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INTRODUCTION
Telehealth is defined as the use of electronic or com-

munication technologies to provide healthcare-related 
services to patients remotely.1 Telehealth encompasses 

a variety of technologies that serve a range of purposes 
for patients, which include patient consultation via video-
conferencing, remote patient monitoring, wireless health 
applications, and transmission of imaging and medical 
reports.2 Telehealth use has expanded over the last sev-
eral years due to the perceived healthcare cost savings, 
improved patient follow-up, and ability to care for patients 
living in rural areas.3 The use of telehealth has especially 
gained attention during the COVID-19 pandemic as a 
method of reducing the spread of the virus, and health 
experts believe that telehealth will continue to be used 
widely in the postpandemic world.4–7
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Background: Monitoring finger/wrist range of motion (ROM) is an important 
component of routine hand therapy after surgery. Telerehabilitation is a field that 
may potentially address various barriers of in-person hand therapy appointments. 
Therefore, the purpose of this scoping review is to identify telerehabilitation tech-
nologies that can be feasibly used in a patient’s home to objectively measure fin-
ger/wrist ROM.
Methods: Following PRISMA-ScR guidelines for scoping reviews, we systematically 
searched MEDLINE and Embase electronic databases using alternative word spell-
ings for the following core concepts: “wrist/hand,” “rehabilitation,” and “telemedi-
cine.” Studies were imported into Covidence, and systematic two-level screening 
was done by two independent reviewers. Patient demographics and telerehabilita-
tion information were extracted from the selected articles, and a narrative synthe-
sis of the findings was done.
Results: There were 28 studies included in this review, of which the telerehabilita-
tion strategies included smartphone angle measurement applications, smartphone 
photography, videoconference, and wearable or external sensors. Most studies 
measured wrist ROM with the most accurate technologies being wearable and 
external sensors. For finger ROM, the smartphone angle application and photog-
raphy had higher accuracy than sensor systems. The telerehabilitation strategies 
that had the highest level of usability in a remote setting were smartphone photo-
graphs and estimation during virtual appointments.
Conclusions: Telerehabilitation can be used as a reliable substitute to in-per-
son goniometer measurements, particularly the smartphone photography and 
motion sensor ROM measurement technologies. Future research should investi-
gate how to improve the accuracy of motion sensor applications that are avail-
able on easy-to-access devices. (Plast Reconstr Surg Glob Open 2023; 11:e5147;  
doi: 10.1097/GOX.0000000000005147; Published online 23 August 2023.)
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Hand therapy is one area that can be positively 
impacted by using telehealth technologies, particularly 
in the form of telerehabilitation. Hand therapy is a key 
component of recovery after hand trauma, as consistent 
therapy has been linked to improved strength, range 
of motion (ROM), and overall functional ability.8–12 
Although the positive impact of hand therapy is well 
known, rates of patient nonadherence to home exercises 
and routine visits have been recorded as high as 25% 
and up to 73% of patients miss at least one physical ther-
apy appointment for musculoskeletal conditions in gen-
eral.13–15 Several barriers that may be attributed to lack of 
compliance to traditional hand rehabilitation appoint-
ments include cost, lack of time and inconvenience of 
attending in-person appointments, and patients not 
educated on the importance of regular hand therapy 
assessment.16–18 Additionally, access to trained hand 
therapists is sparse in remote and rural communities, 
making it difficult for these patients to receive consis-
tent follow-up.19–21

Regular evaluation of patient progress during in-per-
son appointments using a variety of metrics (eg, ROM, 
strength, dexterity) is important to ensure the rehab pro-
gram is optimized to the phase of recovery. ROM has been 
shown to be a key objective measure of overall hand func-
tion and is evaluated using a goniometer.22,23 However, due 
to the barriers to compliance of hand therapy, it can be 
difficult to regularly assess patient ROM using traditional 
hand therapy appointments. The application of telereha-
bilitation in hand therapy has the potential to overcome 
many of the barriers that negatively impact patient com-
pliance rates.24 Furthermore, remote ROM assessment 
may allow for better tracking of large amounts of patient 
data, which can be used to illustrate average time of recov-
ery for various hand pathologies based on physiotherapy 
adherence.

