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Highlights

What are the main findings?

e RaWTs in people with chronic pulmonary diseases or heart failure appear reliable,
feasible, and acceptable to patients.

e  Validity with in-clinic testing is context-dependent and strongly influenced by test
setup and environmental conditions.

What are the implications of the main findings?

e  The clinical utility of the remote testing is still limited.

e  The remotely administered 6 min walk test can be used with minimal safety concerns
when implemented under structured protocols as it demonstrates good to excellent
test-retest reliability and high feasibility with strong patient adherence.

Abstract

Objective: The objective of this study is to conduct a systematic review of the evidence on
the use of remotely administered walking tests (RaWTs) in patients with chronic pulmonary
diseases (CPDs) and heart failure (HF), focusing on agreement, reliability, feasibility, and
clinical utility as outcomes. Methods: This study followed the Preferred Reporting Items
for Systematic Reviews and was registered on the International Prospective Register of
Systematic Reviews platform (ID: CRD420251180996). The PubMed, Web of Science, CEN-
TRAL, Scopus, and ACM databases were comprehensively searched from inception up to
October 2025. Observational, randomized and non-randomized control studies assessing
the agreement, reliability, feasibility, and clinical utility of RaWTs in people with CPDs
and HF and reporting quantitative outcomes were eligible. Two reviewers independently
conducted study selection, data extraction, and risk of bias assessment using the COSMIN
Risk of Bias tool for the reliability studies, the Risk of Bias in Non-Randomized Studies—of
Interventions (ROBINS-I) tool for non-randomized studies, and the Quality in Prognosis
Studies (QUIPS) tool for the prognostic studies. Results: Eleven studies met the inclusion
criteria. Five studies included patients with HF, five with pulmonary hypertension (PH),
and one study included candidates for lung transplantation due to advanced CPD. All
studies used the 6 min walk test (6MWT); one also included the incremental shuttle walk
test. Agreement with face-to-face in-clinic testing (in five studies) is setting-dependent
and influenced by the testing setup. Reliability (in eight studies), derived from variable
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statistical indices in both patient populations, showed that RaWTs are reliable. Adherence
and safety were used as the main feasibility indicators. Eight studies concluded that remote
assessment is feasible, acceptable, and safe. Clinical utility was examined in only one HF
study, showing that remotely administered 6MWT can predict all-cause mortality and HF
hospitalization. According to COSMIN, the overall methodological quality of nine studies
ranged from very good to inadequate. One study was rated as having a serious risk of bias
according to ROBINS-I, and one study as having a high risk of bias according to QUIPS.
Conclusions: Although the evidence is limited and heterogeneous, RaWTs demonstrate
robust reliability across repeated measurements while agreement with in-clinic testing is
context-dependent and strongly influenced by test setup and environmental conditions.
RaWTs appear to be acceptable to patients; however, further high-quality studies are needed
to confirm these findings and determine the clinical utility of RaWTs on specific clinical
outcomes in these populations.

Keywords: chronic pulmonary diseases; agreement; feasibility; heart failure; reliability;
utility; walking tests

1. Introduction

Functional assessment constitutes a cornerstone in the clinical management of patients
with chronic pulmonary and cardiovascular diseases, providing essential diagnostic insight,
prognostic information, and guidance for therapeutic decision-making [1-3]. Historically,
functional capacity assessment has been performed exclusively within controlled clini-
cal environments, where the patient’s physical presence allows for standardized testing
procedures and direct supervision by specialized healthcare professionals. This func-
tional assessment captures performance under clinical-related settings and time-limited
conditions, lacking sensitivity to day-to-day variability, whereas remote assessment can
continuously quantify real-world functional behavior, capturing day-to-day variability and
clinically meaningful limitations that may be missed during a single supervised visit [4,5],
enabling longitudinal monitoring of functional capacity over time, and supporting earlier
detection of clinically meaningful deterioration and early functional decline [5]. Remotely
administered walking tests (RaWTs) provide benefits such as reducing the logistical burden
for both patients and healthcare providers, decreasing the necessity for in-person clinic
visits, and improving accessibility for individuals residing in rural or underserved regions,
delivering long-term hybrid care [6]. They may also enable earlier detection of physiological
deterioration when conducted at regular intervals [5].

Before the emergence of the COVID-19 pandemic, the literature on remotely adminis-
tered functional tests—particularly among individuals with chronic pulmonary diseases
(CPDs) or heart failure (HF) was limited and primarily confined to small-scale feasibility in-
vestigations [7,8]. The COVID-19 pandemic profoundly disrupted conventional healthcare
delivery models due to mandated social distancing measures and the heightened clinical
vulnerability of cardiopulmonary patient populations [9,10]. This context created an urgent
need for continuous monitoring and ongoing rehabilitation, acting as a catalyst for the
accelerated integration of telemedicine and tele-rehabilitation services [11]. Consequently,
remote functional assessment rapidly evolved from an adjunct modality into an indispens-
able component of patient care, offering a safe, accessible, and pragmatic alternative to
in-person evaluations [12,13].

Simultaneously, advances in digital health technologies have facilitated the broader
deployment of remote assessment strategies [14]. The incorporation of telemonitoring
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systems, remotely supervised exercise interventions, and distance-based measurement
tools enabled structured and systematic evaluation of functional capacity within patients’
homes and community settings [10]. These developments stimulated a substantial increase
in global research activity, driving methodological refinement, technological innovation,
and an expanding evidence base in selected contexts [11,14]. Wearable sensor-supported
tele-rehabilitation has shown significant promise in improving functional capacity and
exercise adherence in cardiac [10] and respiratory populations [15].

Walking-based functional tests—most notably the Six-Minute Walk Test (6MWT) and
the Incremental Shuttle Walk Test (ISWT)—are fundamental for assessing exercise tolerance,
symptom burden, and rehabilitation outcomes in individuals with chronic pulmonary
diseases and heart failure [1,16]. Although traditionally performed under direct clinical
supervision, these assessments have been successfully adapted for remote implementation
through the use of digital technologies like smartphone applications, GPS-enabled distance
tracking, wearable sensors, pulse oximetry devices, and synchronous or asynchronous
teleconsultation platforms [4,17].

Growing evidence suggests that remotely conducted 6MWTs and other walk tests can
produce clinically meaningful and reproducible outcomes when standardized protocols,
reliable devices, and appropriate supervision are employed [8,18]. Despite these promising
developments, challenges remain before remote functional assessment can be fully inte-
grated into routine clinical practice. Persistent issues include variability in environmental
conditions across home settings [19], inconsistencies in test standardization [20], concerns
regarding patient safety during unsupervised exertion, and the need for validated digital
tools capable of accurately measuring distance, oxygen saturation, heart rate, and per-
ceived exertion [21]. Variation in course length and turning frequency alters gait mechanics
and distance estimates [22], while indoor versus outdoor testing and GPS signal loss can
systematically bias speed and distance measurements [17,23]. Such effects highlight the
central importance of agreement and protocol standardization in walking-test assessments.
Ongoing research continues to refine methodological frameworks and develop compre-
hensive guidelines aimed at ensuring high measurement fidelity and clinical reliability in
remote settings.

Although walking-based functional tests are widely used across both pulmonary and
cardiac populations, the underlying physiological determinants of exercise limitation differ
substantially between these groups. In CPDs, functional capacity is primarily constrained
by ventilatory limitation, gas exchange abnormalities, and exertional hypoxemia [24],
whereas in HF, reduced cardiac output, impaired peripheral oxygen delivery, skeletal
muscle dysfunction, and autonomic dysregulation play a dominant role [25]. These patho-
physiological differences have important implications for remote functional assessment,
particularly regarding safety thresholds, monitoring requirements (e.g., oxygen saturation
versus heart rate and rhythm), and the interpretation of test outcomes. Consequently, the
validity, reliability, and clinical applicability of RaWTs may differ between pulmonary and
cardiac populations and should be examined separately.

