as data on hospitalization and surgery are summarized in Table 3. There were

no differences at baseline between the two groups regarding any characteristics.

Table 3. Baseline characteristics of participants in the THA trial

Digital PT Group Control Group
(n=35) (n=31) palue
Demographics
Age (years) mean (sd) 62.4 (8.4) 66.6 (10.1) 0.072¢
Gender female (%) 429 51.6 0.642
Side right (%) 45.7 38.7 0.745
Comorbidities & Known risk factors for adverse events
Body Mass Index mean (sd) 28.3 (2.8) 27.4 (4.3) 0.310¢
Smoking (%) 5.7 225 0.072*
Hypertension (%) 40.0 38.7 1.000
Diabetes (%) 31.4 22.6 0.597
Pulmonary disease (%) 2.9 3.2 1.000
Cardiac disease (%) 8.6 16.1 0.459*
Stroke (%) 2.9 0.0 -
Renal disorders (%) 0.0 0.0 -
Bleeding disorders (%) 0.0 6.5 -
ASAE€ class 3 or 4 (%) 22.9 323 0.563
Steroids for chronic condition (%) 0.0 0.0 -
Previous contralateral hip replacement (%) 20.0 16.1 0.931
Previous knee replacement (%) 2.9 0.0 NA
Hospital admission and surgical procedure
Time between admission and surgery (hours) <24 h <24 h -
Operative time (min) mean (sd) 63.7 (9.7) 59.9 (8.7) 0.099¢
Uncemented prosthesis (%) 5.7 5.7 1.000
Length of stay (days) median (IQR) 6.0 (2) 6.0 (1) 0.426s

Legend: €American Society of Anesthesiology physical status classification system; *Fisher’ Exact test;
“independent sample t-test; sMann-Whitney U test

Regarding outcome measures, there were no differences between the two groups except for the HOOS-

QoL subscale, with the conventional group presenting higher median scores (p=0.032) (see Table 4, 5

50



Chapter 3| THA Clinical Trial

and 6). The median difference between the TUG scores in the two groups was of 2.34 seconds (95% CI:
-0.97;5.62) in favor of the conventional rehabilitation group. Taking into consideration the 2.49 seconds

reported as MCD for this test,”” this difference is neither statistically nor clinically significant.

3.18. Intent-to-treat analysis

For the intent-to-treat analysis all patients who enrolled in the trial were considered. For those who

dropped out or were lost to follow-up, the last known assessment was carried forward.

The results of all the timepoints, as well as the difference between each of those timepoints and baseline,

can be found in the Tables 4, 5 and 6 below and then discussed jointly.

Table 4.Primary outcome assessment in the THA trial: intent-to-treat

Primary outcome - Timed up and Go*
Digital PT Control Estimate 959
Time-point Group Group P value# dti)getvrve;r;e confidence
(n=35) (n=31) groups interval
Baseline 17.50 (6.33) 14.89 (9.42) 0.12 2.34 0.69;5.17
4 Weeks 9.92 (5.45) 15.01 (8.20)  <0.001 -4.64 -7.01;-2.65
Change baseline- 4 weeks -6.60(8.08) 0.53 (8.73) <0.001 -7.90 -10.77:-4.66
8 weeks 7.26 (2.15) 11.03 (6.84)  <0.001 -3.34 -5.14;-1.70
Change baseline-8 weeks -10.50 (7.45) -2.90 (7.10) <0.001 -6.33 -8.79;-3.42
3 months 6.17 (2.57) 9.63 (5.71) <0.001 -2.50 -4.28;-1.23
Change baseline-3 months -10.50 (7.73) -4.62 (8.00) 0.001 -5.66 -8.30;-2.36
6 months 6.38 (2.30) 8.20 (4.22) <0.001 -1.87 -3.02;-0.62
Change baseline-6 months -10.50 (7.39) -5.10 (6.94) 0.005 -4.79 -7.24;-1.70

Legend: *Medians and IQR are presented; ‘Mann-Whitney U test.
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Table 5. Patient reported outcomes assessment in the THA trial: intent-to-treat

Patient Reported Outcomes Assessment- HOOS*
. Estimate 95%
Variable DRIl E i P value difference confidence
Group Group .
between groups interval
Baseline
Symptoms 35.0 (20.0) 40.0 (30.0) 0.12 -10.0 -20.0;0.0
Pain 33.0(13.0) 33.0 (35.0) 0.50 -3.0 -13.0;5.0
Act. Daily Living 29.0 (15.0) 28.0 (28.0) 0.75 1.0 -6.0;7.0
Sports 0.0 (6.0) 0.0 (19.0) 0.34 0.0 0.0;0.0
Quality of Life 13.0 (13.0) 19.0 (25.0) 0.03 6.0 -13.0;0.0
4 weeks
Symptoms 90.0 (20.0) 90.0 (20.0) 0.94 0.0 -5.0;5.0
Pain 85.0 (35.0) 90.0 (15.0) 0.57 -3.0 -10.0;3.0
Act. Daily Living 78.0 (25.0) 75.0 (16.0) 0.59 1.0 -5.0;7.0
Sports 19.0 (25.0) 31.0 (19.0) 0.08 6.0 -13.0;0.0
Quality of Life 56.0 (25.0) 50.0 (25.0) 0.73 0.0 -13.0;7.0
Change baseline- 4 weeks
Symptoms 50.0 (30.0) 35.0 (35.0) 0.14 10.0 -5.0;20.0
Pain 53.0 (27.0) 43.0 (25.0) 0.91 0.0 -10.0; 12.0
Act. Daily Living 44.0 (24.0) 35.0 (27.0) 0.55 3.0 9.0;12.0
Sports 19.0 (32.0) 25.0 (18.0) 0.43 6.0 -12.0;6.0
Quality of Life 38.0 (31.0) 31.0 (31.0) 0.41 6.0 6.0;13.0
8 weeks
Symptoms 100.0 (5.0) 95.0 (20.0) <0.01 5.00 0.0;10.0
Pain 100.0 (7.0) 98.0 (12.0) 0.24 0.0 0.0; 5.0
Act. Daily Living 93.0(11.0) 82.0 (14.0) <0.001 9.0 4.0;13.0
Sports 50.0 (18.0) 38.0 (19.0) 0.004 12.0 6.0;19.0
Quality of Life 81.0 (19.0) 69.0 (31.0) 0.08 6.0 0.0;18.0
Change baseline- 8 weeks
Symptoms 60.0 (30.0) 45.0 (30.0) 0.06 10.0 0.0;20.0
Pain 60.0 (22.0) 60.0 (32.0) 0.75 2.0 -10.0;10.0
Act. Daily Living 56.0 (23.0) 57.0 (27.0) 0.63 2.0 -10.0;6.0
Sports 44.0 (25.0) 38.0 (25.0) 0.26 6.0 -6.0;13.0
Quality of Life 63.0 (31.0) 50.0 (25.0) 0.46 6.0 -6.0;13.0
3 months
Symptoms 100.0 (5.0) 95.0 (15.0) 0.08 5.00 0.0;10.0
Pain 100.0 (5.0) 98.0 (12.0) 0.10 0.0 0.0; 2.0
Act. Daily Living 94.0 (10.0) 87.0 (21.0) <0.001 7.0 3.0;12.0
Sports 56.0 (19.0) 44.0 (25.0) 0.03 7.0 0.0;19.0
Quality of Life 81.0 (13.0) 75.0 (21.0) 0.004 12.0 6.0;19.0
Change baseline-3 months
Symptoms 60.0 (25.0) 50.0 (35.0) 0.04 15.0 0.0;25.0
Pain 65.0 (22.0) 53.0 (33.0) 0.16 10.0 -3.0;20.0
Act. Daily Living 65.0 (16.0) 50.0 (25.0) 0.02 10.0 2.0;18.0
Sports 50.0 (19.0) 38.0 (25.0) 0.01 13.0 6.0;19.0
Quality of Life 69.0 (19.0) 50.0 (25.0) <0.001 19.0 12.0;31.0
6 months
Symptoms 100.0 (5.0) 95.0 (10.0) 0.20 0.0 0.0;5.0
Pain 100.0 (5.0) 100.0 (7.0) 0.75 0.0 0.0;0.0
Act. Daily Living 96.0 (11.0) 88.0 (19.0) 0.02 4.0 0.0;10.0
Sports 75.0 (32.0) 50.00 (32.0) 0.01 19.0 6.0;37.0
Quality of Life 94.0 (12.0) 81.0 (19.0) 0.02 7.0 0.0;19.0
Change baseline-6 months
Symptoms 60.0 (25.0) 45.0 (30.0) 0.06 10.0 0.0;20.0
Pain 65.0 (18.0) 53.0 (30.0) 0.21 7.0 -5.0;17.0
Act. Daily Living 63.0 (22.0) 56.0 (25.0) 0.1 7.0 -1.0;15.0
Sports 69.0 (31.0) 38.0 (38.0) 0.004 25.0 7.0;37.0
Quality of Life 75.0 (32.0) 56.0 (31.0) 0.01 19.0 6.0;25.0

Legend: *Medians and IQR are presented; ‘Mann-Whitney U test.
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Hip range of motion assessment*

. Estimate 95%
Variable Dglrt:llj i C(();r;tl:ol P value difference confidence
P gaotlp between groups interval
Baseline
Lying Flexion 28.2 (19.1) 37.1(20.0) 0.07 8.9 -18.53;0.67
Lying Abduction 12.2 (5.4) 15.9 (9.1) 0.05 3.7 -7.48;0.02
Standing Flexion 45.1 (15.9) 49.6 (16.7) 0.27 -4.5 -12.52;3.53
Standing Hyperext -11.9(7.0) -15.4 (8.8) 0.31 3.4 0.44;7.33
Standing Abduction 23.5 (6.8) 25.8 (10.7) 0.08 2.2 6.78;2.26
4 weeks
Lying Flexion 75.3 (26.7) 54.7 (21.3) 0.001 20.6 8.67;32.6
Lying Abduction 45.8 (16.6) 32.2(10.2) <0.001 13.6 6.75;20.53
Standing Flexion 80.2 (19.9) 71.2 (17.0) 0.05 9.0 0.14;18.15
Standing Hyperext -32.9 (13.5) -26.5 (7.5) 0.02 6.4 -11.73-1.13
Standing Abduction 47.3(12.8) 35.9 (10.8) <0.001 11.4 5.55:17.28
Change baseline-4 weeks
Lying Flexion 47.1 (29.5) 17.5(27.7) <0.001 29.6 15.45;43.74
Lying Abduction 33.6 (15.8) 16.3 (12.3) <0.001 17.4 10.36;24.38
Standing Flexion 35.1(18.7) 21.6 (20.0) 0.01 135 3.95;22.99
Standing Hyperext -20.9 (11.6) -11.1 (9.1) <0.001 9.8 -15.03;-4.66
Standing Abduction 23.8 (12.2) 10.1 (12.8) <0.001 13.7 7.51;19.90
8 weeks
Lying Flexion 84.0 (23.5) 66.6 (19.6) 0.002 17.5 6.78;28.18
Lying Abduction 50.5 (17.5) 39.2 (15.2) 0.01 11.4 3.27:19.50
Standing Flexion 87.6 (21.2) 80.0 (19.8) 0.14 7.5 -2.58;17.66
Standing Hyperext -36.7 (14.3) -30.1 (8.2) 0.03 6.6 -12.28:-0.96
Standing Abduction 52.2 (13.8) 40.3 (11.3) <0.001 11.9 5.62;18.13
Change baseline- 8 weeks
Lying Flexion 55.8 (27.4) 29.4 (25.6) <0.001 26.4 13.32;39.50
Lying Abduction 38.4(17.3) 23.3 (15.7) <0.001 15.1 6.91;23.25
Standing Flexion 42.5(21.3) 30.4 (20.3) 0.02 12.0 1.81;22.33
Standing Hyperext 24.7 (12.7) -14.7 (10.1) 0.001 -10.1 -15.75;-4.38
Standing Abduction 28.7 (13.4) 14.6 (13.5) <0.001 14.1 7.51;20.76
3 months
Lying Flexion 84.8 (22.0) 68.6 (19.3) 0.002 16.2 5.93;26.44
Lying Abduction 53.1(16.9) 38.5(13.8) <0.001 14.7 7.03;22.36
Standing Flexion 86.7 (22.1) 82.5(17.7) 0.41 4.1 -5.79;14.07
Standing Hyperext -39.0 (15.1) -28.9 (10.0) 0.002 -10.1 -16.45;3.68
Standing Abduction 53.3 (14.3) 41.4(12.1) 0.001 11.8 5.27;18.40
Change baseline-3 months
Lying Flexion 56.6 (27.0) 31.5(25.2) <0.001 25.1 12.24;38.00
Lying Abduction 41.0 (16.8) 22.6 (15.0) <0.001 18.4 10.52;26.26
Standing Flexion 41.5(23.1) 32.9 (18.9) 0.11 8.6 -1.87;19.08
Standing Hyperext -27.0 (13.8) -13.5(10.2) <0.001 -13.5 -19.52;-7.43
Standing Abduction 29.7 (14.1) 15.6 (13.4) <0.001 14.1 7.32;20.88
6 months
Lying Flexion 80.7 (24.4) 70.0 (19.3) 0.06 10.7 0.27;21.6
Lying Abduction 49.8 (18.2) 41.6 (14.3) 0.05 8.2 0.06;16.31
Standing Flexion 90.2 (23. 1) 84.8 (19.8) 0.32 5.4 -5.25; 16.03
Standing Hyperext -34.1 (15.1) 28.8(9.2) 0.10 5.3 -11.36; 0.81
Standing Abduction 51.7 (15.1) 43.8 (11.8) 0.02 8.0 1.24;14.69
Change baseline-6 months
Lying Flexion 52.5 (26.6) 32.8 (25.6) 0.003 19.6 6.73;32.50
Lying Abduction 37.6 (18.2) 25.7 (15.2) 0.01 11.9 3.57;20.20
Standing Flexion 45,1 (22.6) 35.2 (20.6) 0.07 9.9 -0.79;20.57
Standing Hyperext -22.2 (13.3) -13.5(11.1) 0.01 8.7 -14.72;-2.59
Standing Abduction 28.2 (14.3) 18.0 (12.1) 0.003 10.2 3.64;16.74
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3. 18. 1. Short term outcomes

Four-week assessment

Differences between groups were found for TUG [p<0.001, 9.92 (5.75) seconds rs 15.01 (8.19)
seconds] (Table 4) and for all hip ROM exercises, except standing flexion (p=0.054) (see Table 6). There
were no differences between groups in terms of PROMs (Table 5). Importantly, while there is no MCID
for TUG in this population, the difference between groups regarding TUG is higher than the MCD reported

for the scale - 2.49 seconds and therefore might be clinically significant.»*

Change between baseline and the four-week assessment

Both groups showed clinically meaningful improvements from baseline in all outcome measures, with a
greater change in the digital PT group for TUG (p<0.001) (Table 4) and ROM (Table 6), but not for HOOS
(Table 5).

Eightweek assessment

TUG scores were again lower in the digital PT group (p<0.001) (see table 4). The median difference
between the TUG scores in the two groups was of -3.34 seconds (95% Cl: -5.14;-1.70), again probably

clinically significant.

Regarding HOOS, the median scores in the digital PT group were superior to the conventional
rehabilitation group for all subscales, except for the HOOS-pain and the HOOS-QoL (see Table 5).
Importantly, in the Symptoms and Pain subscales, the median scores at the eight-week assessment were
either the maximum score that can be attained (100) or close to that value in both groups, revealing a

ceiling effect, which persisted over time (Table 5).

Hip ROM was also higher in the digital PT group for all exercises, except for standing flexion (see Table

6).
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Change between baseline and the eight-week assessment

The median difference between the changes in the two groups regarding the primary outcome was of -
6.33 seconds (95% ClI: -8.79;-3.42), which is more than twice the MDC for this scale and therefore very
likely clinically significant (Table 4).

No significant differences were detected in the median changes from baseline and week eight in terms

of HOOS scores (Table 5).

In respect to hip ROM, significant improvements from baseline were noted in both groups, with the digital

PT group showing greater improvements in all movements (Table 6).

3.18.2. Medium term outcomes

Three-months assessment

The TUG score remained significantly different between groups (p<0.001), with patients from the digital
PT group experiencing better results (Table 4)

As for the HOQS, the median scores in the digital PT group were superior for all subscales except for

HOQOS-pain (p=0.10) and HOOS- Symptoms (p=0.08) (Table 5).

Hip ROM was also higher in the digital PT group for all measured exercises (p<0.001), except for standing
flexion (p=0.41) (Table 6).

Change between baseline and the three-months assessment

The change was superior in the digital PT group in all outcome measures, except for standing hip flexion

ROM (p=0.11) (Tables 4, 5 and 6).
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Six-months assessment

The median difference between the TUG scores in the two groups was of -1.87 seconds (95% ClI: -3.02;-
0.62) in favor of the digital PT group (p<0.01) (Table 4). This value is below the MCD and therefore may

not be clinically significant.

Regarding HOOS, the median scores in the digital PT group were significantly superior to the conventional
rehabilitation group for HOOS-ADL (p=0.02), Sports (p=0.01) and QoL (p=0.02) (see Table 5). Again, for
HOOS-Symptoms and HOOS-Pain, median scores were either the highest possible score or close to that
value, with much greater homogeneity in the digital PT group (IQR 5.0 for HOOS symptoms and 5.0 for
HOQS-Pain in the digital PT group vs 10.0 and 7.0) (Table 5).

At this time point, the hip ROM was higher in the digital PT group for lying abduction (p=0.048) and
standing abduction (p=0.02) (Table 6).

Change between baseline and the six-months assessment

The ITT analysis revealed the superiority of the digital PT group in the TUG test, HOOS-Sports and QolL,

and all hip ROM exercises, except for standing flexion.

The median difference between the changes in the two groups regarding TUG was of -4.79 seconds (95%

Cl: -7.24;-1.71) in favor of the digital PT group (Table 4).

In terms of HOOS, the difference between median score changes was both statistically and clinically

significant for HOOS-sports and HOOS-QoL (Table 5).

Regarding hip ROM, significant differences between the mean changes in the two groups were detected

in all ROM exercises, except the standing flexion hip ROM (p=0.07). (Table 6).
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A repeated measures ANOVA was performed only for variables with normal distribution - TUG (after log-

transformation) and hip ROM, and results are summarised in Table 7. While both groups presented an

improvement in every dimension evaluated, this analysis revealed a main effect of time, a main effect of

group (here with the exception of standing hip flexion) and an interaction between time and group for all

outcome measures, in favour of the digital PT group (Table 7 and Figure 3).

Table 7. Repeated measures analysis in the THA trial: intent-to-treat

Time Group Time*Group
Outcome variable
F(df1,df2) p F(df1,df2) p F(df1,df2) p

Patient performance

TUG= F2.5, <0.001 | F(1,64)=12.3 0.01 | F(3.2,159.6)=14.9 <0.001
159.6)=128.6 ) i ) - T )

Hip range of motion
Lying Flexions | F(1.9,121.6)=119.4 | <0.001 F(1,64)=6.5 0.01 | F(1.9,121.6)=12.0 <0.001
Lying Abduction: | F(2.9,188.1)=139.0 | <0.001 F(1,64)=9.4 0.03 | F(2.9,121.6)=10.4 <0.001

Standing Flexions | F(1.9,123.1)=154.9 | <0.001 F(1,64)=1.06 0.31 | F(1.9,123.1)=4.0 0.02

Standing Hyperextension: | F(3.3,211.2)=91.1 <0.001 F(1,64)=4.6 0.04 | F(3.3,211.2)=8.2 <0.001
Standing Abductions | F(2.1,137.3)=125.5 | <0.001 F(1,64)=10.0 | 0.002 | F(2.1,137.3)=12.1 <0.001

Legend: #In transformation; «Greenhouse-Geisser correction.
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Figure 4. Evolution of outcomes over time in the THA trial: intent-to-treat analysis (estimated marginal means are presented).
A- TUG score, B- Lying hip flexion, C- Lying hip abduction, D- Standing hip flexion,; E- Standing hip hyperextension, F-Standing
hip abduction.
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3.19. Per-protocol analysis

For the per-protocol analysis, only patients who completed the rehabilitation program were included. The
results of all the timepoints, as well as the difference between each of those timepoints and baseline,
can be found in the Tables 8, 9 and 10 below and then discussed jointly. Globally, they not only confirm

the findings of the ITT analysis, but also highlight an even greater superiority of the digital PT group.

Table 8. Primary outcome assessment in the THA trial: per-protocol

Primary outcome - Timed up and Go*
Digital PT Control Estimate 95%
Time-point Group Group P value* d;g:;t;r:r:le confidence
(n=30) (n=27) groups interval
Baseline  17.55 (7.03) 14.89 (9.11) 0.11 2.55 -0.64;5.73
4 Weeks  9.73 (5.13) 15.01 (7.37)  <0.001 -4.89 -7.10;-2.84
Change baseline- 4 weeks -6.87(7.64) 0.70 (9.67) <0.001 -8.50 -11.57;-4.89
8weeks  6.85(1.97) 11.03(6.29)  <0.001 -3.53 -5.38;-1.93
Change baseline-8 weeks - 10.79 (4.97) -3.63 (7.01) <0.001 -6.87 -9.23;-4.05
3months  5.87 (1.73) 8.90 (5.37) <0.001 -2.74 -4.52;-1.49
Change baseline-3 months  -11.7 2(5.91) -4.72 (7.83) <0.001 -6.16 -8.85;-3.04
6 months  5.96 (1.83) 7.83 (3.81) <0.001 -2.04 -3.20;-1.09
Change baseline-6 months  -11.15 (5.69) -5.67 (7.05) 0.001 -5.22 -7.71;-2.38

Legend: *Medians and IQR are presented; *Mann-Whitney U test.

59



Chapter 3| THA Clinical Trial

Table 9. Patient reported outcomes assessment in the THA trial: per-protocol

Patient Reported Outcomes Assessment- HOOS*

Control Estimate 95%
Variable Digital PT Group ontro P valuer difference confidence
Group .
between groups interval
Baseline
Symptoms 35.0 (30.0) 45.0 (33.0) 0.13 -10.0 0.0;20.0
Pain 33.0 (14.0) 33.0 (37.0) 0.35 5.0 -5.0;15.0
Act. Daily Living 28.5 (15.0) 38.0 (28.0) 0.95 0.0 -7.0;6.0
Sports 0.0 (6.0) 5.0 (16.0) 0.38 0.0 0.0;0.0
Quality of Life 13.0 (19.0) 19.0 (22.0) 0.07 6.0 013.0;0.0
4 weeks
Symptoms 90.0 (16.0) 90.0 (18.0) 0.39 0.0 -5.0;10.0
Pain 85.0 (28.0) 90.0 (15.0) 0.70 0.0 0.0; 5.0
Act. Daily Living 78.0 (18.0) 75.0 (14.0) 0.45 3.0 -3.0,9.0
Sports 19.0 (25.0) 31.0 (19.0) 0.09 6.0 0.0;13.0
Quality of Life 56.0 (25.0) 51.0 (25.0) 0.99 0.0 -7.0;12.0
Change baseline- 4 weeks
Symptoms 55.0 (26.3) 35.0 (32.5) 0.02 15.0 5.0;25.0
Pain 52.0 (25.5) 43.0 (26.0) 0.48 3.0 -8.0; 13.0
Act. Daily Living 44.0 (22.3) 35.0 (25.0) 0.26 4.0 -5.0;13.0
Sports 19.00 (26.8) 25.0 (15.0) 0.48 6.0 -12.0;7.0
Quality of Life 38.0 (26.5) 31.0 (28.5) 0.26 6.0 6.0;13.0
8 weeks
Symptoms 100.0 (5.0) 95.0 (17.5) <0.001 5.00 5.0;15.0
Pain 100.0 (7.0) 98.0 (11.0) 0.08 0.0 0.0; 5.0
Act. Daily Living 93.5(8.3) 82.0 (13.5) <0.001 9.0 6.0;14.0
Sports 56.0 (13.8) 38.0 (19.0) <0.001 13.0 6.0;19.0
Quality of Life 81.0 (19.0) 69.0 (31.0) 0.01 12.0 0.0;19.0
Change baseline- 8 weeks
Symptoms 65.0 (25.0) 45.0 (28.0) <0.001 20.0 1.0;30.0
Pain 65.0 (16.0) 48.0 (27.0) 0.03 12.0 0.0;20.0
Act. Daily Living 64.5 (17.0) 50.0 (28.0) 0.002 12.0 4.0;19.0
Sports 50.0 (18.0) 31.0 (19.0) <0.001 18.0 7.0;25.0
Quality of Life 63.0 (19.0) 44.0 (18.0) <0.001 19.0 12.0;25.0
3 months
Symptoms 100.0 (0.0) 95.0 (15.0) <0.001 5.00 0.0;10.0
Pain 100.00 (1.0) 98.00 (12.0) 0.018 0 0.0; 2.0
Act. Daily Living 96.00 (8.0) 87.00 (11.0) <0.001 8.0 4.0;12.0
Sports 56.00 (22.0) 50.00 (18.0) 0.006 12.0 6.0;19.0
Quality of Life 78.00 (13.0) 56.00 (38.0) <0.001 13.0 6.0;25.0
Change baseline-3 months
Symptoms 65.0 (25.0) 50.0 (35.0) 0.003 15.0 5.0;30.0
Pain 68.0 (17.0) 53.0 (27.0) 0.02 13.0 3.0;23.0
Act. Daily Living 65.5 (13.2) 51.0 (25.0) 0.002 12.0 5.0;19.0
Sports 53.0 (20.5) 38.0 (19.0) 0.003 13.0 6.0;25.0
Quality of Life 69.0 (13.5) 44.0 (32.0) <0.001 25.0 18.0;37.0
6 months
Symptoms 100.0 (1.0) 95.0 (10.0) 0.02 0.0 0.0;10.0
Pain 100.00 (2.0) 100.00 (7.0) 0.16 0.0 0.0;2.0
Act. Daily Living 97.00 (5.0) 91.00 (15.0) 0.003 5.0 2.0;11.0
Sports 84.50 (22.0) 75.00 (44.0) 0.002 25.0 12.0;38.0
Quality of Life 100.00 (8.0) 88.00 (25.0) <0.001 12.0 0.0;19.0
Change baseline-6 months
Symptoms 62.5 (21.3) 45.0 (30.0) 0.004 15.0 5.0;25.0
Pain 66.5 (17.0) 53.0 (27.0) 0.03 12.0 0.0;20.0
Act. Daily Living 66.0 (16.5) 56.0 (17.0) 0.03 8.0 0.0;16.0
Sports 75.0 (25.0) 44.0 (38.0) 0.001 25.0 12.0;38.0
Quality of Life 81.0 (20.5) 56.0 (31.0) 0.001 19.0 7.0;31.0

Legend: *Medians and IQR are presented; # Mann-Whitney U test.
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Table 10. Hip range of motion outcomes assessment: per-protocol

Hip range of motion assessment*
Estimate
Variable Digital PT Group Lame. P valuer difference 95%.conﬁdence
group interval
between groups
Baseline
Lying Flexion 28.9 (20.3) 37.7 (19.0) 0.09 8.8 -19.1;1.4
Lying Abduction 12.4 (5.4) 15.9 (8.8) 0.08 3.4 -7.2,0.4
Standing Flexion 44.9 (17.0) 50.8 (16.7) 0.18 5.9 -14.7;2.9
Standing Hyperext -12.4 (7.2) -15.6 (9.1) 0.14 2.1 2.6,6.9
Standing Abduction 24.1(7.1) 26.2 (10.8) 0.37 -3.2 -1.1,7.4
4 weeks
Lying Flexion 79.0 (24.1) 57.1(19.1) <0.001 5.67 10.5;33.2
Lying Abduction 48.8 (13.4) 33.0 (9.0 <0.001 15.8 9.8;21.7
Standing Flexion 82.8 (17.9) 72.9 (15.6) 0.03 9.9 1.1;18.7
Standing Hyperext -35.6 (11.4) 26.5(7.1) <0.001 9.0 -13.9;4.1
Standing Abduction 49.8 (10.4) 36.8 (10.3) <0.001 13.0 7.6;18.4
Change baseline-4 weeks
Lying Flexion 50.1 (27.0) 19.4 (27.7) <0.001 30.7 16.4;45.0
Lying Abduction 36.4 (12.3) 17.2 (12.2) <0.001 19.2 12.8;25.6
Standing Flexion 38.0 (16.4) 22.1(20.2) 0.002 15.8 6.2;25.4
Standing Hyperext -23.2 (10.3) -11.0 (8.9) <0.001 -12.2 -17.2;7.2
Standing Abduction 25.7 (10.3) 10.5 (13.1) <0.001 15.2 9.0;21.3
8 weeks
Lying Flexion 89.2 (17.4) 69.8 (14.6) <0.001 19.4 11.0;27.7
Lying Abduction 54.3 (13.2) 40.5 (14.2) <0.001 13.8 6.7;21.0
Standing Flexion 91.4(18.1) 82.3 (17.8) 0.06 9.1 0.3;18.4
Standing Hyperext -40.0 (11.0) -30.4 (7.8) <0.001 -14.0 -14.6;-4.6
Standing Abduction 55.6 (10.2) 41.6 (10.3) <0.001 14.0 8.7;19.3
Change baseline- 8 weeks
Lying Flexion 60.3 (22.6) 32.7 (24.2) <0.001 28.2 16.0;40.4
Lying Abduction 41.9 (13.2) 24.7 (15.3) <0.001 17.2 9.8;24.6
Standing Flexion 46.5 (18.0) 31.5(20.2) 0.004 15.0 5.0;25.0
Standing Hyperext -27.7 (10.6) -14.9 (9.9) <0.001 -13.2 -18.2;-7.4
Standing Abduction 31.5(10.7) 15.3 (13.6) <0.001 16.2 9.8;22.5
3 months
Lying Flexion 90.0 (14.70) 72.0 (13.74) <0.001 18.0 10.6;25.5
Lying Abduction 57.4 (11.30) 39.8 (12.68) <0.001 17.6 11.3;23.9
Standing Flexion 90.3 (19.49) 85.0 (14.86) 0.24 5.3 -3.7;14.4
Standing Hyperext -42.7 (11.48) -29.2 (9.81) <0.001 -13.5 -19.1;-7.9
Standing Abduction 56.8 (10.66) 42.7 (11.05) <0.001 14.1 8.4,19.7
Change baseline-3 months
Lying Flexion 61.1(21.8) 36.6 (22.4) 0.001 24.6 12.8;36.3
Lying Abduction 44,9 (11.4) 23.4 (14.1) <0.001 215 14.7;28.3
Standing Flexion 45.4 (20.7) 35.0 (19.0) 0.05 10.5 0.1;21.1
Standing Hyperext -30.3(11.4) -13.6(10.1) <0.001 -16.8 22.5-11.0
Standing Abduction 32.7 (11.4) 16.4 (13.8) <0.001 16.3 9.6;23.0
6 months
Lying Flexion 85.2 (19.88) 74.1(13.53) 0.02 11.1 1.9;20.2
Lying Abduction 53.5 (14.61) 43.2 (12.06) 0.06 10.3 3.09-17.40
Standing Flexion 94.5 (20.01) 88.3 (16.89) 0.21 6.2 -3.7;16.1
Standing Hyperext -37.0 (12.98) -29.3(9.21) 0.01 7.7 -13.8;-1.7
Standing Abduction 55.0 (12.29) 45.5 (10.43) 0.03 9.5 3.5;15.6
Change baseline-6 months
Lying Flexion 56.3 (22.3) 38.2 (22.5) 0.003 18.2 6.3;30.1
Lying Abduction 41.0 (14.8) 27.1 (14.0) 0.001 14.0 6.3;21.6
Standing Flexion 49.6 (19.2) 37.6 (20.6) 0.03 12.0 1.5;22.6
Standing Hyperext 24.7 (12.1) -13.5(11.2) 0.001 -11.1 -17.4;-4.9
Standing Abduction 30.9 (12.1) 19.1 (12.1) 0.001 3.2 5.4,18.2

Legend: *means and standard deviations are presented; # independent samples T-test
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3.19. 1. Short term outcomes

Four-week assessment

Differences between groups were found for TUG [p<0.001, 9.73 (5.13) seconds s 15.01 (7.37)
seconds] (Table 8) and for all hip ROM exercises (Table 10). There were no differences between groups
in terms of patient reported outcomes (Table 9). The difference between groups regarding TUG of 4.89

seconds is clinically significant.

Change between baseline and the four-week assessment

Both groups showed clinically meaningful improvements from baseline in all outcome measures, with a
greater change in the digital PT group for TUG (p<0.001) (Table 8), ROM (Table 10) and for the
Symptoms subscale of HOOS (Table 9).

Eightweek assessment

TUG scores were again lower in the digital PT group (p<0.001) (see table 8). The median difference
between the TUG scores in the two groups was of -3.53 seconds (95% Cl:-5.38;-1.93), again very likely

clinically significant.

Regarding HOOQOS, the median scores in the digital PT group were superior to the conventional
rehabilitation group for all subscales, except for HOOS-Pain (see Table 9). Again, as observed in the ITT
analysis, for HOOS-Symptoms and HOOS-Pain, the median scores at the eight-week assessment were
either the maximum score that can be attained (100) or close to that value in both groups, which

persisted over time (Table 9).

Hip ROM was also higher in the digital PT group for all exercises, except standing flexion (Table 10).

Change between baseline and the eight-week assessment

The median difference between the changes in the two groups regarding TUG was of -6.87 seconds (95%

Cl:-9.23;-4.05).

In respect to HOOS and hip ROM, significant improvements from baseline were noted in both groups,
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again with the digital PT group showing greater improvements (Tables 9 and 10).

3.19.2 Medium term outcomes

Three-months assessment

The TUG and HOOS scores remained significantly different between groups, with patients from the digital
PT group experiencing better results (Tables 8 and 9). Hip ROM was also higher in the digital PT group

for all measured exercises (p<0.001), except for standing flexion (p=0.41) (Table 10).

Change between baseline and the three-months assessment

The change was superior in the digital PT group in all outcome measures, except for standing hip flexion

(p=0.052) (Tables 8, 9 and 10).

Six-months assessment

The median difference between the TUG scores in the two groups was of -2.04 seconds (95% Cl: -3.27;-
1.09) in favor of the digital PT group (p=0.002) (Table 8). This value is below the 2.49 second MCD and

therefore may not be clinically significant.

Regarding HOOS, the median scores in the digital PT group were significantly superior to the conventional
rehabilitation group for all subscales except for HOOS-Pain (Table 9). Again, for HOOS-Symptoms and
HOQOS-Pain, median scores were either the highest possible score or close to that value (Table 9), with
much greater homogeneity in the digital PT group (IQR 1.0 for HOOS symptoms and 2.0 for HOOS-Pain
in the digital PT group vs 10.0 and 7.0, respectively).

At this time point, the hip ROM was higher in the digital PT group for lying flexion (p=0.02), standing
hyperextension (p=0.01) and standing abduction (p=0.03) (Table 10).

Change between baseline and the six-months assessment

The ITT analysis revealed the superiority of the digital PT group in the TUG test, all HOOS subscales and
all ROM exercises (Tables 8, 9 and 10).

63



Chapter 3| THA Clinical Trial

The median difference between the changes in the two groups regarding TUG was of- 5.22 seconds (95%
Cl: -7.71;-2.38) in favor of the digital PT group (Table 8), which is more than twice the MCD reported for

this scale

In terms of HOOS, the difference between median score changes was both statistically and clinically

significant in the HOOS-Symptoms, Sports and QoL. (Table 9).

3.19.3. Repeated measures analysis

A repeated measures ANOVA was performed only for variables with normal distribution - TUG (after log-
transformation) and hip ROM, and results are summarised in Table 11. While both groups presented an
improvement in every dimension evaluated, this analysis revealed a main effect of time, a main effect of
group (here with the exception of the standing hip flexion ROM) and an interaction between time and

group for all outcome measures, in favour of the digital PT group (see Table 11 and Figure 4).

Table 11. Repeated measures analysis in the THA trial: per-protocol analysis

Time Group Time*Group

Outcome variable
F(df1,df2) p F(df1,df2) D F(df1,df2) D

Patient performance

TUG= | F(2.6,144.1)=150.4 <.001 F(1,55)=17.8 | <0.001 | F(2.6,144.1)=18.0 | <0.001

Hip range of motion

Lying Flexion* | 0.5 ) 11901478 | <0.001 | F155-11.2 | 0001 | F(2.2119.2-11.6 | <0.001

Lying Abduction* | 3 o 195 0)_158.2 | <0.001 | F(1,55)=21.3 | <0.001 | F(3.5195.9)-13.4 | <0.001

Standing Flexion* |, 5 1502)-169.5 | <0.001 | F(1.55)<1.4 | 025 | F(22.1202-51 | 001

Standing Hyperextension* | 5 ¢ o003 941 | <0.001 | F(155)-12.2 | 0001 | F(3.6,2003)-113 | <0.001

Standing Abduction” | ) 5 136 1) 1385 | <0.001 | F(1,55)=18.6 | <0.001 | F(2.5.136.1)=150 | <0.001

Legend: /In transformation; :Greenhouse-Geisser correction.
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Figure 5. Evolution of oufcomes over time in the THA trial: per-protocol analysis (estimated marginal means are presented).
A- TUG score, B- Lying hip flexion, C- Lying hip abduction, D- Standing hip flexion,; E- Standing hip hyperextension, F-Standing
hip abduction.

3.20. Safety and adverse events

These were analyzed considering all patients enrolled in the trial (66 patients). As per the protocol,
patients with serious medical/surgical complications not allowing discharge home within 10 days were
excluded from the trial, which therefore resulted in an absence of serious adverse events in the period

between surgery and discharge.

In the digital PT group, the total adverse event rate was 14.3% (5/35), and the treatment-related adverse
event rate was 11.4% (4/35). In the conventional PT group, the total adverse event rate was 22.6%
(7/31) and the treatment-related adverse event rate was 19.4% (6/31). There was no statistical
difference between adverse events in both groups (p=0.525). Adverse events in both groups are

summarized below in table 12.
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Table 12. Adverse events in the THA trial

Adverse events Digital PT group Control group

Before discharge

Treatment-related 0 (0.0%) 0 (0.0%)

Non-treatment related 0 (0.0%) 0 (0.0%)

During rehabilitation program

Treatment-related 4 (11.4%) 6 (19.4%)
Groin pain | 3 1
Inflammatory signs surgical wound | 1 2
Thromboflebitis | - 1
Lower limb ocedema | - 1
Non-treatment related 1 (2.9%) 1(3.2%)
Falls | 1 (2.9%) 1(3.2%)

After rehabilitation program

Treatment-related 0 (0.0%) 0 (0.0%)
Non-treatment related 0 (0.0%) 0 (0.0%)
Total 5 (14.3%) 7 (22.6%)

3.21. Usability and Engagement
3.21. 1. Independence of Use

In the digital PT group, 37.1% (13/35) of the patients required assistance of a caregiver for tracker/strap
placement or navigation. Patients requiring assistance were older (p=0.001) than those that did not

require assistance- mean age 68.0 years; (sd=7.6) versus 57.7 years (sd=6.6).

3.21.2. Adherence to the digital intervention

In the digital PT group, 7/30 (23%) of the patients who completed the program did not comply with the
recommended session frequency of five times per week, with only 4/30 (13%) patients having performed,

on average, less than four days per week.
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3.21.3. Patient-Therapist interaction

Patients in the conventional rehabilitation group had 24 in-person sessions, whereas patients in the digital
PT group had three face-to-face contacts with the therapist and, on average, 0.6 (range 0-2) extra contacts
for technical assistance. Regarding telephone calls, in addition to the two scheduled calls per protocol,
each patient received a median of 4 extra calls (range 0-7), the vast majority due to difficulties in

interacting with the system.