The purpose of this scoping review is to review the lit-
erature and identify telerehabilitation technologies that 
can be feasibly used in a patient’s home to objectively 
measure finger/wrist ROM without having to be assessed 
in-person by a healthcare provider. Furthermore, this 
review will assess the advantages and limitations of each 
technology and make recommendations on future clinical 
uses of these technologies. A scoping review was used for 
this study because the goal of this study was to identify the 
types of available technologies in the field of hand therapy 
and to identify and analyze gaps in the use of these tech-
nologies in clinical practice.

METHODS
This scoping review utilized the Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses 
(PRISMA) Extension for Scoping Review (PRISMA-ScR) 
framework and checklist for scoping reviews.25,26 [See 
table, Supplemental Digital Content 1, which displays 
the Preferred Reporting Items for Systematic reviews and 
Meta-Analyses extension for Scoping Reviews (PRISMA 
ScR) Checklist adapted from Tricco et al. (2018). http://
links.lww.com/PRSGO/C677.] The inclusion criteria 

were developed using the participant-concept-context 
framework.27

Participants
This review included participants that required hand 

rehabilitation due to traumatic or nontraumatic injury 
to the finger/wrist bones, joints, muscles, or ligaments. 
We also included patients with rheumatological condi-
tions as well as studies that examined healthy patients. 
There were no restrictions placed on age, sex, severity 
of the underlying pathology or length of rehabilitation 
required. Participants were excluded if they were receiv-
ing telerehabilitation for hand/wrist pathologies affecting 
the central nervous system or neuromuscular disorders 
due to differences in rehabilitation options and treatment 
goals. Studies were excluded if they included fewer than 
five participants.

Concept
Studies that examined specific technologies used 

for telerehabilitation ROM assessments for hand/wrist 
pathologies were considered. Technologies were included 
if they allowed the participant to self-measure their hand/
wrist ROM in their own home or in a clinic setting. Studies 
that did not include objective ROM assessment and that 
were not compared with a gold-standard ROM assessment 
were excluded. Systematic and scoping reviews, confer-
ence abstracts, opinion pieces, and news articles were also 
excluded.

Context
This review considered studies that provided telere-

habilitation ROM accuracy rates, acceptance, and recom-
mendations for implementing technologies for hand/
wrist ROM pathologies in a healthcare context.

Search Strategy
A systematic database search was performed using 

MEDLINE and Embase (both via Ovid platform) elec-
tronic databases from January 2000 to November 2021, 
because technologies before 2000 were assumed to be 

Takeaways
Question: What telerehabilitation technologies are cur-
rently available for hand therapy after surgery, and which 
technologies have the highest accuracy and ease of use? 
Additionally, what technologies are recommended for 
clinical practice?

Findings: Our results identified several technologies that 
can accurately measure finger and wrist ROM in a remote 
setting; however, some methods are prone to patient 
error and require significant patient education to provide 
accurate measurements.

Meaning: This study provides useful information for hand 
surgeons to determine which telerehabilitation tech-
nologies may be the most useful in clinical practice and 
what elements are most important when evaluating these 
technologies.

http://links.lww.com/PRSGO/C677
http://links.lww.com/PRSGO/C677
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obsolete. (See table, Supplemental Digital Content 2, 
which displays search strategies created for Embase and 
MEDLINE. http://links.lww.com/PRSGO/C678.) A gray 
literature search was also conducted using Google Scholar 
and IEEE Xplore to locate additional research studies 
not indexed in bibliographic databases. The references 
of relevant retrieved studies were also reviewed. Sensitive 
search strategies were constructed, by the clinical librarian 
(A.I.) with experience in conducting electronic literature 
searches in collaboration with the review authors (A.K. and 
C.S.), based on a combination of synonymous searches 
comprised of database specific subject headings, such as 
MeSH in MEDLINE and EMTree descriptors in Embase, 
and keywords using alternative word spellings and endings 
for the following core concepts: “wrist/hand,” “rehabilita-
tion,” and “telemedicine.” Each strategy was modified to 
complement the specific database and platform.

