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Abstract

Background: Inrecent years, researchers have delved into the rel ationship between the anatomy and biomechanics of sacroiliac
joint (S1J) pain and dysfunction in endurance runners to el ucidate the connection between lower back pain and the SIJ. However,
the majority of SlJ pain and dysfunction cases are diagnosed and managed through a traditional athlete-clinician arrangement,
where the athlete must attend regular in-person clinical appointments with various allied health professionals. Wearable sensors
(wearables) are increasingly serving as a clinical diagnostic tool to monitor an athlete's day-to-day activities remotely, thus
eliminating the necessity for in-person appointments. Nevertheless, the extent to which wearables are used in aremote setting to
manage Sl J dysfunction in endurance runners remains uncertain.

Objective: This study aimsto conduct a systematic review of the literature to enhance our understanding regarding the use of
wearables in both in-person and remote settings for biomechanical-based rehabilitation in SIJ dysfunction among endurance
runners. In addressing this issue, the overarching goa was to explore how wearables can contribute to the clinical diagnosis
(before, during, and after) of SIJ dysfunction.

Methods: Three online databases, including PubMed, Scopus, and Google Scholar, were searched using various combinations
of keywords. Initialy, atotal of 4097 articleswereidentified. After removing duplicates and screening articles based on inclusion
and exclusion criteria, 45 articles were analyzed. Subsequently, 21 articles were included in this study. The quality of the
investigation was assessed using the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses)
evidence-based minimum set of items for reporting in systematic reviews.

Results: Among the 21 studiesincluded in this review, more than half of the investigations were literature reviews focusing on
wearable sensors in the diagnosis and treatment of SlJ pain, wearable movement sensors for rehabilitation, or a combination of
both for SIJ gait analysisin an intelligent health care setting. As many as 4 (19%) studies were case reports, and only 1 study
could be classified as fully experimental. One paper was classified as being at the “pre” stage of SIJ dysfunction, while 6 (29%)
were identified as being at the “at” stage of classification. Significantly fewer studies attempted to capture or classify actual SIJ
injuries, and no study directly addressed the injury recovery stage.

Conclusions: SlJdysfunction remains underdiagnosed and undertreated in endurance runners. Moreover, thereisalack of clear
diagnostic or treatment pathways using wearables remotely, despite the availability of validated technology. Further research of
higher quality isrecommended to investigate SlJ dysfunction in endurance runners and explore the use of wearablesfor rehabilitation
in remote settings.

(JMIR Biomed Eng 2024;9:e46067) doi: 10.2196/46067
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Introduction

Physical activity, exercise, and sport areincreasingly promoted
as part of a healthy lifestyle. However, increased participation
in physical activity and sport specialization may raise the risk
of injury [1]. Running remains one of the most prevalent forms
of physical activity, attracting individuals of all capability and
ability levelsto engage in thisform of cardiovascular exercise.
However, the burden of running-related injuries and their
potential impact on quality of life and societal costs call for
research and effective interventions in al the areas associated
with sportsinjury, namely, prevention, assessment, and recovery
[2,3]. One of the most overlooked sources of lower back pain
(LBP) in endurance runners is injury to the sacroiliac joints
(SlJs) [4].

The SlJs arethe largest axial jointsin the body and sit between
the sacrum and pelvic bones on either side. The SlJs connect
the spine to the pelvis and facilitate load transfer from the
lumbar spineto the lower extremities. Specifically, the Sl Js sit
between the iliac’s articular surface and the sacral auricular
surface. Therefore, the SIJ supports the torso and upper body
muscular areas to dampen the impact of ambulation as the SIJ
can experienceforces of shearing, torsion, rotation, and tension
when running. To improve and promote efficiency in running
whilefocusing oninjury prevention, allied health professionals
are exploring different preventative, monitoring, and
rehabilitative methods.

Numerous investigations have been undertaken to identify the
factors contributing to the management of SlJ dysfunction and
the underlying biomechanical mechanismsresponsiblefor pain
[3,4]. One consideration is using wearable sensor technology
for clinica monitoring. In this regard, wearable sensors
(wearables) incorporate a broad range of advances in
microelectromechanical systems [5], electrocardiogram [6],
electromyogram [7], and electroencephal ogram-based neural
sensing platforms [8]. Asinjuries such as SIJ dysfunction can
require frequent monitoring, the continuousness of
patient/athlete  monitoring for timely intervention and
rehabilitation seems essential. Wearabl es present an opportunity
to measure the biomechanical parameters of SIJdysfunctionin
acontinuous, real-time, and nonintrusive manner by leveraging
electronics packaging technology. It has been conveyed that by
leveraging this technology, more time for engagement,
continuity of experience, and dynamic datafor decision-making
for both athletes and clinicians will endure [9]. While remote
and ambulatory monitoring are growing needsin the health care
environment [ 10], the efficacy surrounding wearablesin remote
monitoring relativeto SlJdysfunction remainslargely unknown.
This is despite the acknowledgment that remote monitoring
provides increased data volume and can promote improved
athlete performance [11] and accelerate the patient/athlete
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rehabilitation processes[12]. Furthermore, an apparent limitation
of existing research is that there has been a focus on the
effectiveness of wearables on running performance metricsthat
generally do not consider ongoing rehabilitative considerations
[13]. Strategies for the prevention of [14] and recovery from
[3] SlJinjury have been proposed, alongside models of injury
causation [15] and injury factors[16] (eg, intrinsic vsextrinsic;
modifiable vs not modifiable). In turn, this has the potential to
help monitor compliance, quality, and progress of movement
performance when an injury-prevention or return-to-activity
program is implemented [17]. Clinicians and allied health
professional s often focus on exploring varioustraining methods
for preventive and rehabilitative measures. However, they rarely
evaluate these methods in conjunction with biomechanical
parameters and their impact on SlJ dysfunction. Thus, thereis
aneed for evidence-based information on how wearables could
be used for rehabilitation purposesin aremote setting when SIJ
dysfunction is considered.

To maintain pace with the rapidly evolving field of wearables
in endurance runners, this review provides an update on the
state of the literature with a particular focus on literature
published in the past 10 years. Case studiesillustrate the use of
wearable data in the development or monitoring of running
programs. For the purposes of this review, a“wearable device”
was operationally defined as a device that can be attached to
the runner, shoe, or garment, or is a smartphone app. Thus, the
purpose of this study wasto systematically review theliterature
and gain a better understanding of the use of wearablesin both
in-person and remote settings for rehabilitation of SIJ
dysfunction in endurance runners. Addressing this issue, the
overall goa was to investigate how wearables can contribute
totheclinica diagnosis (before, at, and after) of SIJdysfunction.