3.21.4 Treatment intensity

Total active treatment time was similar in both groups in both intent-to-treat (ITT) and per-protocol (PP)
analysis (ITT: p=0.113; PP: p=0.240). In the ITT analysis, treatment intensity in the digital PT group was
20 hours (IQR 11.0; range 1.0-59.0) and in the PP analysis was 21 hours (IQR 10.3; range 8.0-59)

versus 24 hours in the conventional PT group.

3.21.5. Patient Satistaction

At the end of the program, patients in the digital PT group were asked to report their satisfaction level by
answering the question: “On a scale from zero to ten, how much would you recommend the system to
one of your friends or neighbours?”. Thirty-two (91.4%) rated the system with ten, two patients rated the

system with nine and one did not answer.
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DISCUSSION

3.22. Clinical outcomes

3.22. 1. Introduction to clinical outcomes discussion

For the purpose of this thesis, we presented the results of the both ITT and PP analysis of this clinical
trial. Given that, in this trial, the results of the PP and ITT analysis broadly lead to the same conclusions,
we decided to keep the discussion centered in the ITT analysis. While this is a conservative approach not
defended by all researchers'” as it underestimates the true effects of the intervention, the ITT approach

is defended by others as a way to reduce the source of bias.”

Taking into account the reference values for the TUG,”* HOOS™ and hip ROM,” both groups attained
great clinically relevant improvements in all outcome measures in the short and medium-term
assessments. This is in line with the findings of other authors that reported the effectiveness of early

exercise interventions post-THA. ws14178-120

3.22.2. Overall discussion

Globally, greater benefits were observed in the digital PT group, both at the end of the eight- week program
and at the sixmonths assessment, and this was particularly evident in the PP analysis for all outcome
measures, and when analyzing the change from baseline to six months. Still, we can observe a
convergence trend between the two groups after the eight-week program. In the ITT analysis, this leads
to a non-clinically significant difference at the sixmonth assessment for TUG (but not in the change from
baseline, where the difference remains clinically significant) and to a convergence of all ROM
measurements except for lying and standing abduction. Notwithstanding this, the repeated measures
analysis confirms an interaction between time and group in favor of the digital PT group for TUG and hip
ROM. For HOQS, the scores in the digital PT group were greater for ADL, Sports and QoL at the six-
month assessment. The results reported for HOOS and ROM, when analyzed together, also confirm

reports that ROM is not a good marker of implant success and patient satisfaction. 116516

These results are a major achievement for remotely-assisted physiotherapy programs, considering no
evidence exists yet on the superiority of a specific exercise intervention post-THAu51122 and no studies

comparing digital with conventional PT in this context.
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In the absence of studies using similar technologies to the one presented herein, it was nearly impossible
to establish inter-studies comparisons. Furthermore, reports on physiotherapy interventions for THA
recipients revealed high methodological variability regarding timing, duration and intensity, outcome
measures and timelines for assessment.s#2122 Thus, only broad comparisons can be made between the

present work and previous ones.

3.22.3. Timed up and Go test

Despite being among the most often used and recommended performance-based outcome
measures, 751 the TUG test was only found in four studies.s= From these, one compared the change
between baseline and nine to twelve months post-surgery,® and the others presented data on the four-
12 eight-,1 twelve- and twenty-six-week®” assessment or on the change between baseline and nine to
twelve months.: All studies but one' reported similar significant improvement on TUG test with time in
both intervention groups. Overall, reported changes in TUG scores varied between 0.36 seconds® and -
5.8 seconds®. The results in the conventional PT group from the present trial fall broadly within these
values, whereas the results of the digital PT group were higher, even surpassing the scores previously

reported for healthy community living older adults (mean 8 seconds). s

Additionally, although the pattern of recovery from the conventional group followed a similar trend to the
ones found in other studies using conventional PT,* patients from the digital PT group improved faster
(38% at four weeks after surgery) and to a greater extent in the medium term (60% at 24 weeks). Indeed,
in the study from Naylor et al,* an Australian cohort of 44 THA recipients (mean age 65 years) with TUG
baseline values similar to ours (18 seconds), patient recovery at four weeks was approximately 6% and
plateaued at 36% 24 weeks after surgery. Additionally, Kennedy ef a/* reported a very slow recovery in
a Canadian cohort of 68 patients (mean age 68 years), with a 78% TUG aggravation within the first four
weeks following surgery (18 seconds) and a 21% improvement from baseline after 24 weeks. However,
in this latter case, baseline values were oddly low (10.14 seconds), masking an actual 73% recovery after

24 weeks when the postoperative TUG (30 seconds) was set as the reference value.

3.22.4. Hip Osteoarthritis Outcome Score

Regarding HOQS, all subscales from both groups presented higher scores than those reported on a

French (n=30, 37.5 to 55.3 points),” or on a Swedish HOOS validation study (n=90, 56.3 to 82.3

69



Chapter 3| THA Clinical Trial

points),” three and six months after THA, respectively. In another RCT (n=68) on the effect of a walking
skill training program in THA patients, significant improvements were detected between three- and five-
months. However, changes were much smaller than those we observed. Also, in terms of changes from
baseline, both the digital PT and the control group improved significantly from baseline to four weeks
postoperatively, which was sooner than what was reported by Mikkelsen ef a/. (RCT, n=73).1 Importantly,
a ceiling effect was observed on HOOS-Symptoms and HOOS-Pain, with patients from both intervention
groups reporting the best possible score from eight weeks onwards. Ceiling effects have also been
reported on all subscales in the Swedish HOOS validation study, six months after THR,”2 and in the Dutch
RCT by Mikkelsen ef a/** Considering some sensitivity is lost using this scale, a revision and adaptation

to the context of digital interventions, such as the one we presented, would be very useful in the future.

3.22.5.. Hip Range of Motion

Regarding hip ROM, it must be noted that all reports use goniometry as a means to measure hip range
of motion, whereas we applied a high-precision sensor-based technology to assess active hip ROM,
greatly reducing operator errors.: In a retrospective study by Davis ef a/ (n=1383), a logistic regression
model yielded three levels of post-surgery hip ROM: high (115° of flexion, 25° of abduction), average
(90°-114° of flexion, 16°-24° of abduction), or low (less than 90° of flexion, 15° or less of abduction)
motion. Considering these ranges, scores from our trial revealed very high abduction amplitudes in both
groups at month 6 post-op, particularly in the digital PT group. Indeed, we found no other reports showing

superior results than those reported in this work. 11917

On the other hand, flexion ROM values fell in the lower range reported, revealing some room for
improvement. Notwithstanding, our results at six months were comparable to the one reported on
another prospective study (n=15)*" on THA outcomes twelve months post-surgery (mean flexion+ sd:

93.3°+18.7°).

Another study, by Umpierres et a/. (RCT, n=106)*¢, also reported on the improvement of hip flexion and
extension ROM following THR, with an early two-week inpatient supervised versus unsupervised
intervention. Although closer to the values reported at the four-week assessment of this trial, results from
the digital PT group in our trial were superior to the ones reported in this RCT. Other studies were found
where flexion and extension ROMs were higher than those we reported.: =155 However, even considering
possible differences related to measurement methods, high baseline angles revealed that the population

in these studies was not as disabled as the one in the present trial.
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Finally, although the improvements achieved in hip ROM are substantial, the values are still far from

those reported for healthy individuals.

3.23. Patient Acceptance and Usability

Given that this trial and the TKA trial had a similar methodology, with both involving a home-based post-
surgery rehabilitation program with the same medical device, a decision was made to combine the
discussion of these aspects in Chapter 6, as this provides a much more robust and clear picture of

acceptance and usability.

3.24. Safety

As shown above, there were no differences in adverse event rates between both groups. However, there
was a tendency for greater reporting of local vascular/inflammatory phenomena (oedema,
thrombophlebitis and inflammatory signs) in the conventional PT group, and for more groin pain reported
by members in the digital group. In regards to the first aspect, we believe there may have been an
underreporting of such adverse events in the digital group, also when looking at what was reported in the
TKA trial. As to the groin pain, we cannot find any potential relationship between the group/program and
this report — something to be further clarified in larger studies. Additionally, it is noteworthy that there
have been no adverse events reported in both groups between the end of the program and the 6 month
assessment, which we also attribute to underreporting. This aspect is further discussed below, in the

limitations section.

3.25. Limitations
Given that this trial and the TKA trial had a similar methodology and were performed in the same
investigation centre, the limitations that need to be acknowledged and discussed are very similar in both

trials, and therefore will be discussed jointly below, in Chapter 6.
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METHODS
4.1. Design

Single-center, non-randomized, parallel-group, clinical trial, designed to compare the clinical outcomes
of TKA plus digital home-based rehabilitation versus TKA plus conventional rehabilitation, as well as to

assess patient acceptance, usability and engagement with the system.

4.2. Investigation hypothesis

It was hypothesized that there would be no differences in the clinical outcomes of surgery plus digital

rehabilitation versus surgery plus conventional rehabilitation after TKA.

In terms of safety, it was hypothesized that the adverse event rate of the surgery plus digital

intervention group would be similar to that of surgery plus conventional rehabilitation.

In terms of usability, it was hypothesized that the digital program would be well accepted by patients.

4.3. Outcomes

Several studies suggest that clinical outcomes should be measured not only in terms of range of motion,
which is considered a poor marker of implant success and patient satisfaction, w516 byt also using
PROMs and performance tests.’s2% As such, clinical outcomes were evaluated according to three

outcome measures: a) a performance test; b) PROMs; and c) range of motion of the knee.

In regards to the performance test, the TUG was chosen. TUG measures the time the patient takes to
rise up from a chair, walk three meters, turn around, walk again towards the chair and sit down again.
This test was chosen as it is simple and practical, quick and easy to administer, has excellent inter-rater
reliability and very good test-retest reliability ' and has been demonstrated to predict both short- ¢ and
long-term = function following hip and knee arthroplasty. Moreover, Podsiadlo and Richardson
confirmed it's content validity in elder persons in that it evaluated a well-recognized series of maneuvers

in daily life.1

In regards to PROMs, KOOS®** was used. This scale was validated for patients submitted to TKA by Alviar
and colleagues #°. The KOOS scale (Annex VIII) consist of 5 subscales: 1) Pain; 2) other Symptoms; 3)

Activities of Daily Living (ADL); 4) Function in sport and recreation (Sport/Rec) and 5) hip/knee related
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QoL. The previous week is the time period considered when answering the questions. Standardized
options are given and each question is assigned a score from 0 to 4. A normalized score (100 indicating
no symptoms and 0 indicating extreme symptoms) is calculated for each subscale. The MCID reported
in subjects undergoing rehabilitation after TKA = was: 10.7 points for Symptoms; 16.7 points for Pain;

18.4 points for ADL; 12.5 points for Sports; 15.6 points for QoL.

Knee ROM was assessed in the following movements- lying, sitting and standing flexion and sitting
extension. Given that SWORD Phoenix® is a certified medical device with a joint angle measuring function,
ROM was measured in all patients using this system. According to the technical specifications of the

device, the measurement error in comparison to standard goniometry is of 5.5 degrees.

All clinical outcomes were assessed at baseline (pre-operatively), on discharge (in-hospital), four weeks
after initiating the rehabilitation program, at the end of the program (eight weeks), three months after

surgery and finally six months after surgery.

4.3.1. Primary outcome

The primary outcome was the change in TUG score from baseline to the week 8 reassessment.

4.3.2. Secondary outcomes

The remaining clinical clinical outcomes (including other timepoints for TUG) were assessed as secondary
outcomes. Hierarchically, changes from baseline to week 8 were given particular emphasis, followed by
changes from baseline to 6 months and by changes from baseline to 3 months. Assessments at each of
the timepoints were also considered, with the 4 week and 3 month assessment being given less relevance

than the other timepoints.

Safety was measured through adverse event rates in both groups, divided in 3 periods: in-hospital; during

rehabilitation program and after rehabilitation program.

Usability was measured through global enrollment rate, retention rate (drop-outs) in each of the groups
and also, need for therapist contact in both groups. In the digital group, compliance to the program,

independence of use, need for therapist contact and patient satisfaction were also measured.
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4.4, Locations and timelines

This was a single-center clinical trial which was held at the Hospital da Prelada- Dr. Domingos Braga da
Cruz, Porto, Portugal, in collaboration with the Orthopedics Department. All consecutive patients admitted
for TKA between December 19 2016 and November 27» 2017 were screened for eligibility by the two
orthopedic surgeons that oversaw the trial- José Tulha and Rosmaninho Seabra. Completion date for the
assessment at the end of the 8-week active rehabilitation period was January 29* 2018 and for the six

month follow-up was May 27 2018.

4.5. Sample size estimation

Sample size estimation was performed considering the primary outcome measure — Change in TUG
scores from baseline to week 8. Calculations were based on a MCID of 2.27 seconds as reported by
Yuksel et a/>> The behavior of the variable of interest (TUG) at baseline was calculated based on that
reported by Mizner ef a/*: (mean 9.6 seconds ; standard deviation 2.4 seconds) in a study where patients
performed a rehabilitation protocol broadly comparable to the one used in the present trial. The resulting
computed effect size was of 0.95. Considering this effect size, a power of 90%, a two-sided 0.05
significance level and a 15% dropout rate, 55 patients would be necessary to detect a 2.27 second
difference between the two groups. Given the wide variation in the standard deviation of the TUG reported
by different authors - from 0.5 seconds® to 6.3 seconds?- it was decided to increase sample size to 70

patients, to account for a greater variation than the one reported by Mizner and collaborators.

4.6. Inclusion & Exclusion Criteria
3.6.1. Inclusion Criteria

a) Patients over 18 years old;

b) Clinical and imaging evidence of knee osteoarthritis;

c) Indication for total hip/knee replacement according to patient 's orthopedic surgeon;
d) Ability to walk unaided or requiring assistive device (unilateral or bilateral);

e) Availability of a carer to assist the patient after surgery.

3.6.2. Exclusion Criteria

f) Patients admitted for revision of total knee replacement;
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g) Contralateral hip or knee osteoarthritis severely limiting patient mobility and ability to comply
with a rehabilitation program;

h) Aphasia, dementia or psychiatric comorbidity interfering with the communication or compliance
to the rehabilitation process;

i) Respiratory, cardiac, metabolic or other condition incompatible with at least 30 minutes of light
to moderate physical activity;

j)  Major medical complications occurring after surgery that prevent the discharge of the patient
within 10 days after the surgery;

k) Other medical and/or surgical complications that prevent the patient from complying with a
rehabilitation program;

[) Blind and/or illiterate patients.

4.7. Patient enroliment
3.7.1. Patient identification and recruitment

Whenever a potential candidate was identified, the local investigator approached the candidate and
explained the clinical trial in detail. The prospective candidate was given the patient information
document and informed consent (see Annex IX) and sufficient time to consider whether he wished to
participate in the trial. Subsequently, the prospective candidate was given opportunity to clarify any
doubts, after which the informed consent form was signed and dated in duplicate by the patient and the

investigator. Only then was the baseline assessment performed.

3.7.2. Patient allocation

Patient allocation was performed upon hospital discharge using patient address as criterion. Subjects
residing in areas outside the administrative limits of the city of Oporto were allocated to the digital PT
group. Conversely, patients residing within the administrative limits of the city were allocated to the
conventional rehabilitation group. Patient allocation was performed centrally by one investigator —

Fernando Dias Correia.
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3.7.3. Blinding

The nature of the trial did not allow blinding of the patients. Patient assessment was performed by two
investigatosr- José Tulha and Rosmaninho Seabra - blinded for allocation groups. Primary statistical

analysis was performed by a blinded statistician - Laetitia Teixeira.

4.8. Intervention

Patients were admitted for elective surgery and proceeded to surgery as per the existing hospital
protocols. Between day 1 post-op and hospital discharge, all patients were taught, as per the hospital
protocol, how to safely get in and out of bed and were asked to perform alternate ankle flexion and
extension exercises regularly. All patients performed initial gait training with canes. After that, both groups

received early-onset home-based rehabilitation immediately after discharge, for eight weeks.

4.8.1. Digital PT Group

In the digital PT group, patients received an initial visit from the physical therapist, to assess specific
rehabilitation needs and to teach patients and/or caregivers how to set up and use the biofeedback
system. After this initial visit, the digital PT group performed a rehabilitation program solely through the
use of the biofeedback system, under remote monitoring from a physical therapist. Patients were
instructed to perform sessions between five and seven days a week, but compliance to this frequency
was not mandatory per protocol and patients were not excluded in case of lower adherence. The number
of sessions, daily adherence and total training time was registered automatically by the system and was

made available through the web Portal.

4.8.1.1. Face-to-face visits
Each patient in this group received three visits from the assigned physical therapist:

Visit 1: Initial deployment

In this visit, the physical therapist taught the patient how to operate the system, and adapted the exercise
program based on the presented guidelines (see below) and adapted to the patient s specific needs.
The therapist performed an initial session with the patient, ensuring that the patient was able to perform

each exercise and that he could operate the system, alone or with the help of a caregiver.
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Visit 2: Interim visit (4 weeks + 5 days)

In this visit, the physical therapist assessed patient progress and adjusted the rehabilitation program

accordingly. This visit did not consist of a conventional face-to-face rehabilitation session.

Visit 3: Termination visit (8 weeks + 5 days)

The purpose of this visit was to collect the equipment. This visit did not consist of a conventional face-to-

face rehabilitation session.

4.8.1.2. Telephone calls

Each patient received two interim telephone calls per protocol, at weeks 2 and 6 (£ 3 days) after initiation
of the rehabilitation program. In these calls, the therapist ascertained more details on patient progress

to help guide the treatment, and explicitly questioned the patients about adverse events.

4.8.1.3. Additional visits or telephone calls

When required, additional visits or telephone calls for technical assistance were performed by the

physical therapist, and registered as such in the patient file (date, motive, duration).

4.8.2. Conventional Rehabilitation Group

The conventional rehabilitation group received a home-based supervised program provided by a
physiotherapist, three times a week, for one hour. Patients were instructed by their physical therapist to

perform additional unsupervised sessions in at least two other days of the week.
Specific instructions regarding exercises, sets and repetitions were laid out in paper for each patient.

Compliance to these unsupervised sessions was not mandatory and formal registry of these sessions

were not kept.
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4.8.3. Rehabilitation Protocols

In the absence of a gold standard, the rehabilitation protocols were designed taking into account a recent
systematic review on the subject,s the results of a Delphi panel on best practices for rehabilitation after

THA/TKAY and the protocols published by SOFMER. e

Detailed rehabilitation programs are presented in Tables 13 and 14. In any case, as can be seen in the
tables, these protocols were tailored to the patient s specific needs, according to the joint assessment

between the orthopedic surgeon and the physical therapist.
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Table 13. Rehabilitation protocol for the TKA trial (stage 1)

Stage 1 (weeks 0-4)

Objectives

Precautions

Decrease pain and swelling

Restore range of motion

Strengthen knee extensors and flexors
Restore fully load capacity on both legs

Ice pack application after each session and throughout
the day as needed

Intervention

Digjtal PT| Group

Conventional rehabilitation

Open kinetic chain exercises without added resistance
Lying:

- Hip flexion with knee flexion (2x10 reps)

- Hip abduction (2x10 reps)

- Knee flexion (2x10 reps)

- Knee Extension against resistance (2x10 reps)

- Knee flexion (2x10 reps)
- Knee extension (2x10 reps)
- Sitto stand (2x10 reps)

Standing (initially with support):
- Hip abduction (2x10 reps)
- Hip hyperextension (2x10 reps)
- Knee flexion (2x10 reps)
- Hip flexion with knee flexion (2x10 reps)

Closed kinetic chain
Lying:

- Bridge (2x10 reps)
Standing:

- Mini-squats (2x10 reps)

Note 1: adjust sets, reps and total session duration
according to patient tolerance (based on patient
performance and on the pain and fatigue scores)

Note 2: aim for at least 30 minutes in total

Note 3: recommend two daily sessions as soon as tolerated

Soft tissue massage
Active assisted mobilization of the knee to increase
range of motion

Gait training with bilateral support

Isometric exercises
- quadriceps contraction (3x10 sec)

Active plantar flexion (2x20 reps)

Progress to open kinetic chain exercises and closed
kinetic chain exercises without added resistance
according to patient’s tolerance

- Same exercises as the digital PT group

Note 1: adjust sets, reps and total session duration
according to patient tolerance

Note 2: recommend additional sessions twice per week
(write down exercises, sets and reps)
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Table 14. Rehabilitation protocol for the TKA trial (stage 2)

Stage 2 (weeks 5-8)

Objectives

Precautions

Strengthening of knee flexors and extensors
Increase active range of motion

Improve balance

Independence on all activities of daily living

Identical to stage 1

Intervention

Digjtal PT| Group

Conventional rehabilitation

Open kinetic chain exercises in the lying, sitting and standing
positions:
- Same exercises as above but with higher number
of repetitions and added resistance
Progression to closed kinetic chain exercises:

- Squat (2x10 reps)

- Wall Sit (2x10 reps)

- Sitto stand (2x10 reps)

- Forward lunges (2x10 reps)
- Lateral lunges (2x10 reps)

Note 1: adjust sets, reps and total session duration
according to patient tolerance (as in stage 1)
Note 2: maintain recommendation of 2 sessions/day

Soft tissue massage
Balance exercises with progression to one-leg support

Gait training
Open kinetic chain exercises with added resistance

according to patient’s tolerance

Progressing to closed kinetic chain exercises with added
resistance according to patient’s tolerance
- same exercises as the digital PT group

Note 1: adjust sets, reps and total session duration
according to patient tolerance

4.9. Patient Assessment

Patients were assessed at baseline (pre-operatively), on discharge (in-hospital), four weeks after initiating

the rehabilitation program, at the end of the program (eight weeks), three months after surgery and finally

six months after surgery. These assessments were performed in the ward or in the outpatient clinic by

the patient orthopaedic surgeon. For each of the post-discharge visits, a timeframe of five working days

before or after the date was allowed.

3.9.1. Baseline assessment (V1): pre-operative
Participant characterization consisted of:

a) Demographics (gender, age at enrollment);

b) Affected side

c) Comorbidities and risk factors for adverse events

e Body Mass Index
e Smoking

e Diabetes
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Cardiac disease

Respiratory disease

Hypertension

Stroke

Renal Disease

Bleeding disorders

American Society of Anesthesiologists physical status classification score
Intake of steroids for chronic condition

Previous hip replacement

Previous knee replacement

d) Timed Up and Go test score

e) Knee Osteoarthritis Outcome Score

3.9.2. Assessment on discharge (V2)

An additional assessment on discharge was performed, with collection of the following information:

a) Data on hospitalization and surgical procedure

Time between admission and surgery
Surgical technique

Type of prosthesis

Type of anesthesia

Operative time

Length of stay

b) Complications before discharge

Falls
Infectious complications (urinary, respiratory, prosthesis)

Thromboembolism (deep vein thrombosis, pulmonary embolism)

3.9.1. Subsequent assessments (V3, V4, V5)

These assessments consisted of:

d) Timed Up and Go test score

e) Knee Osteoarthritis Outcomes Scale score
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f)  Complications after discharge
a. Falls
b. Infectious complications
c. Thromboembolism

d. Readmissions

4.10. Safety and Adverse Events

As per the protocol, patients with serious medical/surgical complications not allowing discharge home
within 10 days were excluded from the trial. Other adverse events during hospitalization were retrieved

from medical records at the time of discharge.

During the rehabilitation period, patients in the conventional rehabilitation group were under regular
monitoring by a physical therapist, enabling early detection and reporting of adverse events. In the digital
PT group, safety was evaluated through pain and fatigue scores (graduated from O to 10) at the end of
each session, which were available for remote monitoring through the web-based portal. Patients were
also asked to report any adverse events to their physical therapist or to the investigator through a direct

telephone contact.

In the follow-up period, adverse events were not proactively questioned to participants.

4.11. Statistical Analysis

To assess differences in clinical and demographic variables of the patients allocated to the two groups,
independent samples T test or Mann-Whitney U test were used for quantitative variables. For categorical

variables, Chi-squared test and Fisher's exact test were used.

Outcome analysis was performed using both an intentto-treat (ITT) and a per-protocol (PP) analysis.
Differences between the two groups were performed using independent samples T test or Mann-Whitney
U test. For non-normally distributed variables, the magnitude of median difference was assessed using

Hodges-Lehman estimator.

Since outcomes were measured in different moments, a repeated measures analysis was also
performed, using a repeated Analysis of Variance (ANOVA) with group as an independent factor and time

as a within-subjects factor.

85



Chapter 4| TKA Clinical Trial

4.12. Data Protection & Ethics Approval of Research

This clinical trial was jointly approved, together (but not independently) with the TKA trial, by the National
Data Protection Commission (authorization number 1476/2017) — see Annex X- and by the local ethics
committee at Hospital da Prelada (Chair: Dr. Juiz Conselheiro Aimeida Lopes)- see Annex XI. The
methods were conducted in accordance with the approved guidelines. All patient data was anonymized

and linked to the patient by a unique number that did not contain any personal identifiers.

4.13. Registration

This clinical trial was prospectively registered at www.clinicaltrials.gov with the following Unique

identifiers: NCT03047252; date of registration: 8 February 2017.

4.14. Availability of data and materials

The protocols of the trial is available from www.clinicaltrials.gov. Individual patient data (in Excel format)

that underlie the results reported in each of the published papers was submitted as supplementary

information, accessible through the online version of each paper.

4.15. Funding

This work was supported in part by the European Commission through the Project H2020 SME

Instrument Phase 2 - Grant Agreement number 672814.

The manufacturer of the SWORD Phoenix medical device - SWORD Health, SA - was the sponsor of the

trials and, in that capacity, provided financial and logistics support to the work herein presented.
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RESULTS

4.16. Patient flow

Two hundred and thirty six patients were assessed for eligibility between 19 December 2016 and
November 27 2017. Figure 5 shows the CONSORT diagram for the trial. Trial inclusion rate was of 29%.
Between the eligibility screening and allocation to one of two arms, a total of 93 patients refused to

participate or withdrew consent, corresponding to 56% (93/167) of all screening failures.

Assessed for eligibility (n=236)

Excluded (n=67)

- Postsurgery rehabilitation already planned (n=36)
- Absence of caregiver (n=10)

”| - Cardiac, respiratory or other comorbidities (n=10)
- Admitted for TKA revision (n=6)

v - llliterate (n=5)

| Eligible for the study (n=169) |

Enrollment

| Excluded (n=73)
- Refused to participate (n=73)

A 4
| Surgical procedure (n=96) |

|

Excluded (n=27)

- Postoperative complications preventing
discharge home within 10 days (n=7)

- Withdrew consent between enroliment
and discharge (n=20)

A4

Surgery

Y
| Allocation to study arms (n=69) |

|
! l

Digital intervention group (n=38) | | Conventional rehabilitation group (n=31)

|

Dropouts (n=2)
¢ > - Surgical wound infection (n=1)
- Alcohol abuse (n=1)

Dropouts (n=8)
- Withdrew consent (n=7)
- Protocol breach (n=1)

A
| Completed the study (n=30) | | Completed the study (n=29) |

Il Intervention || Allocation

y A

| Completed the 3- and 6- month assessment (n=30) | | Completed the 3- and 6- month assessment (n=29) |

Follow-up

|

Figure 6. TKA trial CONSORT diagram

Sixty-nine patients were included and allocated to one of two groups (37 on the digital PT group and 32
on the conventional rehabilitation group). On the digital PT group, 7 patients withdrew consent on the
first week, and one additional patient was excluded due to a protocol breach (additional physical therapy
program started) corresponding to a 21% dropout rate in this group. On the conventional rehabilitation

group, 2 patients were excluded, corresponding to a 7% dropout rate in this group. In total, 59 patients
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completed the 8-week rehabilitation program (30 patients in the digital PT group and 29 in the
conventional rehabilitation group) and the follow-up assessments. There were no differences between

the dropout rates in the two studies (p=0.167)

4.17. Baseline population characterization
Baseline characteristics of trial participants regarding demographics, comorbidities and risk factors for

adverse events, as well as data on hospitalization and surgery are summarized in Table 15.

Table 15. Baseline characteristics of participants in the TKA trial

Digital PT Group Control Group
(n=38) (n=31) palue
Demographics
Age (years) mean (sd) 67.3 (6.8) 70.0 (7.2) 0.12s
Gender female (%) 84.2 71.0 0.30
Side right (%) 63.2 45.2 0.21
Comorbidities & Known risk factors for adverse events

Body Mass Index mean (sd) 31.0 (4.5) 30.8 (5.4) 0.84s
Smoking (%) 10.5 12.9 1.00r
Hypertension (%) 65.8 74.2 0.62¢
Diabetes (%) 18.4 12.9 0.74
Pulmonary disease (%) 7.9 19.4 0.28
Cardiac disease (%) 5.3 6.5 1.00

Stroke (%) 0.0 0.0 NA
Renal disease (%) 0.0 3.2 0.45

Bleeding disorders (%) 0.0 0.0 NA
ASA€ class 3 or 4 (%) 13.2 16.1 0.74

Steroids for chronic condition (%) 0.0 0.0 NA
Previous contralateral knee replacement (%) 18.4 32.3 0.30¢
Previous hip replacement (%) 7.9 0.0 0.25

Hospital admission and surgical procedure

Time between admission and surgery (hours) <24 h <24 h NA
Operative time (min) mean (sd) 62.4 (9.87) 62.8 (13.0) 0.89%
Length of stay (days) median (IQR) 6 .0(1.0) 6.0 (2.0) 0.83

Legend: €American Society of Anesthesiology physical status classification system; *Chi-Square test; ‘Fisher s
exact test; sindependent samples T test; sMann-Whitney U

There were no differences between the two groups regarding these characteristics. Additionally, in all
cases, cemented, fixed-bearing and non-ligament sparing prosthetics were used. There were also no

differences between the two groups regarding TUG (Table 15) nor regarding knee range of motion (Table
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17). Of note, both groups had severe impairments regarding knee extension, where the goal is to reach
full extension (0 degrees). Regarding the KOOS, the population in the digital PT group had lower scores

in every subscale (Table 17).

4.18. Intent-to-treat analysis
For the intent-to-treat analysis all patients who enrolled in the trial were considered. For those who

dropped out or were lost to follow-up, the last known assessment was carried forward.

The results of all the timepoints, as well as the difference between each of those timepoints and baseline,

can be found in the Tables 16, 17 and 18 below and then discussed jointly.

Table 16. Primary outcome assessment in the TKA trial: intent-to-treat

Primary outcome - Timed up and Go*
Digital PT Control Estimate 95%

Time-point Group Group P value* d;g:;t;r:r:le confidence

(n=38) (n=31) groups interval
Baseline  18.19 (7.55) 15.98 (8.58) 0.12 1.94 -0.65;4.41
4 Weeks 11.75(7.79) 16.76 (8.50) 0.06 -3.62 -6.67;-:0.90
Change baseline- 4 weeks  -6.93(10.50) -0.88 (6.51) 0.003 -5.14 -8.83;-1.60
8weeks  8.17 (6.34) 10.58 (4.18) 0.02 -1.95 -3.30;-0.47
Change baseline-8 weeks - 8.48 (8.97) -4.62 (6.72) 0.12 -2.79 -5.83;0.77
3months  8.35(5.93) 10.67 (4.31) 0.03 -1.86 -3.19;-:0.26
Change baseline-3 months -8.55 (8.24) -5.23 (7.83) 0.08 -3.10 -5.82;0.31
6 months  7.49 (4.85) 8.88 (4.66) 0.01 -1.60 -2.48;-0.49
Change baseline-6 months -8.51 (8.61) -5.08 (9.20) 0.13 -2.70 -5.91;0.73

Legend: *Medians and IQR are presented; *Mann-Whitney U test.
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Table 17. Patient reported outcomes assessment in the TKA trial: intent-to-treat

Patient Reported Outcomes Assessment- KOOS*
Estimate 95%
. - Control , .
Variable Digital PT Group P valuer difference confidence
Group .
between groups interval
Baseline
Symptoms 32.0 (16.0) 50.0 (25.0) <0.001 -18.0 -28.0--11.0
Pain 34.5(14.0) 47.0 (20.0) <0.001 -11.0 -17.0;-6.0
Act. Daily Living 34.0 (16.0) 43.0 (16.0) 0.001 9.0 -15.0;-3.0
Sports 0.0 (0.0) 5.0 (5.0) 0.004 0.0 -5.0;0.0
Quality of Life 13.0 (19.0) 19.0 (19.0) 0.01 -6.0 -13.0;0.0
4 weeks
Symptoms 68.0 (25.0) 68.0 (25.0) 0.89 0.0 -8.0;7.0
Pain 73.5(25.0) 69.0 (14.0) 0.65 2.0 -6.0; 8.0
Act. Daily Living 72.0 (43.0) 69.0 (21.0) 0.74 1.0 -9.0;10.0
Sports 10.0 (10.0) 15.0 (10.0) 0.03 -5.0 -5.0;,0.0
Quality of Life 50.0 (25.0) 38.0 (31.0) 0.95 0.0 -7.0;12.0
Change baseline- 4 weeks
Symptoms 32.0 (32.0) 14.0 (17.0) 0.002 18.0 7.0;25.0
Pain 36.0 (25.0) 22.0(19.0) 0.01 11.0 3.0; 22.0
Act. Daily Living 36.0 (22.7) 24.0 (17.0) 0.01 11.0 3.0;19.0
Sports 10.0 (15.0) 10.0 (10.0) 0.67 0.0 -5.0;5.0
Quality of Life 31.0(31.2) 19.0 (18.0) 0.06 12.0 0.0;19.0
8 weeks
Symptoms 82.0 (31.0) 71.0 (22.0) 0.08 8.0 0.0;18.0
Pain 89.0 (24.0) 78.0 (14.0) 0.07 6.0 0.0;11.0
Act. Daily Living 87.5(38.0) 76.0 (16.0) 0.12 6.0 -1.0;13.0
Sports 20.0 (20.0) 15.0 (10.0) 0.98 0.0 -5.0;5.0
Quality of Life 69.0 (33.0) 56.0 (25.0) 0.04 12.0 0.0;19.0
Change baseline- 8 weeks
Symptoms 46.0 (43.7) 14.0 (22.0) 0.001 25.0 11.0;35.0
Pain 54.5 (26.2) 33.0 (25.0) 0.003 16.0 8.0;25.0
Act. Daily Living 49.5 (33.0) 34.0 (15.0) 0.004 25.0 6.0;22.0
Sports 20.0 (16.2) 15.0 (15.0) 0.29 5.0 0.0;10.0
Quality of Life 56.0 (39.5) 31.0(31.0) 0.01 19.0 6.0;31.0
3 months
Symptoms 86.0 (33.0) 75.0 (22.0) 0.31 4.0 -4.0;11.0
Pain 92.0 (29.2) 83.0 (25.0) 0.09 6.0 0.0;11.0
Act. Daily Living 91.0 (24.7) 81.0 (22.0) 0.10 4.0 -2.0;10.0
Sports 20.0 (16.2) 20.0 (10.0) 0.16 5.0 0.0;10.0
Quality of Life 75.0 (37.0) 56.0 (25.0) 0.06 12.0 0.0;19.0
Change baseline-3 months
Symptoms 46.0 (33.0) 25.0 (28.0) 0.001 21.0 10.0;32.0
Pain 54.5(19.7) 31.0 (25.0) 0.002 17.0 8.0;25.0
Act. Daily Living 50.0 (30.2) 34.0(18.0) 0.01 15.0 6.0;22.0
Sports 20.0 (20.0) 15.0 (10.0) 0.02 10.0 0.0;15.0
Quality of Life 59.5 (38.7) 44.0 (37.0) 0.01 18.0 6.0;31.0
6 months
Symptoms 91.0 (31.5) 82.0 (22.0) 0.24 4.0 -3.0;11.0
Pain 97.0 (21.2) 86.0 (25.0) 0.20 3.0 0.0;11.0
Act. Daily Living 95.0 (24.7) 87.0 (15.0) 0.06 6.0 0.0;11.0
Sports 27.5 (42.5) 20.0 (20.0) 0.21 10.0 -5.0;20.0
Quality of Life 88.0 (42.5) 63.0 (44.0) 0.03 13.0 0.0;25.0
Change baseline-6 months
Symptoms 50.0 (36.0) 29.0 (35.0) 0.004 18.0 7.0;32.0
Pain 58.0 (24.2) 39.0 (25.0) 0.003 14.0 5.0;22.0
Act. Daily Living 51.0 (23.7) 43.0 (22.0) 0.01 13.0 4.0;22.0
Sports 25.0 (43.5) 15.0 (25.0) 0.05 10.0 0.0;25.0
Quality of Life 75.0 (560.2) 44.0 (44.0) 0.004 25.0 7.0;38.0

Legend: “Medians and IQR are presented; ‘Mann-Whitney U test.
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Table 18. Knee range of motion outcomes assessment: intent-to-treat

Knee range of motion assessment*
Estimate
Variable Digital PT Group Lame. : difference 95%.conﬁdence
group values interval
between groups
Baseline
Lying flexion 81.3(13.7) 84.8(18.4) 0.37 -3.52 -11.24;4.20
Sitting flexion 85.8 (15.2) 90.7 (12.8) 0.16 -4.91 -11.78;1.95
Sitting extension 27.4(9.6) 24.8 (7.6) 0.24 2.53 -1.70,6.76
Standing flexion 72.0 (20.5) 78.2 (16.2) 0.17 6.26 -15.31;2.79
4 weeks
Lying flexion 87.9 (12.59) 90.0 (10.6) 0.47 2.07 -7.75;3.61
Sitting flexion 93.1 (9.88) 95.1(11.1) 0.42 2.04 -7.10;3.01
Sitting extension 18.8(11.68) 24.4 (8.9) 0.03 -5.66 -10.73;-0.58
Standing flexion 84.7 (11.88) 84.0 (12.0) 0.81 0.71 -5.05;6.47
Change baseline-4 weeks
Lying flexion 6.6 (12.7) 5.11(17.4) 0.69 1.45 -5.81;8.71
Sitting flexion 7.3(14.6) 4.4(12.7) 0.39 2.90 -3.77;9.58
Sitting extension 8.6 (13.2) 0.4 (12.0) 0.01 -8.19 -14.33;-2.05
Standing flexion 12.7 (20.8) 5.7 (15.0) 0.12 6.97 -1.95;15.89
8 weeks
Lying flexion 96.2 (15.4) 92.4(13.1) 0.28 3.77 -3.18;10.71
Sitting flexion 98.4 (12.0) 97.0 (11.6) 0.63 1.40 -4.32;7.11
Sitting extension 17.1 (11.0) 23.5(10.8) 0.02 6.37 -11.64-1.11
Standing flexion 91.9 (13.2) 86.4 (11.3) 0.07 5.51 -0.48;11.50
Lying flexion 96.2 (15.4) 92.4(13.1) 0.28 3.77 -3.18;10.71
Change baseline- 8 weeks
Lying flexion 14.9 (17.5) 7.6 (16.2) 0.08 7.29 -0.90;15.48
Sitting flexion 12.6 (17.3) 6.3 (12.9) 0.09 6.34 -1.13;13.81
Sitting extension -10.3(11.3) -1.34(13.5) 0.004 -8.90 -14.87;-2.93
Standing flexion 19.9 (20.9) 8.1(13.7) 0.01 11.80 3.10;20.49
3 months
Lying flexion 96.3 (16.1) 93.1(13.5) 0.38 3.19 -4.07;10.45
Sitting flexion 99.2 (14.6) 96.1 (11.6) 0.35 3.06 -3.38;9.49
Sitting extension 14.9 (11.6) 19.9 (10.4) 0.07 -4.92 -10.29;0.44
Standing flexion 91.7 (14.0) 85.3 (11.0) 0.04 6.43 0.29;12.57
Change baseline-3 months
Lying flexion 15.0 (16.4) 8.3(14.7) 0.08 6.72 -0.86;14.29
Sitting flexion 13.4 (19.4) 5.5 (14.4) 0.06 7.94 -0.44;16.32
Sitting extension -12.4 (10.2) -5.0 (12.6) 0.01 -7.48 -12.96;-2.00
Standing flexion 19.7 (18.3) 7.0 (14.3) 0.002 12.68 4.66;20.70
6 months
Lying flexion 98.8 (15.7) 100.7 (13.6) 0.60 -1.87 9.00;5.27
Sitting flexion 99.2 (13.1) 101.9 (12.5) 0.37 2.78 -8.97;3.41
Sitting extension 11.3(11.9) 11.2 (9.5) 0.98 0.06 -5.20;5.33
Standing flexion 93.1 (14.2) 90.0 (12.1) 0.34 3.11 -3.32,9.53
Change baseline-6 months
Lying flexion 17.5 (15.4) 15.87 (17.2) 0.67 1.66 -6.19;9.50
Sitting flexion 13.4 (18.5) 11.26 (13.8) 0.60 2.14 -5.88;10.15
Sitting extension -16.1 (10.9) -13.61(11.2) 0.36 2.47 -7.78;2.85
Standing flexion 21.1(20.5) 11.71 (14.0) 0.03 9.40 0.75;18.04

Legend: *means and standard deviations are presented; sindependent samples T-test
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4.18. 1. Short term outcomes

Four-week assessment

Differences between groups were found only for KOOS Sports and for sitting knee extension (Tables 17

and 18), favouring the digital PT group, but not for TUG (p=0.06).