Previous systematic [8] and rapid [26] reviews on remotely administered functional
tests in patients with CPDs [26], or cardiac conditions (mainly in HF) [8] included some
studies for RaWTs up to 2020, with limited database searching [26] and without using
the suitable risk of bias assessment tool for the type of the included studies [8]. The
main objective of the previous systematic review [8] was to present the available remote
functional tests without focusing on agreement, reliability and feasibility of the RaWTs;
the rapid review reported the clinimetric properties without performing a formal quality
assessment [26].
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Despite growing evidence supporting tele-rehabilitation, the agreement, feasibility,
reliability, and clinical utility of RaWTs remain insufficiently synthesized, particularly in
populations with CPDs and HF. Within this context, the primary objective of this systematic
review was to identify and synthesize studies evaluating the agreement with in-clinic
testing, test—retest reliability, and feasibility of RaWTs for assessing functional capacity
in individuals with CPDs (such as asthma, cystic fibrosis, chronic obstructive pulmonary
disease, bronchiectasis, pulmonary hypertension, pulmonary fibrosis, and interstitial lung
disease) and HF. Remote administration includes synchronous supervised testing through
telecommunication technologies or fully unsupervised asynchronous testing using digital
technologies (e.g., wearable sensors, smartphone applications, and GPS-enabled distance
tracking). A secondary objective was to highlight the clinical utility of tests performed
independently by patients in an unsupervised setting, without direct involvement from
healthcare professionals, using telecommunication technologies or digital technologies. Es-
tablishing standardized, reliable methods is essential for identifying functional impairments
and guiding interventions in clinical practice. Given the substantial physiological and
gait-related differences between healthy individuals and patients with CPDs or HF [1,16],
this systematic review was intentionally restricted to adult clinical populations to provide
a focused and clinically meaningful synthesis.

The review is structured as follows: the Section 2 details the search strategy, eligibility
criteria, study selection, data extraction, quality assessment, and data synthesis. The Results
summarize the findings of the included studies, followed by a Discussion interpreting them
in the context of existing literature, and subsections outlining real-world implementation
and disease-specific considerations, methodological quality considerations, limitations of
the study, and future directions.

2. Materials and Methods
2.1. Protocol and Registration

This systematic review was conducted according to the Preferred Reporting Items
for Systematic Reviews and Meta-Analysis (PRISMA) guidelines [27]. The protocol was
registered in the International Prospective Register of Systematic Reviews (PROSPERO:
CRD420251180996) before the screening of search results. Ethics approval was not required.

2.2. Search Strategy

A comprehensive literature search was conducted using the following sources/databases:
PubMed, Web of Science (WoS), CENTRAL, Scopus, and ACM Digital Library databases
from inception up to October 2025. The ACM Digital Library was included to ensure
comprehensive coverage of studies originating from the fields of digital health, wearable
sensing, mobile health applications, telemonitoring systems, and human—computer inter-
action, where validation studies of remotely administered walking tests are frequently
published and may not be indexed in medical databases [28]. Comprehensive and up-to-
date search strategies were adopted to ensure search effectiveness. The search strategy was
structured around four core concept blocks combined using Boolean operators: disease
(pulmonary disease and heart failure), walking test, digital technology, and clinimetric
properties (reliability, feasibility and clinical utility). The final search strategy is presented
in the Supplementary Materials (Supplementary File S1).

2.3. Eligibility Criteria
In this review, observational and interventional studies were included if they ad-

dressed the following inclusion criteria, based on the PICOTS model (Population, type
of Intervention, Comparator, Outcomes, Time factor, and Study design). In brief, study
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publications in English were included if they fulfilled the following criteria. Population:
Adults (aged >18 years old), diagnosed with CPDs (such as asthma, cystic fibrosis, chronic
obstructive pulmonary disease, bronchiectasis, pulmonary hypertension, pulmonary fibro-
sis, and interstitial lung disease) or heart failure (HF), and with no restrictions regarding
sex, ethnicity, and socioeconomic background. Type of Interventions or exposures were
functional walking tests, including the six-minute walking test (6MWT), three-minute
walking test (SMWT), two-minute walking test 2MWT), incremental shuttle walking test
(ISWT), and endurance shuttle walking test (ESWT). Participants performed the aforemen-
tioned tests outdoors/indoors at home or clinic, unsupervised or remotely supervised by
physiotherapists or other healthcare professionals using telecommunication technologies
and/or digital health sources (DHSs). DHSs include digital devices, mHealth Apps, and
web-based platforms aiming to deliver health information, support exercise programs, mon-
itor symptoms, and capture physiological responses during walking measurements [29,30].
In the context of walking test assessment, acceptable DHS-based measurement meth-
ods included GPS or application-derived distance estimation and wearable sensor-based
algorithms (e.g., accelerometry-derived step count and distance) as implemented in the
included studies.

Comorbid conditions were addressed at both the study selection and data extraction
stages. Studies that included mixed clinical populations were only eligible if data for
CPD, or HF were reported separately. During data extraction, information on reported
comorbidities was recorded when available and considered qualitatively during data
synthesis, particularly in relation to feasibility, safety, and agreement outcomes. Due to
heterogeneity in comorbidity reporting across studies, no quantitative adjustment was
possible; therefore, comorbidities were treated as a potential source of clinical heterogeneity
and risk of bias and were explicitly discussed in the interpretation of findings.

Studies that examined the agreement, reliability, feasibility, safety, and clinical utility of
remotely performed walking tests were included. Agreement/validity was defined by com-
paring remote measurements against in-person measurements under specified conditions.
Reliability is defined as the quality of a measure that produces reproducible scores on repeat
administrations of a test [31]. Feasibility refers to the overall practicability of conducting
the study or delivering an intervention to determine whether an intervention is suitable for
further testing. The feasibility includes the following domains: implementation, demand,
acceptability, and practicality [32]. In this review, feasibility was operationalized using indi-
cators most consistently reported across the included studies, namely, the following: (i) test
completion and adherence rates, (ii) acceptability and usability (e.g., patient-reported ease
of use or willingness to repeat the test), (iii) occurrence of technical or procedural issues
during test administration, and (iv) safety-related indicators, including the reporting of
adverse events. Feasibility outcomes were summarized narratively due to heterogeneity in
definitions, measurement approaches, and reporting formats across studies. Safety was
assessed by the documentation of adverse events during functional assessment. Adverse
events were defined as unintended physical injury resulting from or contributed to by
study participation. Clinical utility refers to the practical usefulness of the test or prac-
tice, specifically how its results lead to beneficial actions (e.g., treatments) that improve a
patient’s health outcomes, such as reducing mortality, morbidity, or disability [33].

Studies not written in English, systematic reviews and meta-analyses, narrative re-
views, book reviews, book chapters, dissertations, theses, commentaries, editorials, opinion
articles, gray literature, guidelines, protocols, case reports, conference abstracts, and studies
that applied tele-rehabilitation were excluded. Tele-rehabilitation studies were excluded
unless the walking test itself was administered remotely. This approach ensured that the
analytic sample reflected the study objective of evaluating remotely delivered walk test
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outcomes. Furthermore, studies with other cardiac diseases and mixed samples were
excluded if data were not reported and presented separately according to the disease.