Methods

Study Design

The design and reporting of this review followed the PRISMA
(Preferred Reporting Items for Systematic Reviews and
Meta-Analyses, Figure 1 and Multimedia Appendix 1 [18])
2020 statement [18]. The general search strategy (Multimedia
Appendix 2) and search termsare described in Table 1. Articles
published up to October 1, 2022, were reviewed.

Thereafter, the selection process consisted of thefollowing steps
using the PRISMA guidelines (Figure 2): (1) an initia title
screening for relevant articleswas performed once the searched
database results had been combined and duplicates had been
removed; (2) both thetitlesand abstracts of the selected articles
were then reviewed (areview of the full text was completed if
it was not clear from the title or abstract whether the study met
the review criteria); and (3) the full texts and selected articles
were read based on the inclusion/exclusion criteria.
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Figurel. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flowchart.
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Table 1. Systematic search strategy and key terms used.
Search strategy Key terms?
Wearable technology “Wearable Biomechanics’ OR “Wearable Technology” OR “Wearable Devices’ OR “Wearable Sensors Biomechan-

ics’” OR“IMU” OR “Inertial Sensor” OR “Inertial Measurement Unit” OR “Gyroscope’ OR “Magnetometer” OR
Accelerometer* OR “Pressureinsoles’ OR “Remote Wearables’

Running gait “Running Biomechanics’ OR “Endurance Running” OR “Run” OR “Jog” OR “Running over 5km” OR “Endurance
Runners’ OR “Long Distance Runners’ OR “Athletics’

Sacroiliac joint “SlJpain” OR “SlJrehabilitation” OR “SIJ dysfunction” OR “SlJinjury prevention” or “SIJ management”

3TITLE-ABS-KEY was used as the search strategy.
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Figure 2. Stepsin the selection process.
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SOLITCES abstracts

A systematic search was conducted to identify potentialy
relevant papers in the following scientific databases: PubMed,
Scopus, and Google Scholar. The focus of this review was on
journal articles published in English that described the use of
wearable technology to analyze, quantify, and emphasize the
use of wearables for remote monitoring of SlJdysfunction and
rehabilitation in endurance runners. This extends to endurance
runners undergoing rehabilitation for SIJ dysfunction (ie, had
been diagnosed) or the ongoing management of SlJdysfunction
in previously diagnosed endurance runners (ie, rehabilitation).
For this search strategy, an endurance runner was considered
as someone partaking in regular running-related events (eg,
recreational, fun runs) or competitive events (eg, competition,
professional, elite). An endurance runner was classified as an
athlete running morethan 5 kmin asingle session, either during
repeated trials or in studies that classified participants as
endurance runners. In line with the main objective, inclusion
and exclusion criteriawere established to help eliminate studies
that were not aligned with the research questions. An
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' G L analysis

independent coder reviewed subsequent abstractsyielded from
the search strategy and then the full articles for study selection.
The review screened for information inclusive of health record
and research systems including design, functionality,
implementation, applications (remote and in-person settings)
outcomes, and benefits. The search included articles published
between 2000 and 2022. A manua review of the reference
section of selected articles was then performed to identify
relevant studies missed in the electronic search. Only English
language articles were reviewed (Table 2).

Inclusion and Exclusion Criteria

A summary of theinclusion and exclusion criteriais presented
in Table 2.

Although no restriction was imposed on the types of wearable
technology used in SIJ dysfunction, the search terms were
primarily focused on wearable inertial sensors and inertial
measurement unit (IMU) devices (Table 3).
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Table 2. Summary of inclusion and exclusion criteria.

Evans

Study characteristic

Inclusion criteria

Exclusion criteria

Communication type

Injury classification

Classification of wearable

Defined running gait outcome
measure

Participant

Journal and conference proceedings.

Before, during, or after the clinical diagnosis of
sacroiliac joint dysfunction which included or in-
corporated the use of wearables as aviable method
of evaluating sacroiliac joint motion.

Accelerometer, gyroscope, magnetometer, or a
combination of these (inertial measurement unit),
foot/shoe insoles (pressure mapping).

Spatiotemporal (globa outcomes of the running
gait cycle): running velocity, acceleration of the
center of mass, distance, displacement, ground
contact time, step length, step frequency (cadence),
stance time, and flight time were included. Kine-
matics (description of segmental or joint move-
ment, generally in the 3 cardinal planes, namely,
sagittal, coronal [frontal], and transverse planes,
without consideration for forces).

Kinetic (the action of forcesin producing or
changing motion): for example, ground reaction
force, peak pressure, center of pressure, braking,
impulse, timeto peak pressure, pressure timeinte-
gral, loads, force timeintegral, and contact area.

Age >18 years, mae and female. Endurance run-
ning included runnersregularly completing over 5
km in training or competitive situations.

The endurance runner was partaking in regular
running-related events (eg, recreational, fun runs)
or competitive-based events (eg, competition, pro-
fessional, elite). The runner was classified as an
athlete running morethan 5 kmin asingle protocol
session, either during repeated trials or in studies
that classified participants as endurance runners.

L etters, short communications, technical notes, and
other non—peer-reviewed literature. Non—evidence-
based guidelines, |etters to the editor, and expert
opinion papers.

Articlesreporting exclusively on activity monitor-
ing from global navigation satellite systems and
injury surveillance without biomechanical measure-
ments.

Temperature sensors, pulse oximeters, pressure
sensors, correlated glycemic measurement sensors,
biosensitivity techniques, smartphone apps and
related sensors, rehabilitation, and monitoring am-
bul ator—based sensors.

Studies aiming to determine running power or
economy were excluded as well as studies investi-
gating walking gait variability or regularity.
Studies evaluating robotic systems, exoskeletons,
prosthetics, and virtual reality environments were
excluded.

Studiesinvestigating the use of biofeedback or gait
retraining (ie, nonnatural running gait) and studies
involving the use of altered weight conditions (eg,
wearable resistance, antigravity treadmills, or wa-
ter-based protocols).

Computer agorithms; machinelearning or statisti-
cal approaches; and those using robotic systems,
exoskeletons, prosthetics, and virtual reality envi-
ronments.

Age <18 years. Endurance runners not regularly
completing over 5 km in training or competitive
situations.

Studies done on animals and cadavers.
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Table 3. Comparative overviewa of wearable sensor modalities used in running today.
Category Technology Capahilities Pros Cons
Soft tissueinjury prevention  Surface electromyogram Identifiesmusclerecruitmentand  Small, wireless, Low signal-to-
potential weaknesses and provideslive  noiseratio
data
Workload management and  GPS, inertial measurement unit, and ac- Distance, velocity, acceleration, Goodrangeof data No biometric da-
athletic performance celerometers deceleration, mediolateral move-  points taand GPS can
ment, work, power, dehydration, be pricey
fatigue, athletic performance,
detecting gait parameters
Cardiac health Electrocardiogram/photoplethysmography  Heart rate, sleep rate, heart rate Accurate and cost-  Price point

Sensors

variability, respiration, muscle  effective
oxygen saturation, atrial fibrilla-

tion, stress levels, respiration

rates, blood volume, and body

temperature

8The table presents a comparative overview of common wearable sensors currently available rather than the components used for analysis (ie, some
studies used an inertial measurement unit, but only analyzed data from 1 element of the unit).