Change between baseline and the four-week assessment

Only the digital PT group showed clinically meaningful improvement in the TUG, with a much greater
change in the digital PT group (p=0.003) (Table 16). Regarding KOQOS, based on the MCID reported for
this scale>z, significant changes were noted in both groups except for KOOS Sports, with greater changes
in the digital PT group in KOOS-Symptoms, Pain and ADL (Table 17). For ROM, changes were higher in
the digital PT group only for sitting knee extension (p=0.01) (Table 18).

Eightweek assessment

TUG scores were again lower in the digital PT group (p=0.02) (see Table 16). The median difference
between the TUG scores in the two groups was of -1.94 seconds (95% ClI: -3.67;-0.59), which is lower
than the MCID reported for the scale - 2.27 seconds (Table 16).

Regarding KOQOS, the median scores in the digital PT group were superior to the conventional
rehabilitation group only for HOOS-QoL (p=0.04) (Table 17). Knee ROM was higher in the digital PT group
only for sitting knee extension (p=0.02) (Table 18).

Change between baseline and the eight-week assessment

Even though the median differences between the changes in the two groups are higher than the MCID
reported for the scale, this did not reach statistical significance (p=0.12) (Table 16). For KOOS, clinically
significant changes were noted in both groups in all subscales except for Sports, with greater changes in
the digital PT group in KOOS-Symptoms, Pain and ADL (Table 17). For ROM, changes were higher in the
digital PT group only for sitting knee extension (p=0.004) and standing knee flexion (p=0.01) (Table 18).
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4.18.2. Medium term outcomes

Three-months assessment

The TUG score remained significantly different between groups (p=0.03), with patients from the digital
PT group experiencing better results, but with a difference between groups lower than the MCID for the
scale (Table 16). As for KOOS, no differences were found between groups (Table 17). ROM was higher
in the digital PT group only for standing knee flexion (p=0.04) (Table 18).

Change between baseline and the three-months assessment

The change was superior in the digital PT group for sitting knee extension (p=0.011) and standing knee

flexion (p=0.002) but not for TUG(p=0.08) or KOOS. (Tables 16, 17 and 18).

Six-months assessment

The median difference between the TUG scores in the two groups was of -1.60 seconds (95% Cl: -2.48;-
0.49) in favor of the digital PT group (p=0.01) (Table 16). This value is below the MCID and therefore

not clinically significant.

Regarding KOOS, the median scores in the digital PT group were significantly superior only for QoL
(p=0.03) (Table 17). At this time point, knee ROM was similar in the two groups (Table 18).

Change between baseline and the six-months assessment

The median difference between the changes in the two groups regarding TUG was of -2.70 seconds (95%
Cl: -5.91;0.73) in favor of the digital PT group, which is higher than the MCID for the scale, but it did not
reach statistical significance (p=0.13) (Table 16)

In terms of KOOS, the difference between median score changes was statistically significant for all

subscales except for Sports and clinically significant for Symptoms and QoL (Table 17).

Regarding ROM, significant differences between the mean changes in the two groups were detected only

for standing knee flexion (p=0.03) (Table 18).
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A repeated measures ANOVA was performed only for variables with normal distribution - TUG (after log-

transformation) and knee ROM, and results are summarised in Table 19. While both groups presented

an improvement in every dimension evaluated, this analysis revealed a main effect of time for all outcome

measures, no effect of group, and an interaction between time and group for TUG, sitting knee extension

and standing knee flexion in favour of the digital PT group (Table 19 and Figure 6).

Table 19. Repeated measures analysis in the TKA trial: intent-to-treat analysis

Outcome variable Time Group Time*Group
F(dfl,df2) p F(df1,df2) p F(df1,df2) p
Patient performance

TUG= | F(2.9,193.4)= 60.248 | <0.001 F(1,67)=3.177 | 0.08 | F(2.9,193.4)=5.460 | 0.001

Knee range of motion
Lying flexion= | F(2.5,170.4)=35.0 <0.001 F(1,67)=0.001 | 0.97 | F(2.5, 170.4)=2.404 | 0.08
Sitting flexion= | F(2.1,140.0)=21.5 <.0001 F(1,67)=0.188 | 0.67 | F(2.1,140.0=2.495 | 0.08
Sitting extension= |  F(3.0,200.2)=41.8 <0.0001 | F(1,67)=.2.007 | 0.49 | F(3.0,200.2)=5.371 | 0.001
Standing flexion= | F(2.0,131.4)=33.8 <0.001 F(1,67)=0.475 | 0.16 | F(2.0,131.4)=5.209 | 0.01

Legend: ‘In transformation; ‘Greenhouse-Geisser correction.
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Figure 7. Evolution of outcomes over time in the TKA trial: intent-to-treat analysis (estimated marginal means are presented).
A- TUG score; B- Lying knee flexion, C- Standing knee flexion; D- Sitting knee extension
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4.19. Per-protocol analysis

For the per-protocol analysis, only patients who completed the rehabilitation program were included. The
results of all the timepoints, as well as the difference between each of those timepoints and baseline,
can be found in the Tables 20, 21 and 22 below and then discussed jointly. Globally, they not only
confirm the findings of the ITT analysis, but also highlight an even greater superiority of the digital PT

group.

Table 20. Primary outcome assessment in the TKA trial: per-protocol

Primary outcome - Timed up and Go*
Digital PT Control Estimate 95%

Time-point Group Group P value* d;g:;t;r:r:le confidence

(n=30) (n=29) groups interval
Baseline  18.19 (6.21) 15.27 (8.49) 0.13 2.02 -0.78;4.40
4 Weeks  10.01 (3.64) 16.76 (8.25)  <0.001 -4.78 -7.57;-2.04
Change baseline- 4 weeks  -7.54(10.59) -0.88 (5.94) 0.001 6.72 -9.93;-3.06
8weeks  7.79(2.77) 10.07 (4.13)  <0.001 -2.84 -4.16;-1.60
Change baseline-8 weeks - 9.49 (7.97) -4.62 (7.67) 0.004 -4.48 -7.30;-1.81
3months  7.83(2.43) 10.32 (3.47)  <0.001 -2.50 -3.80;-1.43
Change baseline-3 months  -10.28 (5.87) -5.23 (8.49) 0.003 -4.47 -7.47:-1.85
6 months  6.86 (1.60) 8.74 (3.98) <0.001 -1.95 -2.90;-1.24
Change baseline-6 months  -10.47 (7.32) -5.08 (9.3) 0.004 -4.87 -7.47;-1.85

Legend: *Medians and IQR are presented; *Mann-Whitney U test.
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Table 21. Patient reported outcomes assessment in the TKA trial: per-protocol

Patient Reported Outcomes Assessment- KOOS*

Control Estimate 95%
Variable Digital PT Group P valuer difference confidence
Group .
between groups interval
Baseline
Symptoms 34.0 (20.0) 50.0 (29.0) <0.001 -18.0 -25.0;-17.0
Pain 33.0(12.0) 47.0 (24.0) <0.001 -11.0 -19.0;-6.0
Act. Daily Living 34.0 (18.0) 41.0 (18.0) 0.005 9.0 -15.0;-3.0
Sports 0.0 (0.0) 5.0 (8.0) 0.006 0.0 -5.0;0.0
Quality of Life 13.0 (19.0) 25.0 (19.0) 0.007 -12.0 -18.0;0.0
4 weeks
Symptoms 71.0 (8.0) 68.0 (25.0) 0.21 3.0 -4.0;11.0
Pain 81.0 (15.0) 69.0 (14.0) 0.04 6.0 0.0; 12.0
Act. Daily Living 77.0 (25.0) 68.0 (24.0) 0.05 7.0 0.0;16.0
Sports 15.0 (6.0) 15.0 (10.0) 0.45 0.0 -5.0;0.0
Quality of Life 50.0 (18.0) 38.0 (31.0) 0.17 6.0 -6.0;13.0
Change baseline- 4 weeks
Symptoms 37.5(19.0) 14.0 (21.0) <0.001 22.0 11.0;29.0
Pain 44.0 (18.5) 22.0 (17.5) <0.001 17.0 9.0; 25.0
Act. Daily Living 41.0 (16.8) 24.0 (18.0) <0.001 17.0 9.0;23.0
Sports 12.5 (5.0) 10.0 (10.0) 0.40 0.0 0.0;5.0
Quality of Life 38.0 (25.0) 19.0 (15.0) <0.001 18.0 7.0;25.0
8 weeks
Symptoms 84.0 (11.0) 71.0 (24.0) 0.001 14.0 7.0;21.0
Pain 90.5 (10.0) 78.0 (14.0) <0.001 11.0 5.0; 14.0
Act. Daily Living 90.5 (10.0) 76.0 (16.0) 0.001 10.0 5.0;16.0
Sports 20.0 (10.0) 15.0 (10.0) 0.09 5.0 0.0;10.0
Quality of Life 69.0 (18.0) 56.0 (25.0) <0.001 19.0 12.0;25.0
Change baseline- 8 weeks
Symptoms 50.0 (26.0) 18.0 (21.5) <0.001 29.0 21.0;40.0
Pain 57.0 (17.0) 33.0 (25.0) <0.001 22.0 14.0;28.0
Act. Daily Living 54.5 (16.5) 35.0 (16.0) <0.001 19.0 13.0;26.0
Sports 20.0 (7.5) 15.0 (15.0) 0.007 5.0 0.0;10.0
Quality of Life 56.0 (20.5) 31.0 (31.0) <0.001 31.0 19.0;38.0
3 months
Symptoms 87.5(11.8) 82.0 (19.5) 0.01 9.0 0.0;15.0
Pain 95.5(11.8) 86.0 (22.5) <0.001 11.0 5.0;17.0
Act. Daily Living 93.0 (8.0) 87.0 (22.5) 0.001 7.0 3.0;15.0
Sports 30.0(11.3) 20.0 (7.5) 0.001 10.0 5.0;15.0
Quality of Life 81.0.0 (14.5) 56.0 (25.0) <0.001 19.0 12.0;25.0
Change baseline-3 months
Symptoms 51.5 (24.25) 25.0 (27.0) <0.001 25.0 15.0;35.0
Pain 58.0 (12.0) 31.0 (23.5) <0.001 23.0 15.0;31.0
Act. Daily Living 57.5(17.8) 35.0 (16.5) <0.001 20.0 13.0;27.0
Sports 30.0(11.3) 15.0 (10.0) <0.001 10.0 10.9;15.0
Quality of Life 65.0 (22.0) 44.0 (21.0) <0.001 25.0 18.0;37.0
6 months
Symptoms 96.0 (15.0) 86.0 (22.0) 0.006 7.0 3.0;14.0
Pain 100.0 (8.0) 86.0 (23.5) 0.002 11.0 3.0;16.0
Act. Daily Living 97.0 (6.0) 87.0 (14.5) 0.001 7.0 4.0;13.0
Sports 42.5(36.3) 20.0 (22.5) 0.003 15.0 5.0;30.0
Quality of Life 94.0 (12.0) 63.0 (37.5) 0.001 25.0 12.0;32.0
Change baseline-6 months
Symptoms 60.5 (25.8) 29.0 (33.5) <0.001 25.0 15.0;36.0
Pain 61.0(11.8) 39.0 (24.0) <0.001 20.0 14.0;28.0
Act. Daily Living 58.0 (17.5) 43.0 (23.0) <0.001 19.0 11.0;26.0
Sports 40.0 (35.0) 15.0 (27.5) <0.001 20.0 10.0;30.0
Quality of Life 81.0 (20.0) 43.0 (40.5) <0.001 36.5 24.0;49.0

Legend: “Medians and IQR are presented; ‘Mann-Whitney U test.
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Knee range of motion assessment*
Estimate
Variable Digital PT Group G P value difference 95%.conﬁdence
group interval
between groups
Baseline
Lying flexion 80.7 (12.4) 84.7 (18.7) 0.34 4.0 -12.2:4.3
Sitting flexion 85.3 (16.0) 90.4 (13.1) 0.19 5.1 -12.8;2.5
Sitting extension 26.5 (8.4) 24.8 (7.8) 0.42 1.7 2.5,6.0
Standing flexion 71.6 (20.3) 78.8 (16.6) 0.15 7.2 -16.8;2.6
4 weeks
Lying flexion 89.5 (9.4) 90.1 (10.6) 0.85 0.5 -5.7,4.7
Sitting flexion 94.7 (8.1) 94.9 (10.8) 0.95 0.2 -5.1;4.8
Sitting extension 16.6 (9.9) 23.8(7.3) 0.01 7.2 -11.7;2.7
Standing flexion 86.7 (9.5) 83.5 (11.5) 0.25 3.2 2.3,8.7
Change baseline-4 weeks
Lying flexion 8.8 (13.3) 5.3 (18.0) 0.41 3.5 -4.8;11.7
Sitting flexion 9.5 (15.7) 4.5(13.0) 0.19 5.0 2.5;12.5
Sitting extension 9.9 (13.8) -1.0(11.2) 0.009 8.9 -15.5;-2.4
Standing flexion 15.1 (22.2) 4.8 (14.8) 0.04 10.3 0.4,20.3
8 weeks
Lying flexion 100.0 (11.3) 92.6 (13.1) 0.02 7.4 1.0;13.8
Sitting flexion 101.5 (9.6) 97.0 (11.3) 0.10 4.6 -0.9;10.0
Sitting extension 95.8 (8.8) 86.1 (10.8) 0.001 8.3 -13.0;-3.7
Standing flexion 14.5 (8.2) 22.8 (9.6) <0.001 9.8 4.6;14.9
Change baseline- 8 weeks
Lying flexion 19.3 (17.0) 8.0(16.7) 0.01 11.3 2.5;20.1
Sitting flexion 16.3(17.7) 6.6 (13.1) 0.02 9.7 91.6;17.9
Sitting extension -12.1(11.1) 2.0 (12.9) 0.002 -10.0 -16.2;-3.8
Standing flexion 24.2 (20.9) 7.3(13.5) 0.001 16.9 7.7;26.1
3 months
Lying flexion 100.1 (12.6) 93.3(13.6) 0.05 6.8 -0.04;13.62
Sitting flexion 102.5 (13.1) 96 (11.3) 0.05 6.5 0.10;12.89
Sitting extension 11.8(8.3) 19 (8.8) 0.002 7.2 2.73;11.65
Standing flexion 95.6 (10.2) 84.9 (10.4) <0.001 10.7 5.22;16.08
Change baseline-3 months
Lying flexion 19.4 (15.5) 8.7 (15.1) 0.01 10.7 2.8;18.7
Sitting flexion 17.3(20.1) 5.7 (14.7) 0.01 11.6 2.4;20.8
Sitting extension -14.8 (9.0) 5.9 (11.6) 0.002 8.9 -3.5;-14.3
Standing flexion 23.9 (17.6) 6.1 (14.1) <0.001 17.8 9.5;26.2
6 months
Lying flexion 103.4 (10.6) 101.5 (13.3) 0.55 1.9 -4.38;8.15
Sitting flexion 102.5 (10.8) 102.2 (12.3) 0.93 0.3 -5.77,6.29
Sitting extension 7.1(6.6) 9.7 (5.8) 0.12 2.6 -5.83;0.64
Standing flexion 97.4(9.9) 89.9 (11.7) 0.01 7.5 1.78;13.08
Change baseline-6 months
Lying flexion 22.7 (12.9) 16.8 (17.4) 0.15 5.8 2.1;13.8
Sitting flexion 17.2 (19.1) 11.9 (13.9) 0.22 5.4 -3.4,14.1
Sitting extension -19.4 (8.4) -15.1 (8.7) 0.06 4.3 -8.8,0.2
Standing flexion 25.7 (20.1) 11.2 (14.0) 0.002 14.6 5.5;23.6

Legend: *means and standard deviations are presented; sindependent samples T-test
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4.19. 1. Short term outcomes

Four-week assessment

Differences between groups were found for TUG [p<0.001, 10.01 (3.64) seconds vs 16.76 (8.25)
seconds] (Table 20), for KOOS-Pain (p=0.04) (Table 21) and sitting knee extension (p=0.002) (Table
22). The median difference between groups for TUG is more than double the MCID for the scale, and

therefore clinically significant.

Change between baseline and the four-week assessment

Only the digital PT group showed clinically meaningful improvement in the TUG, with a much greater
change in the digital PT group (p=0.001) (Table 20). Regarding KOOS, clinically significant improvements
were noted in both groups, with a greater change in the digital PT group for all subscales except for
Sports (table 21). Regarding ROM, the difference between groups was significant for sitting knee
extension (p=0.01) and standing knee flexion (p=0.04) (Table 22).

Eightweek assessment

Differences between groups were found for TUG [p<0.001, 7.79 (2.77) seconds vs 10.07 (4.13)
seconds] (Table 20) and the difference was higher than the MCID reported for this scale, and therefore
clinically significant. Regarding KOOS, the scores in the digital PT group were superior to those of the
conventional group for all scales except for KOOS-Sports (p=0.09) (Table 21) and the difference between
groups was clinically significant for KOOS-Symptoms. For ROM, scores were higher in the digital PT group

for all movements except for sitting knee flexion (p=0.10) (Table 22).

Change between baseline and the eight-week assessment

The change was superior in the digital PT group in all outcome measures (Tables 20,21 and 22). The
median difference between both groups was of -4.48 seconds (95% CI -7.30;-1.81), more than double
the MCID for TUG, and therefore clinically significant. Regarding KOQS, clinically significant
improvements were noted in both groups; plus, the difference between median changes in both groups

was also superior to the MCID for each subscale, and therefore clinically significant (Table 21).
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Regarding knee ROM, even though there are no MCID validated for knee range of motion in patients
submitted to TKA, a study by Stratford and collaborators* reported a MDC90 (MDC at a 90% confidence
interval) of 9.6 degrees for knee flexion and 6.3 degrees for knee extension in patients after TKA.
Therefore, significant improvements in knee range of motion were noted only in the digital PT group

(Table 22).

4.19.2. Medium term outcomes

Three-months assessment

The TUG score remained significantly different between groups (p<0.001), with patients from the digital
PT group experiencing better results, with a difference between groups higher than the MCID for the

scale (Table 20).

As for KOOS, differences were found between groups in all subscales, favoring the digital PT group (Table

21). ROM was higher in the digital PT group for sitting extension and standing flexion (Table 22).

Change between baseline and the three-months assessment

The change was superior in the digital PT group for all outcome measures (Tables 20, 21 and 22).

Six-months assessment

TUG scores in the digital PT group were lower than in the conventional group, with median difference
between the TUG scores in the two groups of -1.95 seconds (95% ClI: -2.90;-1.24), which is lower than
the MCID for the scale (Table 20).

Regarding KOOS, the median scores in the digital PT group were significantly superior for all subscales

(Table 21). ROM was higher in the digital PT group only for standing knee flexion p=0.01) (Table 22).

Change between baseline and the six-months assessment

The median difference between the changes in the two groups regarding TUG was of -4.87 seconds (95%
Cl: -7.87;-1.85) in favor of the digital PT group, which is higher than the MCID for the scale and therefore
clinically significant (Table 20).
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In terms of KOOS, the difference between median score changes was statistically and clinically significant

for all subscales (Table 21).

Regarding ROM, significant differences between the mean changes in the two groups were detected only

for standing knee flexion (p=0.002) (Table 22).

4.19.3. Repeated measures analysis

A repeated measures ANOVA was performed only for variables with normal distribution - TUG (after log-
transformation) and knee ROM, and results are summarised in Table 23. While both groups presented
an improvement in every dimension evaluated, this analysis revealed a main effect of time, a main effect
of group (with the exception of lying and sitting knee flexion) and an interaction between time and group

for all outcome measures, in favour of the digital PT group (Table 23 and Figure 7).

Table 23. Repeated measures analysis in the TKA trial: per-protocol analysis

Qutcome variable Time Group Time*Group
F(df1,df2) ‘ p F(df1,df2) ‘ p F(df1,df2) ‘ p
Patient performance

TUG* | F(2.2,124.5)= 76.406 ‘ <0.001 ‘ F(1,57)=9.346 ‘ 0.003 ‘ F(2.2,124.5)= 7.801 ‘ <0.001

Knee range of motion
Lying flexion® | F(2.6,150.9)=42.3 <0.001 F(1,57)=0.8 0.38 F(2.6,150.9)=4.29 0.008
Sitting flexions | F(2.2,126.2)=24.8 <0.001 F(1,57)=0.27 0.60 F(2.2,126.2)=3.98 0.02
Sitting extension® | F(3.0,169.4)=50.9 <0.001 F(1,57)=11.4 0.001 F(3.2,169.4)=5.6 0.001
Standing flexion* | F(2.0,116.2)=37 <0.001 F(1,57)=3.88 0.05 F(2.2,116.2)=9.17 <0.001

Legend: #In transformation; «Greenhouse-Geisser correction.
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Figure 8. Evolution of outcomes over time in the TKA trial: per-protocol analysis (estimated marginal means are presented).
A- TUG score; B- Lying knee flexion, C- Standing knee flexion, D- Sitting knee extension.
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4.20. Usability and engagement

4.20. 1. Independence of Use

From the 38 patients allocated to the digital PT group, 58.0% required the assistance of a caregiver either
in motion tracker placement or in interacting with the app. There was a trend for a higher age in the non-
autonomous patients (median 69.4 years; IQR 10 vs median 65.5; IQR 10) which did not reach statistical

significance (p=0.06).

4.20.2. Adherence to the digital intervention

In the digital PT group, only 4/30 (13%) of the patients who completed the program did not comply with
the recommended session frequency of five times per week, with none performing below four days per

week on average.

4.20.3. Patient-Therapist interaction
Patients had three face-to-face contacts with the therapist (one deploy session, one at 4 weeks and one
at the end of the eight-week program) and, on average, 0.4 (£0.7; range 0-2) additional face-to-face

contacts, as well as a median of 2.5 extra calls (IQR 3.0; range 1-12) for technical assistance.

4.20.4. Treatment intensity

Total active treatment time was superior in the digital PT group in the per-protocol analysis (p=0.001)
but not in the intent-to-treat analysis (p=0.36). In the ITT analysis, treatment intensity in the digital PT
group was 26.1 hours (IQR 21.2; range 0.1-69.1) and in the PP analysis was 31.5 hours (IQR 18.0;

range 10.8-69.1) versus 24 hours in the conventional PT group.

4.20.5. Patient Satisfaction

Patients in the digital PT group were asked to report their satisfaction level by answering the question:
“On a scale from zero to ten, how much would you recommend the system to one of your friends or
neighbours?”. From the 37 patients who answered, twenty-eight (73.7%) rated the system with 10/10,
one rated 9/10, two rated 8/10, one rated 7/10, 4 rated 5/10 and 1 rated the system with 4/10. The

lowest scores were attributed by patients who dropped out in week 1 of the rehabilitation program.
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4.21. Safety and adverse events

These were analyzed considering all patients enrolled in the trial (69 patients). As per the protocol,
patients with serious medical/surgical complications not allowing discharge home within 10 days were
excluded from the trial, which therefore resulted in an absence of serious adverse events in the period

between surgery and discharge.

In the digital PT group, both the total and treatment-related adverse event rate was 5.2% (2/38). In the
conventional PT group, the total adverse event rate was 19.4% (6/31) and the treatment-related adverse
event rate was 16.2% (5/31). This difference is statistically significant for both the total adverse event
rate (p=0.02) and for the treatment-related adverse event rate (p=0.04). Adverse events in both groups

are summarized below in table 24.

Table 24.Adverse events in the TKA trial

Adverse events Digital PT group Control group

Before discharge

Treatment-related 0 (0.0%) 0 (3.2%)
Thrombophlebitis | 0 1
Non-treatment related 0 (0.0%) 0 (0.0%)

During rehabilitation program

Treatment-related 1 (2.6%) 5 (16.2%)
Inflammatory signs surgical wound | - 3
Thromboflebitis | 1 1
Surgical wound infection+readmission | - 1
Non-treatment related 0 (0.0%) 1(3.2%)
Alcohol abuse | 0 (0.0%) 1(3.2%)

After rehabilitation program

Treatment-related 0 (0.0%) 0 (0.0%)
Non-treatment related 0 (0.0%) 0 (0.0%)
Total 1 (2.6%) 7 (22.6%)
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DISCUSSION

4.22. Clinical outcomes

4.22 1. Introduction to clinical outcomes discussion

For the purpose of this thesis, we presented the results of both the ITT and PP analysis for the TKA trial.
Of note, the papers where the results of the TKA trial were published were based on the PP analysis,
whereas the papers published on the results of the THA trial were based on the ITT analysis. Even if this
represents a methodological contradiction, the first paper to be published was of the main results of the
TKA trial, in 2018, based on a PP analysis, and therefore it made sense to maintain the same
methodology for the follow-up paper. We subsequently decided to base the discussion of the THA trial
results in the ITT analysis, as discussed above, essentially due to the fact that, while this is a conservative
approach not defended by all researchers™ as it underestimates the true effects of the intervention, the

ITT approach is defended by others as a way to reduce the source of bias.”

In the TKA trial, the results of the two approaches differ in some degree, a fact that was not observed to
the same extent in the THA tral. In all likelihood, this difference is due to the higher dropout rate in the
TKA trial, where seven patients withdrew consent in the first week, in comparison to two patients in the
THA trial - the other three dropouts in the THA were at a later stage. In an ITT design, these early dropouts
have a tremendous impact, as the assessment that was carried forward was the baseline (pre-surgery)
assessment. Throughout the discussion, differences between the ITT and the PP analysis will be

highlighted.

4.22 2. Overall discussion

Taking into account the reference values for the TUG and * KOOS,>2 and the extent of the improvement
in knee ROM in comparison to published studies,»® both groups attained great clinically relevant

improvements in all outcome measures in the short and medium-term assessments.

Regarding TUG, at the end of the rehabilitation program, the results in the digital PT group are higher in
both cases, but the estimated difference between groups is likely to only be clinically significant in the
PP analysis. In any case, there is a convergence after eight weeks in both cases, with the results at the
six-month assessment being statistically but likely not clinically significant. Crucially, the repeated
measures analysis confirms an interaction between time and group in favor of the digital PT group for

TUG, in both cases (ITT and PP).
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Regarding KOQOS, at the end of the rehabilitation program, and also at the six-month assessment, the
results in the digital PT group are higher only for the QoL subscale in the ITT analysis, whereas in the PP
they are higher in all subscales. When assessing the change from baseline to 6 months, the results are
higher in the digital PT group for all subscales in the PP analysis, and for all but the Sports subscale in

the ITT.

Regarding knee ROM, at the end of the rehabilitation program, in the ITT analysis, the digital PT group
demonstrated higher ROM for sitting knee extension only, whereas in the PP analysis ROM was higher in
all movements except for sitting knee flexion. At the sixmonth assessment, the ITT analysis revealed a
similar knee ROM between both groups, whereas in the PP analysis standing flexion was higher in the
digital PT group. When analyzing the change from baseline to 6 months, it was superior only for standing
knee flexion in the digital group. In any case, in both analysis, the same tendency for convergence after

the 8 week assessment is noted.

Overall, the ITT analysis shows superior outcomes in the digital PT group for the primary outcome in both
short- and medium-term outcomes, albeit with a tendency for convergence in the medium term, as well
as superior outcomes regarding KOOS-QoL, and all but the sports scale when considering the change
from baseline to 6 months. In summary, in this analysis, there is little difference between groups at the
end of the rehabilitation program, and a convergence at six months. The results in the PP analysis are

much more expressively in favor of the digital PT group.

In all, while we do agree that the ITT approach is a valuable way to reduce bias, and despite the fact that
we will also be considering the results of the ITT analysis in the discussion, it is our opinion that, in this

case, this analysis represents a true underestimation of the impact of this intervention.

Given the paucity of studies in this area, comparison of the results of the present trial with similar studies
is not possible, except with a study published by Piqueras ef a/2, where a solution broadly similar to the
SWORD device was tested. We have therefore considered, in addition, other studies published on
rehabilitation after TKAwew120s on home versus clinic-based interventions»s or tele-rehabilitation versus

conventional rehabilitation.z2-2

In the study by Piqueras ef a/, the outcomes were similar in both groups. However, in this trial, the
intervention time (ten sessions over two weeks) was too short to allow the detection of differences
between groups, and treatment intensity was inferior to current recommendations.s” In fact, treatment
intensity is highly variable in published studies on rehabilitation after TKA and we have found only one

study where treatment intensity was comparable to the one provided to the patients in the present
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study. This study, by Bade ef a/, compared two different treatment intensities in the rehabilitation
after TKA, in an outpatient setting, with the high intensity group performing 25 sessions in 12 weeks,

which was similar to the treatment intensity in the conventional rehabilitation group in our trial.

4.24. 1. Timed up and Go test

Given the wide variation in terms of pre- and post- intervention TUG scores in published studies on
rehabilitation after TKAz==we01203 comparison with published data is difficult. Still, the study by Mizner ef
al®3 on the time course of functional recovery after TKA reported a mean improvement of 1.7 seconds
between the pre-operative and 3 months assessment, and the study by Bade ef a/. * reported a mean
change of 1.6 seconds in the high intensity rehabilitation group after 3 months. These results are lower
than what was observed in our trial for both groups. Another study, by Petterson ef a/. *® on progressive
strengthening interventions after TKA reported a mean improvement of 4.08 seconds at three months,
again less than what was observed in our trial in that timeline, for both groups, but especially for the

digital PT group.

Regarding absolute scores, Stevens-Lapsley ef a/. = published a retrospective cohort evaluation on the
self-reported and performance-based assessments of knee recovery following TKA. Despite a much lower
baseline TUG in their cohort (9.23 seconds%0.55), the results obtained in our trial in the digital PT group
are in line with those reported in this study, both at the three-month assessment (8.35 seconds vs 8.46
seconds) and at the sixmonth assessment (7.49 versus 7.92 seconds), while the results in the
conventional rehabilitation group are higher in both time points, but with a small difference at the six-

month assessment.

Considering papers published on tele-rehabilitation solutions, the results observed in the digital PT group
are clearly superior to those reporter by Piqueras ef al. for the tele-rehabilitation group (-5.22 seconds
change)- still, with the caveat of the short timeline of the intervention in this study - but lower than those
reported by Russel ef a/. 2 However, in the latter study, and contrary to the study by Piqueras ef a/,, the
baseline and TUG scores were much higher than those observed in our trial (baseline mean scores of
28.8+16.6 seconds in the tele-rehabilitation group and 26.8+12.1 seconds in the control group) resulting

in also higher final scores. #

Regarding the percental change from baseline to the six-month assessment in our trial - >50% change in
the digital PT group and 33% in the conventional PT group - it was higher that in other published studies.

However, it must be noted that baseline TUG values in the present trial were much higher than those
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reported by other authors, with pre-operative values between 8 and 12 seconds, which in turn yields poor

changes from baseline with intervention (™ 8%-30% improvement), 1oesot1z9203

It is also important to note that the values reported for TUG at the six-month assessment in the digital PT
group (in both PP and ITT analysis) are much lower than the value reported by Bade et al the same
authors for patients treated with conventional physiotherapy 6 months after TKA (9.1+2.4 seconds)>”
and that the value in this group in the PP analysis (6.9+1.6 seconds) is near the one reported for healthy
older individuals (50-85 years old) in the same study (5.6+1.0 seconds).” In the conventional group, the

results at the 6 months assessment are in line with those reported Bade ef a/.

Overall, the TUG analysis shows that important benefits were attained in both groups, with those of the
conventional group being in line with the results reported by other authors, and those of the digital PT

group being superior to the results reported in the literature.

4.22 3. Knee Osteoarthritis Outcome Score

Regarding short-term outcomes, in the conventional rehabilitation group, the results of the present trial
were broadly comparable to those reported by Moffet ef a/. in a study comparing face-to-face rehabilitation
with in-home telerehabilitation after TKA, both in the two-month assessment after hospital discharge and
when considering the change from baseline. Despite the broadly comparable results, the absolute score
for the Sports subscale at the two-month assessment (corresponding closely to our eight-week
assessment) was higher in the study by Moffet et al. (26.0-26.1 in that study, versus 15 points in our
study), whereas the change from baseline was lower than in our trial for the Pain (23.5-26.7 points

versus 33.0 in our study) and ADL subscores (26.0-27.2 versus 34.0 in our trial).2

In the digital PT group, the changes from baseline were significantly higher than those reported by Moffet
et al., with differences of over 20 points in all subscales except for the Sports subscale.>* Plus, the
absolute scores are also higher than those of that study at the two-month assessment, except for the

Sports subscale.>

Regarding medium-term outcomes, the scores obtained in this trial for both groups surpassed those
reported by Stevens-Lapsley et a/. = for KOOS Symptoms, Pain and ADL, in all time points, but not for
KOOS Sports. This could be explained by the fact that, in this study, baseline score in the Sports subscale

were much lower. Regarding the QoL subscale, the outcomes for the conventional rehabilitation group
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were slightly lower than those reported by Stevens-Lapsley ef a/, whereas the digital PT group achieved

much higher scores.&

Overall, the results of the KOOS demonstrate, for the comparison group, clinical improvements in line
with those published by other authors, with results in the digital PT group much higher than those
reported by other authors.

4.22.4. Knee Range of Motion

Regarding knee range of motion, even if these measures represent poor markers of implant success and

patient satisfactionses significant improvements were noted in both groups.

When comparing our results with other published literature, it must be noted that, similarly to what was
stated regarding hip ROM, all reports use goniometry as a means to measure hip range of motion,

whereas we applied a high-precision sensor-based technology to assess active hip ROM.x:

Still, the mean change in lying knee flexion observed in the digital PT group (14.9 degrees in the ITT
analysis and 17.9 in the PP analysis) during the rehabilitation program was comparable to that reported
in other studies on home- versus clinic-based rehabilitation (15.0-17.0 degrees),»* slightly lower than
those reported by Russel et al, in a study on tele-rehabilitation (17.8-19.8)= in the ITT analysis (but higher
in the PP analysis) and higher than those reported by Piqueras ef a/. for the tele-rehabilitation group
(7.7).® The results in the conventional rehabilitation group were inferior to those reported by these
authors, but still with a mean lying flexion angle above 90 degrees at the eith-week assessment.
Regarding the medium-term outcomes, the results in knee flexion at six months, in both groups, are in

line with previously published studies, which ranged from 97 degrees to 116 degrees.>*

Regarding knee extension, this parameter was much worse in all assessments (including baseline) than
what was reported by other studies.z»»+=2 The difference could be a result of a combination of the
different method for measuring ROM, together with a more demanding position used to measure knee
extension - sitting versus supine (less demanding) - with some authors opting for the latterwr2s or simply

not specifying patient position.z 222
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4.23. Patient Acceptance and Usability

Given that this trial and the THA trial had a similar methodology, with both involving a home-based post-
surgery rehabilitation program with the same medical device, a decision was made to combine the
discussion of these aspects in Chapter 6, as this provides a much more robust and clear picture of

acceptance and usability.

4.24, Safety

As shown above, the adverse event rate was higher in the conventional PT group. However, looking into
the adverse event breakdown, it is apparent that this difference was largely due to the reporting of
inflammatory signs over the surgical wound in the conventional PT group. We therefore believe that the
difference between groups may have been due to an underreporting of adverse events in the digital
group. Additionally, it is noteworthy that there have been no adverse events reported in both groups
between the end of the program and the 6 month assessment, which we also attribute to underreporting.

This aspect is further discussed below, in the limitations section.

4.25. Limitations
Given that this trial and the THA trial had a similar methodology and were performed in the same
investigation centre, the limitations that need to be acknowledged and discussed are very similar in both

trials, and therefore will be discussed jointly below, in Chapter 6.
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5.1. Patient Acceptance and Usability

In terms of patient acceptance, the enrollment rate of both trials — especially in the TKA trial - was low
(42% in the THA trial and 29% in the TKA trial), with patient refusal and consent withdrawal being the
main reasons for screening failures in both trials (51% in the THA study and 56% in the TKA study).

The explanation for this high refusal rate resides in patient skepticism on the patient side, a factor that
can be explained by the inclusion of older individuals (the mean age in the THA study THA was 64.0+9.4
years and in the TKA study was 68.5%7.0 years), with little technological literacy.

This same difficulty was reported by other authors in studies with similar devices® and is one of the
challenges that these technologies need to overcome. Other patients, namely the oldest, were afraid of
hidden costs, even though it was clear and thoroughly explained that participation in the study did not
imply any cost. This aspect can be improved by ensuring better training and broader involvement of

clinical teams (both doctors and nurses) who approach the patient upon admission.

In the THA trial, there were two dropouts in the digital PT group (6%), both of which in the first week.
Likewise, in the TKA study, there were seven dropouts in the first week of the rehabilitation program
(18%). Plus, from the patients who completed the program, a high percentage of patients needed
assistance from a caregiver to interact with the system (37.1% in the THA trial and 58.0% in the TKA

trial).

Even if the number of additional face-to-face contacts for technical assistance was low, the number of
extra calls for this reason was relatively high. This likely represents the combined effect of: a) challenges
felt by an older population when dealing with technology and; b) issues with user interface that need to
be overcome. In particular, each physical interaction i.e., the need to calibrate sensors and the multiple
touches needed to start a session, represent huge hurdles for elders. This is challenge transversal to all

such new technologies and is an aspect where there is still much room for improvement.

In fact, in the TKA trial there was a trend for higher mean patient age between independent users and
non-independent users, which did not, however, reach statistical significance, whereas in the THA trial
patients needing assistance were older than independent users. This leads authors to speculate that age
is indeed related to increased dependence when interacting with technology. Of note, the higher
percentage of patients in the TKA trial who needed assistance, versus the THA trial, is accompanied by
a greater percentage of patients with 65 years of age or above in the TKA study (63% vs 36%). This

reinforces the idea that age is indeed a very important determinant of independent use and that the
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specific needs and challenges of this population need to be taken into account when designing these

systems.

In spite of the challenges mentioned above, in the patients who completed the eight-week program, user
compliance with the program was very high. In fact, in both trials, only 11 patients in the digital PT group
- seven in the THA study and four in the TKA trial - used the system, on average, less than five days per
week, and only four patients (all in the THA trial) used the system, on average, less than five days a week.
Plus, patient satisfaction score was also very high, with 88% of patients (64/73) rating the system with
a 9 or 10/10. This is particularly interesting considering the high percentage of patients who needed
assistance in using the system. When they were asked to elaborate on the reasons, almost all referred
the possibility of performing sessions at home, at their convenience. Still, it must be considered that
patients who agreed to enter the study were more prone to use new technologies, and thus more likely

to give high scores.