2.4. Study Selection

A multistage process was conducted for study selection. Firstly, all retrieved studies
were imported into the Rayyan software package (https://rayyan.ai/), and duplicate stud-
ies were removed through the program. Screening decisions were standardized through
predefined eligibility criteria and shared decision rules agreed upon by all reviewers before
screening [27]. Two researchers (M.I., E.Ka) independently screened all potential titles
and abstracts appearing to meet the inclusion/exclusion criteria. Those not meeting the
eligibility criteria were removed. A full-text screening of the remaining relevant papers
was conducted to determine the final eligibility with the review criteria. Discrepancies
at any stage of study selection were resolved by a third independent researcher (E.A.K.
for CPDs’ studies; G.P. for HF studies) for bias minimization reasons. Although formal
inter-rater agreement statistics were not calculated, the same structured screening and
consensus procedures were applied consistently across both disease groups to minimize
the risk of inconsistency.

2.5. Data Extraction

Two independent researchers (M.I. and V.S. for CPDs’ studies; E.Ka and V.A. for HF
studies) extracted data from eligible studies using a study-specific data extraction form
with the following domains: authors, publication year, country, study design, diagno-
sis/population, type of walking test, technological tools used and procedures, outcome
measures (reliability, validity /agreement with in-clinic testing, feasibility, safety, and clini-
cal utility), and findings and limitations of the studies. The extraction form was developed
a priori. It was piloted on a subset of included studies and refined to ensure clarity and
consistency before full extraction commenced. Any discrepancies between the two re-
viewers were resolved through discussion, and when consensus could not be reached,
a third reviewer (E.A.K) was consulted. When required data were missing or unclear,
attempts were made to contact study authors for clarification. If no response was re-
ceived within 2 weeks, available data were extracted as reported, and the limitations were
documented accordingly.

2.6. Risk of Bias (Quality) Assessment

Risk of bias and methodological quality were assessed using domain-specific tools
selected according to the primary aim and data contribution of each study. The method-
ological quality of the included studies was assessed independently by two researchers
(E.A K. and M.I. for CPDs’ studies; G.P. and E.Ka for HF studies) using the COSMIN Risk
of Bias tool for the reliability studies [34], the Risk of Bias in Non-Randomized Studies of
Interventions (ROBINS-I) tool [35] for non-randomized studies, and the Quality in Progno-
sis Studies (QUIPS) tool for the prognostic studies [36]. A third independent researcher (VS
for CPDs’ studies; VA for HF studies) intervened only in cases of discrepancies between
the two primary assessors.

The COSMIN risk of bias checklist (Box 6) assesses the quality of studies on reliability,
and it consists of 8 elements: 3 elements that constitute the study design, 4 elements for the
statistical methods, and 1 element for other flaws in the design or the statistical methods.
Each item is rated as “very good”, “adequate”, “doubtful”, or “inadequate”. The overall
score is determined by taking the lowest rating of any element in the box.

The ROBINS-I tool was used to assess the risk of bias for seven domains: confounding,
selection of participants, classification of interventions, deviations from intended interven-
tions, missing data, measurement of outcomes, and selection of the reported results. Each
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domain item is rated as “low risk”, “moderate risk”, “serious risk”, “critical risk”, or “no
information” and can be summed up in an overall risk of bias judgment.

The QUIPS tool includes the following six domains: study participation, study attrition,
prognostic factor measurement, outcomes measurement, study confounding, statistical

”ou

analysis and reporting. Studies were rated as “low risk of bias,” “moderate risk of bias,” or
“high risk of bias”. Low risk of bias is defined when most or all domains are rated as low
risk; moderate risk of bias is defined when one or more domains have moderate risk; high
risk of bias is defined when one or more key domains are at high risk, or several domains
show moderate risk. For each study, a single tool was required, aligning with the study’s

primary objective.

2.7. Synthesis of Data

A narrative synthesis was conducted to synthesize evidence for the outcomes of this
systematic review (agreement, reliability, feasibility, safety, and clinical utility) and the
methodological characteristics of all included studies. Specifically, studies were grouped
according to the level of supervision, supervised (real-time clinician oversight) versus
unsupervised (self-administered at home), test environment, indoor versus outdoor settings,
course design, fixed course length versus self-selected routes, and device type, smartphone
(embedded sensors), wearable accelerometers, GPS-enabled devices, or mixed systems.

Methodological differences and/or differences in the characteristics of the included
studies, and the possible effects of individual study quality indicators (e.g., technological
tools and methods used to identify adverse effects), study design, and study size were
investigated and discussed. A quantitative synthesis (meta-analysis) was not performed
due to substantial clinical and methodological heterogeneity across studies, including
study designs, interventions, supervision levels, device types and algorithms, outcome
measures, and reporting metrics, which precluded calculation of standardized effect sizes
or I2; statistics.

3. Results
3.1. Search Results

A total of 1314 records were retrieved from the five databases, from which 503 dupli-
cates were removed. Following title and abstract screening, 754 records were excluded.
Subsequently, 57 full-text articles were assessed for eligibility, resulting in the exclusion of
46 articles with documented reasons (Figure 1). Finally, 11 studies met the inclusion criteria
and were included in the systematic review (1 = 6 for CPDs; n = 5 for HF).

3.2. Characteristics of the Included Studies

The characteristics of the included studies are presented in Tables 1 and 2. Regarding
the CPDs, six studies were included [17,20,23,37-39]. Of these, three were conducted
in Europe [23,38,39], two were carried out in North America [17,20], and one study [37]
was conducted in both aforementioned continents (Table 1). Except for one study [39],
which employed a single-group pre—post intervention design, all remaining investigations
were observational in nature [17,20,23,37,39]. Overall, of 179 participants included in the
studies, 139 participants completed the RaWTs and were analyzed. Five studies included
patients with pulmonary hypertension (PH) who completed the 6MWT [17,23,37-39]. One
additional study included outpatients with advanced lung disease awaiting single or
double lung transplantation, who performed both the 6MWT and the ISWT [20]. Only
one study employed a remotely administered 6MWT (Ra6MWT) as part of a pre- and
post-intervention assessment [39]. Smartphone applications were used in three studies
to record walking distance when Ra6MWT was performed indoors at home [17,38] or
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outdoors [23], while in three studies, telecommunication platforms were utilized for remote
supervision at home [20,39] or other outdoor locations [37] (Table 1).

( Identification of studies via databases J
—
A Records identified from databases (n = 1,314)
o PubMed (n = 304)
ﬁ Web of Science (n = 366)
& CENTRAL (n = 125)
T Scopus (n =513)
§ ACM Digital Library (n = 6)
~—
F——) l
Duplicate records removed
o (n=503)
c
£ '
@ i Records excluded
Titles/abstract screened |, (no appropriate title/abstract)
(n=811) (n =754)
— I
—
g Full text articles assessed for eligibility » | Full-text articles excluded with reasons (n = 46)
% (n=57) -no tele-assessment (n = 32 CPDs, 2 HF)
b -mixed populations (n = 2 CPDs, 2 HF)
-no relevant outcomes (n = 2 CPDs, 1 HF)
— -no relevant population (n = 5 HF)
3 Studies included in the review
° =
= (n=11)
g (6 CPDs & 5 HF)

Figure 1. PRISMA flow diagram for the included studies.

