
17Authors reported no source of funding
Authors declared no conflict of interest

Date received: 27th August 2021
Date accepted: 5th September 2021

Author responsible for correspondence:
Jayanti Rai
KCHFT, 3rd Floor
Mill Lane House, Mill Lane, Margate, CT9 1LB, UK
jphysio@gmail.com

 https://orcid.org/0000-0001-9116-7612

Issue Rehabil. Orthop. Neurophysiol. Sport Promot. 2021; 37: 17–24.

DOI: 10.19271/IRONS-000150-2021-37

REVIEW ARTICLE

ARTIFICIAL INTELLIGENCE FOR EARLY DETECTION AND MANAGEMENT OF 
MUSCULOSKELETAL COMPLICATIONS POST HEMATOPOIETIC CELL TRANSPLANT. 
FUTURE PERSPECTIVES

SZTUCZNA INTELIGENCJA DO WCZESNEGO WYKRYWANIA I ZARZĄDZANIA 
POWIKŁANIAMI UKŁADU MIĘŚNIOWO-SZKIELETOWEGO PO PRZESZCZEPIENIU 
KOMÓREK KRWIOTWÓRCZYCH. PERSPEKTYWY NA PRZYSZŁOŚĆ

Jaleel Mohammed11, Jayanti Rai22, Hadeel Bakhsh33, Julie Hobbs44, Shahrukh Hashmi55

11Lincolnshire Community Health Services NHS Trust, UK
22Kent Community Health NHS Foundation Trust, UK; Scientific Committee Chair, The Euro-
pean Society for Shoulder and Elbow Rehabilitation, Geneva, Switzerland
33Princess Nourah Bint Abdulrahman Universiy, Riyadh, Saudi Arabia
44International Operations, Mayo Clinic, Rochester, USA
55Department of Internal Medicine, Mayo Clinic, Rochester, Minnesota, USA

ABSTRACT
Introduction
To help monitor and manage complications, monitor disease progression, and help lower 
morbidity and mortality rates in Hematopoietic cell transplant (HCT) patients, the use of 
artificial intelligence technology can prove to be an efficient tool. 

Aim 
We propose a futuristic vision of an artificial intelligence model which could help in early 
detection of MSK related complications, improve communication between HCT healthcare 
professional team, improve diagnostics via machine learning (ML), help monitor symptom/
disease progression remotely, and help integrate services for a more patient-friendly service 
delivery, i.e., drug prescription, exercise prescription, appointment tracking, referral pathways. 

Materials and methods
The proposed model is a three-phase integrated program where musculoskeletal physical 
examination is combined with wearable textiles interface platform and machine learning 
algorithms, thereby providing live and remote feedback of changes as they happen in at the 
musculoskeletal and vital signs level. 

Result
With the help of machine learning technology, various algorithms can be created to help 
improve remote and live diagnostic accuracy of post-HCT musculoskeletal manifestations. 
Subtle changes over the course of time in various patient groups can be detected at the skin, 
fascia, muscle, bone level; thereby helping in better understanding of the disease and its 
management. 
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Conclusion
A futuristic machine-learning artificial intelligence program combined with wearable devices 
and the expertise of the clinicians can significantly change the way healthcare professionals 
and patients manage post-HCT complications and the resultant being improved quality of 
life in survivors of HCT.

Keywords: hematopoietic cell transplant, rehabilitation, artificial intelligence, physiotherapy, 
occupational therapy.

STRESZCZENIE
Wstęp
Aby pomóc w monitorowaniu i zarządzaniu powikłaniami, monitorowaniu postępu choroby 
oraz obniżaniu zachorowalności i śmiertelności u pacjentów po przeszczepieniu komórek 
krwiotwórczych (HCT), zastosowanie technologii sztucznej inteligencji może okazać się 
skutecznym narzędziem.

Cel
Zostanie zaproponowana przyszłościowa wizja modelu sztucznej inteligencji, która może pomóc 
we wczesnym wykrywaniu powikłań związanych z układem mięśniowo-szkieletowym, poprawić 
komunikację między zespołem pracowników służby zdrowia HCT, poprawić diagnostykę 
poprzez uczenie maszynowe (ML), pomóc zdalnie monitorować postęp objawów choroby 
i pomóc zintegrować usługi w celu świadczenia usług bardziej przyjaznych dla pacjenta, tj. 
przepisywanie leków, zaleceń ćwiczeń, śledzenie wizyt, ścieżki skierowań.