In all, these results show that a home-based rehabilitation with this novel digital biofeedback system is
feasible, but there is still a long way to go in terms of acceptance of these novel technologies — namely
in overcoming skepticism in an older population. Still, when this initial resistance is overcome, it is
associated with high adherence and patient satisfaction, essentially due to the advantages of performing
their rehabilitation program entirely at home, when and where it is more convenient.

These trials also allowed the identification of the main issues that need to be improved in terms of
usability by this population: a) facilitating sensor placement by the patient; b) reducing the number of
physical interactions with the tablet. Still, it is expected that newer generations will have higher
technological literacy, thereby making age a less important factor and facilitating the adoption of these

digital approaches.

One other factor that is important to discuss is that the operation of the system requires local internet
access on the patient home. While the percentage of patients with wireless internet access is increasing,
the great majority of the elderly population still lacks any form of internet access, wired or wireless. To
circumvent this, the system is provided with a 4G internet card. However, the availability of wireless
internet access is still an issue in remote areas. This is a major limitation of these systems, which needs
to be overcome in a near future, especially since patients in remote areas are those who present more

challenges to payers and providers and that these patients are the ideal candidates for these systems.
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5.2. Factors influencing outcomes in the digital vs conventional group

Available evidence on rehabilitation after THA and TKA highlights the benefits of an increased treatment
intensity.’s Therefore, it would be expected that differences in treatment intensity would translate into

better clinical outcomes in the higher intensity group, at least for short-term outcomes.

In this regard, while both trials report, overall, better outcomes in the digital PT group, at least for TUG,
treatment intensity was only higher in the per-protocol analysis of the TKA trial, but not in THA trial, and

therefore this factor alone does not appear sufficient to explain the trial results.

Furthermore, the analysis which was performed did not factor in additional time spent in unsupervised
sessions by patients in the conventional rehabilitation group. Still, even if the effect of treatment intensity
on clinical outcomes is truly significant, it means that, in the TKA trial, the digital biofeedback system
enabled patients to increase treatment intensity without a corresponding linear increase in therapist

contact time or supervision needs, which is the exact purpose of such a system.

Besides treatment intensity, we hypothesize that following factors may have played a role in the
superiority of the digital PT group: a) the positive impact of a kinematic biofeedback tool on patient
performance, especially regarding error correction and stimulation of a greater range of motion; b) patient
empowerment regarding their rehabilitation process; c) high patient engagement through the use of
gamification strategies; c) the effect of remote monitoring on patient effort (that is, patients knew that
their adherence and performance was being registered and monitored) and d) the availability of objective
data for clinical review, enabling data-driven decisions on program changes. The relative importance of

each of these factors, as well as how exactly they interplay with each other warrants further investigation.

One other aspect which is noteworthy is the fact that, on both trials, while there was a tendency for
convergence between the digital PT group and the conventional group, the outcomes at the three- and
six-month assessments were still superior in the digital PT group, at least for TUG. While there is no clear

explanation for this finding, we speculate that the following aspects may have contributed to this:

a) The positive impact of a biofeedback device on normalizing motor patterns early on the
rehabilitation process, thus maximizing outcomes
b) Maximizing short-term outcomes may interfere positively with the natural history of the recovery

process, thus maximizing medium-term (and possibly long-term) results.
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c) Performing an independent rehabilitation program at home may lead to a lasting behavioral
change, with maintenance of some of the exercises even after the end of the program and/or to

a more active lifestyle.

In any case, these aspects warrant further investigation.

5.3. Differential rate of recovery

One very interesting aspect that warrants further discussion is the different rate of recovery between

patients submitted to THA and TKA, with an apparently slower rate in the latter.

When analyzing the results from the HOOS and KOQS scales, and although careful consideration must
be made here regarding the similarities but not equivalence of the scales, one aspect that is apparent is
that, from the eight-week assessment onwards, a ceiling effect is noted for the Symptoms and Pain
subscales of HOOS, for both groups, and that for KOOS near-maximum levels are noted only at the six-
month assessment. Also, for the QoL subscale, the results of the TKA trial at the six-month assessment
are comparable to those of the three-month assessment of the THA trial. The analysis of the TUG scores
does not provide such a clear picture though, despite a greater change from baseline to six months in

the digital PT group on the THA trial.

This is particularly relevant when combined with the fact that, on the digital PT group, adherence was
higher in the TKA trial, with only four patients in that study performing on average less than five days a
week, and none below four days a week, whereas in the THA strial seven patients performed, on average,
less than five days a week and four of them less than four days a week. Comparing treatment intensities
in the digital PT group, we can conclude these were also higher in the TKA trial - ITT 26.1 hours (IQR
21.2; range 1.0-69.1) versus 20 hours (IQR 11; range 1.0-59.0); PP 31.5 hours (IQR 18.0; range 10.8-
69.1) versus 21 hours (IQR 10.3; range 8.0-59).

All of the above, when combined, seem to indicate that the natural history of the recovery after THA is
more favorable than that after TKA, and this has also been reported recently by Judd et al.2» Furthermore,
we speculate that this may be the reason behind the different behavior of the two groups of patients

regarding adherence (and, hence, total treatment time).

On this same topic, it is interesting to note that, regarding rehabilitation after THA, an expert consensus
on best practices for post-acute rehabilitation after THA and TKA, recommends four to eight weeks of

supervised rehabilitation for THA and four to 12 weeks after TKA.”” Plus, it is also noteworthy that the
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studies comparing supervised versus unsupervised rehabilitation that are starting to appear are all related

to THA -1

Overall, these two trials corroborate recent findings indicating a different rate of recovery between THA
and TKA, and warrant further investigation regarding the impact this may have on patient behavior and

on the total duration of rehabilitation programs after THA, which can be lower than TKA.

5.4. Limitations

The two clinical trials presented in this thesis have several limitations that need to be discussed. First,
the chosen design implied that the intervention in analysis was surgery plus post-surgery rehabilitation,
and not purely the post-surgical rehabilitation. This aspect needs to be reviewed in ulterior studies.
Another notorious aspect is that, in both trials, patient allocation was performed using a geographical
criterion, and not through randomization, with patients living outside the city s administrative boundaries
being allocated to the digital intervention. This decision was made taking into consideration the need to
rationalize human resources and simplify logistics, thus maximizing both the value created and fulfilling
the initial purpose of such an approach. Still, the authors are aware that this may have introduced an
important source of bias in the trials. In this regard, however, it must be stated that, by and large, no
difference were found in demographics, comorbidities, risk factors for adverse and clinical characteristics
at baseline between groups - except for the QoL subscale of the HOOS in the digital PT group of the THA
trial and for lower baseline KOOS scores in the digital PT group of the TKA ftrial. Irrespective of this, a
number of factors (e.g. socio-economic) may have influenced the results. Nonetheless, and given the
nature of the socio-economical tissue in the region, and the geographical dispersion of the patients
included in the trials- with almost all the patients resided in urban areas - the authors speculate that the
impact of these aspects is small, but nonetheless needs to be controlled in ensuing trials. The reasons
for the differences found at baseline regarding the QoL subscale of HOOS and the KOOS subscales,
respectively, are unclear. Nonetheless, authors expect that, in future trials, randomization will allow for a
better control of these aspects.

Treatment intensity was also not adequately controlled in both trials. In the THA trial, total active time
was similar between groups, but that was not the case in the TKA trial, where treatment intensity was
higher in the digital PT group. This may have potentiated results in this group. lrrespective of treatment
intensity, total treatment time was highly variable in the digital PT group in both trials. In the conventional

group, time spent in unsupervised sessions was not taken into consideration. In fact, several aspects
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related to these were not standardized, namely content and duration, and patient compliance to these
was not formally registered. These aspects need to be homogenized and better controlled in ensuing
trials, namely through a better standardization of treatment times in the digital PT group, more rigorous
definition of criteria for exclusion from the study due to low compliance, and through patient logs

regarding unsupervised sessions in the conventional rehabilitation group.

Apart from treatment intensity, the rehabilitation protocols allowed a certain degree of liberty regarding
the choice of specific exercises, targets, sets and repetitions. Therefore, inter-therapist variation could
have influenced the results. To minimize this, all patients in the digital PT group of each study were
treated by the same therapist and patients in the conventional rehabilitation group were treated by two

different therapists, all equally trained and with similar levels of experience.

It is also noteworthy that these were two single-center trials performed in a relatively low-volume
orthopedic hospital (in comparison to larger international centers, but not to the large public hospitals in
Porto), and all patients were admitted for elective surgery, which may not reflect the reality of other
hospitals. Also, the average length of stay — of 6 days - is higher than in other reported studies.z®
Generalization of the results hereby reported needs, therefore, to be confirmed in multicentric trials

including larger hospitals.

In terms of safety and adverse events, the fact that participant allocation was performed upon discharge,
and that patients with major adverse events after surgery not allowing discharge home within 10 days
were excluded from the trials (prior to allocation), resulted in the absence of proper recording and
reporting of these adverse events. Only minor adverse events during hospitalization were recorded. This
is a clear limitation that needs to be solved in future trials. Also, when analysing the adverse events
reported in both groups, there appears to have been an underreporting of adverse events in the digital
group, namely in regards to inflammatory signs over the surgical wound. We believe this may explain the
difference found in the adverse event rate between the two groups in the TKA trial. Additionally, even
though no serious adverse events were reported until the sixmonths assessment, the absence of minor
adverse events, in particular after the eight-week period, is more difficult to explain, and was most likely
due to an underreporting of these events. In future trials, besides direct telephone contacts and specific
questioning of adverse events in assessment appointments, event logs should be delivered to the patients

to avoid underreporting.
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Additionally, and still within the safety aspects, one important topic that was not approached in these
trials was that of patient safety after discharge and in the home environment. The delivery of leaflets
and/or, in the case of the digital group, digital educational materials addressing safety aspects (for
example,use of appropriate shoes, removing rugs, how to safely lift weights) should have been

contemplated.

In terms of acceptance and usability, the low inclusion rate may have represented a selection bias
towards more technology-prone patients/caregivers, something that needs to be properly addressed in
future trials. To overcome this, a greater involvement of the clinical teams (physicians and nursing staff)
in the wards is required, to overcome natural patient skepticism. Additionally, usability was not
systematically assessed. Even though parameters were collected that allowed us to assess usability, and
that additional data was assessed in the digital group by the assigned physical therapist in person, this
aspect should have been addressed both through structured surveys - to ensure standardization of
information collection and formal analysis- as well as through the use of a specific software usability
scale, like the System Usability Scale.* Therefore, while the authors believe that all relevant information

was captured, it was not done in such a way as to allow it to be presented clear and elegantly.
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COST COMPARISON ANALYSIS

Cost-comparison analysis was performed combining both clinical trials, using a per-protocol approach

(i.e. only patients who completed the eight-week program were included).

The business model of the company who produces the system is not that of a rental fee or direct sale of
the device, and therefore this precludes inclusion of system costs in this analysis. Instead, the company
provides an integrated service, employing physical therapists who deploy the system and remotely
supervise patients. This analysis, therefore, focused on comparing the cost of delivering rehabilitation
services in both contexts, conventional and digital PT, to ascertain the magnitude of the potential cost

reduction of this new type of intervention.

6.1 Hypothesis

For this analysis, the hypothesis was that the cost of providing rehabilitation, factoring in both direct

and indirect costs, would be lower in the digital intervention group.

6.2 Methods

Costs were measured during the intervention period for both groups only for the patients who completed
the trial (per-protocol analysis). Data was collected by the therapists after each session or interaction
with the patient (face-to-face visit or telephone call), through the use of dedicated spreadsheets. Both
direct and indirect costs were considered. These are explained below and summarized in Table 25. Only

costs relevant to the healthcare provider (not for the patient) were considered.

For the conventional rehabilitation groups, the cost calculations included the cost of each face-to-face
session (cost of therapist time plus travel costs) for a total of 24 sessions, plus the costs associated with

telecommunications.

For the digital PT group, in addition to the cost of the visits (cost of therapist time plus travel costs)-
scheduled and unscheduled- and the costs associated with telecommunications (for both scheduled and
unscheduled calls), the cost associated with the time spent by the therapist on the web-based Portal was
also considered, as were the cost of the computer equipment (laptop), amortized over three years and

the cost related to Internet service for the period of the rehabilitation program. For the latter, we
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calculated the cost per hour, assuming the cheapest market price of a basic large bandwidth program
(20Mbps download/2 Mbps upload) as of 5/03/2019 - 21,99€/month: - and a total of 176 working

hours per month.

The cost of therapist time for all purposes (travel, telecommunications and web-based portal) was
calculated multiplying the estimated time (in hours) by the standard hourly salary in effect in the Public
Health Sector for physical therapists at the time of the trial (i.e. considering the year of 2017) - 1049,14€
per month.2z To find the hourly rate, the following formula was used: hourly rate= (monthly

salary*14/12)/176 working hours= 6,95€/hour.

Travel costs included both travel-related expenses and the cost of therapist time. Travel-related expenses
were calculated as the roundtrip distance to the investigation center in Km multiplied by 0,36€, which
was the reference amount for the public sector in the Portuguese law at the time of the study.2 For each

patient, the mean travel time (roundtrip) was considered.

Cost of telecommunications was calculated taking into consideration the cost of the time spent by the
therapists in telephone calls as well as the cost of the telecommunications plan. To determine the latter,
we calculated the hourly price of the pre-paid plan (which included 2000 minutes of telephone calls),

dividing the monthly price for the total number of working hours in a month (176 hours).

Time spent in the web Portal was calculated automatically for each therapist by the system. Given that a
precise calculation of the time spent with each patient was impossible to obtain, the mean time spent by

patient throughout the intervention was considered.

The breakdown of cost calculations for each group is presented in Table 23.

' www.vodafone.pt/
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Table 25. Breakdown of cost calculations for each group

Cost category

Digital PT Group

| Conventional rehabilitation

Direct costs

Direct clinical contact

Deployment Visit

Re-evaluation Visit

Termination Visit

Face-to-face sessions

Unscheduled visits

Indirect clinical contact

Cost of therapist time using the Web

Portal

Indirect costs

Travelrelated costs

Travel distance

Travel time

Telecomunications

Cost of therapist time

Cost of therapist time:
Scheduled calls
Unscheduled calls

Cost of therapist time:
Initial Call
Rescheduling calls

Cost of service

Other costs

Cost of computer equipment

Cost of internet plan

6.3 Statistical analysis

Differences between the two groups were evaluated using the Mann-Whitney U test and the magnitude

of the median difference was assessed using Hodges-Lehman estimator.
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6.4 Results
A breakdown of the cost estimation analysis for each group is presented in Table 26.

Table 26.Cost analysis for each group

Conventional Digital PT P value*
rehabilitation (n=60) (n=58)
Direct Costs
Direct clinical contact median (IQR)
Face-to-face session 1 - -
. . Deployment visit - 1.75(0.25) -
Ses;:ﬁ’::i{)\;mts Re-evaluation visit - 0.50 (0.16) -
Termination visit - 0.50 (0.08) -
Unscheduled visits - 0.25 (0.16) -
Total visit time 24 2.71(0.48) <0.001
Cost per patient 166.80 18.82 (3.33) <0.001
Rehabilitation system
Cost of Portal usage Usage time per patient - 1.2 -
time Cost per patient - 8.34 -
Direct costs per patient 166.80 27.16 (3.33) <0.001
Indirect costs
Travel related expenses median (IQR)
Distance per travel 11.50 (14.30) 25.30 (16.50) <0.001
Travel distance Distance per patient 276.00 (343.20) 89.00 (60.10) <0.001
Cost per patient 99.36(123.55) 32.04 (21.63) <0.001
Time per travel 0.30 (0.24) 0.50 (0.20) <0.001
Travel time Time per patient 7.20 (5.80) 1.70 (1.07) <0.001
Cost per patient 50.04 (40.31) 11.82 (7.41) <0.001
Cost of travels 154.96 (168.86) 43.86 (30.35) <0.001
Telecommunications related expenses median (IQR)
Initial call 0.07 (0.01) - -
. Re-scheduling calls 0.05 (0.04) - -
Gall duration Scheduled calls } 0.08 (0.01) :
Unscheduled calls - 0.11(0.01) -
Total call time 0.08 (0.04) 0.55 (0.40) <0.001
Cost of time spent in calls 0.56 (0.30) 3.84 (2.76) <0.001
Cost of service 0.02 (0.01) 0.10 (0.08) <0.001
Cost per patient 0.58 (0.32) 3.95 (2.83) <0.001
Other costs
Monthly fee - 22.99
Internet service costs Mean time per patient - 1.2
Cost per patient - 0.16
) Laptop price - 594.99
Computigset(;mpment Cost for the study - 264.40
Cost per patient - 4.41
Other costs per patient - 4.57 -
Indirect costs per patient median (IQR) 155.86 (168.94) 52.79 (31.70) <0.001
Total cost per patient median (IQR) 322.66(168.94) 80.48(33.35) <0.001

Legend: ‘Mann-Whitney U

Notes: The time unit used is hours; travel distance and travel time were calculated considering roundtrip travels

to and from the patient home; all costs are in euros.
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a) Direct costs

In the conventional rehabilitation group, each patient had 24 face-to-face sessions, with a total of 24
hours of direct clinical contact. In the digital PT group, the median direct clinical contact was of 2.75
hours (range 2.17 to 4.25). As a result, the total cost per patient regarding visit time was much lower in

the digital PT group (p<0.001) (see Table 21).

b) Indirect costs

Distance per travel and time per travel were higher in digital PT group, resulting from the fact that patient
allocation to the two groups was performed based on patient address, with patients living outside the city

administrative limits being allocated to the digital PT group.

However, total distance per patient and total time per patient were higher in the conventional
rehabilitation group, given the much higher number of travels in this group (24 roundtrip travels) versus
the digital PT group. As such, the cost of travels in the conventional rehabilitation group was higher

(p<0.001) (see Table 21).

Telecommunications related expenses were higher in the digital PT group (p<0.001), where in addition
to the three scheduled calls, patients had, on average, 3.8 extra calls (range 0-12), for technical
assistance/difficulties interacting with the system. In the conventional group, the costs associated with

these expenses are negligible (see Table 21).

As a result of the much higher number of travels, indirect costs were higher in the conventional

rehabilitation group (p<0.001) (see Table 21).

c) Total costs

Total costs per patient were much lower in the digital PT group (p<0.001) (Table 21). In the conventional
rehabilitation group, the median percental weight of the direct costs was 51.7% (range 28.4-85.4%); the
median weight of the cost of therapist time (direct clinical contact plus time spent in travels plus time
spent in calls) was 69.1% (range 46.5-91.5%) and the median weight of the cost of travels was 30.89%
(range 6.2-53.5%). In the digital PT group, the median weight of the cost of therapist time was
54.3%(range 29.4-79.5%), and the median weight of the cost of travels was 55.2% (range 20.9-86.9%).
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c) Ratio between total treatment time and therapist time

The total clinical time spent per patient was lower in the digital PT roup (p=<0.001), with a median of

6.29 hours (range 4.42-12.47) versus 31.34 (range 25.69-39.34) in the conventional rehabilitation
group.

Regarding treatment intensity, patients in the conventional rehabilitation group had a total of 24 hours of
treatment (excluding unsupervised sessions), whereas patients in the digital PT group had as median of

25.63 hours of treatment (range 8.10-69.10 hours). The difference is not clinically significant (p=0.18).

This translates into a median ratio between treatment intensity and time spent by the therapist of 1.31
hours (IQR 0.24) for the conventional group and of 0.26 (IQR 0.17) for the digital PT group (p<0.001).
This means that, for every therapy hour provided to the patient, therapists in the conventional group

needed to spend five times more time.

6.5 Discussion

Analyzing the weight of the different items related to the cost of providing treatment, it is clear that the
main factors driving the costs are: a) the cost of therapist time and b) the cost of travel distance. The
other costs are largely negligible. The results of this analysis largely favor the digital PT group, resulting
from the added weight of indirect costs in the conventional group, due to the higher number of travels
and consequently, higher travel costs (cost of distance plus cost of time) in this group, particularly for

patients living further away from the investigation center.

To our knowledge, this the first cost analysis of a rehabilitation solution based on inertial motion trackers,
in comparison with conventional rehabilitation. Thus, direct comparison with published literature is not
possible. Still, even if the digital rehabilitation program featured in these trials cannot be strictly classified
as telerehabilitation, some parallel can be found between the two interventions, in the sense that they
both seek to deliver home-based care while reducing the need for travels and saving costs. In regards to
telerehabilitation, a systematic review performed by Torre-Diez et al. ' found evidence demonstrating
that telemedicine can reduce costs *2 and a study by Tousignant et al> reported that the cost for a single
session of in-home telerehabilitation was lower or about the same as conventional rehabilitation,
depending on the distance between the patient’s home and health care center, with a favorable cost

differential when the patient was more than 30km from the provider.:

As such, the results of this analysis corroborate these findings, given the unfavorable ratio between
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treatment intensity and therapist time in the conventional rehabilitation group, due to the time spent in
travels. Still, the efficiency of tele-rehabilitation is hindered by the fact that there is still need for real-time
clinical contact between the patient and the therapist. Thus, the theoretical limit of the ratio between
treatment intensity and therapist time is 1 (unless we also consider unsupervised sessions). The system
presented here allows further reduction of this ratio, to a median of 0.26 (IQR 0.17), which is five times
less than conventional rehabilitation, where the ratio was of 1.31 (IQR 0.24), by enabling independent
sessions to be performed by the patient, under the guidance of the biofeedback system, while ensuring

remote asynchronous monitoring of patient performance by the therapist.

Of course that, in respect to the digital PT group, we need to add the cost of the system per patient.
Given that the business model of the company marketing the device is not that of a buying or rental fee
per system, the market price is not available and therefore was not included in the analysis. However,
regarding this topic, IMUs are inexpensive, making the tablet computer the most expensive component
of the system. Plus, these values will undoubtedly reduce with time, as technological components
become cheaper and with volume, bringing the system cost to below 200 euros. This, coupled with the
possibility of re-using each system multiple times over a projected lifetime of three years, means that a
solution with very low cost per patient will be widely available at scale, reinforcing the financial

sustainability of this novel PT delivery model.

Apart from this, one other factor to consider is that, in the context of these clinical trials, the protocol in
the digital PT group included three visits from the physical therapist. However, in a clinical context, the
last visit would not be necessary, as this visit was only for evaluation purposes and to retrieve the system.
Furthermore, improvements on the usability of the system, with the intent of reducing the need for
unscheduled visits, would likewise help drive down the costs of the digital PT group. In this context, this
system could potentially be used to further increase treatment intensity without requiring significant

added therapist time, thus potentially improving the outcomes even further without increasing costs.
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6.6 Limitations

This post-hoc analysis has several limitations that need to be discussed. The first is that, due to the
geographical criterion used for patient allocation in regards to the post-surgery rehabilitation program,
balancing of the two groups regarding travel distance was not achieved. The net effect of this imbalance,
however, benefitted the conventional group and not the digital PT and, as such, did not influence results

towards this group.

Second, in this analysis, the distances were calculated centered on the clinical facility where the trials
took place, which is an artificial scenario that does not take into account route optimization. This
represents an important confounding factor that needs to be considered when interpreting the results

and that needs to be better controlled in future trials.

Third, as discussed above, it does not consider the cost of the system per patient, for reasons related to
the business model of the company marketing the device. Even if, given what was discussed above, the
system can be re-used multiple times over a lifetime of three years, massively diluting the cost of the

hardware, this is an aspect that needs to be reviewed, namely also considering refurbishment costs.
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7.1 Conclusions

As stated in Chapter 1, the goal of the work presented herein was to validate this novel system for home-
based rehabilitation after THA/TKA, by answering three different research questions. In the previous
chapters (Chapters 3-6), we presented and discussed the two clinical trials which were undertaken, as
well as the post-hoc cost analysis, having addressed all three questions. The main conclusions will be

summarized below:

Question 1: Is there any difference between the clinical outcomes of THA/TKA plus digital rehabilitation

versus surgery plus conventional rehabilitation?

Before providing a concluding answer to this question, it is important to mention several aspects that
arise from these two clinical trials. The first, and perhaps more immediate, is that, given the paucity of
research on wearable motion tracking systems for rehabilitation after THA and TKA, = the work presented

herein contributes substantially to increase the body of knowledge in this area.

In this regard, both trials demonstrate the positive impact of THA/TKA surgery plus a digital program
involving a biofeedback device, adding new information to that presented by Pfeufer ef a/. on their
systematic review on the use of biofeedback devices in comparison to usual care after TKA,** where the
authors conclude that training with biofeedback after TKA is a viable way to improve gait symmetry,
reduce pain and increase activity level - to this we can now add that they can be used to improve range
of motion, reduce pain, symptoms, increase QoL and improve function. Furthermore, these two trials
confirm that IMU-based solutions do hold great promise in this realm, as indicated by the results of
studies reported by other authors, namely on knee OA.»2* Of note, as far as we know, the THA trial was
the first on the subject involving an IMU-based device. As to TKA, the only study published so far with a
similar solution, by Piqueras et al,» randomized patients to receive a two-week after surgery with the
system versus conventional rehabilitation. As such, given the short intervention period, this study does
not allow drawing definitive conclusions regarding clinical outcomes, but only feasibility. Therefore, the
TKA trial presented herein is effectively the first trial that can allow meaningful comparison of THA/TKA

surgery plus digital rehabilitation versus conventional rehabilitation.

Another important aspect is that, as discussed in Chapter 1, there is no clear consensus on timings,
dosage and composition of rehabilitation programs after THA or TKA, and that the evidence regarding

this is limited, with variable quality and sometimes inconsistent.»:= Furthermore, the need for
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supervised rehabilitation has been recently challenged, especially after THA.1+15157 |n this regard, what
these two trials show is that, at least in the short and medium-term, different programs (or different forms
of delivery of a given program) can indeed lead to different outcomes, even if both are supervised. One
corollary is that the wide variation in rehabilitation programs between studies significantly hampers not
only the comparison of results with other published papers, but also the validity of the conclusions of a
given study (ie, the superiority — or not — of a given intervention of interest may be largely influenced by
the treatment provided to the control group). Another corollary of this is that further research is mandatory
to ascertain what the most crucial components of the rehabilitation program are, in terms of timings,
dosage, progression and mode of delivery (including digital versus conventional), so that it is possible to
provide more detailed guidelines on the composition of these programs. In this regard, these two trials,
namely the level of detail in which the intervention protocols were described, add significant value to the

body of evidence currently available, and may be used to advance towards such guidelines.

Regarding the research question, to our knowledge, the two clinical trials presented herein are the first
to demonstrate that THA/TKA surgery plus digital rehabilitation solution can potentially achieve not only
similar but better clinical outcomes than surgery plus conventional rehabilitation, both in the short and
in the medium-term. Of note, the results obtained in the control group are broadly comparable to those
previously published by other researchers, thus confirming that the intervention performed in the control

group was comparable to that of the best available data.

The promising results obtained in these two trials justify further investigation, namely through larger,
randomized controlled trials, that address the limitations of these trials - mainly regarding randomization,
control of treatment intensity between groups, systematic collection of adverse events, structured
assessments of the usability of the technology, and activity levels/exercise continuation after the end of

the program - to confirm these findings.
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Question 2: Is the digital intervention well accepted, easily usable and engaging for patients undergoing
rehabilitation after THA/TKA independently at home?

In terms of patient acceptance, the low enrolment rate demonstrates that these novel interventions still
face significant skepticism, especially from older patients, as noted also by other authors in studies with
similar devices. This indicates that, in programs involving novel technologies, significant attention has

to be given to the aspects that entice this skepticism, namely hidden costs.

Regarding usability, the percentage of dropouts occurring in the first week (6% in the THA trial and 18%
in the TKA trial), together with the high percentage of patients requiring the help of a caregiver (37.1% in
the THA trial and 58.0% in the TKA trial) — with data pointing to a correlation with older age - show that
usability must still be improved, especially in the older population. The improvements here are mainly
related to: a) facilitating sensor placement by the patient; b) reducing the number of physical interactions
with the tablet. Despite the opportunities for improvement, in the patients who completed the eight-week

program, both compliance to the program and satisfaction were very high.

In all, these results show that a home-based rehabilitation with this novel digital biofeedback system is
feasible, but there is still a long way to go in terms of acceptance of these novel technologies — namely
in overcoming skepticism in an older population. Still, when this initial resistance is overcome, it is
associated with high adherence and patient satisfaction, albeit with room for improvement in terms of

usability by elderly patients.
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Question 3: Is the digital intervention associated with potential cost savings versus conventional

rehabilititation?

To our knowledge, the work presented herein represents the first cost analysis estimation of a
rehabilitation solution based on inertial motion trackers, in comparison with conventional rehabilitation.
The results show that this intervention was able to markedly reduce not only the time spent by each
physical therapist to provide one hour of treatment, but the total cost per patient of providing the
rehabilitation program. This, coupled with the fact that such a system can, at scale, be produced at very
low cost (less than 200 euros), and that the hardware components be re-used in multiple patients over
the course of two years, open the door to potentially large cost savings. The potential impact of this
intervention is particularly relevant to patients living in remote areas, which are traditionally underserved
(thus, often times, without any possibility of performing a rehabilitation program in an inpatient or
outpatient setting) and where a face-to-face intervention delivered at home is not possible due to obvious
logistics and financial reasons on the provider side.

Moreover, by reducing the dependence from human resources, this intervention can allow a more rational
distribution of human resources, which can be directed to more complex cases, which may require
rehabilitation in an inpatient or outpatient setting, thus increasing both directly and indirectly the

efficiency of the service delivery.

Overall conclusion

In conclusion, the work herein presented demonstrates that THA/TKA plus digital rehabilitation is
feasible, safe and capable of maximizing clinical outcomes in comparison to surgery plus conventional
rehabilitation, both in the short and medium term, while being far less demanding in terms of human
resources. This approach appears to hold great promise in the treatment of hip/knee OA, by offering a
scalable and effective solution for post-surgery rehabilitation, and provides a potential way forward in

terms of rehabilitation of MSK conditions.
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7.2 Improvements to SWORD Phoenix® arising from these trials

As stated above, both in the discussion and in the conclusion, two main issues were identified in the
work herein presented that needed to be improved in terms of usability by this population: a) facilitating
sensor placement by the patient; b) reducing the number of physical interactions with the tablet.

The results of these trials have led to changes in both hardware and software of the medical device to
address these two aspects, which are currently already implemented and an integral part of the medical

device. We decided, therefore, to present these improvements separately from the future directions.

Regarding sensor placement and calibration, the following changes were made:

a) The mechanism for securing straps was changed from Velcro to a hook mechanism, to facilitate
strap placement;

b) The shin strap was made more round to fit the tibial anatomy, thus securing the strap more
firmly in its place and minimizing soft tissue displacement;

c) A new algorithm was developed to allow calibration by movement. This, in turn, enables the
patient to place the motion trackers in any given strap, and eliminates the need to match a

specific tracker to a specific strap

The above measures, combined, led to a marked improvement in the ability of even elderly people

understanding the setup process and placing the straps and trackers correctly.

Regarding the increase in ease of use by reducing the number of physical interactions with the tablet,
the version used in the trials required a total of six physical interactions (touches) with the tablet until the
initiation of each session. The flow was since completely reviewed, such that currently, under normal
conditions, only one physical interaction is required. This, coupled with the changes above, has markedly

reduced the need for assistance in operating the device.

One other aspect that was improved was related to the exercise interface and gamification strategy used.
In the version used in the trials, the patient was presented with a video and audio description of the
exercise before he was asked to perform the actual exercise, but there was no guidance during the
execution screen (see Figure 1). The current version displays the desired movement during the execution,

facilitating a correct execution especially in patients who have more difficulty in understanding what is
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required (see Figure 8). Also, the gamification strategy was improved - instead of getting the patient to
focus on a specified goal in terms of range of motion, while allowing him to surpass that goal, a bar is
now presented with the normal range of motion of each exercise, and the patient is asked to go as far

as he can, earning more stars if they reach further (see Figure 8).

Right

Figure 9. New exercise execution interface
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7.3 Future directions
As with all scientific work, each question leads to answers which inspire action, as well as other questions.

In this section, we will explore these in more detail.

7.3.1 Usability and engagement
As stated above, significant changes were already introduced to simplify usability, as a direct result of
the findings of the two trials. However, there are many other aspects that can be improved, which will be

briefly discussed here.

As far as usability is concerned, the logical step further is to simplify usage to the point that the learning
curve is practically non-existent (ie, the usage of the system is almost self-explanatory) even for older
individuals. In this regard, further improvements on several aspects related mainly to the hardware are
required, namely those related to the charging of the tablet and trackers, for example, by developing a

charging station instead of requiring patients to connect cables to the tablet/trackers and to chargers.

Also, the development of a tutorial mode where the patient is guided by the system in the first session
could, in addition to the improvements mentioned above, eliminate the need for the initial visit by the
physical therapist, thereby further reducing the need for therapist time. This, coupled with an increase
in the efficiency of off-boarding processes, might eventually lead to a completely remote program for
rehabilitation after THA/TKA. The potential scalability and the huge savings associated with such a

program are definitely worth exploring.

One important note about these developments is that, while promoting patient autonomy, must be
achieved in a way that preserves the healthcare professional-patient interaction or, by other words,

human touch, as this is a crucial component of any healthcare intervention that needs to be cherished.2#
In the specific case of this approach, there are three main avenues for preserving the human touch.

The first, and more analogue one, is to recognize that the time gained by the reduced need for therapist
(and clinician) time may be funneled not to an increase in productivity measured by numbers, but to an
increase in the attention given to each patient, even if this interaction is made through messaging apps
or telephone calls. This is one of the challenges faced by the new era in medicine, and a concern which

has been voiced by prominent researchers in the field.2s

The second is the possibility of transforming each interaction between the therapist or clinician and the

web-based Portal into a healthcare professional - patient interaction, by way of automatic messages
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every time the exercise session is changed, therefore conveying to the patient that the clinical team is
indeed monitoring his progress and making the necessary adjustments. In fact, this feature is already

being developed and tested.

The third, and most challenging from a technological standpoint, is to humanize the patient app, by
embedding natural language processing. This would have the added advantage of reducing the need for
physical interactions with the tablet even further, thus increasing usability. This novel avenue of

technological investigation is currently in planning for 2021.

In regards to patient safety, as noted above, in the limitations section, the inclusion of educational
materials within the program, providing information to participants on “best practices” and “safety
procedures”, can add tremendous value from a safety point of view. In fact, such recommendations were
since developed and included in the app - they are now presented to the patient before and after each
session. One other potential avenue worth exploring is the inclusion of a “call me” or “alarm” button to
connect the member to the PT/healthcare professional. Finally, the addition of a heart rate monitor,
coupled with automated warnings, could be used to detect both bradycardia or tachycardia which could
signal risk and either trigger an alarm to the healthcare professional and/or stop the exercise program.

Such sensor would also allow more refined analysis of effort and fatigue.

7.3.1. Directions for future research on rehabilitation after THA/TKA
As stated above, the work hereing presented opens the door to further investigation, namely through

trials that address the limitations of the two herein presented.

in particular, the following aspects need to be reviewed/modified:

a) Randomisation of participants (ie RCT vs non-randomized)

b) Revision of endpoints and assessment timelines compatible with trials looking at post-surgery
rehabilitation alone (vs surgery plus rehabilitation). One immediate consideration would be to do
a baseline assessment post-surgery (instead of pre-surgery).

c) Clearer definition of short and mid-term endpoints

d) Given the tendency for convergence between after the eightweek assessment, consider
increasing the follow-up from 6 months to 12 months after surgery.

e) Balancing treatment intensity between groups (as discussed in the limitation section)
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f)  Systematic collection of adverse events, as there seems to have been underreporting of adverse
events in the digital group

g) Systematic assessment of usability, namely through the Inclusion of a technology usability
assessment scale (such as the System Usability Scale) and more granular assessment of

satisfaction through structured interviews/surveys in both groups

Other aspects also merit further consideration and potential exploration in additional studies. Firstly, if
the promising results obtained in the digital group are confirmed in larger trials, it is necessary to clarify
which specific components of the digital intervention are the main drivers of success — namely whether
it is the effect of the biofeedback, the gamification strategies used, patient empowerment, or the ability
to make clinical decisions based on objective data. An initial approach to gaining more insight on this

could be through the form of a patient and PT questionnaire.

Equally important is to ascertain the impact of exercise levels on clinical outcomes. To this effect,
measuring participant activity levels through a dedicated questionnaire (for example, the International
Physical Activity Questionnaire) would be important. It would also be important to measure whether
patients in both groups (and to which extent) continued to perform some sort of structured exercise after

the end of the program.

It would also be interesting to consider additional parameters that can be derived from the motion
trackers, namely velocity, acceleration and movement patterns. These parameters could be used to
compare groups at specific timelines and, through that, gain insights into the specific influence of the
biofeedback component in the rehabilitation process. In this regard, the inclusion of a comparison group
composed of healthy, age-matched individuals would provide important insights and allow the
comparison of movement parameters against this group. Additionally, the inclusion of such a group
would also allow the comparison of clinical outcomes (PROMs and functional outcomes). These aspects
would provide deeper insights into the magnitude of the deficits in individuals undergoing THA/TKA in
comparison to healthy individuals, and their evolution over time, enabling a clearer assessment of gaps

in care that need to be addressed to address existing gaps and strive to minimize them.

One other aspect, which was also mentioned in the discussion, is the different rate of recovery after THA

and TKA, and the impact this can have on the duration of the rehabilitation programs. In the studies
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herein presented, program duration was the same (eight weeks), with the patients in the THA trial having
higher HOOS scores which, for the Symptoms and Pain subscales, were at near-maximum levels since
the eighth week. Therefore, two aspects that would be interesting to explore would be the possibility of:
a) shortening total program duration in THA; b) increasing the total program duration for TKA. On a
similar line of thought, the need for structured rehabilitation after THA has been recently challenged. One
possibility would be, therefore, to design a clinical trial with three groups: digital rehabilitation;

conventional rehabilitation and no structured intervention.

A final aspect that also merits further discussion is that in the trials herein presented, the rehabilitation
program, especially in the digital PT group, targeted mostly the affected limb. However, from a
biomechanical point of view, the lower limbs function in tandem and are part of the same kinetic chain.
Therefore, and before considering additional trials, a decision was made to increase the number of
motion trackers in the setup to five — which required several technological developments that fall outside
the scope of the present work — to enable simultaneous bilateral lower limb training. This setup was
tested in a single-arm prospective trial (clinicaltrials.gov registry number NCT03648060) in patients
submitted to THA or TKA, also in partnership with Hospital da Prelada. Unfortunately, due to the COVID-
19 pandemic, patient enrollment was interrupted at a point where 82 patients had been enrolled (52
TKA and 30 THA), and it was not possible to resume enrollment for the following year. Still, preliminary
results were very promising, and a decision was made to keep the new bilateral setup and discontinue

the previous one.

7.3.2 Health economics analysis

In this thesis, we have performed an ad-hoc analysis of the cost of providing the two interventions (digital
versus conventional), and in previous sections, we have discussed how several improvements can be
made, which will result in an increase in the efficiency of the digital program, potentiating it's scalability
and enabling further reduction in costs. However, no formal health economic analysis was performed.
Within the several approaches used for health economics analysis, cost-effectiveness and cost-utility
analysis are the most relevant for physical therapy.zs The difference between these two analysis lies in
the fact that cost-effectiveness relies on a measure of the change in health status whereas a cost-utility

analysis uses the notion of Quality Adjusted Life Year (QALY), an economic indicator.zs

In the present case, we believe that a cost-effectiveness analysis would be most appropriate, with a follow

up of at least 1 year after surgery, using the HOOS/KOOS scales as the measure of change in healthcare
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status, and calculating not only the costs associated with providing the service but also direct medical
expenditure (outpatient visits, readmissions, costs with medication) as well as indirect costs, namely

those related with absence leave and temporary or permanent disability.
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7.3.4 Artificial intelligence

It would not be possible to conclude this thesis, on the validation of a novel (digital) technological
approach to rehabilitation without addressing Artificial Intelligence (Al) regarding its potential application
in this particular context and its impact.