Regarding the HF studies, two were conducted in Europe [4,5], one in Australia [40],
one in the USA [41], and one across both European countries and the USA [42]. All stud-
ies were observational, with one being a pre-specified observational sub-study [5] of an
included multicenter randomized controlled trial study [4] (Table 2). Overall, of 618 partici-
pants included in the studies, 541 participants completed the RaWTs and were analyzed.
Ra6MWT was implemented in all studies. In four studies, the assessment was conducted
in a home-based setting [4,5,41,42], whereas one study performed remote assessment in a
clinic-based setting [40]. Videoconferencing was used in two studies [40,41], a Wearable
Cardioverter-Defibrillator (WCD) was employed in one study [42], and accelerometer-
based devices were used in two studies to derive six-minute walk distance from step count
and gait parameters [4,5]. The distribution of the wearable tools and the specific modalities
of remote walking tests utilized in the HF and the CPDs studies are illustrated in Figure 2.
In total, for CPDs and HEF, two studies were performed outdoors [23,37]; one study was
performed in a clinic [40], and eight studies were performed at home [4,5,17,20,38,39,41,42].
No studies involving camera-based biomechanical gait analysis were identified or included.
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Table 1. Characteristics of the included studies for Chronic Pulmonary Diseases.
Study s ) Age, Years: Remote Outcome Measures/Main Findings
(Author, Year) Study Design CPDs S'am}(’Ne) Mean (SD) Walking Test ~ Technology/Tools Procedure Validity/ Limitations
Country ize Male/Female (Type) Reliability Agreement Feasibility Safety
App-supported Small sample;
6MWTs in clinic Unestimated
6MWT Smartphone, forlrllovr\f}i by Vgh(tjéty (sf ntudmbi oft
Salvi et al. [23] Cohort 30 50 (16.55) App- Tablet self—ad(;ninis};ered Indoor mode: 611\1/[V\§)19s Good e(r)}lorn(i(;d s;csler
Uni S prospective PAH (22/29 ) Supported Application Pearsonr =0.83 . i p e
nited Kingdom . 11/19 T app-supported MD (SD): 1.80 acceptability wrong conditions;
observational completed) (in clinic and and web GMWTs (p <0.0001) (37.0)m The manual data
outdoors) interface performed ICC =091 quality assurance
outdoors over 6 strategy was not
months. always consistent.
OMWT Supervised
LaPatra etal. [37] Og‘s/\g;c;?;i;l PAH ) 51 (14) Unsrlgf ;;}eised "(F:ilcelce(;%?;trgicstion in—pzrson and MD:3m Good 1 adverse NR
USA, Greece ilot stud CTEPH 6/16 tdoor-based i remote 6MWT (30 (p=0.96) acceptability event .
priotstudy outdoor-base ca m flat surface).
assessment
accelerometry
data (in clinic):
Pearsonr =0.99
6 total SIMW Ts. (p <0.0001)
. Smartphone Tests 1 and 6: accelerometer- Small sample;
Single-center, median (IQR) 6MWT. Application supervised in estimated Feasibleona Stable subjects;
Lachantetal. [17] . 59 (Unsupervised L . L . No adverse )
prospective PAH 20 MC10 clinic. 6MWD and user-defined Heterogeneity of
USA . (44-67) remote . . . events .
observational 4/16 home-based) & chest-based Tests 2-5: patient- walking track walking tracks at
accelerometer unsupervised at measured home.
home. 6MWD at
home:
Pearsonr =0.81
(p <0.0001)
4 visits:
App- 1st & 4th:
59 Smartphone
Stubbs et al. [38] . (24 63 (13) Supported application: Stan.darcli 6.MWT Pearsonr=0.93 92% No adverse
. X Observational PH 6MWT % in clinic. e Small sample.
United Kingdom completed 26/33 . TIMED . (p <0.001) acceptability events
6MWT) (unsupervised WALK” 2nd-3rd: 6MWT
home-based) unsupervised at
home.
6MWT Small sample;
Sinel Supervised 10 " Small number of
McCormack et al. ngle group, remotely at -wee men;
pre-/post- 49.9 (15.9) . .. home-based Tele- 100% No adverse ’
[39] . . PH 20 home (n=3)or  Telecommunication s Accuracy and
intervention 4/16 Rehabilitation engagement events Y
Ireland design alocal Program reliability of
community ’ remote
center (n=17) monitoring NR.
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Table 1. Cont.

Age, Years:

Remote

Outcome Measures/Main Findings

Study
(Author, Year) Study Design CPDs SiazT}()ll\Ie) Mean (SD) Walking Test Technology/Tools Procedure o Validity/ s Limitations
Country Male/Female (Type) Reliability Agreement Feasibility Safety
Supervised in 6MWT, Small proportion
clinic 6 MWT and M]? (S)D): 56 of women;
6MWT 57) m . J.
Wickerson et al 28 & Telecommunication JSX:JS (LoA: —56 and lefetrr ir:j’;(\;v:tlkmg
120] ’ Prospective Advanced lung (24/22 64 (10) ISWT technologies unsupervised 168) Good No adverse home-based
Canad single-center diseases com- 18/4 (home-based (Microsoft . I:n " ISWT, Acceptability events 6MWT:
anada pleted) tele- Teams) emote MD (SD): 21 ’
- home-based Presence of
supervised) (47)m .
6MWT and . caregiver at
(LoA: =70 and
ISWT. 112) home.

6MWD: six-minute walking distance; 6tMWT: six-minute walking test; CTEPH: chronic thromboembolic pulmonary hypertension; CPDs: chronic pulmonary diseases; ISWT: incremental
shuttle walk test; LoA: limits of agreement; MD: mean difference; NR: not reported; PAH: pulmonary arterial hypertension; PH: pulmonary hypertension; r: Pearson correlation

coefficient; SD: standard deviation.
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Prescher et al., 2016

Salvi et al., 2021 Lachant et al., 2022

Stubbs et al., 2023 .

Lachant et al., 2022

LaPatra et al., 2022
McCormack et al., 2024

Burch et al., 2019

= Telecommunication technologies (videoconferencing)
Smartphone Application 'MC10' and chest-based accelerometer
Telecommunication (video or audio cell)
Wearable Cardioverter Defibrillator

" Smartphone, Tablet and Web Interface / Smartphone app
AiperMotion accelerometer

LaPatra et al., 2022

McCormack et al., 2024
Moennich et al., 2021
= 6MWT and ISWT (home-based tele-supervised)
App-supported 6MWT
Unsupervised remote outdoor 6MWT
Supervised remote home-based 6MWT
= Hybrid (in-clinic and remote home-based) 6MWT
Unsupervised remote home-based 6MWT
® Supervised remote in-clinic 6MWT

Burch et al., 2019

Figure 2. Visual presentation of the distribution of wearable tools and the specific modalities of
remote walking tests utilized in the HF [4,5,40—42] and CPDs [17,20,23,37-39] studies.

3.2.1. Validity and Agreement

The validity of unsupervised accelerometry-based assessment of RabMWT in HF
patients was evaluated in two similar studies [4,5]. Jehn et al. [4] demonstrated 99%
accuracy of remote accelerometer-based 6MWT step counts compared to hand counts in
patients with HE. Furthermore, step frequency accurately reflected functional status and
discriminated between New York Heart Association (NYHA) classification in patients
with HF, thereby supporting the construct validity of step-based measures [4]. Similarly,
Ra6MWT demonstrated good validity compared with face-to-face assessment, with no
significant difference in distance (MD: 4 m, 95% CI: —25 to 17 m) and strong agreement
(ICC = 0.90), supporting its use for functional assessment in patients with CHF [40]. Burch
et al. [42] demonstrated that there was a statistically significant 15-step difference in median
step count between the in-clinic Wearable Cardioverter Defibrillator (WCD)-guided 6MWT
and the first at-home (WCD)-guided 6MWT (medians: 558 steps and 543 steps, respectively,
p =0.001).