Materiały i metody
Proponowany model jest trójfazowym zintegrowanym programem, w którym badanie 
fizykalne układu mięśniowo-szkieletowego jest połączone z platformą interfejsu w noszo-
nych tekstyliach i algorytmami uczenia maszynowego, zapewniając w ten sposób dopływ 
bieżących i zdalnych informacji zwrotnych o zmianach zachodzących na poziomie układu 
mięśniowo-szkieletowego i funkcji życiowych.

Wyniki
Za pomocą technologii uczenia maszynowego można stworzyć różne algorytmy, które pomogą 
poprawić zdalną i rzeczywistą dokładność diagnostyczną objawów chorób mięśniowo-
szkieletowych po HCT. Subtelne zmiany z biegiem czasu w różnych grupach pacjentów 
można wykryć na poziomie skóry, powięzi, mięśni i kości; w ten sposób pomagając w lepszym 
zrozumieniu choroby i jej leczenia.

Wnioski
Przyszłościowy program sztucznej inteligencji wykorzystujący uczenie maszynowe w połączeniu 
z urządzeniami do noszenia i specjalistyczną wiedzą klinicystów może znacząco zmienić 
sposób, w jaki pracownicy służby zdrowia i pacjenci radzą sobie z powikłaniami po HCT, czego 
rezultatem jest poprawa jakości życia osób, które przeżyły HCT.

Słowa kluczowe: przeszczep komórek krwiotwórczych, rehabilitacja, sztuczna inteligencja, 
fizjoterapia, terapia zajęciowa.
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Introduction 
Haematopoietic cell transplant (HCT) patients 
require long-term follow-up and monitoring 
to help manage transplant-related compli-
cations, check disease progression, and to 
help lower morbidity and mortality rates 
(Hierlmeier et al., 2018). Although the overall 
survival rate among HCT patients is improv-
ing, the costs associated with survivorship-
related complications are on the rise too 
(Brice et al., 2017; Svahn et al., 2012). 

The MSK (musculoskeletal) post-HCT 
complications can be disease-induced, treat-
ment-induced, or drug-induced and can affect 
various organs and structures in the body 
resulting in complications such as avascu-
lar necrosis of the bones, steroid-induced 
myopathy, fatigue, fasciitis, scleroderma, 
neuropathy, joint destruction, osteoporosis 
and reduced lung capacity (Smith et al., 2015; 
Haruki et al., 2012; Ishikawa et al., 2019). 
Furthermore, the impact and extent of MSK 
involvement also vary from patient to patient, 
with some developing complications to one 
or two limbs while others can suffer from 
multiple site involvement.

In ideal care settings, regular screening 
should be an integral part of the post-HCT 
care package, but anecdotal evidence suggests 
that this is often missed due to various reasons, 
including lack of knowledge in patients about 
early reporting, knowing what is normal 
to abnormal presentation, and clinicians 
lack of time and resources. Furthermore, 
even when the post-HCT complication has 
been identified, patients have also reported 
delay in getting timely care which has been 
attributed to lack of communication between 
healthcare specialities, the number of differ-
ent appointments a patient has to keep track 
of during the treatment cycle, travel distance 
to various speciality, cross-referral to other 
specialities and the duration it takes to set an 
appointment, and lack of exchange of patient 
care plan between healthcare profession-
als (Mehaan et al., 2005; Booker et al., 2016; 
Shah et al., 2018).

Aim
We propose a futuristic vision where the 
integration of artificial intelligence (AI) and 
machine learning (ML) can help clinicians 
and patients in the early identification and 
management of treatment-related muscu-
loskeletal complications post HCT. Further-
more, the proposed AI and ML model can 
also help improve communication between 
various specialities involved in patient care, 
help automate the referral process, thereby 
reducing delay in patient care. 

Material and methods
Current diagnostic technology for HCT-related 
musculoskeletal manifestations 
The diagnosis of a majority of MSK manifes-
tations, although it can involve various tests 
and scans, the diagnostic ultrasound scan 
(US) is becoming the most widely used and 
popular diagnostic tool (Zaidman and Van 
Alfen 2016; Ortiz et al., 2021). With improved 
technology, US imaging has quickly gained its 
popularity and is currently the most widely 
used diagnostic tool for MSK diseases for 
its accuracy, reliability, and in some cases, 
eliminating the need for expensive investiga-
tions like magnetic resonance imaging (MRI) 
(Henderson et al., 2015; He et al., 2018). MSK 
US scan is currently used in various settings 
and includes measurement of facial thickness/
dermal thickness, muscle size (myopathy) 
and bone quality, osteoporosis, and osteo-
penia for early detection and prevention 
(Lee et al., 2017; Nijholt et al., 2017). Ultra-
sound imaging has also been found to be 
a quantitative, cost-effective, valid, reliable, 
non-invasive, diagnostic, and prognostic tool 
for not only measuring the plantar fascia 
thickness but also for identifying abnormal 
thickening (Huerta and García 2007; Abde-
laal et al., 2020).