Study Classification and Assessment

The selected studies reported multiple feature domains,
including (1) strength of evidence, time setting, and primary
scope; (2) study characterization in terms of experimental
conditions, setting (running field based and running laboratory
based using treadmills), and age of endurance runners tested;
and (3) characteristics of the technol ogies and types of wearable
device and measuresused relative to Sl Jdysfunction. The author
also defined and assessed (4) the Injury-research Readiness
Level (IrRL) relative to SIJ dysfunction.

Selection Process: Strength of Evidence, Time Setting,
and Scope

The strength of evidence for each article was assessed across 3
main categories, ordered in decreasing strength based on the
experimental design used: experimental, that is, meeting the
requirements of endurance running and SIJ dysfunction at or
after clinical diagnosisand injury; randomized controlled trials;
quasi-experimental, that is, including manipulation of the
experimental conditions under which participants performed
endurance running, but lacking random assignment or group
comparison; and observational, that is, without assessing the
effects of an intervention, and only describing participant
behavior [19]. A separate class was used for studies looking
exclusively at the validation of new equipment or methods.
Literature reviews on wearables combined with synergies in
remote settings or endurance running—related SlJinjurieswere
included and assessed by the primary author.

Classification and Char acterization of SIJ Dysfunction

Studieswererequired to classify and characterize the diagnosis
of SIJ dysfunction. Therefore, akin to Preatoni et a [20], an
“at/post” classification was used to express the chronological
relationship between the experimental data collected and the
SIJ dysfunction in endurance runners. Thus, studies were
classified as the at category if they were identifying and
classifying SIJ injury factors, diagnosis, or underlying
mechanisms, and therefore, attempted to capture or track SIJ
injury occurrencesin endurance running (eg, cohort studieswith
biomechanical screening and in-field injury events that

https://biomedeng.jmir.org/2024/1/e46067

referenced use of wearabletechnology). Studieswere classified
as post if the data collection was performed after the SIJ
injurious event, that is, during the SIJ recovery phase with the
aim focused on rehabilitation techniques in both field-based
and laboratory environments where the endurance runner had
received a clinica diagnosis of SIJ dysfunction. The post
classification was aso used for studies that assessed the
likelihood of SIJinjury or a greater magnitude of dysfunction.
For clarity, studies that examined endurance runners who had
returned to full running activity (eg, comparisons between
healthy individuals and those with a history of a specific or
existing SlJ injury) were classified as pre because they were
not centered on the recovery process that goes from injury
occurrence (or medical intervention, if relevant) to being able
to return to full running activity.

The characterization of studies was based on the following
categories: (1) studies analyzing preexisting running-related
SlJdysfunction using wearabl e technol ogies to monitor running
biomechanics in both a field-based and laboratory setting for
the purpose of clinical management and clinical management
in a remote setting (pre); (2) studies assessing endurance
running—related Sl J dysfunction or injury factors or injury risk
using wearabl e technologies to monitor running biomechanics
after SIJdysfunction hasbeen formally diagnosed and classified
asintheacute stage of injury in both field-based and |aboratory
settingsfor the purpose of clinical management (at); (3) studies
assessing ongoing running-related SIJ injury factors or injury
risk using wearable technologies to monitor running
biomechanics after SIJ dysfunction has been formally diagnosed
and classified asin the chronic stage of injury in both field-based
and laboratory settings for the purpose of clinical management
or management in a remote setting (post); and (4) studies
attempting to establish injury threshold criteria from a
biomechanical perspective, studies characterizing protective
wearable devices, and studies focusing on post-SIJ injury
monitoring or return-to-run assessment using wearables.
Validation and literature review studies were classified
according to the primary aim for which the method or tool tested
had been devised, as stated by the authors.
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To describe the experimental conditions, information was
extracted about the settings in which data were collected (ie,
laboratory vsfield based). Specifically, studieswere labeled as
field based if wearable-obtained data were acquired during a
scheduled running training event, a simulated running training
event, or arunning competition in aspecific setting. Conversely,
investigations carried out within alaboratory or in the field but
using wearable technologies were labeled accordingly. The
stage of SIJ dysfunction addressed by the study was then
classified as either chronic (caused by overuse) or acute
(resulting from specific events), following the criteria outlined
by Bahr et al [15]. Furthermore, annotated classification of the
endurance runner was addressed by each study (ie, recreationally
active, trained/developmental, highly trained/nationa level,
elite/international , world-class, or not specified/insufficient data
to be classified) [21]. The risk of bias was assessed by the
primary author.

Injury-Research Readiness L evel

Building on the System Readiness L evel framework by Sauser
et d [22], an IrRL was modeled to capture the maturity,
functionality, and readiness of the studies aiming to contribute
to preventing, assessing, or recovering from SlJ dysfunction.
According to the System Readiness Level model, technology
and system development follow similar maturation paths,
whereby technology isinserted into a system and interacts via
aproposed architecture. Knowing about the system components
and their integration isimportant, and this knowledge allows a
classification of the system asbeing initsresearch, development,
or deployment stage [23]. In the context of SIJ dysfunction and
endurance running—related injuries, for this review, a method
is deemed mature for deployment only when it relies on
measuring wearable tools that are characterized by high
ecological validity (ie, fully wearable and unobtrusive or
markerless), can be applied directly in the field, is supported
by validation studies against an established gold standard, or
when validation is not practicable but adheres to standardized
experimental procedures. Specifically, the biomechanical
guantities pertaining to the SlJ should demonstrate evidence of
acausal relationship with SIJ dysfunction and management in
endurance running, and their interpretation should be driven by
specific guidelines (eg, individual- or population-based
normative boundaries, thresholds, or trends, Multimedia
Appendix 3).

Data Extraction and Collection

After the data search was complete, data were obtained and
extracted from eligible studiesin acustom form that was created
in Microsoft Excel. Theformincluded (1) author, title, journal,
and publication year; (2) research design; (3) sample size; (4)
participant characteristics (eg, age, gender); (5) intervention
features (type, length, and frequency); (6) measures and settings
(Iaboratory, field-based, the type of wearable technology used,
and sensors); (7) analysis; (8) key findings relative to the pre,
at, and post categoriesfor clinical SlJdysfunction management
using wearablesin aremote or clinical setting; and (9) research
outcomes, the metrics used, and conclusive statements. Data
were then synthesized into a table format in Microsoft Excel
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and confirmed for dataentry by the author. No automation tools
were used in the process.