In studies involving individuals with CPD, good validity of outdoor, community-based
6MWTs has been demonstrated in one study (MD: 1.8 m, SD: 37) [33]. LaPatra et al. [37]
reported no difference (p = 0.96) in average walking distance at GMWT between in-clinic and
remotely administered walking testing (mean difference: 3 m). On the contrary, Wickerson
et al. [20] indicated limited agreement between in-person and remote assessments for
6MWT and ISWT in individuals with PH. The mean difference between in-person and
remote 6MWT distances was 56 & 57 m.
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Table 2. Characteristics of the included studies for heart failure.
Study Study ’ HlFt. Sample Age, Years: Remote Outcome Measures/Main Findings
(Author, Year) . opufation . Mean (SD) Walking Test  Technology/Tools Procedures PP ing Limitations
’ Design NYHA LVEF Size (N) S, . Feasibility/ Clinical
Country %: Mean (SD) Male/Female (Type) Reliability Validity Acceptability Safety Utility
Supervised baseline
. in-clinic O MWT o SF-36
Feasibility NYHA II-IIL: 155 Uns;;};;:;:felsed followed by monthly © rr91gr/1r”ths) correlation; Ot:stggor
Jehn et al. [4] and LVEE 27.9 ’ (129 com- 67.7 (10.8) home-based AiperMotion unsupervised 95% LoA: 0.96 and 1 adverse NYHA dis- Clinica%ll
Germany reliability ’ 130/25 accelerometer self-administered +33.8m o event crimination; y
(5.2) pleted) 6MWT 84% (12 ) stable
study home-based 6MWTs superior to .
assessment . months) patients.
using accelerometry self-report
over 12 months.
Supervised 6MWTs
Supervised p?rﬁ(c)ir?;z?oltrellg)/e\fi? ; MD: 4 m (95% Small sample;
Hwang etal. Validity and NYHA I-II; 69 (12) remote and real-fime Inter- and CI SUS 85/100, 2 adverse selection biasf
[40] reliability LVEF 17 15/2 in-clinic Videoconferencing videoconferencing in Intra-rater: —25t017); high usability events hospital ’
Australia study 34(14) 6MWT - g ICC>0.99 ICC0.90 or acceptance. 0sp
assessment arandomized order (0.74-0.96) environment.
within a hospital ' ’
setting.
Supervised baseline
in-clinic 6oMWT
Unsupervised fouivr\:::j beﬁi?s(:;hly Prognosis Monthly Small sample
Prescheretal.  Sub-study of NYHANR; 155 67.7(108) remote AiperMotion homi—base d ROC AUC for 43.8% (>1 repetition did size forp
[5] amulticenter LVEF27.9 (124 event- 1'30 /25 home-based accle)zlerometer tele-6MWTs usin steps: 0.73 ho.meotegt) notimprove roanostic
Germany RCT (5.2) free) 6MWT 8 (95% CI prognostic prognos
accelerometry over a analysis.
assessment . 0.63-0.83) value
variable follow-up
period (12-21
months).
Clinician-guided and
. device-guided :
Burch etal. Randomized (infl)i,rl:irclin d 6MWTs, i%cluding Heteroogfenelty
[42] perimen- NYHAI-1V; 57(12) remot Wearable supervised in-clinic Consistent 76% of group No neouragin
USA, experime LVEF 197 N R ote Cardioverter assessments and step rate (~92 2 (>8home adverse encouraging
German; tal 23(7) 150/47 home-based) Defibrillator repeated steps/min) tests) events statements
Austri Y validation 6MWT . and walking
ustria unsupervised
assessment . tracks.
self-administered
home-based tests.
Supervised hilrlg:_rg;zgg \6/11\1}\1/1\;‘11"5 78.7% both Smali;a;nple
Moennich Pilot NYHA I-III; 94 58.6 (11.3) remote Video performed at two Tele-6MWTs No Comparable COVfD
etal. [41] feasibility LVEF 41.04 (74 com- 61 / 33 home-based conferencin. time points and 98.7% willing adverse to in-person impact:
USA study (14.3) pleted) 6MWT 8 compared with to participate events testing Linfi ¢ ci
assessment supervised in-clinic via telehealth di ?t
MWTs. iversity.

6MWT: Six-Minute Walking Test; AUC: Area Under the Curve; F: Female; HF: Heart Failure; ICC: Intraclass Correlation Coefficient; LoA: Limit of Agreement; LVEF: Left Ventricular
Ejection Fraction; M: Male; MD: mean difference; N: number of participants; NR: Not Reported; NYHA: New York Heart Association; ROC: Receiver Operating Characteristic; SD:
Standard Deviation; SF-36: patient perception of physical status; SUS: System Usability Scale; vs: Versus; WCD: Wearable Cardioverter Defibrillator.
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3.2.2. Reliability

Reliability was evaluated as a primary outcome in four CPDs studies [20,23,37,38] and
three HF studies [4,40,42]. In detail, Salvi et al. [23] reported excellent reliability (r = 0.93)
for an app-supported 6MWT performed outdoors or in the clinic (Table 1). However,
they stated substantial variability (with differences exceeding 100 m) when testing was
performed on narrow walking paths. Jehn et al. [4] demonstrated high reliability of remote
accelerometer-based 6MWT measurements (step counts were shown to correlate strongly
with 6MWT distance and walking speed) between repeated remote tests over 12 months
(r = 0.98-0.985) in patients with HF, confirming reproducibility across time and settings.
Hwang et al. [40] demonstrated excellent inter- and intra-rater reliability of the 6SMWT in
patients with CHF, with ICC values >0.95, supporting the reliability of tele-rehabilitation
assessments for the 6MWT. Furthermore, Burch et al. [42] demonstrated that repeated
weekly home-based Wearable Cardioverter Defibrillator (WCD)-guided 6MWTs showed
stable step counts (p > 0.05), supporting the reproducibility of home-based WCD-guided
testing over time.

3.2.3. Feasibility and Safety

Feasibility outcomes varied across studies. In terms of adherence and completion
rates, three CPDs [23,38,39] and two HF studies [4,41] incorporated feasibility as a primary
outcome by noting the number of participants who completed the remote test procedures
and maintained adherence throughout the study period [38,39] or by collecting physiologi-
cal data (such as pulse oximetry measurements obtained during a remotely administered
walking test) [31]. Jehn et al. [4] demonstrated that tele-accelerometry-based 6MWT test-
ing is feasible in a home-based telemedicine setting, with high patient adherence and
compliance over long-term follow-up. Monthly remote 6MWTs were completed by most
participants, with 95% completing at least six months, and 84% completing a minimum
of twelve months of monitoring. Similarly, Moennich et al. [41] showed that virtually
supervised, at-home administration of the 6SMWT for patients with HF is feasible (78.7%
completion) and acceptable (56% comfortability with virtual visits, 60% agreement that
virtual visit is as good as an in-person visit, and 98.7% willing to participate in research
via telehealth).

Acceptability and usability were high in most studies. Stubbs et al. [38] reported
that 24 of 29 participants (82.76%) completed the remote 6MWT, and 92% indicated that
they were “very happy” or “happy” to continue performing the remote test. Only a small
number of participants (1 = 2) perceived the remote 6MWT as a more accurate reflection
of their functional capacity compared with an indoor corridor test, while one participant
reported difficulty completing the remote assessment due to adverse weather conditions.

Safety-related indicators, including the reporting of adverse events, were emphasized
in all studies [4,17,20,37-42]. Adverse events were assessed using a combination of active
surveillance [17,20,39-41] and passive reporting [4,17,37-39,42]. The safe administration of
the intervention—often evidenced by the absence of reported adverse events—as well as
the extent to which the protocol could be implemented as intended. Safety was assessed
in five CPDs’ studies [17,20,37-39] by documenting the occurrence of adverse events
(e.g., oxygen saturation <80%) during remote assessments. No serious adverse events were
reported during the performance of distance-based functional tests, whether conducted
at home, outdoors, or within local community centers. One study reported that one out
of 22 participants experienced lightheadedness and tinnitus during the remote walking
testing [23]. According to McCormack et al. [39], remote home-based walking testing
in a 10 m corridor was feasible for patients awaiting lung transplantation, and none of
the participants reported chest pain or palpitation pre- or post-training, assessed 6MWT
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remotely. Similarly, safety was assessed in four HF studies, indicating very few (n = 2)
incidences of angina or onset of ventricular tachycardia (n = 1) during Ra6bMWT, supporting
the relative safety of remote functional testing in patients with HF [4,40-42].