As stated quite accurately by Eric Topol, in a recent paper published in Nature Medicine, “Medicine is at
the crossroad of two major trends. The first is a failed business model, with increasing expenditures and
jobs allocated to healthcare (...) with worse human health outcomes. The second is the generation of
data in massive quantities (...). The limits on analysis of such data by humans alone have clearly been
exceeded”.zs Once thought a thing of the future, the reality is that Al is already here and is already starting
to exert its impact in medicine — as clearly stated in this paper, and others.2s27

The excerpt reproduced above is particularly relevant to the work presented in this thesis, which
essentially represents the validation of a scalable technological solution to reduce the need for human
contact in real time, thus seeking to restore the balance between supply and demand, on the one side,
and on the other, between cost and effectiveness. In fact, the improvements on the usability aspects
discussed above, either already developed or in the pipeline, are precisely aligned with this view.
However, even with such a technological system, which includes a web-based Portal that allows the
clinical teams to monitor all data that is captured during each session, the analysis of the enormous
amounts of data generated still requires significant effort from the clinical teams, and has the potential
to become the rate-limiting step in the scalability of care. In fact, if there is to be a serious effort in
preserving the human touch, such a system cannot evolve to transform healthcare professionals into
data clerks, looking into charts in a monitor.

This is exactly where Al comes into play. To provide a better notion of the amount of data generated by
this system, each motion tracker produces data on special orientation of the body segment in question
at a frequency between 40-50 Hz, which is then combined with the data provide by the other trackers —
altogether, this enables highly precise motion tracking both spatially and temporally. With this, an
incredible amount of information is registered and stored for each movement performed by the patient,
a database of human motion which keeps increasing exponentially with each session and each new
patient.

The possibilities that Al can open in this realm are almost unfathomable, but can be distilled down into
one main goal: providing the best rehabilitation program to each individual patient. Achieving this would

require combining the data on the recovery process of thousands of patients with unique data from the
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patient record, as well as continuously updating the program (on a session by session basis, or even
within the same session) according to the movement patterns in each repetition or set.

While in reality this goal remains elusive, initial steps in this direction have already been taken. The first
goal is to develop an Al engine that is able to process the information gathered by the system
automatically and provide suggestions to the clinical team regarding potential changes to the
rehabilitation program — akin to having a digital assistant. While this may appear a simplistic goal, itis a
daunting task, but one which, if successful, can have a huge impact in the workload of the clinical team,
freeing time to focus more on caring for the patient as a person. Even if an in-depth analysis of this
subject is out of the scope of the present work, it is interesting to note that, as an anecdotal example
(based on internal data) a prototype version of the Al engine, by resorting to 69 different variables and
to logistic regression models, was already able to predict with an overall accuracy of 70% when a given
exercise should be removed (totally or partially, ie, reducing the number of repetitions). Still, given the
amount of data and the way it is structured, the tool that will most likely be used in a near future will be
some variation of Deep Neural Networks (DNN)- these are networks built to simulate the activity of the
human brain, specifically pattern recognition and the passage of inputs through various layers of
processing, where each layer performs specific types of sorting and ordering. These DNN are a subset
of machine learning techniques which have been demonstrating groundbreaking results in several areas
of medicine - radiology, dermatology, pathology, ophthalmology, cardiology and even gastroenterology-
as elegantly reviewed Eric Topol in the above mentioned Nature Medicine Paper.2s One aspect which is
very interesting to note is that these areas rely heavily on imaging but also, and more importantly, on
pattern recognition. It can therefore be argued that they can and will achieve similar results when applied
to the recognition of normal or abnormal movement patterns, especially if we factor in the advances in

signal-processing algorithms developed for automated interpretation of the electrocardiogram.

7.3.5 Application to other clinical conditions

According to the 2017 Global Burden of Disease study,2s musculoskeletal conditions are the second
highest contributor to global disability, accounting for 16% of all years lived with disability), and lower
back pain remained the single leading cause of disability since it was first measured in 1990.2¢ Also, it
is estimated that between 20%-33% of people across the globe live with a painful musculoskeletal

condition.*
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As such, given the promising results of the trials herein presented, the potential application of this digital
approach across the spectrum of musculoskeletal disorders is a possibility worth exploring, as it can

represent a paradigm shift in musculoskeletal care.

In this regard, there are two contexts where this approach can be used: a) in the recovery process after
surgical interventions for musculoskeletal disorders, in line with the work presented in this thesis; b) in

the management of chronic musculoskeletal conditions, with the intent of reducing pain and disability;

Rehabilitation after surgical interventions for musculoskeletal conditions

When discussing the application of this approach in the recovery after surgery for musculoskeletal
conditions, it is important to mention the opportunities that arise in the rehabilitation after shoulder
surgery, namely after rotator cuff repair. Since conservative treatment is not always effective, rotator cuff
repairs are commonly used surgical procedures,2*2 and rehabilitation plays an essential role in the
recovery process.?22 As a result of this, we have adapted the medical device for upper limb rehabilitation
and designed an RCT to compare the clinical outcomes of this digital approach after shoulder rotator cuff
repair, against those of conventional rehabilitation. Here, the proposed approach was to use the digital
approach reduce the need for face-to-face sessions by two thirds. This trial (clinicaltrials.gov registry
number NCT03648047), performed in partnership with Hospital da Prelada, had a target sample of 68
patients, but had to be interrupted due to the COVID-19 pandemic, at 60% inclusion. The results, which
have been recently published, showed no differences between groups regarding pirmary or secondary
endpoints at the end of the 12-week program. However, follow-up results (at 12 months post-surgery)
revealed the superiority of the digital group for QuickDASH, as well as an interaction between time and
group in the CM score in favor of the digital group. Again, these results are very promising regarding the

potential of this novel approach.

In regards to lower limb orthopedic surgery, surgical repair of meniscal tears is one of the most common
surgeries performed worldwide, and while a case can be made regarding the need to better select the
patients (see below), there are cases where it is indicated and associated with high healing rates following
repair.2s Therefore, the opportunity arises here to apply the digital approach in the rehabilitation after
surgery, as exercise is the mainstay of the recovery process® and that early range of motion and
immediate post-operative weightbearing (which form the basis of the digital approach) appear to have no

detrimental effect on the clinical outcomes.2s
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Management of chronic musculoskeletal conditions

In direct relation with this thesis, the feasibility and clinical impact of a digital program for knee and hip
osteoarthritis is one immediately apparent possibility. especially given recent evidence that early

rehabilitation after osteoarthritis can reduce the risk of THA/TKA. 2

In fact, one such program with this technology is already being piloted in the Portuguese NHS, in
partnership with Centro Hospitalar de Leiria, with the objective of providing access to rehabilitation
programs in patients living in underserved areas, who suffer from chronic hip/knee osteoarthritis. Even
though it is out of the scope of this thesis, it is interesting to refer that, this program has already included
around 200 patients. Patients participating in this program were assessed at baseline, upon completion
of the program (which has a duration of four weeks) and then three and six months after completion.
Preliminary results have been very promising, with very high compliance rates and with clinically
significant improvements at the four-week assessment, with a maintenance of gains until the three-month
assessment and only small decline between the three- and six- month assessments. Public presentation
of the pilot results is scheduled for the upcoming congress of the International Society of Physical and

Rehabilitation Medicine, 2021.

Regarding potential applications of this approach on chronic musculoskeletal disorders, low back pain,
being the single leading cause of disability worldwide is an obvious target, especially given that there is
proven efficacy of therapeutic exercise for this condition,* which is recommended in all major guidelines
on the subject.? In fact, given the worldwide impact of this condition, we have recently launched a
randomized controlled trial with the objective of assessing the clinical impact of a digital exercise program
for chronic low back pain, in comparison with conventional physical therapy. This RCT, which is looking

to enroll 144 patients, is being performed in partnership with Emory Spine Center, Atlanta, Georgia.

Another condition where this approach can have a huge potential is shoulder tendonitis, a very common
condition, 2 affecting between 2.4% and 14% of the working population, where several studies and
systematic reviews support patient should be firstly directed to a physical therapy program and not
surgery=2s-21 and that exercise programs can be as effective as surgery or multimodal physiotherapy.*
We have, therefore, designed a randomized controlled trial with the objective of assessing the acceptance
and clinical impact of a digital exercise program for shoulder tendonitis, in comparison with conventional
physical therapy. This RCT, which will involve 82 patients, will be performed in partnership with University

College of San Francisco, California, and is expected to launch in June 2021.
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Still within the realm of chronic musculoskeletal disorders, other knee disorders are potential targets
also, namely those involving the knee ligaments and, especially, meniscal tears. The latter are one of the
most commonly encountered knee injuries,? with many cases being treated surgically.>® However,
especially after the age of 35, a great proportion of these are degenerative in nature=* and there is growing
evidence, both from a meta-analysis=* and a more recent well-designed RCT,z¢ that surgical treatment is

not superior to an exercise program.

7.3.6 Concluding remarks
Taken together, the different aspects approached in this last section demonstrate that the road ahead is
ever more exciting, and that the work herein presented is but the first step in a long journey to make

physical rehabilitation more accessible, more effective and more efficient.

New approaches to deliver healthcare interventions, namely using technology, can be the solution for
many of the problems faced by healthcare systems around the world. Most unfortunately, we have been
stricken by the COVID-19 pandemic, which wreaked havoc in all areas of society. Much has changed
since we started this work. As part of the adaptation to this new reality, we were forced to re-think
healthcare delivery models. Tele-health, and tele-rehabilitation as a subset of tele-health, are now in the

spotlight.

The work presented herein shows that tele-rehabilitation is a possibility within our grasp, one that is worth
pursuing and integrating within our therapeutic arsenal. We sincerely hope that the work we are doing
will help to push the frontiers of tele-herabilitation in particular, and telemedicine in general, for the

betterment of the human race.
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SCIENTIFIC REPLIRTS

Novel Digital Biofeedback System

‘versus Conventional In-person
R ‘Rehabilitation after Total Knee
e Replacement: a feasibility study

Fernando Dias Correia®?, André Nogueira®, lvo Magalh3es?, Joana Guimaraes?,
Maria Moreira?, Isabel Barradas?, Laetitia Teixeira®*>, José Tulha®, Rosmaninho Seabra®,
Jorge Lains’ & Virgilio Bento®

In-person home-based rehabilitation and telerehabilitation can be as effective as clinic-based
rehabilitation after total knee arthroplasty (TKA), but require heavy logistics and are highly dependent
on human supervision. New technologies that allow independent home-based rehabilitation without
constant human supervision may help solve this problem. This was a single-center, feasibility study
comparing a digital biofeedback system that meets these needs against conventional in-person home-
based rehabilitation after TKA over an 8-week program. Primary outcome was the change in the Timed
Up and Go score between the end of the program and baseline. Fifty-nine patients completed the study
(30 experimental group; 29 conventional rehabilitation). The study demonstrated a superiority of the
experimental group for all outcomes. Adverse events were similar in both groups. This is the first study
to demonstrate that a digital rehabilitation solution can achieve better outcomes than conventional in-
person rehabilitation, while less demanding in terms of human resources.

With the aging population, there has been a substantial increase in the demand for Total Knee Arthroplasty
(TKA). The incidence in TKA has nearly doubled! from 2000 to 2013, and will continue to rise in the next dec-
ades. In the US, it has been estimated that by 2030, the demand for primary TKA will increase by 673% and for
revision TKA by 601% compared to 2005% This will translate into around 3.48 million primary and 268.000
revision procedures?.

TKA is associated with significant pain relief, functional improvements and an increase in the quality of life*~>.
Physical rehabilitation improves results after TKA®, but the provision of these services varies widely in content
and duration”®. In the current context of increasing demand and a pressing need to contain expenditure’®, ensur-
ing access to effective rehabilitation while minimizing costs is both a priority and a challenge.

Currently, there are no universally accepted guidelines for rehabilitation after TKA'*!'!. There is, however,
evidence favoring therapeutic exercise as the primary component!'” and that progression upon achievement of
milestones and higher intensity lead to better outcomes'>'?, even if optimal dose and progression timings are
unknown'’.

A recent Delphi panel on rehabilitation after TKA recommended that rehabilitation should be started within 3
weeks of discharge!!. There was no consensus on the duration, frequency, and number of treatment sessions. The
greatest support was for 4 to 12 weeks of supervised rehabilitation, 2 to 3 times per week!'!.
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Assessed for eljgibility (n=236)

Excluded (n=67)

- Post-surgery rehabilitation already planned (n=36)
- Absence of caregiver (n=10)

- Cardiac, respiratory or other comorbidities (n=10)
- Admitted for TKA revision (n=5)

- lliterate (n=5)

Enrollment

Eligible for the study (n=169)

Excluded (n=73)
- Refused to participate (n=73)

Surgical procedure (n=96)

Excluded (n=27)

- Post-operative complications preventing

i home within 10 days (n=7)

- Withdrew consent between enrollment
and discharge (n=20)

” Surgical procedure ||

l Allocation to study arms (n=69) I

Allocation

Experimental group (n=38) | I Conventional rehabilitation group (n=31)

I

Excluded (n=7)
- Withdrew consent (n=7)
- Protocol breach (n=1)

Excluded (n=2)
- Surgical wound infection(n=1)
- Alcohol abuse (n=1)

Intervention

| Completed the study (n=30) | I Completed the study (n=29)

Figure 1. Study CONSORT diagram.

Regarding rehabilitation setting, home and clinic-based rehabilitation protocols have generated similar
improvements'*-°. This is in line with the recent trends in healthcare delivery, towards home-based care?® aiming
to improve cost-effectiveness.

Home-based approaches in rehabilitation, however, are very demanding both in terms of logistics and
in human resources, which are scarce and costly. In an attempt to maximize access and minimize costs,
tele-rehabilitation solutions have been developed and tested. For rehabilitation after knee or hip replacement,
these have demonstrated similar outcomes in comparison to standard rehabilitation?'~%, and there is prelimi-
nary evidence that these solutions may be cost-effective®s. However, these solutions still require human super-
vision, either during home-based sessions or during complementary supervised sessions, limiting widespread
availability.

Technological solutions that empower patients and allow home-based rehabilitation to take place without the
need for real-time human supervision could be the key to improve effectiveness and lower costs. While there have
been some advances in novel technologies for neurological rehabilitation, there is scant validation on solutions for
musculoskeletal disorders, apart from those based on electromyography feedback?*-3L. For lower limb disorders,
there is only preliminary validation of the Nintendo® Wii® Fit console as an adjunct to conventional physiother-
apy after TKA*>* or anterior cruciate ligament reconstruction®**. Apart from this, we have found no validation
for camera-based systems and only one study published on a solution based on inertial motion trackers. This
study included 142 patients, which were randomized to receive a 2-week program after surgery (10 sessions) with
this system or conventional rehabilitation. The outcomes were similar in both groups, but the intervention dura-
tion was too short to draw definitive conclusions®.

We have tested a novel digital biofeedback system for home-based physical rehabilitation (SWORD). Using
inertial motion trackers, this system digitizes patient motion and provides real-time feedback on performance
through a mobile app. It also includes a web-based platform that allows the clinical team to prescribe, monitor
and adapt the rehabilitation process remotely. This way, the system allows patients to perform independent reha-
bilitation sessions at home without the need for constant therapist supervision, ensuring remote monitoring
throughout the rehabilitation program.

The present study was a single-center, parallel-group, feasibility study designed to compare the clinical out-
comes of a home-based program using this system against conventional in-person home-based rehabilitation
after TKA, as well as assess patient uptake and safety of this novel feedback system. We hypothesize that the clin-
ical outcomes of such a program will be at least similar to those of traditional rehabilitation.

Results

Two hundred and thirty six patients were assessed for eligibility between December 2016 and October 2017.
Figure 1 shows the CONSORT diagram for the study. The study inclusion rate was of 29%. Between initial assess-
ment and allocation to one of two study arms, a total of 93 patients refused to participate or withdrew consent,
corresponding to 56% of all screening failures.

Sixty-nine patients were included and allocated to one of two study groups, according to their address of
residence (37 on the experimental group and 32 on the conventional rehabilitation group). On the experimental
group, 7 patients withdrew consent on the first week of the study, and one additional patient was excluded due to a
protocol breach (additional physical therapy program started) corresponding to a 21% dropout rate in this group.
On the conventional rehabilitation group, 2 patients were excluded, corresponding to a 7% dropout rate in this
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Demographics
gge‘;(ly(es‘g)s) 68.5 (7.0) 67.3 (6.8) 70.0 (7.2) 0.116°
E:r’r‘l‘:leer %) 78.3 84.2 71.0 0.302°
lsgi‘;t ) 55.1 632 452 0211°
Comorbidities & Known risk factors for adverse events
El‘:ifl xg;s Index 30.9 (4.9) 31.0 (4.5) 30.8 (5.4) 0.837%
Smoking (%) 11.6 10.5 12.9 1.000*
Hypertension (%) 69.6 65.8 74.2 0.623*
Diabetes (%) 15.9 18.4 12.9 0.743%*
Pulmonary disease (%) 13.0 7.9 194 0.281%*
Cardiac disease (%) 5.8 5.3 6.5 1.000*
Stroke (%) 0.0 0.0 0.0 NA
Renal disease (%) 14 0.0 32 0.449*
Bleeding disorders (%) 0.0 0.0 0.0 NA
ASAS class 3 or 4 (%) 14.5 13.2 16.1 0.745%*
Steroids for chronic condition (%) 0.0 0.0 0.0 NA
Previous contralateral knee replacement 24.6 18.4 323 0.296*
Previous hip replacement 4.3 7.9 0.0 0.247%*
Hospital admission and surgical procedure
Time between admission and surgery (hours) <24h <24h <24h NA
Operative time (min) mean (sd) 62.6 (11.3) 62.4(9.87) 62.8 (13.0) 0.887%
Minor adverse events before discharge (%) 14 0.0 32 0.449%*
Hospital length of stay (days) 0.953*

3 or 4 days (%) 23.2 21.1 25.8

5 days (%) 23.2 23.7 22.6

6 days (%) 319 342 29.0

7 to 9 days (%) 21.7 21.1 22.6

Table 1. Baseline characteristics of study participants. “American Society of Anesthesiology physical status
classification system *Chi-Square test; *Fisher’s exact test; *independent samples T test.

group. In total, 59 patients completed the study (30 patients in the experimental group and 29 in the conventional
rehabilitation group).

Study population characterization. Baseline characteristics of study participants regarding demograph-
ics, comorbidities and risk factors for adverse events, as well as data on hospitalization and surgery are sum-
marized in Table 1 (total sample and divided by allocation group). There were no differences between the two
study groups regarding these characteristics. The baseline assessment of the outcome variables is summarized
in Table 2. At baseline, there were no differences between the two study groups regarding the primary outcome
variable (TUG) nor regarding knee range of motion. Regarding the KOOS, the population in the experimental
group had lower scores in every subscale.

Considering only the patients who completed the study and that were included in the per-protocol analysis
(30 patients in the experimental group and 29 in the conventional rehabilitation group), at baseline, there were
no differences between the two study groups regarding TUG (p =0.129) and knee range of motion (p=0.345
for lying knee flexion; p=0.187 for sitting knee flexion; p =0.147 for standing knee flexion; p=0.425 for sitting
knee extension). Regarding the KOOS, the experimental group had lower scores in every subscale (p < 0.001 for
Symptoms; p < 0.001for Pain; p=0.005 for ADL; p = 0.006 for Sports and p=0.007 for QOL) (see also Table 3).

Outcomes assessment. Change between baseline and the 8-week assessment. The change was superior in
the experimental group in all outcome measures (see Table 3).

Based on the MCID reported in the literature for TUG (2.27 seconds)*” clinically significant improvements
were noted in both groups. The difference between the median changes in the two groups was of 4.9 seconds,
favoring the experimental group (i.e. greater improvement in this group). This difference is more than twice the
MCID and therefore clinically significant.

Regarding KOOS, the improvement noted in both groups was superior to the 8-10 point MCID* in every
subscale, denoting clinical significant changes (see Table 3). As with TUG, the difference between the median
changes in the two groups was of over 20 points in all subscales except for the Sports subscale (see a Table 3),

SCIENTIFICREPORTS| (2018) 8:11299 | DOI:10.1038/s41598-018-29668-0 3



www.nature.com/scientificreports/

Primary Outcome

TUG (seconds) median (IQR) [ 1659 (7.43) [ 18.19(7.6) 1598 (86) | 0120

Secondary Outcomes

Range of Motion

mean (sd)
Lying Knee Flexion 82.9 (16.0) 81.3(20.2) 84.8 (31.0) 0.366*
Sitting Knee Flexion 88.0 (14.3) 85.8 (15.2) 90.7 (12.8) 0.158%
Standing Knee Flexion 74.8 (18.9) 72.0 (20.5) 78.3 (16.3) 0.172°
Sitting Knee Extension 26.2 (8.8) 27.4(9.6) 24.8 (7.6) 0.237%

KOOS

median (IQR)
Symptoms 39.0 (28.0) 33.4 (14.8) 52.1(16.4) <0.001%
Pain 39.0 (16.0) 35.4(8.7) 473 (12.6) <0.001%
ADL 38.0(17.0) 34.0 (25.2) 43.0 (24.0) 0.001*
Sports 0.0 (5.0) 0.0 (6.2) 5.0 (10.0) 0.004*
QOL 13.0 (19.0) 13.0 (18.0) 19.0 (31.0) 0.012%*

Table 2. Pre-operative assessment of outcome measures in study participants. “Independent samples T test;
*Mann-Whitney U Test.

Primary outcome
TUG 18.2(6.2) 15.3(8.5) 7.8(2.7) 10.1 (4.1) —9.5(8.0) —4.6 (8.6) 0.04*
median (IQR)
Secondary outcomes
Range of Motion
mean (sd)
Lying knee Flexion 80.7 (12.4) 84.7 (18.7) 100.0 (11.3) 92.6(13.1) 19.3 (17.0) 7.7 (16.8) 0.012*
Lying Knee Flexion 85.3 (16.0) 90.4 (13.1) 101.5 (9.6) 97.0 (11.3) 16.3(17.7) 6.7 (13.5) 0.021%
Sitting Knee Flexion | 71.6 (20.3) 18.8 (16.6) 95.8 (8.8) 86.1(10.8) 24.2 (20.9) 7.4(13.9) 0.001°
Standing Knee Flexion | 26.5 (8.4) 24.8 (7.8) 14.5(8.2) 22.8(9.6) —12.1(11.1) —1.6(13.3) 0.002%
KOOS
median (IQR)
Symptoms 34.0 (20.0) 50.0 (29.0) 81.0 (14.5) 71.0 (14.0) 50.0 (26.0) 18.0 (21.0) <0.001*
Pain 33.0 (12.0) 47.0 (24.0) 90.5 (16.0) 78.0 (16.0) 57.0 (16.3) 34.0 (25.0) <0.001*
ADL 34.0 (18.0) 41.0 (18.0) 90.5 (0.0) 76.0 (5.0) 54.5 (16.5) 36.0 (19.0) <0.001*
Sports 0.0 (0.0) 5.0 (8.0) 20.0 (19.0) 15.0 (19.0) 20.0 (7.5) 15.0 (15.0) 0.04%
QOL 13.0 (19.0) 25.0(19.0) 69.0 (0.0) 56.0 (0.0) 56.0 (20.5) 31.0 (31.0) <0.001*

Table 3. Outcomes assessment - change between 8-weeks assessment and baseline. “Independent samples T
test; *Mann-Whitney U Test.

in favor of the experimental group. Again, these differences are superior to the MCID and, hence, clinically
significant.

Even though there are no MCID validated for knee range of motion in patients submitted to TKA, a study by
Stratford and collaborators®” reported a MDC90 (Minimal Detectable Change at a 90% confidence interval) of 9.6
degrees for knee flexion and 6.3 degrees for knee extension in patients after TKA. Therefore, significant improve-
ments in knee range of motion were noted only in the experimental group.

Results of the 8-week assessment. In the 8-week assessment, the TUG scores were lower in the experimental
group than in the conventional rehabilitation group (median 7.8 seconds; IQR 2.7 versus 10.1 seconds; IQR 3.1)
(p<0.001), i.e. patients in the experimental group were faster than the patients in the other group.

The same was observed for knee range of motion, which was higher in experimental group for lying knee
flexion (p =0.024); standing knee flexion (p < 0.001) and for sitting knee extension (p =0.01) but not for sitting
knee flexion (p=0.1).
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Time Group Time*Group
Outcome variable F(df1,df2) » F(df1,df2) » F(df1,df2) »
Patient performance
TUG* F(1.7,94.1)= 104.1 [ <0001 [F(1L57)=7.6 (0008 [F(1L7941)=17.9 | <0.001
Knee range of motion
Lying Flexion*® F(1.2,71.2)=29.7 <0.001 F(1,57)=0.20 0.653 | F(1.2,71.2)=42 0.038
Sitting Flexion® F(1.3,74.6)=23.5 <0.001 F(1,57) =0.01 0921 | F(13,74.6)=42 0.035
Standing Flexion® F(1.3,75.1)=30.1 <0.001 F(1,57)=0.55 0460 | F(1.3,75.1)=8.6 0.002
Sitting Extension’ F(2,114)=14.6 <0.001 F(1,57)=12.0 0001 | F(2,114)=8.0 0.001

Table 4. Outcomes assessment - Repeated measures analysis. “In transformation; $sqrt transformation;
&Greenhouse-Geisser correction.

Regarding KOOS, the scores in the experimental group were superior to the conventional rehabilitation group
for KOOS Symptoms (p =0.001); KOOS Pain (p < 0.001); KOOS ADL (p=0.001) and KOOS QOL (p < 0.001),
but not for KOOS Sports (p =0.094).

Repeated measures analysis.  This analysis was performed only for normally distributed variables - TUG and
knee range of motion- after transformation. The results are summarised in Table 4.

While both groups presented an improvement in every dimension evaluated, this analysis revealed a main
effect of time, a main effect of group and an interaction between time and group in favour of the experimental
group in all outcomes (see Table 4 and Fig. 2).

Treatment intensity. The total active treatment time was superior in the experimental group, with a median
of 31.5hours (IQR 18.0; range 10.8-69.1) versus 24 hours in the control group (p =0.005). Time spent on addi-
tional unsupervised sessions by patients in the control group was not considered, as patients were not requested
to register these sessions.

Therapist-patient interaction. In the conventional rehabilitation group, each patient had 24 face-to-face
sessions. In the experimental group, each patient had 3 face-to-face contacts with the therapist (on deployment,
4 weeks into the rehabilitation program and on termination), and on average, 0.4 (sd =0.7; range 0-2) extra con-
tacts for technical assistance. Regarding telephone calls, in addition to the two scheduled calls per protocol (at
weeks 2 and 6), each patient received a median of 2.5 extra calls (IQR = 3.0; range 1-12).

Independence of use. In the experimental group, 60% of the patients required the assistance of a caregiver
either in motion tracker/strap placement or in the interaction with the app. There was no age difference between
autonomous patients (median 65.5 years; IQR 13) or those needing assistance (median 65.5 years; IQR 13)
(p=0.185).

Patient satisfaction. In the experimental group, patients were asked to answer the following question at the
end of the program “On a scale from 0 to 10, how much would you recommend the system to one of your friends
or neighbours?”. From the 30 patients, 27 (90.0%) rated the system with 10, one patient rated the system with 9
and two rated the system with 8.

Safety and adverse events. In the experimental group, from the patients who were initially enrolled,
adverse events were reported in only one patient (thrombophlebitis), corresponding to an adverse event rate
of 2.6%. In the conventional rehabilitation group, from the patients who were initially enrolled, one patient
was excluded due to a surgical wound infection requiring readmission to hospital and a revision procedure,
and another was excluded for alcohol abuse interfering with the compliance with the rehabilitation program.
Inflammatory signs over the surgical wound were reported in three additional patients and thrombophlebitis in
one. This corresponds to an adverse event rate of 22.5%. This difference was not significant (p = 0.065).

Discussion

Given the paucity of studies in this area, comparison of the results of the present study with similar studies is not
possible, except with a study published by Piqueras et al.”*, where a solution broadly similar to the SWORD device
was tested. We will therefore consider, in addition, other studies published on rehabilitation after TKA!>!3%, on
home versus clinic-based interventions'” or tele-rehabilitation versus conventional rehabilitation®*>2.

In the study by Piqueras et al.”?, the outcomes were similar in both groups*. However, in this study, the inter-
vention time (10 sessions over 2 weeks) was too short to allow the detection of differences between groups, and
treatment intensity was inferior to current recommendations'®!!. In fact, treatment intensity is highly variable in
published studies on rehabilitation after TKA and we have found only one study where treatment intensity was
comparable to the one provided to the patients in the present study'2 This study, by Bade et al.!?, compared two
different treatment intensities in the rehabilitation after TKA, in an outpatient setting, with the high intensity
group performing 25 sessions in 12 weeks, which was similar to the treatment intensity in the conventional reha-
bilitation group in our study.
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Figure 2. Evolution of the outcomes over time in both groups, based on the repeated measures analysis
(estimated marginal means of transformed variables are presented). (A) TUG score. (B) Lying knee flexion. (C)
Standing knee flexion. (D) Sitting knee extension.

Previous published studies demonstrated similar outcomes for home versus clinic-based rehabilita-
tion!213171838 or tele-rehabilitation versus conventional rehabilitation??>2%. The present study, however, demon-
strated a clear superiority of the experimental group for all outcomes (performance tests, knee range of motion
and patient reported outcomes) in terms of change between baseline and the 8-week assessment (see Table 3).
Plus, for TUG and knee range of motion, this superiority was corroborated by the repeated measures analysis,
which clearly demonstrates an association between these outcomes, time and intervention in favor of the exper-
imental group (see Table 4 and Fig. 2).

Given the wide variation in terms of pre- and post- intervention TUG scores in published studies on reha-
bilitation after TKA!2132*253 comparison with published data is difficult. Still, the study by Mizner et al.*® on
the time course of functional recovery after TKA reported a mean improvement of 1.7 seconds between the
pre-operative and 3 months assessment, and the study by Bade et al.!? reported a mean change of 1.6 seconds
in the high intensity rehabilitation group after 3 months. These results are lower than what was observed in our
study for both groups. In comparison with the results reported by Petterson et al.'® in a study on progressive
strengthening interventions after TKA (4.08 seconds improvement at 3 months), the results of the experimental
group are superior whereas the results of the conventional group are comparable. It is however, necessary to stress
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that these studies reported the change between baseline and 3 months whereas we are comparing the change
between baseline and 8 weeks.

Considering papers published on tele-rehabilitation solutions, the results observed in the experimental group
are clearly superior to those reported by Piqueras et al. for the tele-rehabilitation group (—5.22 seconds change)*-
still, with the caveat of the short timeline of the intervention in this study - but lower than those reported by
Russel et al.?>. However, in the latter study, the baseline TUG scores were much higher than those observed in our
study (mean scores of 28.8 +16.6 seconds in the tele-rehabilitation group and 26.8 £ 12.1 seconds in the control
group)®.

Regarding knee range of motion, even if these measures represent poor markers of implant success and patient
satisfaction!%**4, significant improvements were noted in both groups. The mean change in lying knee flex-
ion observed in the experimental group (19.3) was comparable to that reported in other studies on home- ver-
sus clinic-based rehabilitation (15.0-17.0 degrees)'” and tele-rehabilitation (17.8-19.8)* and higher than those
reported by Piqueras et al. for the tele-rehabilitation group (7.7)%. The results in the conventional rehabilitation
group were inferior to those reported by these authors, but still with a mean lying flexion angle above 90 degrees
at the 8-week assessment (see Table 3). Regarding knee extension, comparison with published studies is more
complicated. In this study, knee extension at baseline was much worse- 26.8 degrees (sd = 8.8) than reported by
other studies!”**?>4!. However, we tested knee extension in a sitting position, which is more demanding than in a
supine position, whereas some authors opted for the latter'>!>*® or simply did not specify patient position?'-232,

Regarding KOOS, in the conventional rehabilitation group, the change was comparable to the change reported
by Moffet et al. for both groups (conventional and tele-rehabilitation) regarding the Symptoms, Sports and QOL
subscores (18.0 vs 14.3-16.8 points; 15.0 vs 13.1-14.3; 31.0 vs 33.9-35.6) and higher for Pain and ADL subscores
(34.0 vs 23.5-26.7 points; 36.0 vs 26.0-27.2 points)®. In the experimental group, the median change in KOOS
was significantly higher, both in comparison to the conventional rehabilitation group and in comparison to the
results reported by Moffet et al., with differences of over 20 points in all subscales except for the Sports subscale
(see above and also Table 3)%.

However, because the scores in the experimental group were lower in all subscales at baseline (see Tables 2 and
3) it can be argued that analyzing the change between the 8-week assessment and baseline may have benefited the
SWORD group over the conventional rehabilitation group. However, the 8-week assessment also shows higher
scores in the SWORD Phoenix® group in all subscales except for the Sports subscale, leading to the same conclu-
sion. Plus, the scores are also higher than the ones reported by Moftet et al. for the tele-rehabilitation group at the
2-month assessment, except for the Sports and QOL subscales®.

When analyzing these results, it is important to note that this was a feasibility study where patient allocation
was performed according to geographical criteria, and not through randomization. Therefore, even if the two
groups were similar in terms of demographics, comorbidities, risk factors for adverse and clinical characteristics
(except for KOOS), a number of other factors (namely socio-economic) could have influenced the results.

It is also important to consider that treatment intensity was different between both groups, with the experi-
mental group receiving more therapy hours. This is a potential confounding factor, as evidence points to a pos-
itive effect of treatment intensity on outcomes'>. However, the difference between groups does not factor the
additional unsupervised sessions that the patients in the conventional rehabilitation group were instructed to
perform. Therefore, treatment intensity in the conventional rehabilitation group was likely underestimated. This
is an aspect that needs to be controlled in ensuing studies. Still, even if the effect of treatment intensity on clini-
cal outcomes is truly significant, it would mean that the digital biofeedback system enabled patients to increase
treatment intensity without a corresponding increase in therapist contact time or supervision needs, which is the
exact purpose of such a system.

Beyond this aspect, we hypothesize that the following factors may have played a role in the superiority of the
experimental group: (a) the positive impact of a kinematic biofeedback tool on patient performance, especially
regarding error correction and stimulation of a greater range of motion; (b) patient empowerment regarding
their rehabilitation process; (c) high patient engagement through the use of gamification strategies; (c) the effect
of remote monitoring on patient effort (that is, patients knew that their adherence and performance was being
registered and monitored) and (d) the availability of objective data for clinical review, enabling data-driven deci-
sions on program changes.

One other potential confounding factor, apart from treatment intensity, was that the rehabilitation protocols
used in the study allowed a certain degree of liberty regarding the choice of specific exercises, targets, sets and
repetitions. Therefore, inter-therapist variation could have influenced the results. To minimize this, all patients in
the experimental group were treated by the same therapist and patients in the conventional rehabilitation group
were treated by two different therapists, all equally trained and with similar levels of experience.

The inclusion rate in this study was low (29%), with a total of 93 patients refusing to participate or withdraw-
ing consent. This corresponded to 56% of all screening failures, indicating that this, and not inclusion and exclu-
sion criteria, was the main reason behind the low inclusion rate. In fact, the baseline characteristics of the study
population (see Table 1) clearly demonstrate that the patients that were included in the study are a representative
sample of a “real-world” scenario. This high refusal rate, (also observed by Piqueras et al.>*) was to be expected,
given that this study involved a new technological solution, which inevitably draws skepticism from the patient
side, especially given the mean age of study participants (68.5 years; sd =7.0).

From the patients who were allocated to the experimental group, 7 (18.5%) withdrew consent on the first week
of the study. These patients were responsible for the difference in the dropout rates between both groups (21% vs
7%). We speculate that this may represent the difficulties of an aged population in interacting with technological
systems, as is also noted by the low percentage of patients who were able to use the system autonomously (40%).
This has been one of the main challenges faced by new technologies in this field, and this system is no exception.
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Even after many development iterations, these results demonstrate that there is still much room for improvement
regarding usability by elderly patients.

Interestingly, even considering that most of the patients needed assistance in using the system, the patient
satisfaction score was very high, with 90% of the patients rated the system as 10/10). When patients were asked
to elaborate on the reasons for the score, almost all of them referred the ability to perform their sessions at home,
whenever was more convenient, as the main reason for satisfaction. We speculate that the convenience of such a
system, both for patients and their caregivers, motivates them to find strategies to overcome the difficulties asso-
ciated with a new technology.

Regarding adverse events, while differences between the two groups were not statistically significant, there
was a clear tendency for a greater number of patients reporting inflammatory signs over the surgical wound in
the conventional rehabilitation group. We speculate that this might have been related to an underreporting of this
particular adverse event in the experimental group. Being a mild situation, with no clinical relevance, and with
spontaneous resolution without the need for medical attention, patients in this group may have not noticed this
or neglected to report it to their physical therapist.

In conclusion, this study demonstrates that independent-home based rehabilitation after TKA with this novel
digital biofeedback system is feasible, safe and effective. Based on the conclusions drawn from this study, larger,
multi-centric, randomized controlled studies are now being planned, to confirm these findings. Plus, to our
knowledge, this is the first study to demonstrate that a digital solution can achieve better outcomes than con-
ventional home-based rehabilitation, while being far less demanding in terms of human resources. As such, it
may represent a viable and cost-effective solution that can have a tremendous impact not only on rehabilitation
after TKA but on physical rehabilitation in general, if the findings of the present study are replicated for other
disorders.

Methods
System technical specifications. The system is composed of the following components (Fig. 3A-D):

a) Inertial motion trackers (Fig. 1A)
Each tracker comprises gyroscopes, accelerometers and magnetometers, allowing 3D movement quantifi-
cation. The trackers communicate via Bluetooth LE with a tablet computer. The trackers are placed on body
segments using Velcro® straps, in specific positions (Fig. 1A):

I. Red tracker: over the sternal manubrium
II. Green tracker: anterior surface of the hip, midway between the trochanter and the knee
III. Blue tracker: over the anterior tibial crest

b) Mobile App
Before each exercise, a video demonstration is presented to the patient (Fig. 3B), complemented with
an audio explanation. During execution, the patient is given real-time biofeedback through a dedicated
interface (Fig. 3C). Only repetitions assessed as correct contribute to reach the session s goals. These are
defined as movements starting at the baseline and reaching or surpassing the specified range of motion
without violating movement or posture constraints. If the patient violates a constraint, an error message is
displayed, allowing the patient to correct the movement in the following attempts.

c) Web-based Portal
The Portal allows clinical teams to prescribe exercises, monitor results and edit prescriptions. To prescribe
a session, the clinician selects the exercises, number of sets, number of repetitions and range of motion for
each exercise (Fig. 3D). Upon the performance of a session, the results are uploaded to the platform and
available for review (Fig. 3E). Based on this information, the clinical team can edit the session remotely.

Primary outcome. The primary endpoint was the change in patient performance at the end of the 8 week
rehabilitation period compared to the baseline, measured through the Timed Up and Go Test (TUG).

Secondary outcomes. The secondary endpoints were the change at the end of the 8 week rehabilitation
period compared to the baseline regarding: a) patient reported outcomes, measured by the Knee Osteoarthritis
Outcome Scale (KOOS); b) knee range of motion in degrees in the following exercises- lying, sitting and standing
knee flexion; sitting knee extension.