Results

Overview of ldentified Articles

From the 4097 articles identified through the database search
(Google Scholar, n=2263; Scopus, n=1624; and PubMed,
n=210), and after removing duplicate items, 2245 publications
were excluded based on title, abstract, and inappropriateness of
topics (eg, knee arthroplasty in endurance runners). A further
search was then performed in the databases with exclusion
criteria (without the words) “knee” AND “lower back” AND
“hip.” A search “with the words” was then refined to include
“remote.” An additional 551 articles were removed due to
“knee” appearing in the article while 2 papers were removed
due to not being written in English. A further 4 were removed
dueto thetopic being limited to physiological assessmentsonly.
A total of 1295 articles remained. Of these, 585 articles were
discarded (most frequent reasons were not including wearables,
not mentioning SlJinjury or SIJdysfunction or running-related
activities, and not describing the relationship between
biomechanical quantities from wearables and the SIJ, or not
defining the IrRL classification model relative to the SIJ and
wearable usage in endurance runners). In addition, 665 records
were removed due to technology not being classified as
wearable, yielding a total of 45 studies to be considered for
review.

A total of 151 participants were identified as being runners or
endurance runners from the 45 papers analyzed. Descriptions
of the included studies were either classified as a review of
wearable sensors in the diagnosis and treatment of SIJ
dysfunction, or wearable movement sensors for rehabilitation,
or a combination of the above for SlIJ gait analysis in an
intelligent health care setting. Two papers [24,25] specifically
mentioned wearable technol ogy and the COV1D-19 pandemic.
However, only 1 of the review papers specifically mentioned
measuring biomechanical loads and asymmetries in elite
long-distance runners through inertial sensors [26]. One study
[27] reported on SIJ pain relative to contralateral pelvic drop
compared while the remaining research papers specifically
mentioned iliac stress fractures in endurance runners linked to
the SIJ, hip pain, or SIJ dysfunction. The remaining studies did
not openly discuss the link between wearables and remote
settings and SIJ dysfunction but mentioned such relationships
asbeing possible or hypothetical. Thus, atotal of 21 manuscripts
remained, with overlapping reports on topics relative to SIJ
dysfunction. No immediate forms of information bias
(measurement bias) were detected in the final 21 studies.

Journalsand Years

The 21 original manuscripts included in the review appeared
inover 11 different journals, with 11 journal s publishing nearly
half of the total, and at |east five relevant articles published in
orthopedic, traumatology, or physical therapy journals. One
paper was published in arehabilitation journal while 3 papers
were published in technology and engineering journals. The
number of articles in the area under scrutiny appears to have
increased over time, as 7 papers have been published since the
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onset of the COVID-19 pandemic regarding telehealth (remote),
sensors, and machine learning in endurance running injury
management journals. The use of wearablesin field-based and
self-reliant monitoring seems to be increasing in popularity, as
also demonstrated by the 7 review papers published between
2020 and November 2022.

More than half of the 21 studies scrutinized were literature
reviews, 4 (19%) were casereports, and 1 was classified asfully
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experimental; 5 (24%) attempted to devel op a predictive model
or a machine learning approach to identify risk factors for
running-related SIJ dysfunction. One study was classified as
being at the pre stage of SlIJ dysfunction, while 6 (29%) were
identified asbeing at the at stage of classification. Considerably
fewer studies attempted to capture or classify actua SlJinjuries,
and no study directly addressed injury recovery (Table 4).
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Table 4. Validity and reliability and application (information extracted from each article included the classification of the study).
Author Year Location IrRL& Classifica=  Participantsand Age (years) Metric(s)
tion gender, n
Alcantaraetal 2021 Forcemea- IrRL1: Research  Validity 37 Mean 20 (SD 2)  Quantified accuracy of applying
[28] suring (exploring causal (atb) years quantile regression forest and
treadmill relationship) linear regression models to
(Iaborato- sacral-mounted accelerometer
ry) datato predict pesk vertical
ground reaction force, vertical
impulse, and ground contact time
acrossarange of running speeds.
Whitney et a 2022 Treadmill  IrRL2: Develop-  Case-control 81 runners(63 Mean27.3(SD  In midstance, runnerswith SIJ
[27] (Iaborato-  ment (buildingon  (at) runnerswithout 12.9) yearsfor pain had greater contralateral
ry) established causal SIFpanand18 runnerswithout  pelvic drop compared with con-
relationship) runnerswiths1y  and 23.8 (SD trols. For unilateral SIJ pain cas-
pain) 10.5) yearsfor es (n=15), greater contralateral
runnerswith SIJ  pelvic drop was observed when
pain loading the affected side com-
pared with the unaffected side.
Female runners with SlJpain
demonstrated greater contralater-
a pelvic drop during the mid-
stance phase, along with less
knee flexion, greater “tibial
overstride,” and greater ankle
dorsiflexion at initial contact
compared with controls.
Haofer and 2008 Treadmill  IrRL1: Research  Application 3 malepartici- nyad The pressure between the sensor
Siemsen [29] (Iaborato-  (exploring causal  (at) (proof of pants contact area and the lumbar re-
ry) relationship) concept) gion was measured with force
sensitive resistor sensors.

Amorosaetal 2014 N/A IrRL1: Research  Review 1femdepartici- 24 years Report on a second case of an

[30] (exploring causal pant isolated stressfracture of theiliac
relationship) wing in afemale marathon run-

ner and the associated diagnosis
of the female athlete triad.

Ueberschareta 2019 Treadmill  IrRL2: Develop- Experimen- 45 hedlthy ju-  N/A The mean peak tibial accelera-

[26] (laborato-  ment (buildingon ¢4 (pred nior-elite long- tionsinjunior-elitelong-distance

ry) established causal distancerunners runners ranged between 14 (SD

relationship) 3) and 16 (SD 3) g (g=9.81 m

s"l) for running speeds of 14-16
kmhL. The corresponding mean
peak sacral and scapular acceler-
ationsamountedto 4 (SD 1) to 5
(SD 1) g (32%, SD 8% of tibial
load) and 4 (SD 1) g (mean 27%,
SD 6%), respectively.

Liveta [31] 2021 N/A IrRL1: Research  Review N/A N/A Daily monitoring of basic health
(exploring causal data by wearable devices helps
relationship) physiciansin detecting the health

problem. However, most current
wearable sensors are not accurate
enough for clinical evidence.

Banoseta [32] 2015 Laboratory IrRL1: Research  Application 1maepartici- N/A A novel mobile health system to
(exploring causal  (proof of pant support trunk endurance assess-
relationship) concept/case ment. The system uses a wear-

report) ableinertial sensor to track the

patient’s trunk posture, while
portable electromyography sen-
sors were used to seamlessly
measure the electrical activity
produced by the trunk muscle.
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Author Year Location IrRL2 Classifica= Participantsand Age (years) Metric(s)

tion gender, n

Falowski eta 2020 N/A IrRL1: Research  Review N/A N/A A review and algorithm for the

[33] (exploring causal diagnosis and treatment of
relationship) sacroiliac joint pain.