Occurrence of technical or procedural issues during test administration was reported
by the study of Salvi et al. [23]. Although 58% of the participants perceived the application
as easy to use, several technological challenges were identified, including delays in data
transmission (4 out of 18 participants) and issues with the user interface (2 out of 18 partici-
pants). Beyond technical concerns, participants highlighted weather-related constraints
and privacy-related apprehensions as additional barriers to use.

3.2.4. Clinical Utility

The prognostic value of the RabMWT was evaluated in a single study by Prescher
et al. [5], which demonstrated that baseline step counts and distances recorded during the
Ra6MWT were predictive of heart failure-related hospitalization or all-cause mortality. A
baseline threshold of 495 steps optimally differentiated patients at risk, with high specificity
(90%) but low sensitivity (26%), suggesting potential utility for ruling out short-term
adverse events. Hazard ratios, calibration statistics, and multivariable prognostic modeling
results were not reported and were therefore not extractable.

3.3. Risk of Bias for Included Studies

The overall methodological quality of the CPD and HF studies (1 = 9), using the
COSMIN checklist (Box 6), ranged from very good (n = 2), adequate (n = 5), doubtful
(n =1), and inadequate (n = 1), (Table 3). The non-randomized study was evaluated
using the ROBINS-I tool and was judged to be at serious risk of bias, primarily due to
confounding, measurement of outcomes (Figure 3).

Table 3. The risk of bias of the included studies, as per the COSMIN and the QUIPS risk of bias tools.

Were the Test
Were Patients Conditions Similar For Continuous Were There Any
COSMIN Stable in the Was the Time for the » Scores: VIVas an Other Important Overall
Risk of Bias Interim Period on 1 1 Measurements? for Intraclass Flaws in the Design i
the Construct to Be nterva ? e-g, Type Correlation or Statistical ® Methodu!oglcal
Measured? Appropriate? of Administration, Coefficient Methods of the Quality
— : Environment, (ICC) Calculated? Study?
Box 6 Reliability Instructions udy?
Jehnetal. [4] Very good Very good Very good Adequate Very good Adequate
Hwang etal. [40] Very good Very good Very good Very good Very good Very good
Burch et al. [42] Very good Very good Inadequate Doubtful Very good Inadequate
Moennich et al. [41] Very good Very good Very good Very good Very good Very good
Lachantetal. [17] Very good Very good Adequate Adequate Very good Adequate
LaPatra etal. [37] Very good Very good Very good Adequate Very good Adequate
Salvi etal. [23] Adequate Very good Adequate Very good Very good Adequate
Stubbs et al. [38] Very good Very good Adequate Adequate Doubtful Doubtful
Wickerson et al. [20] Very good Very good Adequate Adequate Very good Adequate
QUIPS Tool .
Risk of Bias Study Participation Study Attrition Pr]\‘;g;gz?:;:;ttor Mglslrr?;int Confounding Statistical Analysis
Prognostic
Prescher et al. [5] Moderate Moderate Low Low High Moderate

In addition, one prognostic study was assessed using the Quality in Prognosis Studies
(QUIPS) tool, which revealed a moderate risk of bias for study participation and attrition, a
low risk for prognostic factor and outcome measurement, a high risk for confounding, and
a moderate risk for statistical analysis [5]. Overall, the latest study is rated as high risk of
bias. Detailed results of the risk of bias assessments for each study are presented in Table 3
and Figure 3.
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D2: Bias due to selection of participants. . Serious
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DS: Bias due to missing data. . Low

D6: Bias in measurement of outcomes.
D7: Bias in selection of the reported result.

Figure 3. Risk of bias summary (ROBINS-I) for CPD interventional study [39].

4. Discussion
4.1. Overview and Interpretation of Main Findings

This systematic review provides the first comprehensive synthesis of the available
evidence on the agreement, reliability, feasibility, safety, and clinical utility of RaWTs in
individuals with CPDs, mainly those with PH, or HF. The principal findings indicate that
RaWTs, predominantly the 6MWT, are generally reliable and feasible, with high patient
adherence and minimal safety concerns. However, evidence supporting agreement with
in-clinic assessments and their clinical utility, particularly in terms of prognostic value and
impact on clinical decision-making, remains limited.

Specifically, in the HF population, studies demonstrated that Ra6MWTs were not only
feasible but also showed high levels of patient acceptance, with usability scores reaching
up to 85/100 on the System Usability Scale (SUS) [40]. Furthermore, adherence rates for
unsupervised home-based testing were remarkably high, with some protocols achieving
95% completion over 6 months and 84% over 12 months [4]. Similarly, in CPD populations,
particularly those with PH, high levels of acceptability (up to 92%) and engagement (100%)
were reported for app-supported and tele-supervised walking tests [23,38,39].

Across both disease groups, strong correlations and high intraclass correlation co-
efficients (ICCs) were consistently reported between repeated remote assessments or be-
tween remote and in-clinic measurements, suggesting that RaWTs can provide repro-
ducible estimates of functional capacity when appropriate protocols and technologies are
used [4,5,20,23,40]. These findings align with the growing body of literature supporting
remote functional assessment as a core component of contemporary telehealth and tele-
rehabilitation models [12,26]. Importantly, the present review extends previous work by
focusing specifically on walking-based functional tests and by integrating a structured
methodological quality assessment using COSMIN, ROBINS-I, and QUIPS frameworks.
The increased reliance on remote assessment strategies following the COVID-19 pandemic
has highlighted the urgent need for valid and reliable complementary tools to in-clinic
testing, particularly for vulnerable cardiopulmonary populations [43]. In this context,
RaWTs represent a pragmatic solution that aligns with broader digital health initiatives
aimed at improving access, continuity of care, and long-term monitoring [29,30,44].

Overall, the strongest and most consistent evidence supports the feasibility and
test-retest reliability of RaWTs in selected contexts, while agreement with in-clinic assess-
ments and clinical utility remain limited, heterogeneous, and highly context-dependent.

4.1.1. Agreement with In-Clinic Measurements

In HF patients, while the mean difference between real-time videoconferencing
Ra6MWT and in-person testing was minimal (MD: 4 m), the limits of agreement can
be broad, suggesting that while group-level agreement is high, individual variation must
be considered [40]. Systematic differences between remote and center-based assessments
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were evident, particularly in CPD populations. In advanced lung diseases, mean differ-
ences between in-clinic and home-based 6MWT reached 56 m [20]. In line with earlier
evidence, in-clinic 6MWD values tend to be greater than those obtained in home- or
community-based settings, frequently exceeding the commonly used minimal important
difference thresholds in some populations [19,45]. Similar discrepancies were observed in
remote assessments conducted indoors or on short walking tracks, where shorter distances
were consistently reported [17,20].

These differences are most likely attributable to environmental and methodological
factors rather than deficiencies in the remote testing paradigm itself [19]. Shorter track
lengths, increased frequency of turning, indoor space constraints, and variable walking
surfaces are all known to reduce achieved walking distance and adversely affect agreement
with standardized in-clinic testing [1]. Importantly, when remote outdoor assessments
were performed on standardized, flat 30 m walking tracks, no significant differences
in 6MWD were observed compared with center-based measurements, underscoring the
critical role of environmental standardization rather than supervision status per se [37].
Similar conclusions have been reported in validation studies of automated and wearable-
based 6BMWT systems within cardiac rehabilitation, which demonstrate variable agreement
depending on protocol standardization [3,46]. Additionally, research has shown that
biomechanical factors, such as step length, significantly influence 6MWT performance in HF
patients, which may be further affected by the confined spaces of home environments [22].
From a practical clinical perspective, remote testing should ideally be conducted on a flat,
straight walking course of approximately 30 m with minimal turns and consistent surface
conditions, following standard ATS/ERS recommendations [1], to optimize comparability
with in-clinic assessments.