Study Selection
After the database search, all studies were imported 

into Covidence (Covidence systematic review software, 
Veritas Health Innovation). Duplicates were removed and 
systematic two-level screening was done by two indepen-
dent reviewers (A.K. and S.Y.). KAPPA statistics were calcu-
lated after the title and abstract screen, and again after the 
full-text screen. Conflicts at each level of screening were 
resolved by consensus. If consensus could not be reached, 
a third reviewer was required to make the final decision.

Data Extraction
The data extraction was performed by two indepen-

dent reviewers (A.K. and S.Y.). Data were recorded using 
a customized Excel spreadsheet. The data extracted 
included patient demographics and telerehabilitation 
technology information. Technologies were divided by 
low/high, with the low technology classifier given to tech-
nologies that most participants would already have access 
to (smartphone, camera, etc.) or technologies that cost 
less than $100. Technologies were also classified based on 
patient usability in a home setting as either low, moderate, 
or high. Technologies were scored as either poor, moder-
ate, or excellent relative to each other by considering four 
criteria, which is shown in Supplemental Digital Content 
3. (See table, Supplemental Digital Content 3, which dis-
plays usability scores among the included studies based on 
four criteria. Each section is given a score from 1 to 3, with 
1 being poor, 2 being moderate, and 3 being excellent. 
http://links.lww.com/PRSGO/C679.)

	 1)	 Device availability and access in a home setting
	 2)	 Patient time required
	 3)	 Training required and user error rate
	 4)	 Patient satisfaction

Any disagreements between reviewers were resolved by 
discussion and bringing in a third reviewer if necessary.

Data Synthesis
We conducted a narrative synthesis of the findings 

from the included studies that was structured according 
to our review objectives.

RESULTS

Article Selection
The initial database search yielded 2520 articles, and 

the gray literature search yielded an additional 84 articles 
after duplicates were removed. Based on eligibility crite-
ria, a total of 28 studies were included in this review.28–56 
Figure 1 illustrates the PRISMA flow chart describing the 
article selection process. The KAPPA statistics for agree-
ment between the two reviewers were between moderate 
and substantial at 0.47 and 0.66 for the title and abstract 
screen and the full-length text screening, respectively.

Characteristics of Included Studies
The characteristics of the included studies can be 

found in Supplemental Digital Content 4. (See table, 
Supplemental Digital Content 4, which displays demo-
graphic information for each included study. http://links.
lww.com/PRSGO/C680.)

The 28 included studies were conducted across 14 
different countries with the majority taking place in the 
United States (n = 10).28,31–35,40,41,43,54 All study designs were 
observational cross-sectional studies with sample sizes 
ranging from five to 171. Although most participants in 
the included studies were healthy (n = 721), there were 
several studies that examined participants with specific 
hand pathologies.

Characteristics of Telerehabilitation Technologies
The characteristics of the included telerehabilita-

tion technologies can be found in Supplemental Digital 
Content 5. (See table, Supplemental Digital Content 5, 
which displays summary of telerehabilitation technolo-
gies. http://links.lww.com/PRSGO/C681.)

In this review, we found seven different types of telere-
habilitation technologies used to measure finger/wrist 
ROM (Fig. 2). Most studies were compared with universal 
goniometers as the gold standard (n = 25), with three being 
compared with optoelectronic motion capture system, 
which has been shown to be highly accurate compared with 
goniometer when used in office. When categorizing studies 
based on whether the device used was high or low technol-
ogy, we found that most studies utilized low technological 
telerehabilitation solutions (n = 23).28–36,38–43,45,47,49–52,54–56

Accuracy of Telerehabilitation Technologies Compared with 
Gold-Standard Measurement Devices