Zadehetal [34] 2021 Laboratory IrRL2: Develop-  Application 55(39maleand 21.1(SD 3.84) Proof of concept that wearable
ment (buildingon  (at) (proof of 16femaepartic- yearsfor male technology has the potential to
established causal ~ concept) ipants) and 20.1 (SD predict injury in sports.
relationship) 1.18) yearsfor

female partici-
pants

Porciunculaet 2018 N/A IrRL1: Research  Review N/A N/A Wearable movement sensors for

a [35] (exploring causal rehabilitation: afocused review
relationship) of technological and clinical ad-

vances.

Lorussi et a 2018 Fieldbased IrRL3: Deploy- Application  N/A N/A A wearable system for remote

[36] ment (at) (proof of monitoring of the treatments of

concept) musculoskeletal disorder.

Shenetal [24] 2021 N/A IrRL1: Research  Review N/A N/A Digital technology—based
(exploring causal telemedicine for the COVID-19
relationship) pandemic.

Nascimentoet 2020 N/A IrRL1: Research  Review N/A N/A Sensorsand systemsfor physica

a [37] (exploring causal rehabilitation and health monitor-
relationship) ing.

Channaet a 2021 N/A IrRL1: Research Review N/A N/A The rise of wearable devices

[25] (exploring causal during the COVID-19 pandemic:
relationship) asystematic review.

Rahif et al [38] 2022 N/A IrRL1: Research ~ Application  N/A N/A Proof of concept using runners
(exploring causal  (at) (proof of who run at least 20 km. A
relationship) concept) prospective longitudinal cohort

study using statistical analysisof
the data was performed using
machine [earning methods.

&rRL: Injury-research Readiness Level.

bAn at/post classification: if the scope was to identify and characterize SIJ injury factors, diagnosis, or underlying mechanisms; or track SIJ injury

occurrences in endurance runners.

CS1J: sacroiliac joint.

IN/A: not applicable.

Pre: pre-SlJ dysfunction (ie, before the SIJinjury).

Experimental Setting

In the field-based study [36] that analyzed endurance runners
at the SIJ dysfunction stage, the application was at the
proof-of-concept stage only. None of the studies included in
this review were deemed to be experimental or classified asan
observational study design pertaining to the use of wearables
in aself-monitoring or remote rehabilitation capacity. Thiswas
despite most studies being literature or systematic reviews that
focused on wearables for self-monitoring, self-monitoring in a
remote setting, or a combination of both.

Participant Characteristics

Overall, the studies included between 1 participant [30] and 81
participants [26], with the mean number of participants being
21 (SD 32). The mean age of participants was 22.2 (SD 3.7)
years. None of the selected studies performed a comparison of
SlJdysfunction and related gait patterns across the selected age
groupsor compared SlJdysfunction using avalidatory approach

https://biomedeng.jmir.org/2024/1/e46067

inwearables. Many of the studiesincluded both male and female
participants; however, none of the selected studies examined
differences between male and female participants in SIJ
dysfunction using wearables. One study [26] focused on female
runnerswith SlJor sacral stressfractures, whereas another [29]
included only male participants using pressure sensors in the
lumbar region. Given the discrepancy in participant
characteristics, a source of inequity, that is, gender bias, was
prevalent in some studies analyzed.

Clarification of SIJ Pathomechanics

Overall, the SIJ appearsto function as a stabilizer of the pelvis,
absorbing ground reaction forces during gait and shear forces
during movement [6]. The SIJ has also been described as a
multidirectional force[39]. Activitiesthat involve a1-leg stance
such as running would presumably increase the force in each
Sl1J, yet this was not specifically mentioned in the studies.
Similarly, this would influence the vertical ground reaction
force that occurs with each step. Another significant influence
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isthe center of mass, whichisin dightly different positionsfor
men and women. One study noted the importance of the center
of mass, particularly in women, as it commonly passesin front
of or through the S1J [40]. Some of this can be explained due
to sexual dimorphism being apparent in the pelvis, with the
femal e sacrum being wider and with amore backward tilt. This
would also account for the higher loads and stronger SlJs that
are commonly seen in men [41]. This characteristic may also
explain why men have more restricted mobility, as the average
movement for men is approximately 40% less than that of
women [42]. In this regard, the mechanism of SlIJ dysfunction
isprimarily aresult of acombination of axial loading and abrupt
rotation [43]. DeRosaand Porterfield [44] delineated the primary
influences asfollows: the force of gravity, which actsdownward
through the spine, generating the flexion moment of the sacrum
on the ilium, and the ground reaction force, which travels
upward through the lower extremity from the heel strike,
producing a posterior rotational moment (referred to as
“torsiona”) of the ilium on the sacrum; they termed these
motions sacroiliac and iliosacral, respectively. Falowski et al
[33] presented an agorithm for the diagnosis and treatment of
SlJ pain. In this case, the authors believed that SIJ pain is an

Table 5. Breakdown of various approaches used for wearables.

Evans

underdiagnosed and undertreated element of LBP. Citing an
emerging disconnect between the growing incidence of
diagnosed SIJ pathology and the underwhelming efficacy of
medical treatment, they created a diagnostic and treatment
pathway to establish an algorithm for patients that can include
conservative measures and interventional techniques once the
diagnosisisidentified.

Classification of Wearables

A total of 8 studies used wearablesin someform; however, only
1 study [26] used asensor (atriaxial accel erometer) to measure
biomechanical loadsin endurance runners, although this study
did not specifically review SlJdysfunction. In the 8 studiesthat
mentioned wearabl es, accelerometers and gyroscopesfeatured;
however, the authors did not provide enough information to
establish the type, range, and technical specification of the
devices. There was a large variation in the reported use of
temperature sensors, pulse oximeters, BioHarness wearable
technology, pressure sensors, correlated glycemic measurements,
biosensitivity techniques, electrodes, environmental monitoring,
smartphone accelerometers, and next-generation wearable
movement sensors despite these studies not specifically
mentioning SIJin endurance runners (Table 5).

Approaches Description

Referred to sensors’ validation within the cited article «  Compared with gold standards (eg, stereophotogrammetry, force platforms,
high-speed video, or photocells) [24,25,34-37].

«  Comparing classification results against human\validated software classification

[24,25,35-38].

Pilot or proof studies .  Biomechanical effect of alumbar spine-relief orthosis for the treatment of
sacroiliac pain [29].

Referred to ad hoc procedures for the performed measures «  Describing procedures for sacroiliac joint monitoring or pain management

measures using machine learning or similar approaches [45,46].