Proposed AI model for identifying HCT MSK 
manifestations
The promise of artificial intelligence (AI) in 
health care offers substantial opportunities 
to improve patient care, clinical outcomes, 
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reduce costs, and over-service delivery. The 
use of AI in physiotherapy (PT) and occupa-
tional therapy (OT) has significantly evolved 
in the past two decades. Its use has primarily 
been seen in rehabilitation settings like stroke, 
Parkinson’s, and cardiac rehabilitation, and 
in some instances, claims of AI exceeding 
the conventional rehabilitation approaches 
(Jovanov et al., 2005; Pazzaglia et al., 2020; 
Hung et al., 2017). However, there has been 
very minimal focus on ML and AI for the 
diagnostic US in the MSK context. 

Result
The ML and AI model for early detection of 
HCT-MSK manifestations has been described 
in three phases below, and Fig. 1 illustrates 
the phases.

Phase I
During phase I, each patient will undergo 
an extensive physical assessment which 
will include a joint range of motion assess-
ment for upper and lower extremities, skin 
thickness, gait analysis, heart rate, and bone 
scan. Each patient can be provided with the 
wearables during their discharge from the 
hospital, a customised fabric clothing combin-
ing capacitive micromachined ultrasound 
transducers (CMUTs) and wearable sensors, or 
inertial measurement units containing accel-
erometers and gyroscopes, with or without 
a magnetometer to help capture both the skin/
fascia thickness and the joint range of motion 
(Gerardo et al., 2020; Walmsley et al., 2018). 
Furthermore, wearable inertial sensors can 
also be embedded into the fabric design to 
help with range of motion, gait analysis, early 
identification of gait and balance distur-
bances, muscle force, and recommend timely 
intervention, and monitor progress in real-
time (Camomilla et al., 2018). Lastly, these 
smart clothes can also be integrated to read 
and transmit ECG signals for safe exercise 
monitoring (Sundaram et al., 2019). 

The wearables will include a full sleeves 
t-shirt, undergarments (male/female), socks, 
and gloves, all custom designed for carrying 

out real-time scanning, recording movements 
in the upper and lower limb, and gait analysis. 
A secure mobile-friendly app and web-based 
application will also be made available to 
the patient, which will provide them with 
outcome measures in a simplified fashion and 
also the option of reporting any symptoms 
to the healthcare team via the application. 
The web-based application will also provide 
a platform for a two-way interaction between 
the patient and the authorised healthcare 
professionals involved in patient care. The 
platform will also be integrated to provide 
patients with information on their medi-
cations, appointments, exercise program, 
exercise adherence, day-to-day SpO2, and 
Hb levels for safe activity.

Phase II
During phase II, the integrated wearables will 
provide extensive data to the AI system to 
enable supervised ML, which will be used for 
training data and evolving algorithms for clas-
sification and for developing unsupervised 
ML for diagnosis and progress monitoring. 

Day-to-day readings on patients’ skin thick-
ness measurement, active range of motion 
scores, gait analysis, SpO2, and Hb will be 
remotely sent to the secure central data 
storage for analysis. Any changes in the read-
ing will be compared to the initial physical 
assessment scores will be highlighted, and 
the decision will be made by the healthcare 
team if any intervention is needed. 

Phase III
In Phase III, the patient will be provided 
timely feedback, intervention, appointments, 
and a treatment plan to reflect necessary 
changes observed from the data. This phase 
is also where the AI will provide all the data 
to help supervised ML develop into non-
supervised ML for the automation of the 
process. 

Once a sufficient amount of data has been 
entered into the ML, the futuristic AI model 
will allow a non-supervised learnt ML to 
make automated decisions as per the pre-set 
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algorithms for patients using the web-based 
or app-based platform as follows:

a) Flag any changes in the readings to the 
concerned healthcare professional.

b) Communicate the scores to the patient 
and initiate referrals as appropriate to PT, 
OT, orthopaedics, transplant physicians, 
dermatology, and other specialities.

c) Prescribe individualised exercise pro-
gram to the patient as per the MSK 
changes.

d) Make individualised recommendation 
for patients on activity and progression 
as per their daily SpO2 and Hb.