From a measurement science perspective, these findings emphasize the importance
of clearly distinguishing between reliability (reproducibility) and agreement or validity.
Importantly, correlation coefficients and ICCs primarily reflect relative reliability (i.e., the
consistency of ranking between individuals) and do not quantify absolute agreement
or measurement error. High correlations may coexist with substantial individual-level
discrepancies. Therefore, indices of absolute agreement, such as mean differences and limits
of agreement (LoA), should be interpreted alongside ICCs to better capture measurement
error and the potential clinical impact of disagreement at the individual patient level.

4.1.2. Reliability of Repeated Remote Measurements

Across the included studies, RaWTs demonstrated good to excellent test-retest reli-
ability in selected contexts. Repeated home-based measurements showed strong corre-
lations and high ICCs over extended follow-up periods (HF populations: r = 0.93-0.99;
ICC > 0.95 [4,5]; (PAH populations: r = 0.83-0.93; ICC = 0.91) [23,38] indicating that remote
administration does not inherently compromise measurement reproducibility.

In HF populations, tele-accelerometry-based RabMWTs demonstrated strong corre-
lations across repeated measurements over prolonged follow-up periods (r = 0.98-0.99),
with stable step counts, walking speed, and derived distances across serial monthly as-
sessments extending up to 12 months [4,5]. In CPD populations, Pearson correlations
between initial and subsequent remote tests were also very high (r = 0.93-0.99), indicating
robust reproducibility even when the tests are unsupervised [17,38]. Similarly, wearable
device-guided assessments yielded highly consistent results across repeated home-based
tests, with minimal proportional variation between initial and subsequent measurements
(<3%) [42].

These findings are clinically meaningful, as longitudinal monitoring of functional
capacity represents a central objective of remote care and tele-rehabilitation models. From
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this perspective, within-patient consistency over time may be more relevant than absolute
agreement with center-based values, particularly when remote assessments are used to
detect functional decline, monitor disease progression, or evaluate response to intervention.
Recent systematic evidence confirms that the 6MWT remains a robust tool for evaluating
clinical status and prognosis in HE, with pooled ICCs reaching 0.93, reinforcing its role
as a primary outcome measure in both traditional and remote settings [3]. Comparable
conclusions have been reported in other tele-assessment contexts, including repeated
Ra6MWT measurements in patients with type 2 diabetes mellitus, where high reliability
and stability across home-based assessments were observed [13].

4.1.3. Feasibility (And Safety)

Feasibility outcomes were primarily operationalized using pragmatic indicators such
as participant completion rates, adherence to the testing protocol, and, in some studies,
brief self-reported satisfaction questions. These findings should be interpreted as indirect
indicators of feasibility rather than formal assessments of usability. Acceptability and
implementation fidelity were assessed using participant completion rates and adherence to
study protocols. Across the included studies, approximately 85% of participants completed
all prescribed RaWTs, indicating a high level of acceptability and adherence to the protocol.
In the qualitative analysis of the study by Stubbs et al. [38], all participants (100%) reported
being able to complete the RabMWT, and 92% indicated that they were “happy” or “very
happy” to continue performing the test at home. Notably, 2 of 39 participants reported
that the Ra6MWT better reflected their functional capacity than the indoor corridor-based
walking test. Similarly, in a previous single-center cohort study, patients with CPDs
considered remote step testing acceptable and equally comfortable performed at home
under remote supervision, although around 50% of those required additional telephone
support to set up equipment [7].

A key concern of remotely performed functional testing (either supervised or non-
supervised) is participants’ safety. All the included studies reported safety protocols
to mitigate potential adverse events [4,5,17,20,23,37-42]. Five studies encouraged or re-
quired the presence of an adult to support or assist participants during testing, despite
remote supervision by study personnel [17,20,37-39]. Three studies incorporated pre-
test symptom-based pre-screening questionnaires to ensure patients’ safety before remote
testing [20,37,42]. During the performance of walking tests, continuous real-time monitor-
ing of heart rate, SpO2, and electrocardiography was conducted in four studies [17,20,23,39],
and vital signs, such as blood pressure, SpO,; and heart rate, were measured immediately
before and after remote testing sessions [20,37-39]. One study [41] combined remote su-
pervision with predefined termination criteria, scripted encouragement, and continuous
monitoring, while excluding patients with recent or unstable cardiovascular conditions.
The TIM-HF clinical trial [4,5] employed daily ECG, blood pressure, and weight monitor-
ing to identify possible contraindications, resulting in one serious adverse event (out of
155 patients).

Safety outcomes were evaluated through the reporting of adverse events, suggest-
ing that RaWTs can be implemented safely under structured conditions with appropriate
risk-mitigation strategies. However, additional considerations are warranted for individu-
als with PH or HF. These included pre-test screening to exclude higher-risk individuals,
such as participants with reduced physical function [37] and frailty [47], predefined stop-
ping criteria for symptoms (chest pain, dizziness, severe dyspnea, and oxygen desaturation),
as well as to include participants with digital literacy [48]. While no adverse events were
recorded in these studies, the enrolled patients were on stable PH therapy and WHO
functional classification I to III or had adult companions [17,20,37-39]. Importantly, no
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adverse events were reported in studies that used smartphone- or wearable-guided proto-
cols adapted from validated, clinic-based walking tests, supporting the feasibility of these
delivery modalities [4,17,23,38,40—42].

Of note, in a similar age group of patients with CPDs, the evaluation of remotely
supervised functional assessment reported no adverse events and was acceptable to pa-
tients, who felt equally confident and comfortable with testing conditions (4.7/5 and 4.6/5,
respectively), although participants were required to have adult companions during remote
testing performance [7].

All studies included participants who had access to and were able to use compatible
smartphones [23-38]. The broader applicability of RaWTs in everyday clinical practice is
closely associated with patients’ digital literacy and their access to technology [49]. In the
included studies, the majority of the participants were aged between 45 and 80 years. Older
adults with limited digital skills, reduced confidence in smartphones, mobile devices, and
wearable devices, have various concerns that can significantly limit participation. Recent
evidence [49] suggests that low digital literacy is associated with reduced acceptance
and continued use of digital health interventions. Therefore, digital literacy should be
considered a key factor when interpreting the applicability of RaWTs and when designing
future tele-rehabilitation protocols, to ensure equitable access and reliable implementation
across diverse age-related populations.

4.1.4. Clinical Utility

Preliminary evidence suggests prognostic value for hospitalization due to HF or
all-cause mortality with prognostic performance comparable to that of the conventional
6MWT [5]. Although the included studies for CPD populations have not clearly established
the clinical utility of remote assessment, the application-based 6MWT appears to enable
repeated evaluation of pharmacological treatment response, whereas accelerometer-derived
measurements during Ra6MWT revealed atrial tachyarrhythmia in PH populations [17,23].

4.2. Real-World Implementation Barriers and Disease-Specific Considerations

Despite encouraging findings regarding feasibility, the real-world implementation of
RaWTs remains challenged by several practical barriers. Limited access to compatible digi-
tal devices, variable levels of digital literacy, unreliable internet connectivity, and the need
for caregiver presence were recurrent issues, particularly among older and more clinically
complex patients [13,46]. Environmental constraints, such as short indoor walking tracks,
uneven outdoor surfaces, weather conditions, and privacy concerns, further influenced test
performance and agreement with center-based assessments [37].