Thereviewed studiesthat used proof-of-concept designs|[34,38]
included generic descriptions of wearables relating to
self-monitoring use and remote rehabilitation monitoring despite
inadequate information provided about SlJfor rehabilitationin
endurance runners. Furthermore, while describing the technical
features of the wearable is key to the accurate clarification of
data quality and of the implication of the changesthat aremote
intervention may encourage, many studies did not report this
information sufficiently. Notably, and as highlighted by recent
systematic reviews on wearables and inertial sensors for sport
performance evaluation [47], and on accelerometry of impact
loading in runners [30], reporting the features of the wearable
device used—aswell asinformation on the attachment location
and fixing methods—is essential.

Discussion

Principal Findings

This review examined 21 studies that evaluated the effects of
wearable use in remote settings during SIJ dysfunction in
endurance runners. A secondary purpose of this review wasto
eval uate the effectiveness of wearables in possible or probable

https://biomedeng.jmir.org/2024/1/e46067

SlJ rehabilitation programs for endurance runners. Explicitly,
thisreview reported on the (1) strength of evidence, time setting,
and primary scope of studies relating to SIJ dysfunction in
endurance runners; (2) characterization of SIJ dysfunction in
terms of experimental conditions, setting (running field based
or running laboratory based using treadmills), and the age of
endurance runners tested; and (3) characteristics of the
technologies and types of wearables and measures used rel ative
to SlJdysfunction in endurance runners. The author also defined
and assessed (4) the IrRL relative to SIJ dysfunction. This
review has demonstrated that the use of wearable technology
for SlJdysfunction monitoring in endurance running either from
a laboratory or from a remote (telehealth) perspective is
emerging, but further work isrequired to establish astandardized
methodology and the validity or reliability of instrumentation.

This review provides a comprehensive overview of wearable
technology used for an SIJ dysfunction in endurance runners
aswell as recommendations for future work.

Injury Type and Classification

The quality of theincluded studies varied, with one of the most
challenging aspects of diagnosing and treating SlJ dysfunction
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in the endurance running population being the inconsistent
judgment and, in someinstances, worrisome presentation of the
injury. The main difficulty faced by authors appearsto berelated
to diagnostic challenges given that the pathomechanics and
diagnostic classification of SIJ dysfunction are inconsistent in
the literature. Thiswas mainly observed in studiesthat referred
to SIJ dysfunction as either a potential source of LBP or
symbolic of hip-related issues. Moreover, lumbopelvic rhythm
(LPR) was used as adefinitive term by some authors. This, then,
makes any possible deployment of wearables for rehabilitation
purposes challenging if the diagnosis is either missed or
misdiagnosed. As specific characteristics of SlJdysfunctionin
endurance runners are required for investigation, the number
of eligible participants was limited given that acute injuries
were investigated primarily in 1 study [30] and chronic SIJ
dysfunction in another [27], both of which occurred in control
settings. None of the studies monitored acute or chronic SIJ
dysfunction using wearables in a remote setting.

There were additional variations among the reviewed studies.
While 2 studies examined the usability of wearables through
active engagement with endurance runners[27,38], many lacked
consideration for the wearer's physical, psychological, and
social preferences regarding the technology. Although 1
proof-of-concept study examined if wearable technology has
the potential to predict injury in sports[34], many studies (42%)
werefound to be at the at stage of injury classification. However,
it isimportant to consider the practicality of using wearablesto
classify SlJdysfunction at the pre stage during running. Further
research exploring the feasibility and necessity of using
wearables is required, or whether this is feasible given the
apparent difficulty in diagnosing SIJ dysfunction. Additional
research will enhance our understanding of how wearables could
be used at the onset of possible SIJ dysfunction to deliver the
most pertinent data while enabling aclinical diagnosis.

A magjor issuein the approach to wearableinstrument application
isthat more than half of the 21 studies analyzed were literature
reviews, 4 (19%) were casereports, and 1 was classified asfully
experimental relative to the classification of SIJ dysfunction.
Theresults showed that although different wearables have been
used for evaluating biomechanical parameters in the running
gait analysis, aswell as somerelevant SlJ parameters pertaining
to diagnostic or predictive stages of SIJ dysfunction, a paucity
of research exists in the rehabilitation and remote monitoring
of SIJ dysfunction. Indeed, the findings show that different
descriptions related to possible or probable SlJ diagnosis exist
inthat injury classificationisalso referenced in relationto LBP
and LPR. This, then, makesit difficult to draw firm conclusions
regarding how wearables could be deployed remotely for
rehabilitation purposes. Therefore, we are beginning to
understand that the at stages of SIJ dysfunction require more
than a concentration on the risk factors associated with injury
occurrence.

Evidence aso suggests that SIJ rehabilitation using wearable
technology, in both controlled and remote settings, is highly
nuanced (ie, varying across classification, injury stage,
diagnosis, participant age, and gender). This complexity may
extend to confusion in terminol ogy and diagnosi s between lower
back injury and SIJ dysfunction, considering potential
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differences in running gait mechanics when running in
controlled (eg, laboratory) versus remote settings. For example,
one study [48] noted that the most common complaints were
pain in the lower back, buttocks, leg, groin, and hip. Although
some studies acknowledged that pain originating from the lower
back regionislikely more common than most endurance runners
realize, as aresult of the difficulty in localizing symptoms and
referred pain patterns, the results suggest that reference to
running-related Sl Jissueswasinfrequent. Thisisnot necessarily
surprising as LBP is among the most common human health
problems and accounts for a significant amount of disability
worldwide [49]. Interestingly, the SIJ has been estimated to
contribute to pain in as much as 38% of cases of LBP [50].
Although topographical classifications such as “sacroiliac,”
“pelvis” and “spine”’ serve acrucia didactic purpose, they can
impede understanding of normal and altered functiona SIJ
mechanisms. As different classifications exist, it remains
somewhat unknown if greater SIJ dysfunction in endurance
runners exists, thus making any reference to the possible role
of wearables relative to injury classification and rehabilitation
in remote monitoring challenging.