Discussion
The most common MSK related complications 
affecting patients’ quality of life from an MSK 
rehabilitation perspective are poor muscle 
strength that results in functional incapacity 
in activities of daily living (ADL), tightness of 
skin and fascia leading to contractures, and 
bone complications associated with osteo-
porosis, necrosis, and fractures, resulting in 
joint destruction capacity (Smith et al., 2015; 
Haruki et al., 2012; Ishikawa et al., 2019). 
Consequently, patients are at an increased 
risk of experiencing performance limitations 

which restricts their participation in activi-
ties of daily living and social participation 
(Colman et al., 2020). For the readers, we 
have provided a select few details of some 
of the MSK manifestation in this patient 
group below: 
Skin & Fascia – Scleroderma causes the skin to 
become thick and tight, limiting joint function 
and, in some cases, affecting internal organs 
of the body. Some patients may present with 
deep tissue sclerosis with or without the 
manifestation of superficial sclerosis, which 
can make early diagnosis even more challeng-
ing. The Modified Rodnan total skin thickness 

score (mRSS) for scleroderma and subjective 
measures such as clinical presentation and 
site palpation for thickness in the fascia are 
largely used for diagnosis. 
Muscle – Myositis is one of the common clini-
cal presentations in HCT patients, which 
results in proximal muscle weakness and 
myalgia. Some patients also develop further 
complications, including degeneration, necro-
sis, and infiltration of inflammatory cells. 
Bone – Generalised osteopenia, poor bone 
health, osteoporosis, avascular necrosis, 
and fractures related to bone fragility are 

Figure 1. Illustration of AI and ML integration solution for post-HCT MSK manifestation.

Jaleel Mohammed et al.: Artificial intelligence for early detection and management of musculoskeletal complications post…
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some of the common problems faced by the 
patient with Graft Versus Host Disease (GVHD). 
Symptoms experienced by the patients typi-
cally include pain, joint swelling, difficulty in 
performing daily life activities, increased pain 
in weight-bearing joints, and poor functional 
performance. 

With the advancements in the ML technol-
ogy and AI logarithms, MSK clinicians can 
remotely monitor and report tissue or bone 
level changes in patients as they develop 
(Sethi et al., 2020). Wearable technology makes 
it easy not only to record outcome measures 
remotely but combining this with the Internet 
of Everything (IoE) and “Energy for the New 
Era” makes it possible for the machine to 
learn, interpret results and deliver response, 
trigger treatment protocols, create automatic 
appointments for patients to benefit from 
timely intervention, monitor tissue-level 
changes as they happen (Miraz et al., 2015; 
Adams et al., 2019). 
An interface platform using wearable textiles, 
also known as smart textiles or e-textiles, are 
adaptable, flexible to allow human motion, 
comfortable to wear, and can be easily inte-
grated with machine technology can be used 
to design bespoke clothing which can directly 
relay live feed to remote monitors (Kos and 
Umek 2018; Zeng et al., 2014; Cherenack and 
Van Pieterson 2012). 

AI and Safety Concerns
Despite the widespread use of intelligent appli-
cations in healthcare, there remain challenges 
to their adoption and full integration. Like any 
other technology, AI can pose various risks 
ranging from software failure, data compro-
mise, recording and creating algorithms, 
patient safety, and errors in the application of 
knowledge to the patient population (Macrae 
2019). Furthermore, there is also the issue 
of trust at both the patient and healthcare 
professional end with regards to the usage 
and safety of AI (Nundy et al., 2019). However, 
for the past few decades, this rapidly growing 
industry has been continually investing time, 
energy, and resources in developing safer 

and more secure technology by introducing 
various measures like improved cybersecurity, 
safer AI and MI designs, procedural safeguards, 
and more robust education for patients and 
healthcare professionals on the use of such 
technology (Ellahham et al., 2020).

Conclusions
A futuristic ML and AL program combined 
with wearable devices and the clinical exper-
tise of the healthcare professionals can signifi-
cantly change the way we manage post-HCT 
MSK complications. We envisage that the 
proposed model can not only help in the early 
detection of complications but can also help 
in early intervention, better patient-clinician 
communication, and improved survivorship 
in HCT patients. There is an urgent need for 
high-quality clinical trials involving inno-
vative futuristic technology aimed at early 
diagnosis and management of HCT related 
complications. 
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