Importantly, implementation barriers differ between pulmonary and cardiac popula-
tions. In CPDs, particularly pulmonary hypertension and advanced lung disease, safety
considerations related to exertional hypoxemia necessitate close monitoring of oxygen
saturation and predefined stopping criteria, potentially limiting unsupervised implementa-
tion [50]. In contrast, in HF populations, arrhythmia risk, hemodynamic instability, and
fatigue-related symptom fluctuations require attention to heart rate monitoring and pacing
consistency [3]. These disease-specific considerations may partly explain the observed
differences in agreement and measurement variability between CPD and HF subgroups.

Overall, while both populations demonstrate high feasibility, the broader clinical
applicability appears more context-dependent in CPDs than in HF, underscoring the need
for population-specific protocols.

4.3. Methodological Quality Considerations

Notwithstanding these favorable findings, reliability outcomes should be interpreted
in the context of the moderate methodological quality of several included studies. COSMIN
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assessments ranged from very good to inadequate, with common limitations related to
test condition similarity, statistical methodology, and reporting transparency. Studies
rated as doubtful or inadequate frequently involved heterogeneous testing environments
or insufficient control of confounding factors, which may partially explain variability in
agreement and reliability estimates.

Overall, the available evidence indicates that the strongest support for RaWTs concerns
feasibility and test-retest reliability in selected contexts, while agreement with in-clinic
assessments and clinical utility remain limited.

4.4. Limitations

Several limitations of this systematic review should be acknowledged. First, the limited
number of eligible studies, together with substantial heterogeneity in study design, patient
populations, technologies, and testing environments, precludes quantitative synthesis and
limits the generalizability of the findings. Therefore, the pronounced methodological het-
erogeneity across the included studies precluded the conduct of a meta-analysis. Second,
most included studies were observational in nature and exhibited moderate to high risk
of bias, particularly with respect to confounding and outcome measurement, as identified
through COSMIN, ROBINS-I, and QUIPS assessments [34-36]. Third, protocols for RaWTs
varied considerably across studies, including differences in supervision level, walking track
characteristics, and measurement tools, which complicates cross-study comparisons and
limits conclusions regarding measurement equivalence. Furthermore, many studies were
limited by small sample sizes and a lack of diversity in patient populations (other CPD
populations apart from PH, populations with limited digital literacy), which may affect the
robustness of the findings. In addition, the inclusion criteria were deliberately restricted
to adult patients. Pediatric or mixed-age populations differ substantially from adults in
physiological responses and reference values for walking tests. While studies conducted
in healthy individuals may provide useful methodological insights (e.g., regarding data
processing pipelines or technical validation procedures) [51], they do not adequately reflect
issues of feasibility, safety, and clinical applicability in cardiopulmonary disease popula-
tions. Fourth, although reliability and feasibility were frequently examined in patients with
PH, evidence regarding validity, responsiveness, and clinical utility remains sparse, par-
ticularly in CPD populations. Additionally, we did not systematically synthesize detailed
experimental setup characteristics across studies, such as device specifications (e.g., type
and sampling rate). These factors are essential to clarify methodological heterogeneity and
design choices in remote-monitoring walking assessments [51]. Although we extracted and
summarized all available information, several studies did not comprehensively describe
aspects related to protocol standardization, feasibility considerations, safety procedures, or
clinical implementation. This limited reporting restricts the possibility of fully comparing
design approaches and drawing definitive conclusions about optimal configurations. The
manual data quality assurance strategies used in some app-supported studies were not
always consistent, potentially introducing measurement error. Restricting eligibility to
English-language publications may have introduced language bias and excluded relevant
evidence, such as studies in Spanish or French. This limitation is partly mitigated by the
comprehensive search strategy and the use of five international databases that index high-
quality studies. Finally, the exclusion of gray literature may have contributed to publication
bias, potentially leading to an overestimation of positive findings.

4.5. Future Directions

Future research should prioritize well-designed prospective studies and random-
ized controlled trials that directly compare remote and center-based walking tests using

https://doi.org/10.3390 /healthcare14050576


https://doi.org/10.3390/healthcare14050576

Healthcare 2026, 14, 576

20 of 23

standardized and clearly defined protocols. Particular emphasis should be placed on
establishing minimum environmental and technological requirements, including track
length, surface characteristics, sensor accuracy, and acceptable levels of supervision, to
improve measurement comparability and fidelity. Therefore, future studies should aim
to standardize RaWT protocols, particularly with respect to (i) walking track character-
istics, (ii) supervision mode, and (iii) the devices or algorithms employed, including the
systematic implementation of data quality checks across settings. Innovative technologies
that accurately detect abnormal gait patterns can also be applied to patients with gait
abnormalities for remote walking monitoring [51].

Importantly, future studies must move beyond assessments of reliability and feasibil-
ity to address clinical utility, including responsiveness to intervention, prognostic value,
and impact on clinical decision-making and patient-centered outcomes. In this context,
the integration of RaWTs into multicomponent tele-rehabilitation pathways, supported
by wearable sensors, automated data analytics, and clinical alert systems, represents a
promising avenue for personalized and scalable care [10,21,43].

Finally, the development of consensus-based guidelines for RaWTs analogous to exist-
ing ATS/ERS recommendations for center-based testing, is essential to ensure measurement
fidelity, enhance reproducibility, and facilitate broader clinical adoption in both research
and routine clinical practice.

5. Conclusions

In conclusion, current evidence primarily supports the feasibility and test-retest relia-
bility of RaWTs in selected cardiopulmonary populations. In particular, they demonstrate
high patient adherence and minimal safety concerns when implemented under structured
protocols and appropriate risk-mitigation strategies.

However, agreement with center-based assessments remains variable and strongly
influenced by environmental conditions, testing setup, and disease-specific characteristics.
Differences in pathophysiology between CPDs and HF appear to affect both measure-
ment agreement and implementation requirements, underscoring the need for population-
specific protocols and cautious interpretation of remotely derived outcomes.

At present, RaWTs should be considered complementary tools rather than direct
substitutes for standardized in-clinic functional assessments. Remote testing may be
unsuitable for higher-risk patients or in constrained indoor environments that preclude
standardized track length and real-time supervision.

Overall, the strongest and most consistent evidence supports the use of RaWTs for
longitudinal, within-individual monitoring of functional capacity, which represents a
central objective of contemporary telehealth and tele-rehabilitation models. Evidence for
agreement with in-clinic testing and for clinical utility, particularly in terms of prognostic
value and impact on clinical decision-making, remains limited and context-dependent.

Further high-quality, prospective studies are required to establish responsiveness,
prognostic significance, and clinically meaningful thresholds for change, as well as to
inform the development of consensus-based guidelines for the safe and standardized
implementation of remotely administered walking tests in routine clinical practice.
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The following abbreviations are used in this manuscript:

2MWT Two-Minute Walking Test
SMWT Three-Minute Walking Test
6MWT Six-Minute Walking Test

CPDs Chronic Pulmonary Diseases
ESWT Endurance Shuttle Walking Test
HF Heart Failure

ICCs Intraclass Correlation Coefficients
ISWT Incremental Shuttle Walking Test
NYHA New York Heart Association

PH Pulmonary Hypertension

QUIPS Quality in Prognosis Studies

RaWTs Remotely Administered Walking Tests

Ra6MWT  Remotely Administered Six-Minute Walking Test
ROBINS-I  Risk of Bias in Non-Randomized Studies—of Interventions

SuUS System Usability Scale
WCD Wearable Cardioverter Defibrillator
WOS Web of Science
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