What is commonly stated among the papers reviewed is that
the clinical examination of an endurance runner with SIJ
dysfunction commonly begins with an evaluation of gait. The
results suggest that this often commenced in a clinical setting
with ongoing monitoring of the condition commonly requiring
the patient to be in the same clinical and controlled setting. It
isat thisjuncture that wearables could be used in aremote and
personalized setting, whereby data are fed to the clinician to
monitor and track gait-related patterns or irregularities.
Notwithstanding the literature reviews discussed in this paper
that highlight the obvious and practical gap in using this
technology in an SIJ dysfunction setting, more research is
needed to test the feasibility and validity of the different
wearable devices currently available. This extends to the level
of expertise needed to operate and interpret the data from the
perspective of an operator, athlete (runner) and clinician.
Additionally, the results point to LPR being frequently
referenced in the literature alongside LBP and SlJ dysfunction.
Theliterature suggeststhat L PR isthe relationship between the
lumbar spine, hip, and pelvis when the trunk isin flexion. The
classification of LPR during torso forward bending and
backward return has also been widely investigated and
commonly related to lower back disorders [51]. This defines
L PR and LBP without necessarily drawing on the biomechanical
differences and classification of how theseinjuries are managed
in endurance runners. Furthermore, the results show considerable
differences in the methods used to measure, and approaches
used to characterize, LPR. Overal, it appears as though the
timing aspect of L PR has been examined to obtain insightsinto
the neuromuscular control of torso motion. The lack of
consensusin LPR, LBP, and Sl Jdysfunction isfurther impacted
by the fact that there are no “gold-standard” algorithms for the
detection of running gait outcomes from wearabl e sensor setups,
which likely explains the large variation of outcomes and
definitions reported in the reviewed studies.
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Treatment of SIJ Dysfunction

It appears that treatment and management of SIJ dysfunction
are often nonsurgical and involve packages of care that can
include anal gesics, physiotherapy, corticosteroid injections, and
radiofrequency ablation [52]. Non—face-to-face (remote) care
models exist in which the athlete is physically separated from
the physician (or other health care workers) and empowered by
communi cati on-based technol ogi es, such as videoconferencing
and the use of continuous patient monitoring (wearable or
“surface sensor”) technol ogies that capture athlete metrics and
deliver health data remotely to the physician. Although these
technologies have existed for some time, widespread
implementation has been constrained by laws, regulations, and
policies. The use of wearables in movement science and sport
is widespread [53]; however, relative to SIJ dysfunction
detection using wearablesin either alaboratory/clinical setting
or aremote setting, it could be argued that their application is
still in an “exploratory phase” Therefore, the findings agree
with Hughes et a [54] in that the technology and the associated
methods still require further development and careful analysis.

Theresults concerning Sl Jinjury risk mitigation have been well
addressed in the literature [55,56]. Notwithstanding injury
mitigation factors, no exploratory research has been performed
to systematically investigate the feasibility of wearables use as
arehabilitation tool in SlJinjury assessment or dysfunction in
endurance runners. This includes how wearables could
potentially be used to characterize the severity of SlJdysfunction
asweéll as exploring the use of acquired information to support
either clinical preventive or rehabilitative interventions. The
empirical and analytical study of SIJ motion dates back to the
late nineteenth century. However, its widespread acceptance as
alegitimate entity hasonly occurred recently [57,58]. Thisdelay
in acknowledgment may elucidate why SIJ dysfunction can
often be mistaken for LBP and LPR issues. Moreover,
nowadays, the topography of SIJ motion should be measured
to establish the conceivable axes of motion. From the study of
Wilder et a [59], translation must occur for any sagittal
innominate rotation to be possible because of the irregular
surfaces and taut ligament structure. Accordingly, clinical
theories have been proposed regarding the details of these
motions. Along thisline, Leeet al [6] stated that nutation seems
to occur bilaterally when moving from supine to standing and
unilaterally with flexion of the hip joint. Moreover, this kind
of information would be relevant to any treatment of SIJ
dysfunction given that counternutation occurs bilaterally and
sometimes near the end of trunk flexion and unilaterally during
hip extension. Some authors (eg, [60]) suggested that individuals
with SIJ dysfunction display symmetrical gait and a depressed
synergy between muscles providing SIJ force closure. The
disorder involves reduced coactivation of the gluteus maximus
and contralateral activation of the latissimus dorsi, which
together provide joint stability during running. The disorder
would be exacerbated in endurance runners given their need for
maximum activation of gluteus maximus and torso stability,
both of which require consideration when treating SIJ
dysfunction. Nevertheless, these results indicate that the
information on SIJ dysfunction in endurance runners and the
treatment options that exist using wearabl es are unrepresented.
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Degspite these limitations, it is pertinent to consider whether
such treatment methodologies are clinically and practically
feasible within a given wearables context.

Information Technology and Health Care

Outcomes obtained from this review posit that health services
have experienced great changes, especially in remote monitoring
[61]. Additiona clinical studies (eg, [31]) have shown that
wearables are widely used to monitor functional and daily
activity inclusive of walking and running gait. The wearables
used were commonly integrated with an IMU sensor and
controlled with a smartphone app [62]. The increased use of
wearabletechnologies, either inisolation or aspart of integrated,
preventative, or rehabilitative approaches, offers an opportunity
to collect quantitative data “in the field,” less obtrusively, for
extended periods, and with fewer spatial limitations than
conventional motion-capture technologies (eg, [46]). In this
regard, wearables are increasingly viewed as promising
alternatives to expensive analytical instruments in health care
when specificity and selectivity criteriaare met. It could be that
wearables are used to monitor for possible pain, therefore
exploring the use of torso acceleration asa proxy with atriaxial
accelerometer. As the goals of SIJ dysfunction treatment may
include increasing suppleness, strengthening, and correcting
any asymmetries, the opportunity remains to explore how
wearables could be used as aviabl e treatment monitoring option.
This, then, is an areafor future research.

Wearables can help quantify spatiotemporal variables (eg, stride,
step length, cadence) and physiology (eg, heart rate, recovery
time) and are commonly used for human activity detection and
quantified self-assessment. Until recently, or specifically since
the emergence of the novel coronavirus, COVID-19 in January
2020, evidence for the effectiveness of remote usage and
wearable monitoring, compared with traditional care models,
has been scarce [63]. Along this line, the combination of
telemedicine as an audiovisual communication platform and
wearables that transmit field-based kinematic metrics provides
numerous benefits to both health care providers and runners
alike. Similarly, machinelearning approaches have been widely
used in gait biomechanics studies in the past decade [64-66].
However, among the papers included in this review, only 3
[31,32,36] focused on wearablesfor the sole purpose of remote
monitoring of treatment of musculoskeletal disorders, clinical
advances, and rehabilitation. Thisambiguity further complicates
the usage and uptake of wearables for SIJ dysfunction, which
need to accommodate such conditions.