Location. Patients were recruited at Hospital da Prelada - Dr. Domingos Braga da Cruz, Porto, Portugal

Sample size estimation. Sample size estimation was performed considering the primary outcome measure
- TUG - in an equivalence scenario, based on the study published by Mizner et al.*® (baseline TUG sd = 2.4 sec-
onds), where patients performed a rehabilitation protocol broadly comparable to the one used in the present
study. A Minimal Clinically Important Difference (MCID) change of 2.27 seconds was considered, based on the
study published by Yuksel et al.>> Considering a power of 90%, a two-sided 0.05 significance level and a 15%
dropout rate, 55 patients would be necessary to detect a 2.27 second difference between the two groups. Given the
wide variation in the standard deviation of the TUG reported by different authors - from 0,5 seconds** to 6,3 sec-
onds*- we decided to increase sample size to 70 patients, to account for a greater variation than the one reported
by Mizner and collaborators.
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Figure 3. System components. (A) Motion Tracker Setup. (B) Mobile App: preparation screen. This screen is
shown before each exercise, and displays a video of the exercise, as well as audio instructions. (C) Mobile App:
execution screen. This screen is shown during exercise execution, displaying: (a) timer; (b) progress bar; (c)
posture dummy; (d) repetition counter; (e) time left; (C) Web Portal - prescription screen. This screen displays
the available exercises on the left and the layout of the exercise session on the right. (E) Web Portal - results
screen. In this screen, the following information is presented: (a) date and time of the session; (b) session
duration; (c) pain and fatigue reported by the patient through the app; (b) one card per exercise, showing
baseline and target joint angles, wrong and incomplete repetitions, as well as posture errors.

Participants. Patients admitted for TKA between December 19 2016 and October 16% 2017 were screened
for eligibility.

Subjects were included if they were > 18 years old and had: (a) clinical and imaging evidence of knee osteo-
arthritis; (b) indication for TKA according to the patient’s orthopedic surgeon; (c) ability to walk unaided, with
unilateral or bilateral support; (d) availability of a caregiver to assist the patient after surgery.

Exclusion criteria were: (a) admitted for revision of TKA; (b) contralateral hip or knee osteoarthritis severely
limiting patient mobility and ability to comply with a rehabilitation program; (c) aphasia, dementia or psychiatric
comorbidity interfering with communication or compliance to the rehabilitation process; (d) respiratory, cardiac,
metabolic or other condition incompatible with at least 30 minutes of light to moderate physical activity; (e)
major medical complications occurring after surgery that prevented the discharge of the patient within 10 days
after the surgery; (f) other medical and/or surgical complications that prevent the patient from complying with a
rehabilitation program; (g) blind and/or illiterate patients.

Patient allocation. Patient allocation was performed using patient address as criterion. Subjects residing in
areas outside the administrative limits of the city of Oporto were allocated to the experimental group. Conversely,
patients residing within the administrative limits of the city were allocated to the conventional rehabilitation
group.

Blinding. The nature of the study did not allow blinding of the patients. Patient assessment was performed by
one investigator- J.T. - blinded for study groups. Statistical analysis was performed by a blinded statistician - L.T.

Patient assessment. Several studies suggest that the outcomes should be measured not only in terms of
range of motion, a poor marker of implant success and patient satisfaction'®**4 but also using patient-reported
outcomes and a performance test*>*%.
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Stage | Weeks | Experimental group Conventional rehabilitation

— Soft tissue massage

Active assisted mobilization of the knee to increase range
of motion

— Gait training with bilateral support

1 0_2 . . . . . . . .
Open kinetic cha}n exercises without added resistance: lying, Open kinetic chain exercises without added resistance
sitting and standing (with support)
Strengthening of hip flexors and extensors Strengthening of hip flexors and extensors
Ice pack application after each session and throughout the Ice pack application after each session and throughout the
day as needed day as needed

— Soft tissue massage

. . Active assisted mobilization of the knee to increase range
Exercises with steps

of motion
Open kinetic chain exercises with added resistance, Open kinetic chain exercises with added resistance,
progressing to closed kinetic chain exercises, with progressing to closed kinetic chain exercises, with
2 3-6 strengthening of knee flexors/extensors and knee strengthening of knee flexors/extensors and knee
stabilization stabilization

Progression to standing exercises without support Gait training with progressive withdrawal of external

support
Ice pack application after each session and throughout the Ice pack application after each session and throughout the
day as needed day as needed
Eccentric strengthening exercises Eccentric strengthening exercises
Exercises involving steps Exercises involving steps
¢ 8 Multi-directional exercises Weight-bearing exercises
Ice pack application after each session Ice pack application after each session

Table 5. Rehabilitation protocols used in the study.

The performance test chosen was the TUG*, which was validated for patients submitted to TKA by Yuksel
et al.®. The TUG consists on the time that a person takes to rise from a chair, walk three meters, turn around, walk
back to the chair, and sit down. For patient reported outcomes, the KOOS scale*®, which was validated for patients
submitted to TKA by Alviar et al.’, was chosen. The KOOS consists of 5 subscales: (1) Pain; (2) other Symptoms;
(3) Function in daily living (ADL); (4) Function in sport and recreation (Sport/Rec) and (5) knee related Quality
of life (QoL). The previous week is the time period considered when answering the questions. Standardized
options are given (5 Likert boxes) and each question is assigned a score from 0 to 4. A normalized score (100
indicating no symptoms and 0 indicating extreme symptoms) is calculated for each subscale.

Patients were assessed at baseline (pre-operatively), 4 weeks after initiation of rehabilitation and at the end of
the program. Data was collected on: (a) demographics (gender, date of birth); (b) affected side; (c) comorbidities
and risk factors for adverse events*%; (d) TUG; (e) KOOS and (f) active knee range of motion (lying, sitting and
standing knee flexion; sitting knee extension) measured automatically by the SWORD device.

Safety and adverse events. Patients in the conventional rehabilitation group were under regular monitor-
ing by a physical therapist, enabling early detection and reporting of adverse events. In the experimental group,
safety was evaluated through pain and fatigue scores (graduated from 0 to 10) at the end of each session. These
were available for remote monitoring. Patients were also asked to report any adverse events to their physical ther-
apist through a direct telephone contact.

Intervention. Rehabilitation protocols (see Table 5) were designed based on a recent systematic review'’, the
results of a Delphi panel on best practices for rehabilitation after TKA!! and the protocols published by SOFMER,
the French Physical and Rehabilitation Medicine Society*.

Both groups received home-based rehabilitation for 8 weeks starting between day 7 and day 10 after surgery.

The experimental group performed a rehabilitation program solely through the use of the biofeedback system.
After an initial deploy and training visit, the program was monitored remotely by the assigned physical therapist.
Patients were instructed to perform exercise sessions between five and seven days a week, but were not excluded
from the study in case of lower adherence. Total training time was registered automatically by the device. Each
patient received a visit from the physical therapist 4 weeks after initiation of the program and then a termination
visit. Two interim telephone calls were also scheduled (at 2 and 6 weeks after initiation of the rehabilitation pro-
gram). Additional telephone or face-to-face visits were performed when required and registered.

The conventional rehabilitation group received a program provided by a physiotherapist, 3 times a week, for
1 hour. Patients were also instructed to perform additional unsupervised sessions in at least two other days of the
week. Compliance to these additional sessions was not mandatory.

Statistical analysis. To assess differences in clinical and demographic variables of the patients allocated to
the two study groups, independent samples t test or Mann-Whitney U test were used for quantitative variables.
For qualitative variables, Chi-squared test or Fisher’s exact test were used.

Outcome analysis was performed using a per-protocol analysis. The impact of the interventions in the primary
and secondary outcomes was evaluated considering the change between baseline and week 8. Differences between
the two study groups were performed using independent samples t test or Mann-Whitney U test. Since outcomes
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were measured in three different moments (baseline, 4 weeks and 8 weeks), a repeated measures analysis was
also performed, using a 3 x 2 ANOVA with group as an independent factor and time as a within- subjects factor.
When necessary, logarithm or square root transformations were performed to obtain normally distributed varia-
bles. In all analysis, a significant level of 0.05 was considered.

Ethics approval of research. The study was approved by the National Data Protection Commission
(authorization number 1476/2017) and by the local ethics committee at Hospital da Prelada (Chair: Dr. Juiz
Conselheiro Almeida Lopes). The methods were conducted in accordance with the approved guidelines. All
patients and caregivers were provided with information about the purpose and procedures of the study and pro-
vided written informed consent before inclusion. All patient data was anonimized and linked to the patient by a
unique study number that did not contain any personal identifiers.

Clinical Trial Registration. This clinical trial was prospectively registered at www.clinicaltrials.gov with the
Unique identifier: NCT03047252. Date of registration: 8 February 2017.

Availability of data and materials. The study protocol is available from www.clinicaltrials.gov. Individual
patient data that underlie the results reported in this article was submitted as supplementary information (see
Supplementary Dataset 1) which can be accessed through the online version of this paper.
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Abstract

Background: Physical rehabilitation is recommended after total knee arthroplasty (TKA). With the expected increase in TKA
over the next few decades, it is important to find new ways of delivering cost-effective interventions. Technological interventions
have been developed with this intent, but only preliminary evidence exists regarding their validity, with short follow-up times.

Objective: This study aimed to present the follow-up results of a feasibility study comparing two different home-based programs
after TKA: conventional face-to-face sessions and a digital intervention performed through the use of an artificial
intelligence-powered biofeedback system under remote clinical monitoring.

Methods: The digital intervention uses a motion tracker allowing 3D movement quantification, a mobile app and a Web portal.
This study presents the results of the previous single-center, prospective, parallel-group, feasibility study including an 8-week
active treatment stage and further assessments at 3 and 6 months post-TKA. Primary outcome was the Timed Up and Go score,
and secondary outcomes were the Knee Osteoarthritis Outcome Scale (KOOS) score and knee range of motion.

Results: A total of 59 patients completed the study (30 in the digital intervention group and 29 in the conventional rehabilitation
group) and follow-up assessments. During the active treatment stage, patients in the digital intervention group demonstrated high
engagement and satisfaction levels, with an 82% retention rate. Both groups attained clinically relevant improvements from
baseline to 6 months post-TKA. At the end of the 8-week program, clinical outcomes were superior in the digital intervention
group. At the 3- and 6-month assessments, the outcomes remained superior for the Timed Up and Go score (P<.001) and all
KOOS subscale scores (at 3 months, P<.001 overall; at 6 months, KOOS Symptoms: P=.006, Pain: P=.002, Activities of Daily
Living: P=.001, Sports: P=.003, and Quality of Life: P=.001). There was progressive convergence between both groups in terms
of the knee range of motion, which remained higher for standing flexion in the digital intervention group than the conventional
group at 6 months (P=.01). For the primary outcome, at 6 months, the median difference between groups was 4.87 seconds (95%
CI 1.85-7.47), in favor of the digital intervention group.
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Conclusions:

Correia et al

The present study demonstrates that this novel digital intervention for independent home-based rehabilitation

after TKA is feasible, engaging, and capable of maximizing clinical outcomes in comparison to conventional rehabilitation in the
short and medium term; in addition, this intervention is far less demanding in terms of human resources.

Trial Registration: ClinicalTrials.gov NCT03047252; https://clinicaltrials.gov/ct2/show/NCT03047252

(JMIR Rehabil Assist Technol 2019;6(1):e13111) doi:10.2196/13111
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Introduction

Total knee arthroplasty (TKA) is the third most commonly
performed surgery in the United States, with over 700,000
procedures performed annually [1]. According to the Centers
for Medicare & Medicaid Services, the average Medicare
expenditure for surgery, hospitalization, and recovery after TKA
ranges from US $16,500 to $33,000 [2]. As a consequence of
population aging, the incidence of TKA is expected to increase,
leading to an exponential growth in costs [3]. Reducing costs
of care is thus a priority, with several initiatives already in place,
such as the implementation of Bundled Payment options and
the Comprehensive Care for Joint Replacement models [4,5].
These are examples of a broader trend favoring discharge from
hospital to home, as opposed to more costly facility-based care

[6].

Physical rehabilitation, the evidence-based [7] standard of care
immediately following TKA, is being increasingly delivered to
TKA recipients at home. Indeed, current evidence indicates that
home-based care is a viable, more cost-effective alternative to
conventional outpatient rehabilitation [8-12].

In the in-home setting, telerchabilitation, involving continuous
monitoring from physical therapists, has shown to be very well
accepted by patients [13,14], with results comparable to
conventional outpatient physical therapy [13,15,16] or
face-to-face home rehabilitation [17]. Besides reducing health
costs, telerehabilitation enhances therapy uptake while allowing
professionals to remotely adjust rehabilitation programs. In
recent years, more advanced technological solutions have
emerged, which further enhance patient’s autonomy and
minimize real-time human supervision. These solutions
incorporate biofeedback systems with the intent of increasing
both patient performance and adherence [18].

Although there is preliminary evidence of the benefits of such
technologies [18], they are generally poorly interactive, include
complex machinery, and still show a low evidence level, with
no long-term validation available yet [18]. Alternatively, smart
portable biofeedback systems coupled with motion-tracking
sensors are appealing sophisticated solutions that hold great
promise in the upcoming age of artificial intelligence-guided
therapies [19]. Promising as these may be, we found only one
randomized controlled trial (n=142) testing an interactive
telerehabilitation solution based on inertial motion trackers after
TKA [16]; however, in that study, the intervention was too short
(2 weeks) to draw definitive conclusions, and the outcomes
were similar in both groups (system against conventional
rehabilitation) [16].

http://rehab.jmir.org/2019/1/e13111/

RenderX

In a previous study, we tested an artificial intelligence-powered
digital system for home-based physical rehabilitation that uses
inertial motion trackers in order to digitize patient motion and
provide real-time feedback on performance through a mobile
app. This system also includes a Web-based platform that allows
the clinical team to monitor each patient’s progress and adapt
the programs remotely, with the help of machine-learning
algorithms. In this single-center, parallel-group, feasibility study
(Trial registration: Clinicaltrial.gov NCT03047252; n=59), we
compared the digital intervention to conventional face-to-face
home-based rehabilitation after TKA, over an 8-week program,
to test patient acceptance, engagement, and compliance and
assess its clinical impact. The digital intervention was generally
very well accepted, with high compliance and satisfaction levels,
and the clinical outcomes were superior to those of the
conventional rehabilitation group, in terms of change between
the baseline and the end of the program [20]. In the present
study, we assessed the medium-term results (3 and 6 months
post-TKA) of both rehabilitation programs.

Methods

A complete description of the methods can be found in the
previously paper published by Correia et al [20]. An abridged
version is presented here.

Sample Size Estimation

Sample size estimation was performed considering the primary
outcome measure Timed Up and Go (TUG) test score, based
on the study by Mizner et al [21] (baseline TUG SD 2.4
seconds), where patients performed a rehabilitation protocol
broadly comparable to the one used in the present study. A
minimal clinically important difference (MCID) change of2.27
seconds was considered, based on the study published by Yuksel
et al [22]. Considering a power of 90%, a two-sided significance
level of .05, and a dropout rate of 15%, 55 patients would be
needed to detect a 2.27-second difference between the two
groups. Given the wide variation in the SD of the TUG reported
by different authors—from 0.5 seconds [23] to 6.3 seconds
[16]—we decided to increase the sample size to 70 patients in
order to account for a greater variation than the one reported by
Mizner et al .

Eligibility Criteria

All consecutive patients admitted to Hospital da Prelada, Porto,
Portugal, for primary TKA, between December 19, 2016, and
January 16, 2018, were screened for eligibility. Subjects were

included if they were >18 years old and had clinical and imaging
evidence of hip or knee osteoarthritis, indication for TKA
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according to the patient’s orthopedic surgeon, the ability to walk
(unaided or with assistive device), and a caregiver available to
assist the patient after surgery.

Exclusion Criteria

The exclusion criteria were as follows: admitted for revision
TKA; contralateral knee osteoarthritis severely limiting patient
mobility and ability to comply with a rehabilitation program;
aphasia, dementia, or psychiatric comorbidity interfering with
communication or compliance to the rehabilitation process;
respiratory, cardiac, metabolic, or other conditions incompatible
with at least 30 minutes of light-to-moderate physical activity;
major medical complications occurring after surgery, which
prevented discharge of the patient within 10 days after the
surgery; other medical or surgical complications that prevent
the patient from complying with a rehabilitation program; and
presence of blindness or illiteracy.

Allocation

Patients were assessed preoperatively and subsequently
scheduled for elective TKA. On discharge, patients were
allocated to one of two groups, using patient address as criterion.
Subjects residing in areas outside the administrative limits of
the city of Oporto were allocated to the digital intervention
group. Conversely, patients residing within the administrative
limits of the city were allocated to the conventional rehabilitation
group.

Blinding

The nature of the study did not allow blinding of patients. Patient
assessment was performed by one trained investigator (JT) who
was blinded to the study groups. Statistical analysis was
performed by a blinded statistician (LT).

Intervention

Both groups received an 8-week rehabilitation program starting
on the day after discharge (7-10 days after surgery). The
conventional rehabilitation group received a home-based
supervised program provided by a physiotherapist, 3 times a
week, for 1 hour (total of 24 hours of active treatment time).

The digital intervention group received an initial onboarding
visit from the assigned physical therapist, who trained the patient
or caregiver to use the system and then performed a supervised
session with the patient, ensuring that the patient was able to
interact with the system independently or with assistance from
a caregiver. From then onward, patients performed the
rehabilitation program solely through the use of the biofeedback
system, under remote monitoring from the physical therapist.
Patients were asked to perform independent sessions at least 5
times per week with a minimum duration of 30 minutes (ideally,
total of 20 hours of active treatment time), but were not excluded
in case of lower intensity.

Ethics Approval of Research

The study was approved by the National Data Protection
Commission (authorization number 1476/2017) and the local
ethics committee at Hospital da Prelada. The methods were
conducted in accordance with the approved guidelines. All
patients and caregivers were informed about the purpose and
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procedures of the study; they provided written informed consent
before inclusion. All patient data were anonymized and linked
to the patient by a unique study number that did not contain any
personal identifiers.

Outcome Assessments

In our previous report, outcomes were measured 4 weeks into
the rehabilitation program and at the end of the rehabilitation
program (week 8) [20]. For this study, patients were reassessed
at 3 and 6 months postsurgery (+ 10 work days) through
face-to-face visits.

Several studies suggest that the outcomes should be measured
not only in terms of range of motion (ROM) [24-27], but also
using patient-reported outcomes and a performance-based test
[28,29].

The primary outcome was the TUG score [30], which measures
the time that a person takes to rise from a chair, walk 3 meters,
turn around, walk back to the chair, and sit down. This test was
chosen because it is simple and practical, has high interrater
reliability [31], and has been demonstrated to predict both short-
[32] and long-term [33] function following knee arthroplasty.

The secondary outcomes were patient-reported outcomes,
measured by the Knee Osteoarthritis Outcome Scale (KOOS)
and knee ROM in degrees. The KOOS scale [34] was validated
by Alviar et al for patients undergoing TKA [35]. The KOOS
consists of 5 subscales: (1) pain, (2) other symptoms, (3)
function in daily living (activities of daily living [ADL]), (4)
function in sport and recreation, and (5) knee-related quality of
life (QoL). Standardized options were given (5 Likert boxes),
and each question was assigned a score from 0 to 4. A
normalized score (100 indicating no symptoms and 0 indicating
extreme symptoms) was calculated for each subscale.

Regarding knee ROM, since the system used in this study was
a validated medical device for joint angle measurement, with a
reported root mean square error of 3.5° in comparison to standard
goniometry in the technical file, knee ROM was measured
automatically by the system. Active ROM was measured in the
following movements: lying, sitting, standing knee flexion, and
sitting knee extension. For each exercise, the patient was asked
to perform three repetitions, and the best value of the three was
recorded.

Individual patient data that underlie the results reported in this
article were submitted as supplementary information
(Multimedia Appendix 1), which can be accessed through the
online version of this paper.

Statistical Analysis

Outcome analysis was performed using a per-protocol analysis.
The impact of the interventions on the primary and secondary
outcomes was evaluated while considering the change between
the baseline and 3 and 6 months. Differences between the two
study groups were performed using the independent samples ¢
test or Mann-Whitney U test. The 95% Cls were determined
using Hodges-Lehman estimator. Since outcomes were measured
at three different time points (baseline, 3 months, and 6 months),
a repeated measures of analysis was performed using a 3 x 2
analysis of variance with group as an independent factor and
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time as a within-subject factor. When necessary, logarithm or
square root transformations were performed to obtain normally
distributed variables. In all analysis, a significance level of 0.05
was considered.

System Technical Specifications

The system is composed of the following components (Figure
D).

Inertial Motion Trackers

Each tracker comprises gyroscopes, accelerometers, and
magnetometers, allowing 3D movement quantification. The
trackers communicate via Bluetooth low energy with a tablet
computer. The trackers are placed on body segments using
Velcro straps in specific positions.

Correia et al

Mobile App

Before each exercise, a video demonstration is presented to the
patient (Figure 1) along with an audio explanation. During
execution, the patient is given real-time visual and audio
biofeedback through a dedicated interface (Figure 1). In each
repetition, the patient is asked to fill a progress bar, earning a
maximum of three stars if he/she surpasses the target range of
motion. To do so, the patient must keep within prespecified
movement and posture constraints (eg, excessive abduction in
a straight leg raise is not allowed). If the patient performs a
movement error or assumes an incorrect posture, an error
message is displayed, with audio and video information on the
specific error performed, thus allowing correction in the
following attempts.

Web-Based Portal

The portal allows clinical teams to prescribe exercises, monitor
results, and edit prescriptions (Figure 1).

Figure 1. System components. (A) Motion tracker setup. (I) Red tracker: over the sternal manubrium. (IT) Green tracker: anterior surface of the hip.
(IIT) Blue tracker: over the anterior tibial crest. (B) Mobile App: preparation screen. This screen is shown before each exercise and displays a video of
the exercise as well as audio instructions. (C) Mobile App: execution screen. (D) Web Portal - prescription screen. This screen displays the available
exercises on the left and the layout of the exercise session on the right. (E) Web Portal - results screen. In this screen, the following information is
presented: date and time of the session; session duration; pain and fatigue reported by the patient through the app; and one card per exercise, showing
baseline and target joint angles, wrong and incomplete repetitions, and posture errors.
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Results

In total, 59 patients completed the previous 8-week intervention
study [20] (30 patients in the digital intervention group and 29
in the conventional rehabilitation group), and there was no loss
to follow-up in this study. The CONSORT (Consolidated
Standards of Reporting Trials) diagram is presented in Figure
2.

Correia et al

Baseline Sample Characterization

Baseline characteristics of the study participants regarding
demographics, comorbidities, and risk factors for adverse events
as well as data on hospitalization and surgery are presented in
Table 1. There were no differences between the two study
groups regarding the abovementioned characteristics. In terms
of primary and secondary outcomes, there were no differences
between the two study groups regarding TUG and knee ROM
(Tables 1 and 2). Regarding the KOOS, the digital intervention
group had lower scores in every subscale [20] (Table 3).

Figure 2. Study CONSORT diagram. CONSORT: Consolidated Standards of Reporting Trials; TKA: total knee arthroplasty.
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Table 1. Baseline characteristics of the study participants.

Characteristics Total (N=69) Digital intervention ~ Conventional rehabilitation  p y 162
group (N=38) group (N=31)
Demographics
Age (years), mean (SD) 68.5 (7.0) 67.3 (6.8) 70.0 (7.2) 0.12°
Gender, female, n (%) 54 (78.3) 32(84.2) 22(71.0) 0.30°
Operated knee - right, n (%) 38(55.1) 23(63.2) 14 (45.2) 0.21°¢

Comorbidities and known risk factors for adverse events

Body mass index, mean (SD) 30.9 (4.9) 31.0 (4.5) 30.8(5.4) 0.84°
Smoking, n (%) 8 (11.6) 4 (10.5) 4(12.9) 1.00¢
Hypertension, n (%) 48 (69.6) 25 (65.8) 23 (74.2) 0.62¢
Diabetes, n (%) 11 (15.9) 7(18.4) 4(12.9) 0.744
Pulmonary disease, n (%) 9 (13.0) 3(79) 6(194) 0.28¢
Cardiac disease, n (%) 4(5.8) 2(5.3) 2(6.5) 1.004
Stroke, n (%) 0(0) 0(0) 0(0) N/A®
Renal disease, n (%) 2(1.4) 0(0) 1(3.2) 0.454
Bleeding disorders, n (%) 0(0) 0(0) 0(0) N/A

ASA class 3 or 48, n (%) 10 (14.5) 5(13.2) 5(16.1) 0.744
Steroids for chronic condition, n (%) 0(0) 0(0) 0(0) N/A

Previous contralateral knee replacement, n (%) 17 (24.6) 7(18.4) 10 (32.3) 0.30°
Previous hip replacement, n (%) 34.3) 3(7.9) 0(0) 0.254

Hospital admission and surgical procedure

Time between admission and surgery (hours) <24 <24 <24 N/A

Operative time (min), mean (SD) 62.6 (11.3) 62.4 (9.87) 62.8 (13.0) 0.89°
Minor adverse events before discharge, n (%) 1(1.4) 0(0) 1(3.2) 0.454
Hospital length of stay (days), median (interquartile range) 6 (1.0) 6(1.0) 6 (2.0) 0.83¢

#Mann-Whitney U test.

bIndependent samples ¢ test.

Chi square test.

dFisher exact test.

°N/A: not applicable.

fASA: American Society of Anesthesiology.

£American Society of Anesthesiology physical status classification system.
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Table 2. Results of the secondary outcome measure (Knee Osteoarthritis Outcome Score).

Outcome variables Digital intervention group,  Control group, P value? Estimate difference 95% CI¢
median (IQR?) median (IQR) between groups®

Baseline
Symptoms 34.0 (20.0) 50.0 (29.0) <.001 -18.0 -25.0t0-17.0
Pain 33.0 (12.0) 47.0 (24.0) <.001 -11.0 -19.0 to —6.0
ADLY 34.0 (18.0) 41.0 (18.0) .005 -9.0 —-15.0t0 3.0
Sports 0.0 (0.0) 5.0 (8.0) .006 0.0 -5.0t00
Quality of life 13.0 (19.0) 25.0 (19.0) .007 -12.0 -18.0t0 0

At 3 months
Symptoms 87.5 (11.8) 82.0 (19.5) .01 9.0 0-15.0
Pain 95.5(11.8) 86.0 (22.5) <.001 11.0 5.0-17.0
ADL 93.0 (8.0) 87.0 (22.5) .001 7.0 3.0-15.0
Sports 30.0 (11.3) 20.0 (7.5) .001 10.0 5.0-15.0
Quality of life 81.0.0 (14.5) 56.0 (25.0) <.001 19.0 12.0-25.0

Change from baseline to 3 months

Symptoms 51.5 (24.25) 25.0 (27.0) <.001 25.0 15.0-35.0
Pain 58.0 (12.0) 31.0(23.5) <.001 23.0 15.0-31.0
ADL 57.5(17.8) 35.0 (16.5) <.001 20.0 13.0-27.0
Sports 30.0 (11.3) 15.0 (10.0) <.001 10.0 10.9-15.0
Quality of life 65.0 (22.0) 44.0 (21.0) <.001 25.0 18.0-37.0
At 6 months
Symptoms 96.0 (15.0) 86.0 (22.0) .006 7.0 3.0-14.0
Pain 100.0 (8.0) 86.0 (23.5) .002 11.0 3.0-16.0
ADL 97.0 (6.0) 87.0 (14.5) .001 7.0 4.0-13.0
Sports 42.5 (36.3) 20.0 (22.5) .003 15.0 5.0-30.0
Quality of life 94.0 (12.0) 63.0 (37.5) .001 25.0 12.0-32.0

Change from baseline to 6 months

Symptoms 60.5 (25.8) 29.0 (33.5) <.001 25.0 15.0-36.0
Pain 61.0 (11.8) 39.0 (24.0) <.001 20.0 14.0-28.0
ADL 58.0 (17.5) 43.0 (23.0) <.001 19.0 11.0-26.0
Sports 40.0 (35.0) 15.0 (27.5) <.001 20.0 10.0-30.0
Quality of life 81.0 (20.0) 43.0 (40.5) <.001 36.5 24.0-49.0

IQR: interquartile range.
bMann-Whitney U test.
“Hodges-Lehman estimator.

4ADL: activities of daily living.
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Table 3. Results of the primary outcome measure (Timed Up and Go score).

Time point Digital intervention group,  Control group, P value? Estimated difference 950, C1°
median (IQR?) median (IQR) between groups®

Baseline 18.19 (6.2) 15.27 (8.5) 13 2.02 —0.78 to 4.44

3 months 7.83 (2.4) 10.3 (3.5) <.001 -2.50 —1.43 t0 -3.80

Change from baseline to 3 months —-10.28 (5.9) -5.23 (8.5) .004 —4.48 —1.64 to —7.37

6 months 6.86 (1.6) 8.74 (4.0) <.001 -1.95 —1.24 t0 -2.90

Change from baseline to 6 months -10.47 (7.2) -5.08 (9.3) .003 —4.87 —1.85to —7.47

IQR: interquartile range.
bMann-Whitney U test.

“Hodges-Lehman estimator.

Usability, Satisfaction, and Compliance Analysis in
the Digital Intervention Group

Seven patients withdrew consent in the first week of the study,
due to the inability to interact with the system. Of the remaining
30 patients, 18 (60%) required assistance of a caregiver for
motion tracker placement or interacting with the app. There was
no age difference between autonomous patients or those needing
assistance (P=.19).

Only 4 patients (13%) did not comply with the recommended
session frequency of 5 times per week.

Total active treatment time was superior in the digital
intervention group (P=.005), with a median of 31.5 hours
(interquartile range 18.0 hours; range 10.8-69.1 hours).

Patients had three face-to-face contacts with the therapist (one
deployment session, one contact at 4 weeks, and one contact at
the end of the 8-week program) and, on average, 0.4 (SD 0.7;
range 0-2) additional face-to-face contacts as well as a median
of 2.5 extra calls (interquartile range 3.0; range 1-12) for
technical assistance.

Twenty-seven patients rated their satisfaction as 10/10, one with
9/10, and two with 8/10.

Clinical Outcomes

The TUG scores were better (P<.001) in the digital intervention
group (Table 3) in both 3- and 6-month assessments.

Concerning KOOS, the scores in the digital intervention group
were higher than those in the conventional rehabilitation group
for all subscales at both 3 and 6 months after TKA (Table 2).

Knee ROM was higher for sitting knee flexion (P=.046), sitting
knee extension (P=.002), and standing knee flexion (P<.001)
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in the digital intervention group than in the conventional group
at 3 months. At the 6-month assessment, only the standing knee
flexion ROM remained significantly high (P=.01; Table 4).

Change Between Baseline and the 3- and 6-Month
Assessments

At 3 months, the change in all outcome measures was superior
in the digital intervention group and at the 6 months, this was
true for the primary outcome (TUG), the KOOS score, and knee
flexion while standing (Tables 2-4).

Based on the MCID reported in the literature for TUG (2.27
seconds) [22], clinically significant improvements were noted
in both groups at 3 and 6 months, with participants taking 58%
and 33% less time to complete the test in the digital intervention
and control groups, respectively, at 6 months after surgery.

The difference between the median changes in the two groups
was clinically significant, more than doubling the MCID (4.48
seconds at 3 months and 4.87 seconds at 6 months) in favor of
the digital intervention group.

Regarding KOOS scores, the improvement noted in both groups
was superior to the minimal important changes reported for the
KOOS scores in subjects undergoing rehabilitation after TKA
[36] (Symptoms: 10.7 points; Pain: 16.7 points; ADL: 18.4
points; Sports: 12.5 points; QoL: 15.6 points) in all subscales,
denoting clinically relevant changes from baseline, 3 months,
and 6 months after TKA (Table 2). The difference between the
median changes in the two groups was also statistically and
clinically significant in all subscales, again favoring the digital
intervention group, except for the Sports subscale at the 3-month
assessment, where the difference between the groups was lower
than the minimal important change for this subscale (10.0 points;
95% CI110.9-15.0).
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Table 4. Results of the secondary outcome measures (knee range of motion).

Outcome variables Digital intervention group,  Control group, P value® Estimate difference 95% CI
mean (SD) mean (SD) between groups
Baseline
Lying flexion 80.7 (12.4) 84.7 (18.7) 34 4.0 -12.2t04.3
Sitting flexion 85.3 (16.0) 90.4 (13.1) .19 5.1 -12.8t02.5
Standing flexion 71.6 (20.3) 78.8 (16.6) 15 7.2 -16.810 2.6
Sitting extension 26.5(8.4) 24.8 (7.8) 43 1.7 —2.5t06.0
At 3 months
Lying flexion 100.1 (12.6) 93.3 (13.6) .052 6.8 —0.04 to 13.62
Sitting flexion 102.5 (13.1) 96 (11.3) .046 6.5 0.10-12.89
Standing flexion 95.6 (10.2) 84.9 (10.4) <.001 10.7 5.22-16.08
Sitting extension 11.8 (8.3) 19 (8.8) .002 -7.2 2.73-11.65
Change from baseline to 3 months
Lying flexion 19.4 (15.5) 8.7 (15.1) .009 10.7 2.8-18.7
Sitting flexion 17.3 (20.1) 5.7 (14.7) .01 11.6 2.4-20.8
Standing flexion 23.9(17.6) 6.1 (14.1) <.001 17.8 9.5-26.2
Sitting extension —-14.8 (9.0) -5.9(11.6) .002 -8.9 -3.5t0-14.3
At 6 months
Lying flexion 103.4 (10.6) 101.5 (13.3) .55 1.9 —4.381t08.15
Sitting flexion 102.5 (10.8) 102.2 (12.3) .93 0.3 —5.7710 6.29
Standing flexion 97.4 (9.9) 89.9 (11.7) .01 7.5 1.78-13.08
Sitting extension 7.1(6.6) 9.7 (5.8) 12 -2.6 —5.83 t0 0.64
Change from baseline to 6 months
Lying flexion 22.7 (12.9) 16.8 (17.4) 15 5.8 —2.1t013.8
Sitting flexion 17.2 (19.1) 11.9 (13.9) 22 5.4 —3.41t014.1
Standing flexion 25.7 (20.1) 11.2 (14.0) .002 14.6 5.5-23.6
Sitting extension -19.4 (8.4) -15.1 (8.7) .06 —4.3 -8.81t00.2

#Independent samples ¢ test.

For knee ROM in patients undergoing TKA, there are no
minimal important changes validated so far. The only
comparable metric was reported in a study by Stratford and
collaborators [37], which reported a minimal detectable change
at a 90% CI of 9.6° for knee flexion and 6.3° for knee extension
in patients after TKA. Hence, at 3 months, only the digital
intervention group showed clinically relevant improvements in
the knee ROM as compared to baseline assessment; however,
this was true for both groups 6 months after TKA (Table 4).
The difference in median changes revealed the superiority of
the digital intervention over conventional rehabilitation at 3
months. At 6 months, only the mean change in the standing
flexion knee ROM was significantly higher and clinically
meaningful in the digital intervention group (14.6° 95% CI:
5.5-23.6).

Repeated Measures Analysis

This analysis was performed only for the normally distributed
variables TUG and ROM after transformation. The results are
summarized in Table 5.
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For TUG, the repeated measures analysis revealed a main effect
of time (£, 1745=76.406, P<.001), a main effect of group
(Fy,57=9.346, P=.003), and an interaction between time and
group (£551245=7.807, P<.001) in favor of the digital
intervention group (Table 5, Figure 3).

Regarding knee ROM, the repeated measures analysis revealed
amain effect of time and an interaction between time and group
in the four knee ROMs measured, again in favor of the digital
intervention group (Table 5, Figure 3).

Adverse Events

No adverse events were reported in any of the study groups in
the period between the end of the active treatment stage and the
6-month assessment. In particular, there were no falls in any of
the groups, readmissions to hospital for any reason, or TKA
revision.
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Table 5. Repeated measures analysis. Greenhouse-Geisser correction was used for all variables.

Outcome variables Time Group Time*Group

F af1,4f2 F value P value Farr,ap F value P value F af1,dp2 F value P value

Patient performance

Timed Up and Go® Fo51245 76.406 <.001 Fis7 9.346 0.003 Fo51245 7.801 <.001
Knee range of motion

Lying flexion Foe1509 423 <.001 F 57 0.8 0.375 Foe1509 429 0.008

Sitting flexion For162 248 <.001 F 157 0.27 0.604 Fo51262 3.98 0.02

Sitting extension F301604 509 <.001 F57 11.4 0.001 F321604 5.6 0.001

Standing flexion Foo1162 37 <.001 F 157 3.88 0.054 Fos1162 917 <.001

#Logarithmic transformation.

Figure 3. Evolution of the outcomes over time in both groups, based on the repeated measures analysis (estimated marginal means of transformed
variables are presented). (A) Timed Up and Go score. (B) Lying knee flexion. (C) Standing knee flexion. (D) Sitting knee extension. TUG: Timed Up
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Discussion

The feasibility study was designed to assess both patient
acceptance, engagement, and satisfaction with a novel digital
intervention for rehabilitation after TKA and to estimate the
clinical impact of the intervention in comparison to conventional
face-to-face rehabilitation.

In terms of patient acceptance, the enrollment rate of this study
was very low (29%), with patient refusal or consent withdrawal
corresponding to more than half the screening failures. This
was expected, given the relatively high mean age of the study
participants (68.5 years; SD 7.0 years) and is a common issue
in this field [16], likely representing patients’ skepticism toward
new technological solutions as well as suspicion of possible
hidden costs. This limitation can be overcome by ensuring better
training and broader involvement of clinical teams (both doctors
and nurses) that approach the patient upon admission.

From the patients initially allocated to the digital intervention,
there was an 18% dropout rate in the first week, and 60% of the
remaining patients needed assistance from a caregiver. Even if
the number of additional face-to-face contacts for technical
assistance was low, the number of extra calls for this reason
was relatively high. This represents important usability issues
faced by these new technologies in an older population and
shows that there is room for improvement, namely, in facilitating
tracker setup and removing physical interactions with the tablet.
Nonetheless, in the patients who completed the 8-week program,
user compliance with the program was very high, with only 4
patients using the system less than 5 days per week. Patient
satisfaction was also very high. These are very promising results
in terms of engagement, and they validate the gamification
strategies in use.

Regarding clinical outcomes, the present study demonstrates
clinically relevant improvements of all outcome measures in
both groups at 3 and 6 months after TKA. We speculate that
the good results obtained in both groups may be related to an
early and intensive rehabilitation program.

When comparing the results obtained in the two groups, it is
important to note that the study was sufficiently powered to
detect clinically meaningful changes between the two groups,
with posthoc analysis showing a statistical power of 95%.

Overall, this study demonstrates that the greater benefits
observed in the digital intervention group for all outcome
measures at the end of the 8-week assessment period were
maintained at 3 and 6 months for the primary outcome (TUG)
and KOOS score, with a convergence in terms of knee ROM
(except for standing knee flexion). We speculate that
maximizing short-term outcomes may also maximize
medium-term (and possibly, long-term) outcomes. In addition,
we speculate that one particular factor—patient empowerment
regarding the rehabilitation journey—is maximized with an
independent home-based program, possibly leading to a more
active lifestyle and maintenance of some of the exercises
included in the program. This may have, in turn, maximized the
results. These aspects warrant further investigation in upcoming
studies.
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Regarding TUG, participants in the digital intervention group
experienced a median change of 10.47 seconds (58% change
from baseline) in the TUG test 6 months after surgery, while
the control group experienced a median change of 5.08 seconds
(33% change from baseline).

However, it must be noted that baseline TUG values in the
present study were much higher than those reported by other
authors, with preoperative values between 8 and 12 seconds,
which in turn yield poor changes from baseline to the
intervention time (approximately 8%-30% improvement)
[21,38-40]. We could only find one randomized controlled trial
(n=142) [16] with comparable baseline values for TUG (control:
22.8 seconds; SD 11.33 seconds and experimental: 18.9 seconds;
SD 7.34 seconds). This study also compared an interactive
virtual rehabilitation system for rehabilitation after TKA with
conventional rehabilitation. However, in this study, the
difference from baseline to 3 months was greater for the
conventional rehabilitation group (10.86 seconds, SD 8.72
seconds; approximately 48% change) than for the digital
intervention group (7 seconds, SD 6.31 seconds; approximately
37% change).