Although wearables can be used for home monitoring of activity
and for the purposes of rehabilitation, little research has
examined the potential of wearables when applied to acute or
chronic SIJ dysfunction in endurance running. For example,
when used remotely (ie, at home), the wearer (runner) could be
required to complete standardized functional, rehabilitative
assessments while data are continually recorded from the
wearable device and relayed directly to the doctor or medic.
Therefore, rather than comprising only standardized functional
test data, as would bethe casein aclinical setting, the runner’s
ambulatory movement data set would contain data corresponding
to all movements while wearing the sensor, including recovery
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and running activity. Indeed, common day-to-day movements
can be tracked using wearable devices equipped with an IMU
sensor and controlled with a smartphone app [62]. Besides
research into wearable use in stride, step, stance, and
spatiotemporal variablesrelative to both performance and injury
mitigation, a greater understanding of the processes and
predictors of SlJ rehabilitation has the potential to inform and
strengthen public health. In this regard, the findings agree with
Regterschot et al [67] in that important challenges and barriers
to the deployment of wearables in clinica care remain.
Similarly, Lang et al [68] discussed the major barriers to the
application of wearables in motor rehabilitation and proposed
benchmarks for the implementation of wearables in clinical
practice. These clinical barriersinclude the demanding clinical
environments that are often present, as well as the lack of
recognition by some health professionals of the valuable
information that can be obtained from wearables. Thereareaso
technology-related barriers, including (1) wearables that are
inaccurate for many athletic populations (ie, inconsistent data
output or lack of validity), (2) wearables that are not
user-friendly for clinicians or athletes, and (3) the lack of
published data on the reliability and clinical validity of some
wearables. This extends to the development and optimization
of innovative wearable configurations and data analysis
techniques (eg, machine learning—based algorithmsthat enable
the detection of specific activitiesand movementsin free-living
conditions). While Regterschot et al [67] asserted the existence
of reliable and valid wearables for clinical populations and
free-living environments, medical technology professionals
could be encouraged to assist allied health specidlists in
developing the knowledge and skills necessary to effectively
usewearablesfor remote rehabilitation purposes. In concordance
with Regterschot et a [67], barriers exist in deploying remote
wearables for detecting specific activities and movements in
free-living conditions. The results of this review suggest that
clinical barriers extend to the busy medical environment and
the lack of realization of the value of information that can be
obtained using wearables. However, it appears as though
technological barriersalso exist, including (1) aperception that
wearables are inaccurate for many patient populations, (2)
wearables that are not user-friendly for clinicians or patients,
and (3) alack of published dataregarding reliability and clinical
validity of sensor systems. Relatedly, Lang et al [68] discussed
the clinical barriers to the application of wearables in motor
rehabilitation and proposed benchmarksfor theimplementation
of sensors in clinical practice. Therefore, researchers are
encouraged to investigate the usability, acceptance, feasibility,
reliability, and clinical validity of wearable sensorsin clinical
populations to facilitate the application of wearable movement
sensorsin SlJrehabilitation.

Limitations

Some caution should be exercised when considering these
findings. It merits noting that this review was a single-author
systematic review. The author performed manual searches of
all databases stated in this review and then coded and analyzed
all retrieved results. Despite this, being a single-author review
ensured that the processes described were based on the author’s
judgment of eligible articles, abeit following the PRISMA
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guidelines diligently. While systematicity was adhered to as
best as possible, a single-author review does incur a possible
likelihood of unintentional bias and methodological limitations
when compared with group reviews. However, the processes
described by the author are based on data accumulation with
clear links between the knowledge and content of the subject
aswell as providing evidence for future research. Additionally,
this review is not meant to be exhaustive and includes only a
cursory evaluation of the issues. The clinical applications
discussed arelimited to SIJdysfunction in an endurance running
population. As a potential limitation, endurance running was
classified as involving runners regularly completing over 5 km
intraining or competitive situations. Therefore, papersfeaturing
experimental trialsinvolving runners covering distances bel ow
this threshold were not included. This was motivated by the
very high publication rate that made their inclusion infeasible.
Nevertheless, thispotential limitation did not alter the key points
raised in the large number of papersincluded inthisreview and
presented in the Discussion section. While an effective SlJ is
fundamental in one's ability to run with biomechanical
efficiency and effectiveness, this systematic review was not
intended to review sensor-based methods solely for applied
real-time gait analysis. As gait analysis can include sensors
located on the shank and foot, which are most often used in
combination with threshold or peak identification methods for
gait detection for SlJ assessment, review paperson gait analysis
were limited.

Recommendations

Despite these limitations, future studies should prioritize
improving the quality of research aimed at reducing
discrepanciesin result interpretation, increasing reliability and
validity, and promoting study generaizability. Given these
findings, the review concurs with Block and Miller [69] that
SlJpain and dysfunction in endurance runnersare likely highly
underdiagnosed and undertreated. Additionally, clinicians should
be mindful of abroader range of potential differential diagnoses
regarding other sources of posterior hip and LBP in endurance
runners.

Based on the findings of this review, wearables combined with
smart devices could enable real-time data to be sent to health
care professionals and clinicians, alowing for simultaneous
tracking of endurance runners and monitoring the magnitude
of SlIJ dysfunction. This also challenges the engineering
community to develop more intelligent, real-time, accurate
information, making it user-friendly and offering athletes and
clinicians actionable insights based on context-specific
evaluation frameworks. As noted by Clermont et a [70],
personalized and effective wearabl e technology should be rooted
in athorough understanding of the user’s experience, attitudes,
and opinions which, if not properly considered, can severely
hamper the potential of applications.

The selected articles, particularly those from 2020 and the onset
of the COVD-19 pandemic, undoubtedly reflect the widespread
interest in the area and an increasing trend in popularity. The
analysisresulted in somekey conclusions, which were reported
along with main reflection points that led to the formulation of
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guidelines and good practices for future research and
dissemination. These are asfollows:

- Articles should explicitly state the rationale for choosing
and analyzing specific biomechanical quantitiesrelating to
the SlJand include ajustification of what relationship may
exist between the Sl Jand the diagnosed dysfunction. When
previous literature and reviews are cited to support the
choice made, the strength of evidence of previous studies
should be discussed, together with the context from which
that evidence emerged.

- Moreeffort should be spent to fully exploit the potential of
wearable technologies to detect and manage SIJ
dysfunction, particularly as part of an injury management
plan (post). This would allow the unobtrusive monitoring
and quantification of the effects of prescribed interventions
(preventive or rehabilitative) more regularly.

- The continuous progress in wearables offers many
opportunities to collect data on many athletes
simultaneously, unobtrusively, for long periods, and in
field-based situations. However, the great “power” that
even consumer-level technologies (eg, smartphones,
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watches, pods) currently offer does not come without
problems, such as those associated with validity, user and
clinician experience, and interpretation of data.

Conclusions

A current “state of play” in SIJ dysfunction among endurance
runners for rehabilitation considerations using wearablesin a
remote setting was presented. This study took a systematic
review approach to explore the existing literature on SlIJ
dysfunction in an endurance running population, using wearables
as a rehabilitation tool. Viewed through the lens of wearable
technology, the results from this review show that diagnosing,
treating, and managing SIJ dysfunction in endurance runners
vary considerably because of the inconsistent definition of the
condition. Toidentify optimal rehabilitation considerationsand
effectively monitor this condition using remote wearables,
further investigations are recommended to better clarify the
condition. Moreover, greater utilization of wearables for
measuring both biomechanicsand pathomechanicsis suggested
to enhance the reliability and accuracy of remote wearable
sage.
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