It is also important to note that the mean value reported for TUG
at the 6-month follow-up assessment in the digital intervention
group (6.9 seconds, SD 1.6 seconds) is similar to the value
reported for healthy older individuals (50-85 years of age) by
Bade et al (5.6 seconds, SD 1.0 seconds) and much lower than
the value reported by the same authors for patients treated with
conventional physiotherapy 6 months after TKA (9.1 seconds,
SD 2.4 seconds) [41]. In the conventional group, the results at
the 6-month assessment are in line with those reported by Bade
et al [41].

Overall, the TUG analysis shows that important benefits were
attained in both study groups; the results of the conventional
group were in line with those reported by other authors, and
those of the digital intervention group were superior to the
results reported in the literature.

Concerning KOOS, Stevens-Lapsley et al [23] published a
retrospective cohort evaluation on the self-reported and
performance-based assessments of knee recovery following
TKA. The scores obtained in this study for both groups
surpassed those reported by these authors for KOOS subscales
Symptoms, Pain, and ADL at all time points, but not for the
KOOS subscale Sports. This could be explained by the fact that,
in this study, baseline scores in the Sports subscale were much
lower. Regarding the QoL subscale, the scores for the Sports
subscale in the conventional rehabilitation group were slightly
lower than those reported by Stevens-Lapsley et al [23] (3
months: 56.0 [SD 25] vs 63.3 [SD 2.98]; 6 months: 63.0 [SD
37.5]vs 66.96 [SD 3.01]), whereas the digital intervention group
achieved much higher scores (3 months: 81 [SD 14.5]; 6 months:
94.0 [12.0]).

Overall, the results of the KOOS subscale scores demonstrate
that for the comparison group, the clinical improvements were
in line with those published by other authors, and results in the
digital intervention group were much higher than those reported
by other authors.
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Regarding knee ROM outcomes, the results of knee flexion at
6 months in both groups were comparable to those reported in
other studies (97° to 116°) [37], while active knee extension
values were much lower than those found in the literature
[37,41,42]. This latter difference could be a result of the more
demanding position used to measure knee extension—sitting
as compared to lying supine—which ultimately hampered direct
comparison of the results.

Overall, differences between the intervention groups were not
so evident, with results from all exercises converging at the
6-month assessment and entering a typical plateau phase, except
for standing flexion, which showed higher amplitudes in the
digital intervention group. However, importantly, short-term
assessments (8 weeks and 3 months) revealed a much quicker
improvement in the digital intervention group, potentially
minimizing the time spent in rehabilitation after TKA surgery.

This study has several limitations that need to be acknowledged.
First, it was a quasi-randomized study, where patient allocation
was performed using a geographical criterion. Therefore, a
number of factors (namely, socioeconomic) that were not
controlled or addressed may have influenced the results.
Nonetheless, both groups were similar in terms of baseline
characteristics, except for KOOS scores, which were lower in
the digital intervention group. It could be argued that the
difference may be related to different health perceptions between
the two groups, but the reason is not clear. Future studies should
consider that pure randomization allows for a better control of
these aspects.

Second, this was a single-center study performed in a
low-volume orthopedic hospital, and all patients were admitted
for elective surgery, which may not reflect the reality of other
hospitals. In addition, the average length of stay (ie, 6 days) is
higher than that reported in other studies [43], probably due to
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the inexistence of a fast-track protocol for TKA. The results
reported here therefore need to be confirmed in multicentric
trials in larger hospitals before generalization.

Third, the low inclusion rate may have represented a selection
bias toward more technologically prone patients/caregivers,
which needs to be properly addressed in future trials.

Fourth, treatment intensity was higher in the digital intervention
group, which may have potentiated clinical results in this group.
Nonetheless, even if this is the case, it is noteworthy that the
superiority was maintained at the 3- and 6-month assessments.

Fifth, even though no serious adverse events were reported until
the 6-month assessment, the absence of minor adverse events
is more difficult to explain and was most likely due to an
underreporting of these events. In future studies, besides direct
telephone contact and specific questioning of adverse events in
assessment appointments, event logs should be delivered to the
patients to avoid underreporting.

In conclusion, the present study demonstrates that this novel
digital intervention for rehabilitation after TKA is feasible and
associated with high patient compliance and satisfaction. Like
other novel technological approaches, it is still met with some
skepticism by older patients, and usability still needs to be
improved to ensure greater independence by users. This study
also demonstrates that the digital intervention can maximize
both short- and medium-term outcomes in comparison to
conventional rehabilitation. As this approach is far less
demanding in terms of human resources, this might be the first
step toward a paradigm shift to artificial intelligence-assisted
personalized electronic rehabilitation. These promising results
warrant larger multicentric randomized controlled studies that
address the study limitations to ensure widespread validation
of this novel approach.
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Abstract

Background: The demand for total hip arthroplasty (THA) is rising. In the face of rapidly increasing health care costs, ensuring
widespread, cost-effective rehabilitation is a priority. Technologies allowing independent home-based rehabilitation may be the
key to facilitate access, improve effectiveness, and lower costs of care.

Objective: The aim of this study was to assess the feasibility of a novel artificial intelligence—powered digital biofeedback
system following THA and compare the clinical outcomes against supervised conventional rehabilitation.

Methods: This was a single-center, parallel-group pilot study, with an 8-week intervention program. Patients were assessed at
baseline, during the program (at 4 and 8 weeks), and 3 and 6 months after surgery. The primary outcome was the Timed Up and
Go (TUG) score and secondary outcomes were the Hip dysfunction and Osteoarthritis Outcome Scale (HOOS; a patient-reported
outcome) and hip range of motion (ROM).

Results: A total of 66 patients were included: 35 digital physiotherapy (PT) versus 31 conventional. There were no differences
at baseline between groups except for lower HOOS quality of life (QoL) subscale scores in the digital PT group. Clinically relevant
improvements were noted in both groups at all time points. The digital PT group showed a retention rate of 86% (30/35).
Per-protocol analysis revealed a superiority of the digital PT group for all outcome measures. Intention-to-treat analysis revealed
the superiority of the digital PT group at all time points for TUG (change between baseline and 4 and 8 weeks: P<.001; change
between baseline and 3 and 6 months: P=.001 and P=.005, respectively), with a difference between median changes of —4.79
seconds (95% CI —7.24 to —1.71) at 6 months post-THA. Between baseline and month 6, results were also superior in the digital
PT group for the HOOS sports and QoL subscales and all ROM except for standing flexion.

Conclusions: This study demonstrates this novel solution holds promise in rehabilitation after THA, ensuring better clinical
outcomes than conventional rehabilitation while reducing dependence on human resources.

Trial Registration: ClinicalTrials.gov NCT03045549; https://clinicaltrials.gov/ct2/show/NCT03045549
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Introduction

The demand for total hip arthroplasty (THA) is rising [1,2]. By
2030, primary THA in the United States is estimated to increase
by 174% and revision THA by 137% compared to 2005 [2], to
approximately 572,000 primary and 96,700 revision procedures
per year [2].

The efficacy of THA is well documented [3-5], and
rehabilitation is key to optimize outcomes [6,7]. Furthermore,
studies indicate that more intensive and early progressive
exercise leads to better outcomes [8,9], greater satisfaction and
adherence [10,11], and reduction of complications and expenses
[11,12]. In an expert consensus on best practices for
rehabilitation after THA, the greatest support was for 4 to 8
weeks of therapeutic exercise, two to three times per week [13].

In the face of rapidly increasing health care costs, ensuring
widespread cost-effective rehabilitation is a priority, but putting
this into effect constitutes a challenge, both in terms of logistics
and costs.

In recent years, telerehabilitation solutions (ie, rehabilitation
services delivered at home from a remote location through a
telecommunication system and information technology [14])
have been developed that allow professionals to remotely
monitor rehabilitation programs [15-17]. These solutions have
demonstrated a potential to reduce health care costs associated
with supervision, facility provision, and transport of patients
[18-21], while yielding similar, but not superior, clinical
outcomes as conventional physical therapy post-THA [22,23].

Using a different approach, several authors have compared
unsupervised home-based programs with physiotherapist-led
outpatient rehabilitation programs, with both cases showing
similar results for patients who comply with their program
[21,24-26]. However, in studies comparing supervised with
unsupervised training, or no recommended training at all, there
is high variability in adherence rates, which is a well-accepted
key determinant to therapy success [27-29], ranging from 23%
to 85% [8,27,30,31].

More advanced technological solutions have emerged that
incorporate biofeedback systems with the intent of increasing
both patient performance and adherence [17,32,33] to maximize
outcomes. Promising as these may be, they are generally poorly
interactive and show low-level evidence, with no long-term
validation studies available.

In a previous study, we tested a novel digital biofeedback system
based on inertial motion trackers that enables independent
home-based physical rehabilitation with remote monitoring
from a clinical team after total knee arthroplasty (TKA) [34].
In this study (N=59; NCT03047252), we compared the digital
system to conventional, face-to-face, home-based rehabilitation
post-TKA over an 8-week program. The results demonstrated
that this solution was safe and very well-accepted, with high
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adherence and satisfaction levels and, most importantly, that
the clinical outcomes were superior to conventional
rehabilitation [34]. These encouraging results prompted further
studies, with the intent of validating this solution in other
therapeutic scenarios.

The aim of this single-center, parallel-group pilot study is to
assess patient uptake and system safety in patients undergoing
THA, as well as to compare the clinical outcomes of a
home-based program using this digital physiotherapy (PT)
system against conventional, in-person, home-based
rehabilitation after THA.

Methods
Study Design

This was a single-center, parallel-group pilot study. It was
designed to assess patient uptake and safety of a digital
physiotherapy system, as well as to compare the clinical
outcomes of a home-based program using a home-based digital
program compared with conventional, in-person, home-based
rehabilitation after THA.

Study Timeline

All consecutive patients admitted for THA between December
19, 2016 and January 16, 2018, were screened preoperatively
and postoperatively for eligibility at Hospital da Prelada, Porto,
Portugal, by the two orthopedic surgeons that oversaw the study
(JP and RS). Completion date for the 6-month follow-up
assessment was July 16, 2018.

Inclusion and Exclusion Criteria

All patients included in this study were referred to post-THA
rehabilitation by two independent physicians. Patients were
included if they were (1) aged 18 years or older and had (2)
clinical and imaging (CT) evidence of hip osteoarthritis as
assessed by the orthopedic surgeon, (3) indication for THA
according to the patient’s orthopedic surgeon, (4) ability to walk
(unaided or with assistive device), and (5) availability of a
caregiver to assist the patient after surgery.

Exclusion criteria were (1) admitted for revision THA; (2)
contralateral hip or knee osteoarthritis severely limiting patient
mobility and ability to comply with a rehabilitation program;
(3) aphasia, dementia, or psychiatric comorbidity interfering
with communication or adherence to the rehabilitation process;
(4) respiratory, cardiac, metabolic, or other condition
incompatible with at least 30 minutes of light to moderate
physical activity; (5) major medical complications occurring
after surgery that prevented the discharge of the patient within
10 days after the surgery; (6) other medical or surgical
complications that prevent the patient from complying with a
rehabilitation program; and (7) blindness or illiteracy.
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Patient Allocation

Patients were recruited at Hospital da Prelada, Porto, Portugal.
Patient allocation was performed using patient address as the
criterion. Those patients residing in areas outside the
administrative limits of the city of Oporto were allocated to the
digital PT group, whereas those residing within the city limits
were allocated to the conventional rehabilitation group. Patient
allocation was performed centrally by one investigator (FDC)
and communicated to the responsible physiotherapist only after
patient enrollment.

Blinding
The nature of the study did not allow blinding of the patients.
Patient assessment was performed by two investigators (JP and

RS), who were blinded to the study groups. Statistical analysis
was performed by a blinded statistician (LT).

Intervention

After the initial assessment, all patients were submitted to
elective THA. Surgical technique was the same for all
patients—direct lateral approach under regional anesthesia.

Between day 1 postop and hospital discharge, all patients were
taught how to safely get in and out of bed and were asked to
perform alternate ankle flexion and extension exercises
regularly. All patients performed initial gait training with canes.

After hospital discharge, both groups received an 8-week
rehabilitation program starting between day 7 and day 10 after
surgery (see Multimedia Appendix 1). These were designed
based on the results of a Delphi panel on best practices for
rehabilitation after THA [13] and the protocols published by
SOFMER, the French Physical and Rehabilitation Medicine
Society [35].

In the digital PT group, patients received an initial visit from
the physical therapist to assess specific needs and to teach
patients and caregivers how to set up and use the system.
Patients then performed exercise sessions independently, using
the system, under asynchronous remote monitoring from the
physical therapist (see Multimedia Appendix 1 for more details).
Patients were instructed to exercise 5 to 7 days per week,
minimum 30-minute sessions, but they were not excluded in
case of lower adherence. Each patient received a telephone call
on weeks 2 and 6 to check on patient adaptation, review the
program, and assess adverse events; a face-to-face visit on week
4 to perform an in-depth review of the program; and a
termination visit to collect the system. Additional visits were
performed when required.

The conventional rehabilitation group received a home-based
supervised program provided by a physiotherapist, three times
a week, for 1 hour (see Multimedia Appendix 1 for more
details). Patients were also instructed to perform additional
sessions on at least two other days of the week. These were
nonmandatory, and no record of these sessions was kept.

Outcomes Assessment

Total Therapist Time

Total therapist time was calculated in both groups, considering
the time spent on face-to-face contacts and spent in travel and
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on calls. For the digital intervention group, time spent per patient
in the Web-based portal was also calculated.

Safety and Adverse Events

In the digital PT group, patients were asked to rate pain and
fatigue on a scale from zero to 10 at the end of each session.
These were available for remote monitoring through the portal.
Patients were also given the direct contact of the assigned
physical therapist to report adverse events: pain during exercise,
falls, and other medical complications (eg, inflammatory signs
or infection on the surgical wound or operated member;
thrombophlebitis).

Patients in the conventional rehabilitation group performed
supervised sessions by a physical therapist, enabling early
adverse event detection and reporting.

Primary and Secondary Outcomes

For primary outcome, we chose a performance test—the Timed
Up and Go (TUG) test [36], which measures patient mobility
and consists of the time it takes to rise from a chair, walk 3
meters, turn around, walk back to the chair, and sit down. This
test is among the most recommended outcome measures to
routinely assess or monitor outcomes after primary THA [13].
It is simple, practical, and quick and easy to administer, plus it
has been demonstrated to predict both short- [37] and long-term
[38] function following hip arthroplasty. Importantly, it has also
shown excellent interrater (intraclass correlation [ICC] >0.9)
and very good test-retest (ICC 0.8-0.89) reliability in patients
with elective hip replacement (N=100) [39], and higher
sensitivity to change in performance after THA than other
commonly used self-reported measures, such as the Western
Ontario and McMaster Universities Osteoarthritis Index
(WOMAC) and the Lower Extremity Functional Scale (LEFS)
[40]. Moreover, Podsiadlo and Richardson [36] confirmed its
content validity in elderly persons (N=60), in that it evaluated
a well-recognized series of maneuvers used in daily life.

Secondary outcomes were (1) patient-reported outcomes,
measured by the Hip dysfunction and Osteoarthritis Outcome
Scale (HOOS) [41] and (2) hip range of motion (ROM).

The HOOS consists of five subscales: (1) pain, (2) symptoms,
(3) function in activities of daily living (ADL), (4) function in
sport and recreation (sport), and (5) hip-related quality of life
(QoL). Patients are asked to answer this disease-specific
questionnaire, based on the previous week, with standardized
options for each question (each is assigned a score from 0-4).
A normalized score (100 indicating no symptoms and 0
indicating extreme symptoms) is calculated for each subscale.
This scale has shown high test-retest reproducibility for people
with hip disability with or without hip osteoarthritis, with ICC
ranging from 0.75 to 0.97 for all subscales [41]. The HOOS
content validity was tested by Nilsdotter and colleagues [42] in
patients assigned to THA (n=90), by asking them to rate the
importance of each item. All items were considered to be of at
least some importance by more than 67% of the patients, the
limit set to justify inclusion into the HOOS. All items included
in the pain (10/10), ADL (17/17), sport (5/5), QoL (4/4), and
most items included in symptoms (4/5), were considered at least
somewhat important by more than 80% of patients.
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The SWORD device was used in both groups to measure active
hip ROM. This device has been certified for use as an
angle-measurement tool, with a reported root mean square error
of 3.5° compared with standard goniometry in the technical file.
Active hip ROM was measured in degrees in the following
exercises: lying and standing hip flexion, lying and standing
hip abduction, and standing hip hyperextension. For each
exercise, the patient was asked to perform three repetitions by
itself; the best value of the three was recorded.

Patients were assessed at baseline (preoperatively), 4 weeks
after initiation of rehabilitation, at the end of the 8-week
program, and at 3- and 6-months follow-up evaluations.

Sample Size Estimation

Calculations were performed taking into consideration the
primary outcome measure—TUG—and based on a minimal
detectable change of 2.49 seconds, as reported by Kennedy et
al [43] on a longitudinal study evaluating outcomes following
total hip and knee arthroplasty. Considering an effect size of
0.65, a power of 80%, and a two-sided .05 significance level,
60 patients (30 in each group) would be necessary to detect a
difference of 2.49 seconds between the two groups. Considering
a dropout rate of 15%, the target recruitment was 70 patients.

Dias Correia et al

Statistical Analysis

To assess differences in clinical and demographic variables of
the patients allocated to the two study groups, independent
samples ¢ test or Mann-Whitney U test were used for quantitative
variables. For categorical variables, chi-square test or Fisher
exact test were used.

Outcome analysis was performed using both an intention-to-treat
analysis and a per-protocol analysis. Differences between
interventions were evaluated using independent samples ¢ test
or Mann-Whitney U test. For nonnormally distributed variables,
the magnitude of the difference in the medians was assessed
using Hodges-Lehman estimator. Additionally, a repeated
measures ANOVA was also performed, with group as an
independent factor and time as a within-subjects factor. When
necessary, logarithm transformation was performed to obtain
normally distributed variables. In all analysis, a significance
level of .05 was considered. Statistical analysis was performed
using IBM SPSS version 24.0.

System Technical Specifications

The system consisted of the elements described subsequently
(Figure 1).

Figure 1. System components. (A) Mobile app. Preparation screen (top left): this screen displays video and audio instructions for each exercise.
Execution screen (bottom left). (B) Web portal. Prescription screen (top right) displaying the exercise list and session layout. Results screen (bottom
right) presenting (1) date, time, and session duration; (2) pain and fatigue scores; and (3) information on each repetition-range of motion and movement

CITOoT1S.
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Inertial Motion Trackers

Each tracker consisted of a gyroscope, an accelerometer, and a
magnetometer, which enabled precise movement quantification.
The trackers were placed on body segments using Velcro straps
in three specific positions: (1) over the sternal manubrium (red
tracker), (2) on the anterior surface of the hip (green tracker),
and (3) over the anterior tibial crest (blue tracker).

Mobile App

The app guided the patient through the session, providing video
and audio instructions before each exercise, as well as real-time
audio and video biofeedback during the exercise. If the patient
performed a movement error or assumed an incorrect posture,
an error message was displayed, allowing the patient to correct
the movement in the following attempts.

Web-Based Portal

The portal enabled remote result monitoring and exercise
prescription/edition by the clinical teams.

Ethics Approval of Research

The study was approved by the National Data Protection
Commission (authorization number 1476/2017) and by the local
ethics committee at Hospital da Prelada (Chair: Dr Juiz
Conselheiro Almeida Lopes). The methods were conducted in
accordance with the approved guidelines. All patients and
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caregivers were provided with information about the purpose
and procedures of the study and provided written informed
consent before inclusion. All patient data were anonymized and
linked to the patient by a unique study number that did not
contain any personal identifiers.

Data Availability

Individual participant data that underlie the results reported in
this article will be shared after deidentification as supplementary
information (Multimedia Appendix 2) of this paper. Other
documents, namely the study protocol, Consolidated Standards
of Reporting Trials (CONSORT) details, will also be made
permanently available immediately following publication, either
through the online version of this paper or at ClinicalTrials.gov
(UL: NCT03045549).

Results

Overview

A total of 156 patients were assessed for eligibility between
December 19, 2016 and January 16, 2018. Figure 2 shows the
CONSORT diagram for the study (see also Multimedia
Appendix 3). The study inclusion rate was of 42% (66/156).
Between initial assessment and patient allocation, 90 patients
refused to participate or withdrew consent, corresponding to
58% of all screening failures.

Figure 2. CONSORT (Consolidated Standards of Reporting Trials) diagram. PT: physiotherapy; THA: total hip arthroplasty.
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Overall, 66 patients were included (35 in the digital PT group
versus 31 in conventional rehabilitation). The dropout rate in
the digital PT group was 14% (5/35): two patients did not adapt
to the system and withdrew consent in the first week and three
were excluded due to groin pain. The dropout rate in the
conventional rehabilitation group was 6% (2/31): two patients
were excluded, one due to a surgical wound infection requiring
readmission and another due to groin pain. In total, 59 patients
completed the study (30 versus 29) and 57 completed the
follow-up assessments—two patients in the conventional
rehabilitation group were lost to follow-up between the 3- and
6-month assessments.

Table 1. Baseline characteristics of study participants (N=66).

Dias Correia et al

Study Population Characteristics

Baseline characteristics of study participants regarding
demographics, comorbidities, and risk factors for adverse events,
as well as data on hospitalization and surgery are summarized
in Table 1 (divided by allocation group). There were no
differences at baseline between the two study groups regarding
any population characteristics.

Independence of Use

In the digital PT group, 13 of 35 patients (37%) required the
assistance of a caregiver for tracker or strap placement or
navigation. Patients requiring assistance were older (mean age
68.0, SD 7.6 years versus mean 57.7, SD 6.6; P=.001).

Population characteristics

Digital physiotherapy group (n=35) Conventional rehabilitation (n=31) P value

Demographics
Age (years), mean (SD) 62.4(8)
Gender (female), n (%) 15 (43)
Operated hip side (right), n (%) 16 (46)

Comorbidities and known risk factors for adverse events
Body mass index, mean (SD) 28.3(3)
Smoking, n (%) 2 (6)
Hypertension, n (%) 14 (40)
Diabetes, n (%) 11 (31
Pulmonary disease, n (%) 1(3)
Cardiac disease, n (%) 309
Stroke, n (%) 1(3)
Renal disease, n (%) 0.0
Bleeding disorders, n (%) 0.0
ASAY (class 3 or 4), n (%) 8(23)
Steroids for chronic condition, n (%) 0
Previous contralateral hip replacement, n (%) 7 (20)
Previous knee replacement, n (%) 1(3)

Hospital admission and surgical procedure
Time between admission and surgery (hours) <24
Operative time (min), mean (SD) 63.7 (19)
Noncemented prosthesis, n (%) 2 (6)
Minor adverse events before discharge, n (%) 0.0
Length of stay (days), median (IQR®) 6.0(2)

66.6 (10) 07
16 (2) 64
12 (39) 74
274 (4) 312
7(23) o7
12 (39) >.99
7(23) 59
13) >.99
5(16) 46
0.0 e
0.0 —
2(6) —
10 (32) 56
0 _
5(16) 93
0 _
<24 _
59.9 (9) 10°
2(6) >.99
0.0 —
6.0 (1) f

#Independent sample ¢ test.
PFisher exact test.

“Not applicable.

dAmerican Society of Anesthesiology physical status classification system.

°IQR: interquartile range.
fMann—Whitney U test.
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Adherence to the Intervention

Only five patients (17%) did not comply with the recommended
session frequency of five times per week.

Patient Satisfaction

Patients in the digital PT group were asked to report their
satisfaction level by answering the question: “On a scale from
0-10 (‘0’ meaning that you would not recommend and ‘10’ that
you would highly recommend), how much would you
recommend the system to one of your friends or neighbors?”
Of the 35 patients in this group, 32 (91%) rated the system as
10, two patients rated the system as 9, and one did not answer.

Therapist-Patient Interaction

Patients in the conventional rehabilitation group had 24
in-person sessions, whereas patients in the digital PT group had
3 face-to-face contacts with the therapist and, on average, 0.6
(range 0-2) extra contacts for technical assistance. Regarding
telephone calls, in addition to the two scheduled calls per
protocol, each patient received a median of four extra calls
(range 0-7), the vast majority due to difficulties in interacting
with the system.

Treatment Intensity

Total active treatment time was similar in both groups in both
intention-to-treat (ITT) and per-protocol analysis (ITT: P=.11;
per protocol: P=.24). In the ITT analysis, treatment intensity in
the digital PT group was 20 hours (interquartile range [IQR]
11.0, range 1.0-59.0) and in the per-protocol analysis was 21
hours (IQR 10.3, range 8.0-59) versus 24 hours in the
conventional PT group.

Outcomes Assessment

Total Therapist Time

Total therapist time was lower in the digital intervention group
(mean 6.5, IQR 1.2 hours versus mean 32.1, IQR 5.2 hours;
P<.001).

Dias Correia et al

Safety and Adverse Events

For all patients enrolled in the study (66 patients), there was no
significant difference between groups for safety and adverse
events (P>.99).

In the digital PT group, the adverse event rate was 14% (5/35).
Three patients were excluded due to significant pain during hip
abduction, without inflammatory or other warning signs. All
three patients recovered spontaneously within 2 weeks. One
patient reported inflammatory signs over the surgical wound
and another suffered a fall (not during system use), with no need
for hospital assistance.

In the conventional rehabilitation group, the adverse event rate
was 23% (7/31). One patient required hospital readmission and
arevision procedure due to a surgical wound infection, one was
excluded due to groin pain, two patients reported inflammatory
signs over the surgical wound, one patient had a
thrombophlebitis, one reported a unilateral lower limb edema
(with spontaneous recovery), and one patient suffered a fall,
with no need for hospital assistance.

Primary and Secondary Outcomes

Baseline

There were no differences between the two groups regarding
outcome measures, except for the HOOS QoL subscale (P=.03;
see Tables 2-4). The median difference between the TUG scores
in the two groups was of 2.34 seconds (95% CI —0.69 to 5.17)
in favor of the conventional rehabilitation group. Taking into
consideration the 2.49 seconds reported as minimal detectable
change for this test [43], this difference is neither statistically
nor clinically significant.

Table 2. Primary outcome assessment of Timed Up and Go (TUG) test: intention-to-treat analysis (N=66).

Time point TUG time (seconds), median (IQR?) P value? Estimate difference between
groups (95% CI)
Digital PT® group (n=35) Control group (n=31)
Baseline 17.50 (6.33) 14.89 (9.42) 12 2.34(-0.69, 5.17)
Short term
8 weeks 7.26 (2.15) 11.03 (6.84) <.001 —3.34 (-5.14,-1.70)
Change baseline-8 weeks —10.50 (7.45) —2.90 (7.10) <.001 —6.33 (-8.79, —3.42)
Medium term
6 months 6.38 (2.30) 8.20 (4.22) <.001 —1.87 (-3.02, —0.62)
Change baseline-6 months —10.50 (7.39) —=5.10 (6.94) .005 —4.79 (-7.24,-1.71)

IQR: interquartile range.
bMann-Whitney U test.
°PT: physiotherapy.
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Table 3. Secondary outcome of patient-reported Hip dysfunction and Osteoarthritis Outcome Scale (HOOS): intention-to-treat analysis (N=66).

Time point and variable Score, median (IQR?) P value? Estimate difference between
groups (95% CI)
Digital PT group (n=35) Control group (n=31)

Baseline
Symptoms 35.0 (20.0) 40.0 (30.0) A2 —10.0 (—20.0, 0.0)
Pain 33.0 (13.0) 33.0 (35.0) .50 -3.0 (-13.0, 5.0)
Activities of daily living 29.0 (15.0) 28.0 (28.0) 75 1.0 (=6.0, 7.0)
Sports 0.0 (6.0) 0.0 (19.0) 34 0.0 (0.0, 0.0)
Quality of life 13.0 (13.0) 19.0 (25.0) .03 —6.0 (—13.0, 0.0)

8 weeks
Symptoms 100.0 (5.0) 95.0 (20.0) .01 5.00 (0.0, 10.0)
Pain 100.0 (7.0) 98.0 (12.0) 24 0.0 (0.0, 5.0)
Activities of daily living 93.0 (11.0) 82.0 (14.0) <.001 9.0 (4.0, 13.0)
Sports 50.0 (18.0) 38.0 (19.0) .004 12.0 (6.0, 19.0)
Quality of life 81.0 (19.0) 69.0 (31.0) .08 6.0 (0.0, 18.0)

Change baseline-8 weeks

Symptoms 60.0 (30.0) 45.0 (30.0) .06 10.0 (0.0, 20.0)
Pain 60.0 (22.0) 60.0 (32.0) 5 2.0 (-10.0, 10.0)
Activities of daily living 56.0 (23.0) 57.0 (27.0) .63 —2.0(-10.0, 6.0)
Sports 44.0 (25.0) 38.0 (25.0) 26 6.0 (-6.0, 13.0)
Quality of life 63.0 (31.0) 50.0 (25.0) 46 6.0 (-6.0, 13.0)
6 months
Symptoms 100.0 (5.0) 95.0 (10.0) 20 0.0 (0.0, 5.0)
Pain 100.0 (5.0) 100.0 (7.0) 75 0.0 (0.0, 0.0)
Activities of daily living 96.0 (11.0) 88.0 (19.0) .02 4.0 (0.0, 10.0)
Sports 75.0 (32.0) 50.0 (32.0) .01 19.0 (6.0, 37.0)
Quality of life 94.0 (12.0) 81.0 (19.0) .02 7.0 (0.0, 19.0)

Change baseline-6 months

Symptoms 60.0 (25.0) 45.0 (30.0) .06 10.0 (0.0, 20.0)
Pain 65.0 (18.0) 53.0 (30.0) 21 7.0 (-5.0, 17.0)
Activities of daily living 63.0 (22.0) 56.0 (25.0) .10 7.0 (-1.0, 15.0)
Sports 69.0 (31.0) 38.0 (38.0) 004 25.0 (7.0, 37.0)
Quality of life 75.0 (32.0) 56.0 (31.0) 01 19.0 (6.0, 25.0)

IQR: interquartile range.
bMann-Whitney U test.
°PT: physiotherapy.
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Table 4. Secondary outcome of hip range of motion assessment: intention-to-treat analysis (N=66).

Time point and variable Median (IQR?) P value? Estimate difference between
groups (95% CI)
Digital PT group (n=35) Control group (n=31)

Baseline
Lying flexion 28.2 (19.1) 37.1 (20.0) .07 —8.9 (—18.53,0.67)
Lying abduction 12.2 (5.4) 159(9.1) .05 —3.7(-7.48, 0.02)
Standing flexion 45.1 (15.9) 49.6 (16.7) 27 —4.5 (—12.52,3.53)
Standing hyperextension -11.9 (7.0) -15.4 (8.8) 31 3.4(-0.44,7.33)
Standing abduction 23.5(6.8) 25.8 (10.7) .08 —2.2(—6.78, 2.26)

8 weeks
Lying flexion 84.0 (23.5) 66.6 (19.6) .002 17.5 (6.78, 28.18)
Lying abduction 50.5(17.5) 39.2(15.2) .01 11.4 (3.27:19.50)
Standing flexion 87.6 (21.2) 80.0 (19.8) .14 7.5 (—2.58, 17.66)
Standing hyperextension —36.7 (14.3) —30.1(8.2) .03 —6.6 (—12.28, —0.96)
Standing abduction 52.2 (13.8) 40.3 (11.3) <.001 11.9 (5.62, 18.13)

Change baseline-8 weeks
Lying flexion 55.8(27.4) 29.4 (25.6) <.001 26.4 (13.32,39.50)
Lying abduction 38.4 (17.3) 23.3 (15.7) <.001 15.1 (6.91, 23.25)
Standing flexion 42.5(21.3) 30.4 (20.3) .02 12.0 (1.81, 22.33)
Standing hyperextension —24.7 (12.7) -14.7 (10.1) .001 —10.1 (—15.75, —-4.38)
Standing abduction 28.7(13.4) 14.6 (13.5) <.001 14.1 (7.51,20.76)

6 months
Lying flexion 80.7 (24.4) 70.0 (19.3) .06 10.7 (-0.27, 21.6)
Lying abduction 49.8 (18.2) 41.6 (14.3) .048 8.2(0.06, 16.31)
Standing flexion 90.2(23.1) 84.8 (19.8) 32 5.4 (-5.25,16.03)
Standing hyperextension —34.1 (15.1) -28.8(9.2) .10 —5.3(—11.36,0.81)
Standing abduction 51.7 (15.1) 43.8 (11.8) .02 8.0 (1.24, 14.69)

Change baseline-6 months
Lying flexion 52.5(26.6) 32.8 (25.6) .003 19.6 (6.73, 32.50)
Lying abduction 37.6 (18.2) 25.7(15.2) .01 11.9 (3.57,20.20)
Standing flexion 45.1 (22.6) 35.2 (20.6) .07 9.9 (—0.79, 20.57)
Standing hyperextension —22.2(13.3) —13.5(11.1) .01 —8.7 (—14.72,-2.59)
Standing abduction 28.2 (14.3) 18.0 (12.1) .003 10.2 (3.64, 16.74)

IQR: interquartile range.
bMann-Whitney U test.
°PT: physiotherapy.

Short-Term Outcomes Assessment

4-Week Assessment

Differences between groups were found for TUG between the
digital PT and the conventional group: mean 9.9 (SD 5.4)
seconds versus mean 15.0 (SD 8.2) seconds, respectively
(P<.001), (see Multimedia Appendix 4) and for all hip ROM
exercises, except standing flexion (P=.05; see Multimedia
Appendix 4). There were no differences between groups in
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terms of patient-reported outcomes (see Multimedia Appendix
4).

8-Week Assessment

The TUG scores were again lower in the digital PT group
(P<.001; see Table 2). The median difference between the TUG
scores in the two groups was 3.34 seconds (95% CI —5.14 to
—1.70).
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Regarding HOOS, the median scores in the digital PT group
were superior to the conventional rehabilitation group for all
subscales, except for pain and QoL (see Table 3). Importantly,
in the symptoms and pain subscales, the median scores at the
8-week assessment were either the maximum score that can be
attained (100) or close to that value in both groups, revealing a
ceiling effect, which persisted over time (see Table 3).

Hip ROM was also higher in the digital PT group for all
exercises, except for standing flexion (see Table 3).

Change Between Baseline and the 8-Week Assessment

The median difference between the changes in the two groups
regarding the TUG score was 6.33 seconds (95% CI —8.79 to
—3.42). The minimal detectable change was 2.49 seconds, which
reveals a clinically significant difference (see Table 2).

No significant differences were detected in the median changes
from baseline and week 8 for HOOS scores (see Table 3).

For hip ROM, significant improvements from baseline were
noted in both groups, again with the digital PT group showing
greater results (see Table 4).

In the per-protocol analysis, the change between baseline and
week 8 was superior in the digital PT group for all outcome
measures (see Multimedia Appendix 5).

Medium-Term Outcomes Assessment

3-Months Assessment

The TUG score remained significantly different between groups
(P<.001), with patients from the SWORD group experiencing
better results (see Multimedia Appendix 4).

For the HOOS, the median scores in the digital PT group were
superior for all subscales except for pain (P=.10) and symptoms
(P=.08; see Multimedia Appendix 4).

Hip ROM was also higher in the digital PT group for all
measured exercises (P<.001), except for standing flexion (P=.41;
see Multimedia Appendix 4).

6-Months Assessment

The median difference between the TUG scores in the two
groups was 1.87 seconds (95% CI —3.02 to —0.62) in favor of
the digital PT group (P=.002; see Table 2).
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For HOOS, the median scores in the digital PT group were
significantly superior to the conventional rehabilitation group
for the ADL (P=.02), sports (P=.01), and QoL (P=.02) subscales
(see Table 3). Importantly, the majority of patients from both
groups reported the highest possible scores in the symptoms
and pain subscales, and the ADL and QoL scores from the digital
PT group nearly reached this same plateau (see Table 3).

Hip ROM was higher in the digital PT group for lying abduction
(P=.048) and standing abduction (P=.02; see Table 4).

Change Between Baseline and the 6-Months Assessment

The ITT analysis revealed the superiority of the digital PT group
in the TUG test, HOOS sports and QoL subscales, and all hip
ROM exercises, except for standing flexion.

The median difference between the changes in the two groups
for TUG was 4.79 seconds (95% CI —7.24 to —1.70) in favor of
the digital PT group (see Table 2).

For HOOS, the difference between median score changes was
both statistically and clinically significant in the sports (25.0
points, 95% CI 7.0-37.0) and the QoL (19.0 points, 95% CI
6.0-25.0) subscales (see Table 3).

For hip ROM, significant differences between the mean changes
in the two groups were detected in all ROM exercises, except
the standing flexion hip ROM (P=.07; see Table 4).

In the per-protocol analysis, the superiority of the digital PT
group was verified for all outcome measures (see Multimedia
Appendix 5).

Repeated Measures Analysis

A repeated measures ANOVA was performed only for variables
with normal distribution—TUG (after log transformation) and
hip ROM—and results are summarized in Table 4. Although
both groups presented an improvement in every dimension
evaluated, this analysis revealed a main effect of time, a main
effect of group (here with the exception of the standing hip
flexion ROM), and an interaction between time and group for
all outcome measures in favor of the digital PT group (see Table
5 and Figure 3).
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Table 5. Outcomes assessment: repeated measures analysis.
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Outcome variable Time Group Time*Group
F (df1,df2) P value F (df1,df2) P value F (df1,df2) P value
Patient performance
Timed Up and Go®P 128.6 (2.5,159.6) <.001 12.3 (1,64) .01 14.9 (3.2,159.6) <.001
Hip range of motion®
Lying hip flexion 119.4 (1.9,121.6) <.001 6.5 (1,64) .01 12.0 (1.9,121.6) <.001
Lying hip abduction 139.0 (2.9,188.1) <.001 9.4 (1,64) .03 10.4 (2.9,121.6) <.001
Standing hip flexion 154.9 (1.9,123.1) <.001 1.06 (1,64) 31 4.0 (1.9,123.1) .02
Standing hip hyperextension ~ 91.1 (3.3,211.2) <.001 4.6 (1,64) .04 8.2(3.3,211.2) <.001
Standing hip abduction 125.5 (2.1,137.3) <.001 10.0 (1,64) .002 12.1 (2.1,137.3) <.001

n transformation.

bGreenhouse-Geisser correction.

Figure 3. Evolution of the outcomes over time in both groups based on the repeated measures analysis (estimated marginal means are presented). (A)
Timed Up and Go (TUG) score, (B) lying hip flexion, (C) lying hip abduction, (D) standing hip flexion, (E) standing hip hyperextension, (F) standing

hip abduction. PT: physiotherapy.
A

5 E
§ L

:

TUG (seconds)
Lying Hip Flexion (degrees)

w0y

g 3 3 g
I N
)

Lying Hip Abduction (degrees)
]
3

S

J,

10007

T T T T T T T
Haseline 4 Weeks 8 Weexs 3Imarths & months Bascline 4 Weeks

Time

T T T
8 Weeks 3 marths & months Hazeline 4 Weeks 8 Weexs 3Imarths & months

Time Time

D E F
100 00 =100 00
g 93.00- — — 3 15.00 P —
$ ) ] - £ raon
B mor I 4 2000 /
5 / /
x -
& 20.00 25,00 40024
2
; 00 s 300 \ - ?
b 7 = . N 0.0 L
|§ 200 of 5 3500 ™ o .'./
J - P g {
.00 ) 00 20001
Sazeine 4 Weeks 8 Weexs 3 marthz € months Sasdine 4 Weeks 8 Weexs 3 marthz € months Sazdine 4 Weeks 8 Weexs 3marths € manths
Time Time Time
Digital PT group = - — Conventional rehabilitation group
: : There were two dropouts in the digital PT group, and a high
Discussion P g groub, &

Patient refusal and consent withdrawal were the main reasons
for screening failures in this study (57.7%, 90/156). The
explanation for this high refusal rate resides in patient skepticism
on the patient side, especially in an older population with little
technological literacy. This same difficulty was reported by
other authors in studies with similar devices [44] and is one of
the challenges that these technologies need to overcome. The
oldest patients in this study were also afraid of hidden costs,
even though it was clear and thoroughly explained that
participation in the study did not imply any cost.
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percentage of patients needed assistance from a caregiver to
interact with the system (37%, 13/35) or required assistance
calls. This likely represents the challenges felt by an older
population when dealing with technology and some issues with
the user interface that need to be overcome. In particular, each
physical interaction (ie, the need to calibrate sensors and the
multiple touches needed to start a session) represent huge
hurdles for elderly patients. This has been another challenge
faced by similar technologies and is an aspect where there is
still much room for improvement.
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The patient satisfaction score was very high, with all but two
patients rating the system with a 10/10. This is particularly
interesting considering the high percentage of patients who
needed assistance in using the system. When they were asked
to elaborate on the reasons, almost all referred to the possibility
of performing sessions at home, at their convenience. Still, it
must be considered that patients who agreed to enter the study
were more prone to use new technologies, and thus more likely
to give high scores.

Regarding clinical outcomes, considering the reference values
for the TUG [43], HOOS [45], and hip ROM [46], both groups
attained clinically relevant improvements in all outcome
measures in the short- and medium-term assessments. This is
in line with the findings of other authors who reported the
effectiveness of early exercise interventions post-THA
[8,10,47-49].

Greater benefits were observed in the digital PT group, which
was particularly evident in the per-protocol analysis, for all
outcome measures. Furthermore, for TUG and hip ROM, these
were confirmed in the repeated measures analysis. This is a
major achievement for remotely assisted PT programs,
considering no evidence exists yet on the superiority of a specific
exercise intervention post-THA [13,50-52]. Indeed, this
approach could be a game-changer on how rehabilitation
programs are delivered following hip replacement. By offering
a scalable solution that does not rely entirely on human resources
and maximizes the reach of existing resources, while minimizing
patient discomfort and the need for traveling back and forth,
access to effective rehabilitation could be democratized.

A synergy of factors might explain the results obtained in this
study. These have already been discussed in a previous paper
[34] and can be summarized as follows: (1) beneficial impact
of biofeedback and gamification on patient engagement and
performance, namely on achieving a higher ROM and on a more
effective correction of movement errors; (2) greater patient
empowerment, coupled with the effect of monitoring on patient
effort; and (3) program changes based on objective data.

In the absence of studies using technologies similar to this one,
it was nearly impossible to establish interstudy comparisons.
In fact, we found five reports on biofeedback systems designed
to complement physical therapists’ intervention following hip
arthroplasty [17,32,33,53,54], of which only two were based
on inertial motion tracking [53,54]. However, the aims of these
studies were distinct from ours and did not propose any
rehabilitation program. Furthermore, reports on PT interventions
for THA recipients revealed high methodological variability
regarding timing, duration and intensity, outcome measures,
and timelines for assessment [5,6,51,55]. Thus, only broad
comparisons can be made between this study and previous ones.

Despite being one of the most often used and recommended
performance-based outcome measures [13], the TUG test was
only found in four studies [24,25,30,56]. From these, one
compared the change between baseline and 9 to 12 months
postsurgery [30], and the others presented data on 4- [56], 8-
[24], 12- and 26-week [25] assessments or on the change
between baseline and 9 to 12 months [30]. All studies but one
[56] reported similar significant improvements on the TUG test
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with time in both intervention groups. Overall, reported changes
in TUG scores varied between 0.36 seconds [56] and —5.8
seconds [25]. The results in the conventional PT group from
this study fall broadly within these values, whereas the results
of the digital PT group were higher, even surpassing the scores
previously reported for healthy, community-living older adults
(mean 8 seconds) [57,58]. Additionally, although the pattern of
recovery from the conventional group followed a similar trend
to the ones found in other studies using conventional PT [59,60],
patients from the digital PT group improved faster (38% at 4
weeks after surgery) and to a greater extent in the medium term
(60% at 24 weeks). Indeed, in the study from Naylor et al [59],
an Australian cohort of 44 THA recipients (mean age 65 years)
with TUG baseline values similar to ours (18 seconds), patient
recovery at 4 weeks was approximately 6% and plateaued at
36% 24 weeks after surgery. Additionally, Kennedy et al [60]
reported a very slow recovery in a Canadian cohort of 68
patients (mean age 68 years), with a 78% TUG aggravation
within the first 4 weeks following surgery (18 seconds) and a
21% improvement from baseline after 24 weeks. However, in
this latter case, baseline values were oddly low (10.14 seconds),
masking an actual 73% recovery after 24 weeks when the
postoperative TUG (30 seconds) was set as the reference value.

Regarding HOOS, all subscales from both groups presented
higher scores than those reported on a French (N=30; 37.5-55.3
points) [45] or Swedish HOOS validation study (N=90;
56.3-82.3 points) [42] 3 and 6 months after THA, respectively.
In another randomized controlled trial (RCT; N=68) on the
effect of a walking skill training program in THA patients,
significant improvements were detected between 3 and 5
months. However, changes were much smaller than those we
observed. Also, in terms of changes from baseline, both the
digital PT and the control group improved significantly from
baseline to 4 weeks postoperatively, which was sooner than
what was reported by Mikkelsen et al (RCT; N=73) [8] and
Heiberg et al (RCT; N=68) [61]. Importantly, a ceiling effect
was observed on the HOOS symptoms and pain subscales, with
patients from both intervention groups reporting the best possible
score from 8 weeks onward. Ceiling effects have also been
reported on all subscales in the Swedish HOOS validation study,
6 months after THR [42], and in the Dutch RCT by Mikkelsen
et al [8]. Considering some sensitivity is lost using this scale, a
revision and adaptation to the context of digital interventions,
such as the one we presented, would be very useful in the future.

Regarding hip ROM, all reports use goniometry as a means to
measure hip ROM, whereas we applied high-precision
sensor-based technology to assess active hip ROM, enabling
continuous remote monitoring [34,62], while eliminating
operator errors [63]. In a retrospective study by Davis et al
(N=1383) [64], a logistic regression model yielded three levels
of postsurgery hip ROM: high (115° of flexion, 25° of
abduction), average (90°-114° of flexion, 16°-24° of abduction),
or low (<90° of flexion, <15° of abduction) motion. Considering
these ranges, scores from our study revealed very high abduction
amplitudes in both groups at month 6 postsurgery, particularly
in the digital PT group. Indeed, we found no other reports
showing superior abduction results than those reported in this
study [31,56,61,65,66].
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On the other hand, flexion ROM values fell in the lower range
reported, revealing some room for improvement.
Notwithstanding, our results from the digital PT group at month
6 (median 80.7°, IQR 24.4) were comparable to the ones
reported on another prospective study (N=15) [66] on THA
outcomes 12 months postsurgery (flexion mean 93.3°, SD
18.7°).

Another study by Umpierres et al (RCT, N=106) [65] also
reported on the improvement of hip flexion and extension ROM
following THR, with an early 2-week inpatient supervised versus
unsupervised intervention. Although closer to the values reported
at the 4-week assessment in this study, results from the digital
PT group in our study were superior to the ones reported in this
RCT. Other studies were found in which flexion and extension
ROMs were higher than those we reported [31,56,61]. However,
even considering possible differences related to measurement
methods, high baseline angles revealed that the population in
these studies was not as disabled as the one in this study.

Although the improvements achieved in hip ROM are
substantial, the values are still far from those reported for healthy
individuals [67].

This study has several limitations that need to be acknowledged.
This was a quasi-randomized study, in which patient allocation
was performed according to geographical location. This implies
that even if no differences were found in demographics,
comorbidities, and risk factors for adverse and clinical
characteristics (except for the HOOS QoL subscale), a number
of factors (eg, socioeconomic) might have influenced the results.
Still, almost all the patients resided in urban areas; therefore,
the authors speculate that the impact of these aspects is small,
but nonetheless needs to be controlled in ensuing studies.

There was a potential selection bias toward more technologically
prone recipients, given the low inclusion rate. To address this,
greater involvement of the clinical teams (doctors and nursing
staff) in the wards is required to overcome natural patient
skepticism.
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The limited context of the clinical setting, which was a
low-volume orthopedic hospital, may not reflect the reality of
other settings. Thus, generalization of the results needs to be
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between groups. However, the intensity in the digital PT group
was highly variable, and unsupervised sessions in the
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particular after 8 weeks, most likely due to underreporting. In
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In conclusion, this study demonstrates that home-based
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feasible and safe following THA as previously demonstrated
for TKA, and is associated with high patient satisfaction, albeit
with room for improvement in terms of usability by elderly
patients. Plus, to our knowledge, it is the first study
demonstrating that a digital rehabilitation solution can reduce
the dependence on human resources while ensuring better
clinical outcomes than conventional rehabilitation in the short
and medium term following THA. These promising results
justify further investigation and prove the feasibility of larger
RCTs to confirm these findings.
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021-8 Do Family Members' Hospital Visits Influence Clinical Outcome of the Patients Admitted
17:40 to a Convalescent Rehabilitation Ward?
Wataru Kakuda [Japan], Sawako Kagamizono, Ayaka Iwato, Kazumi Cho, Mitsuhiro Sano,
Takeki Ishida, Ayaka Takahashi
021-9 Do Outpatient Rehabilitation Services Save Inpatient Bed Days? Mapping the Relationship
17:50 between Outpatient Services and Inpatient Rehabilitation Length of Stay in NSW/ACT
Hospitals
Steven Faux [Australia], Angela Vrasistas-Curto, Chrisitine Shiner, lan Harris, Michael Pollak,
Francis Simmons, Linda Klien
16:30-18:00 Room 10

Special Session 25: Current Status of Telerehabilitation

§825-1
16:30

§825-2
16:50

§825-3
17:00

Chairs: Kazuko Shem [United States]
Sonoko Nozaki [ Japan |

Telemedicine in Spain Cord Injury in the United States: Implementation, Outcomes and
Future

Kazuko Shem [United States |

Digital Biofeedback System versus Conventional Home-based In-person Rehabilitation for
Total Hip Arthroplasty: a Feasibility Study

Fernando D Correia [ Portugal |, Andre Nogueira, Ivo Magalhaes, Joana Guimaraes, Maria Moreira,
Isabel Barradas, Maria Molinos, Laetitia Teixeira, Joaquim Pires, Rosmaninho Seabra,

Jorge Lains, Virgilio Bento

Medium-term Outcomes a Feasibility Study Comparing Digital versus Conventional Home-
based Rehabilitation after Total Hip Replacement

Fernando D Correia [ Portugal |, Andre Nogueira, Ivo Magalhaes, Joana Guimaraes, Maria Moreira,
Isabel Barradas, Laetitia Teixeira, Maria Molinos, Joaquim Pires, Rosmaninho Seabra,

Jorge Lains, Virgilio Bento
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$S25-4

Medium-term Outcomes after Total Knee Replacement: Follow Up Results of a Feasibility

17:10 Study Comparing Digital versus Conventional Home-based Rehabilitation
Fernando D Correia [ Portugal |, Andre Nogueira, Ivo Magalhaes, Joana Guimaraes, Maria Moreira,
Isabel Barradas, Maria Molinos, Laetitia Teixeira, Jose Tulha, Rosmaninho Seabra, Jorge Lains,
Virgilio Bento
$825-5 Artificial Intelligence and Telerehabilitation of Patients with Injuries of the Lower
17:20 Extremities
Andriy J Hospodarskyy [Ukraine], Andriy | Tsvyakh, Roman S Drevnitskyy, Roman O Lutsyshyn
§825-6 Rehabilitation of Patients with Injuries of the Elbow Joint of the Upper Extremities by
17:30 Telemedicine and Artificial Intelligence Technology
Andriy | Tsvyakh [Ukraine ], Andriy J Hospodarskyy, Roman S Drevnitskyy, Roman O Lutsyshyn
$825-7 Telerehabilitation for Patients with Dysphagia and Dysarthria: Usefulness and Satisfaction
17:40 Sonoko Nozaki[Japan ], Maiko Nishiguchi, Kyoko Okuno, Takako Tanimura, Mika Takeichi,
Kentarou Akagi, Yoko Nakano, Mitsuru Furuta, Shiro Yorifuji
$S25-8 Continued Home Rehabilitation with the Personal Video-physiotherapist
17:50 Polina V. Tkachenko [Russia], Oleg E. Karpov, Vadim D. Daminov
16:30-18:00 Room 11

Special Session 26: Phenol Neurolysis for Spasticity Management: an Update

$S26-1
16:30

§S26-2
17:15

Chair: Gerard E Francisco [United States |

A Retrospective Review on Phenol Neurolysis for Spasticity Management in the Distal
Upper Extremity
Sheng Li[United States |, Kay Jarri, Bei Zhang

Phenol Neurolysis for Spasticity Management: An Update
Rochelle Dy [United States |
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Portuguese version






Measuring quality of life related to health in patients with osteoarthritis of the hip and
hip replacement surgery: Adaptation and validation of the Hip disability and
Osteoarthritis Outcome Score LK 2.0 (HOOS 2.0) to the Portuguese culture

In memory of Prof.° Dr.° Jodo Gil
Sandra Nunes, Jan Cabri, Jodo Gil

Abstract

Introduction: The existence of few health status measurements in Portugal for the hip osteoarthritis
specific condition justifies the adaptation and validation of the Hip disability and Osteoarthritis Outcome
Score (HOOS-LK2.0).

Objective: Validate and adapt the HOOS LK2.0 to the Portuguese population in individuals suffering
from osteoarthritis (OA) and from hip replacement (HR)

Methods: The Portuguese version was developed through the translation into Portuguese/back to the
original, analysis of the quality of the translation done by doctors and subsequent cognitive panel
involving 11 patients some of whom suffering from hip OA and others had undergone hip replacement
surgery. Another sample of patients was selected to test the validity and obtain the Portuguese version.
Results: For reliability The Cronbach alfa values of the HOOS LK2.0 were between 0.7 and 0.9
(internal consistency) and intra-class correlation coefficient values were between 0.786 and 0.954
(reproducibility). The direction of the relations between the HOOS and pain intensity, degree of
discomfort and degree of disability (r between -0.245 and -0.541) as well as the MOS SF-36 (r between
0.221 and 0.824) agree with the expected outcome and were almost always significant. Following the
caring process, the effect size values varied between 0.39 (pain) and 0.72 (everyday activities) in the bulk
sample and between 0.56 (pain) and 1.05 (everyday activities) in the hip replacement sub-sample.
Conclusions: The Portuguese HOOS-LK2.0 version is a valid, reliable and responsive measurement
whose use is recommended in clinical practice and research.

Keywords: Hip osteoarthritis, hip replacement surgery, measurement, disability, health status.

Additional information about the Portuguese version of the HOOS LK 2.0 can be
requested from:

Sandra Nunes Faculty of Human Kinetics

Fisioterapeuta Center for Research in Physiotherapy

Rua Ferreira Borges n.°102- 1° andar Technical University of Lisbon

1350-135 Lisboa, Portugal Estrada da Costa 1499-002 Cruz Quebrada
Tel. +351 21 3830644 Dafundo-Portugal

Mob. +351 936964937 Tel. +351 21 4149100

E-mail: Sandranunesnunes@sapo.pt Fax. +351 21 4151248

E-mail: servicosacademicos@fmh.utl.pt
Jan Cabri, PhD
Professor and Head
Department Physical Performance
Norwegian School of Sport Sciences
Postbooks 4014 Ulleval Stadion0806 Oslo, Norway
Tel. +47 23 26 22 47
Mob +47 93 44 33 31
E-mail: Jan.Cabri@nih.no

CEISUC- Centro de Estudos e Investigacdo em Saude da Universidade de Coimbra
Faculdade de Economia da Universidade de Coimbra

Avenida Dias da Silva, 165, 3004-512 Coimbra, Portugal

Tel. +351 239 790 507

Fax: +351 239790 514

E-mail: ceisuc@fe.uc.pt
Site: http://www.uc.pt/org/Ceisuc/RIMAS/Lista/Instrumentos/HOOS

2003 Hip dysfunction and Osteoarthritis Outcome Score (HOOS), English version LK 2.0,
2009 Versao Portuguesa. Centro de Estudos e Investigagdo em Satude da Universidade de Coimbra



Hip disability and Osteoarthritis Outcome Score (HOOS), Portuguese version LK 2.0, 2009 1

QUESTIONARIO HOOS SOBRE A ANCA

Data: / / Data de nascimento: / /

Nome:

INSTRUGOES: Este questionario pretende saber como vé a sua anca. Esta
informacgao dar-nos-a dados sobre como se sente em relagdo a anca e até que ponto é
que é capaz de desempenhar as suas actividades habituais.

Responda a cada uma das perguntas marcando o quadrado adequado, apenas um
guadrado para cada pergunta. Se nao tiver a certeza sobre a resposta a escolher, por
favor escolha a que achar melhor.

Sintomas
Estas perguntas devem ser respondidas tendo em conta as dificuldades e os sintomas
na sua anca durante a ultima semana.

S1. Tem sentido a anca a ranger ou ouve um estalido ou qualquer outro tipo de barulho?

Nunca Raramente As vezes Frequentemente Sempre
0 d 0 0 0
S2. Dificuldades em afastar as pernas
Nenhuma Pouca Moderada Muita Muitissima
0 d 0 0 0
S3. Dificuldades em andar com passadas largas
Nenhuma Pouca Moderada Muita Muitissima
0 d 0 0 0
Rigidez

As perguntas que se seguem dizem respeito ao grau de rigidez na anca que sentiu na
ultima semana. Rigidez é a sensacao de dificuldade ou lentiddo a mexer a sua anca.

S4. Até que ponto sente rigidez na anca logo apds acordar de manha?

Nada Pouco Moderadamente Muito Muitissimo
0 d 0 0 0
S5. Até que ponto sente rigidez na anca depois de se sentar, deitar ou descansar ao fim do
dia?
Nada Pouco Moderadamente Muito Muitissimo

O O O O O




Hip disability and Osteoarthritis Outcome Score (HOOS), Portuguese version LK 2.0, 2009 2

Dor

P1. Com que frequéncia tem dores na anca?
Nunca Uma vez por més Uma vez por semana Todos os dias Sempre

O O a O O

Que intensidade de dor na anca € que sentiu durante a ultima semana nas seguintes
actividades?

P2. Esticar a anca completamente

Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a
P3. Dobrar a anca completamente
Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a
P4. Andar sobre uma superficie plana
Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a
P5. Subir ou descer escadas
Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a
P6. A noite, na cama
Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a
P7. Estar sentado/a ou deitado/a
Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a
P8. Estar de pé
Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a
P9. Andar numa superficie dura (asfalto, cimento, etc.)
Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a
P10. Andar numa superficie irregular
Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a

Actividades da vida diaria

As perguntas que se seguem dizem respeito a sua funcgao fisica. Por fungéo fisica
referimo-nos a sua capacidade de se deslocar e de cuidar de si. Para cada uma das
actividades seguintes, indique o grau de dificuldade que sentiu na ultima semana por
causa da sua anca.

A1. Descer escadas

Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a
A2. Subir escadas
Nenhuma Pouca Moderada Muita Muitissima

O O a O O



Hip disability and Osteoarthritis Outcome Score (HOOS), Portuguese version LK 2.0, 2009 3

Para cada uma das seguintes actividades indique, por favor, o grau de dificuldade que
teve na ultima semana devido a sua anca.

A3. Levantar-se partindo da posi¢ao de sentado/a

Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a
A4. Manter-se de pé
Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a
A5. Dobrar-se para apanhar um objecto do chao
Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a
A6. Andar numa superficie plana
Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a
A7. Entrar ou sair do carro
Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a
A8. Ir as compras
Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a
A9. Calgar meias/collants
Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a
A10. Levantar-se da cama
Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a
A11. Tirar meias/collants
Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a
A12. Estar deitado/a na cama (virar-se, manter a posigao da anca)
Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a
A13. Entrar/sair da banheira
Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a
A14. Estar sentado/a
Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a

A15. Sentar-se ou levantar-se da sanita
Nenhuma Pouca Moderada Muita Muitissima

O O a O O



Hip disability and Osteoarthritis Outcome Score (HOOS), Portuguese version LK 2.0, 2009 4

Para cada uma das actividades seguintes, indique o grau de dificuldade que sentiu na
ultima semana por causa da sua anca.

A16. Tarefas domésticas pesadas (ex.: pegar em caixas pesadas, esfregar o chao, etc.)

Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a
A17. Tarefas domésticas leves (ex.: cozinhar, limpar o p9, etc.)
Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a

Actividades desportivas e de lazer

As perguntas que se seguem dizem respeito a sua funcgao fisica, estando activo/a a
um nivel mais elevado. As perguntas devem ser respondidas tendo em conta o grau
de dificuldade que teve durante a altima semana por causa da sua anca.

SP1. Pér-se de cocoras

Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a
SP2. Correr
Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a
SP3. Rodarl/virar-se/torcer sobre a perna em carga
Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a
SP4. Andar numa superficie irregular
Nenhuma Pouca Moderada Muita Muitissima
0 0 a 0 a

Qualidade de Vida

Q1. Com que frequéncia é que tem consciéncia do problema que tem na anca?

Nunca Uma vez por més Uma vez por semana Todos os dias Constantemente
0 d 0 a 0
Q2. Modificou o seu estilo de vida para evitar actividades que poderiam afectar a anca?
De modo algum Um pouco Moderadamente Muito Completamente
0 d 0 a 0
Q3. Até que ponto é que a falta de confianga na anca o/a incomoda?
Nada Um pouco Moderadamente Muito Muitissimo
0 d 0 a 0
Q4. Em geral, a anca causa-lhe muitos problemas?
Nenhuns Poucos Alguns Muitos Muitissimos
0 d 0 a 0

Obrigado por ter respondido a todas as perguntas deste questionario
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Knee injury and Osteoarthritis Outcome Score (KOOS), Portuguese version LK 1.0

Additional information about the Portuguese version of the KOOS can be

requested from:

Rui Soles Gongalves, PT, MSc

Prof. Adjunto do Curso de Fisioterapia

Escola Superior de Tecnologia da Saude de Coimbra

Rua 5 de Outubro - S. Martinho do Bispo - Apartado 7006 - 3040-162 Coimbra
PORTUGAL

Tel.: +351 239 802 430

E-mail: ruigoncalves@estescoimbra.pt




Knee injury and Osteoarthritis Outcome Score (KOOS), Portuguese version LK 1.0 1

QUESTIONARIO KOOS SOBRE O JOELHO

Data: / / Data de nascimento: / /

Nome:

INSTRUCOES: Este questionario pretende saber como vé o seu joelho. Esta
informacgéo dar-nos-a dados sobre como se sente em relagao ao joelho e até
que ponto é que é capaz de desempenhar as suas actividades normais.
Responda a cada uma das perguntas marcando o quadrado adequado, apenas
um quadrado para cada pergunta. Se nao tiver a certeza sobre a resposta a
escolher, por favor escolha a que achar melhor.

Sintomas
Estas perguntas devem ser respondidas tendo em conta os sintomas no seu
joelho durante a altima semana.

S1. Tem tido o joelho inchado?

Nunca Raramente As vezes Frequentemente Sempre
O O O O O
S2. Tem sentido ranger, ouvido um estalo ou qualquer outro som quando mexe o
joelho?
Nunca Raramente As vezes Frequentemente Sempre
O O O O O
S3. Tem sentido o joelho preso ou bloqueado quando se mexe?
Nunca Raramente As vezes Frequentemente Sempre
O O O O O
S4. Tem conseguido esticar o joelho completamente?
Sempre Frequentemente As vezes Raramente Nunca
O O O O O
S5. Tem conseguido dobrar o joelho completamente?
Sempre Frequentemente As vezes Raramente Nunca
O O O O O
Rigidez

As perguntas que se seguem dizem respeito ao grau de rigidez no joelho que
teve na ultima semana. Rigidez € uma sensacgao de dificuldade ou lentiddo a
mexer o seu joelho.

S6. Até que ponto sente rigidez no joelho logo apds acordar de manha?
Nada Pouco Moderadamente Muito Muitissimo

O O O O O

S7. Até que ponto sente rigidez no joelho depois de se sentar, deitar ou descansar ao fim
do dia?
Nada Pouco Moderadamente Muito Muitissimo

O O O O O




Knee injury and Osteoarthritis Outcome Score (KOOS), Portuguese version LK 1.0 2

Dor

P1. Com que frequéncia tem dores no joelho?
Nunca Uma vez por més Uma vez por semana Todos os dias Sempre

O O O O O

Que intensidade de dor no joelho € que teve durante a ultima semana nas
seqguintes actividades?

P2. Rodar/virar-se/torcer sobre o joelho

Nenhuma Pouca Moderada Muita Muitissima
O O O O O
P3. Esticar o joelho completamente
Nenhuma Pouca Moderada Muita Muitissima
O O O O O
P4. Dobrar o joelho completamente
Nenhuma Pouca Moderada Muita Muitissima
O O O O O
P5. Andar sobre uma superficie plana
Nenhuma Pouca Moderada Muita Muitissima
O O O O O
P6. Subir ou descer escadas
Nenhuma Pouca Moderada Muita Muitissima
O O O O O
P7. A noite, na cama
Nenhuma Pouca Moderada Muita Muitissima
O O O O O
P8. Estar sentado/a ou deitado/a
Nenhuma Pouca Moderada Muita Muitissima
O O O O O
P9. Estar de pé
Nenhuma Pouca Moderada Muita Muitissima
O O O O O

Actividades da vida diaria

As perguntas que se seguem dizem respeito a sua fungao fisica. Por fungao
fisica referimo-nos a sua capacidade de se deslocar e de cuidar de si. Para
cada uma das actividades seguintes, indique o grau de dificuldade que sentiu
na ultima semana por causa do seu joelho.

Al. Descer escadas
Nenhuma Pouca Moderada Muita Muitissima

O O O O O

A2. Subir escadas
Nenhuma Pouca Moderada Muita Muitissima

O O O O O



Knee injury and Osteoarthritis Outcome Score (KOOS), Portuguese version LK 1.0 3

Para cada uma das seguintes actividades indique, por favor, o grau de
dificuldade que teve na ultima semana devido ao seu joelho.

A3. Levantar-se a partir da posicao de sentado/a

Nenhuma Pouca Moderada Muita Muitissima
O O O O O
A4. Manter-se de pé
Nenhuma Pouca Moderada Muita Muitissima
O O O O O
AS5. Dobrar-se para baixo/apanhar um objecto
Nenhuma Pouca Moderada Muita Muitissima
O O O O O
A6. Andar numa superficie plana
Nenhuma Pouca Moderada Muita Muitissima
O O O O O
A7. Entrar ou sair do carro
Nenhuma Pouca Moderada Muita Muitissima
O O O O O
A8. Ir as compras
Nenhuma Pouca Moderada Muita Muitissima
O O O O O
A9. Calgar meias/collants
Nenhuma Pouca Moderada Muita Muitissima
O O O O O
A10. Levantar-se da cama
Nenhuma Pouca Moderada Muita Muitissima
O O O O O
A1l. Descalgar meias/collants
Nenhuma Pouca Moderada Muita Muitissima
O O O O O
A12. Estar deitado/a na cama (virar-se, manter a posi¢ao do joelho)
Nenhuma Pouca Moderada Muita Muitissima
O O O O O
A13. Entrar/sair da banheira
Nenhuma Pouca Moderada Muita Muitissima
O O O O O
A14. Estar sentado/a
Nenhuma Pouca Moderada Muita Muitissima
O O O O O

A15. Sentar-se ou levantar-se da sanita
Nenhuma Pouca Moderada Muita Muitissima

O O O O O



Knee injury and Osteoarthritis Outcome Score (KOOS), Portuguese version LK 1.0 4

Para cada uma das actividades seguintes, indique o grau de dificuldade que
sentiu na ultima semana por causa do seu joelho.

A16. Tarefas domésticas pesadas (ex.: pegar em caixas pesadas, esfregar o chéo, etc.)

Nenhuma Pouca Moderada Muita Muitissima
O O O O O
A17. Tarefas domésticas leves (ex.: cozinhar, limpar o po, etc.)
Nenhuma Pouca Moderada Muita Muitissima
O O O O O

Actividades desportivas e de lazer

As perguntas que se seguem dizem respeito a sua fungao fisica, estando
activo/a a um nivel mais elevado. As perguntas devem ser respondidas tendo
em conta o grau de dificuldade que teve durante a ultima semana por causa
do seu joelho.

SP1. Por-se de cocoras

Nenhuma Pouca Moderada Muita Muitissima
O O O O O
SP2. Correr
Nenhuma Pouca Moderada Muita Muitissima
O O O O O
SP3. Saltar
Nenhuma Pouca Moderada Muita Muitissima
O O O O O
SP4. Rodar/virar-se/torcer sobre o joelho afectado
Nenhuma Pouca Moderada Muita Muitissima
O O O O O
SP5. Ajoelhar
Nenhuma Pouca Moderada Muita Muitissima
O O O O O

Qualidade de Vida

Q1. Com que frequéncia ¢ que tem consciéncia do problema que tem no joelho?

Nunca Uma vez por més Uma vez por semana Todos os dias Constantemente
O O O O O
Q2. Modificou o seu estilo de vida para evitar actividades que poderiam afectar o
joelho?
De modo algum Um pouco Moderadamente Muito Completamente
O O O O O
Q3. Até que ponto ¢ que a falta de confianca no joelho o/a incomoda?
Nada Um pouco Moderadamente Muito Muitissimo
O O O O O
Q4. Em geral, o joelho causa-lhe muitos problemas?
Nenhuns Poucos Alguns Muitos Muitissimos
O O O O O

Obrigado por ter respondido a todas as perguntas do questionario.
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Impacto Clinico do sistema SWORD Phoenix na reabilitagdo pés artroplastia total
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HOSPITAL DA PRELADA
DR. DOMINGOS BRAGA DA CRUZ

// SWORD HEALTH

Por favor, leia com atengdo a seguinte informacgdo. Se achar que algo esta incorreto ou que ndo esta claro, nao

hesite em solicitar mais informagaoes. Se concorda com a proposta que lhe foi feita, queira assinar este documento.

Titulo do estudo: Impacto Clinico do sistema SWORD Phoenix na reabilitagdo pés artroplastia total da
anca ou joelho: um estudo piloto contra comparador ativo

Enquadramento:

As necessidades de realizacdo de proteses de anca e de joelho estdo a aumentar, em virtude do
envelhecimento da populacdo. Um programa eficaz de fisioterapia apds a cirurgia permite maximizar
os resultados clinicos obtidos. Contudo, o acesso a estes programas é dificultado pelo facto de estes
dependerem da disponibilidade de recursos humanos, que sdo escassos, ou implicarem deslocamentos
frequentes dos doentes as instituices que prestam estes cuidados. No atual contexto econdmico, é
vital encontrar formas mais eficientes de entrega de cuidados de saude.

Explicacdo do estudo

Este estudo tem como objetivo avaliar a evolucao clinica do utente utilizador de um programa de
reabilitacdo no domicilio recorrendo a tecnologia SWORD Phoenix®, em comparagdo com programas
de reabilitacdo dita convencional, ministrados ao domicilio por parte de um fisioterapeuta. Este estudo
esta direcionado para doentes submetidos colocacdo de protese de anca ou joelho. Este documento
informativo foi-lhe entregue porque é um candidato a participar no estudo.

Se tiver indicacdo e aceitar participar, sera feita uma avaliacdo clinica inicial (pré-operatdria), onde
serao recolhidas as seguintes informacdes: género, idade, lado afectado, doencas concomitantes e
medicacdo habitual. Serd, também, feita uma avaliacdo da severidade da sua condicdo clinica,
recorrendo a testes e questionarios especificos.

O internamento hospitalar decorrera de acordo com os procedimentos internos do Hospital da Prelada.
Aguando da alta hospitalar, serd novamente avaliado, para recolha de informac&es relacionadas com a
cirurgia e o internamento.

Sera, depois, e encaminhado para o grupo de intervencdo ou para o grupo de controlo, consoante a
sua morada: se viver dentro da drea metropolitana do Porto, serd alocado ao grupo de fisioterapia
convencional; se viver fora da drea metropolitana do Porto, serd alocado ao grupo de intervencao
digital.

Se for alocado ao grupo de intervencdo digital, a reabilitacdo sera feita com recurso a utilizacdo do
sistema SWORD Phoenix®, de acordo com o protocolo do estudo. Este dispositivo usa pequenos
sensores, que sao colocados no tronco e membro inferior através de fitas de velcro, para digitalizar os
movimentos, transmitindo a informacdo para uma aplicacdo movel. Esta aplicacdo, que estard num
tablet dedicado para o efeito, vai guid-lo na realizacdo das sessGes de exercicio, indicando-lhe se os
estd a realizar corretamente ou ndo, ajudando-o a corrigir eventuais erros. Toda a informacao recolhida
é transmitida para uma plataforma de internet onde a equipa clinica pode analisar remotamente as
sessOes, introduzindo alteracdes a medida do necessdrio. Assim, estard sempre a ser monitorizado



clinicamente, mesmo estando em casa. Serd recomendada a realizacdo de sessdes diarias, com uma
frequéncia de pelos menos 5 dias por semana, mas ndo serd excluido do estudo se ndo cumprir esta
periodicidade.

Se for alocado ao grupo de fisioterapia convencional, a sua reabilitacdo sera feita através de visitas
domicilidrias de um fisioterapeuta, trés vezes por semana, de acordo com o protocolo do estudo e sob
orientacdo do seu Ortopedista. Adicionalmente, ser-lhe-do prescritas sessdes de exercicios que deve
realizar de forma autdonoma, ndo supervisionada, pelo menos duas vezes por semana.

Em qualquer dos casos, serd reavaliado em Consulta Externa pelo seu Ortopedista a 4a e 8a semanas
apos inicio da reabilitacdo, bem como aos 3 e 6 meses apos cirurgia.

Condicdes e financiamento:

Este estudo sera integralmente financiado pelo promotor do estudo, a empresa SWORD Health, S.A.
gue desenvolveu o SWORD Phoenix.

A participacdo neste estudo é inteiramente voluntdria e ndo implica nenhum encargo financeiro para
si. Em caso de necessidade de deslocacGes adicionais ao Hospital da Prelada, para reavaliacdes
relacionadas com o estudo, os gastos com a viagem ser-lhe-do devolvidos pelo Hospital.

Ndo recebera qualquer contrapartida financeira pela sua participacdo neste estudo.

Caso ndo queira participar, isso ndo acarretara qualquer consequéncia negativa, e continuard a usufruir
do seguimento habitual junto do seu Ortopedista

Este estudo mereceu parecer favoravel da Comissdo de Etica do Hospital da Prelada.

Confidencialidade e anonimato:

Os dados referentes a sua identificacdo serdo apenas do conhecimento dos investigadores do estudo
e ndo serdo tornados publicos em qualquer circunstancia. Estes dados serdo destruidos 5 anos apds o
fim do estudo.

Todos os dados recolhidos servirdo Unica e exclusivamente para producdo de artigos cientificos
relacionados com este estudo, sendo estes sempre andnimos e garantindo a privacidade e a protecdo
dos seus dados pessoais.

Em caso de persisténcia de dlvidas acerca do estudo, por favor contacte um dos investigadores, através
dos seguintes contactos:

Dr. Rosmaninho Seabra: +351 918174900
Dr. Fernando Correia: +351 916557789

Os investigadores agradecem desde ja a sua disponibilidade.



HOSPITAL DA PRELADA
DR. DOMINGOS BRAGA DA CRUZ

// SWORD HEALTH

Titulo do estudo: Impacto Clinico do sistema SWORD Phoenix na reabilitagdo pds artroplastia total da
anca ou joelho: um estudo piloto contra comparador ativo

Declaro ter lido e compreendido este documento, bem como as informagoes verbais que me foram fornecidas
pela/s pessoa/s que acima assina/m.

Declaro que tive oportunidade para colocar as duvidas que julguei necessarias, que me foram devidamente
esclarecidas.

Foi-me garantida a possibilidade de, em qualquer altura, recusar participar neste estudo sem qualquer tipo de
consequéncias.

Desta forma, aceito participar neste estudo e permito a utilizagdo dos dados pessoais e clinicos que de forma
voluntaria forneco, confiando em que apenas serdo utilizados para esta investigacdo e nas garantias de

confidencialidade e anonimato que me sdo dadas pelo investigador.

Nome do PartiCIpante: ... ... ... co. it vt e s ce et et e et e e e e e e e e e e

ASSINATULA: ... ot i it it ot e et e e e e e e e e e e e e e e

Nome do Investigador que recolhet 0 CONSENtIMENTO: ... ... t.v et vet it ot iiies e et e eivees e et en eae e e

ASSINATULA: ... ot i it ot ot et et e e e e e e e e e e e e e e
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Proc. n.° 2167/ 2017 | 1

Autorizagdo n.° 1476/ 2017

SWORD Health, SA , NIPC 510675565, notificou a Comissao Nacional de Protecgao
de Dados (CNPD) um tratamento de dados pessoais com a finalidade de realizar um
Estudo Clinico com Intervengao, denominado Impacto Clinico do sistema SWORD
Phoenix na reabilitagdo pos atroplastia total da anca ou joelho: um
estudo piloto contra comparador activo.

O participante é identificado por um codigo especificamente criado para este estudo,
constituido de modo a nao permitir a imediata identificagdo do titular dos dados;
designadamente, ndo sdo utilizados cédigos que coincidam com os numeros de
identificagao, iniciais do nome, data de nascimento, numero de telefone, ou resultem
de uma composigao simples desse tipo de dados. A chave da codificacdo s6 é

conhecida do(s) investigador(es).

E recolhido o consentimento expresso do participante ou do seu representante legal.
A informagao é recolhida diretamente do titular.

As eventuais transmissdes de informacao sao efetuadas por referéncia ao codigo do

participante, sendo, nessa medida, anénimas para o destinatario.

A CNPD j& se pronunciou na Deliberagdo n.° 1704/2015 sobre o enquadramento legal,
os fundamentos de legitimidade, os principios aplicaveis para o correto cumprimento
da Lei n.° 67/98, de 26 de outubro, alterada pela Lei n.° 103/2015, de 24 de agosto,
doravante LPD, bem como sobre as condigbes e limites aplicaveis ao tratamento de
dados efetuados para a finalidade de investigagao clinica.

No caso em apreco, o tratamento objeto da notificagdo enquadra-se no ambito
daquela deliberagéo e o responsavel declara expressamente que cumpre os limites e
condicdes aplicaveis por forca da LPD e da Lei n.° 21/2014, de 16 de abril, alterada
pela Lei n.° 73/2015, de 27 de junho — Lei da Investigagdo Clinica —, explicitados na
Deliberagao n.° 1704/2015.

O fundamento de legitimidade é o consentimento do titular.
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Extrato da Ata N® 26 da Comissio de Etica das Unidades Operacionais de Satde da Santa
Casa da Misericérdia do Porto, relativo a reunido de 29/11/2016

“Foi apresentado um projeto, enviado a este drgdo pelo Hospital da Prelado, no area
do Fisioterapia, designodo Sword Health.

Assim, o documento trazido o esta comissdo obteve parecer favordvel com as sequintes
ressalvas: verificar se possui certificogdio CE e se esta registode no Portal do Infarmed ou em
processo de registo; no informagdo ao utente deverd ser incluido o seguinte paragrafo,
presente no projetc enviodo a esta comissdo: “ Todos os dados recolhidos servirdo unica e
exclusivamente pora producdo de artigos cientificos, sendo estes sempre onénimos e
garantindo privacidade e a protegéio dos dados pessoais dos participantes”,

Garontindo estas situagdes, ndo tem este comissac noda a opor @ realizagdo do
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Presidente da Comiss3o de Etica

Sr. Dr. Juiz Conselheiro Aimeida Lopes

Ael, e Nadees

A Secretdria da Comissdo de Etica
Anabela Monteiro

presente projeto.”
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