Overall, most of the telerehabilitation devices used in 
the study had good to excellent correlations with the gold 
standard devices used. (See table, Supplemental Digital 
Content 6 which displays accuracy of telerehabilitation 
technologies compared with gold-standard assessments. 
http://links.lww.com/PRSGO/C682.) For wrist ROM, 
the most accurate technologies included sensor gloves37,50 
and external motion sensor systems.35,44,45,47,48,51 For finger 
flexion and extension, the smartphone angle applica-
tion and smartphone photography had higher accuracy 
than the motion capture systems on average. The motion 
sensor systems generally had a wide variation of accu-
racy between fingers, which ranged from an intraclass 

http://links.lww.com/PRSGO/C678
http://links.lww.com/PRSGO/C679
http://links.lww.com/PRSGO/C680
http://links.lww.com/PRSGO/C680
http://links.lww.com/PRSGO/C681
http://links.lww.com/PRSGO/C682


PRS Global Open • 2023

4

correlation coefficient (ICC) between 0.09 and 0.8847 
(Fig. 3). There were 12 studies that assessed intraobserver 
reliability among the telerehabilitation devices (43%) 
(Supplemental Digital Content 6, http://links.lww.com/
PRSGO/C682.). 

Among the studies that measured wrist ROM, intraob-
server reliability was excellent in wrist flexion and exten-
sion in all studies. There were three studies overall that 
looked at intraobserver reliability among finger joint 
ROM, all of which were motion capture systems.44,45,51  

Fig. 1. PRISMA flow diagram for systematic reviews illustrating search results.

Fig. 2. A stacked bar graph illustrating the number of studies based on telerehabilitation technology used and the joint ROM examined.

http://links.lww.com/PRSGO/C682
http://links.lww.com/PRSGO/C682
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All three studies found good to excellent intraobserver 
reliability with ICC values more than 0.80 for MCP, PIP, 
and DIP joint measurements in all fingers. There were 
eight studies that looked at interobserver reliability among 
the telerehabilitation technologies33,38,42,48,49,54–56 with only 
one study reporting ICC values less than 0.75.48

Synthesis and Review of Findings Summarizing the Usability 
of Telerehabilitation Technologies

The usability, training required, advantages, and limita-
tions of each telerehabilitation technology can be found in 
Supplemental Digital Content 7. (See table, Supplemental 
Digital Content 7, which displays telerehabilitation tech-
nology advantages, limitations, and recommendations 
for future use. http://links.lww.com/PRSGO/C683.) 
Many of the studies included did not report on patient 
satisfaction and ease of use of the technology; thus, the 
usability scores were decided based on criteria discussed 
in the methods and extrapolated from other studies that 
utilized similar technologies. Overall, the telerehabilita-
tion technologies that had the highest usability in remote 
settings without assistance were smartphone photographs 
that were subsequently analyzed by the physician using 
digital software29,32,33,41–43,49,52,54 as well as visual estimation 
during virtual appointments.34,36 The advantages of smart-
phone photography include its accessibility, the patient 
time required, and limited training needed. However, this 
device can be limiting for healthcare providers if they do 
not have a software that measures the angles or if the pho-
tographs are poorly taken. Additionally, like many of these 
technologies, smartphone photography utilizes patient 

data sharing over electronic devices, which poses a risk to 
patient confidentiality.

Virtual visual estimation was also scored as a highly 
usable telerehabilitation technology for remote joint 
angle evaluation, as it only requires basic technology and 
little to no patient training. However, it does require the 
healthcare provider to virtually estimate each joint over 
the camera, which can take a substantial amount of time 
and may not be a reliable measure.

Most of the studies that evaluated the smartphone 
angle application technology and motion capture systems 
achieved a moderate usability rating. The advantages of 
the smartphone angle application include the accessibility 
and low cost of the technology. Where the application falls 
short is the large degree of user error that can occur when 
measurements are taken incorrectly. The advantages of 
the motion sensor technologies are the ease of taking mea-
surements and limited training required from participants. 
These measurements can be taken within seconds and sent 
to the healthcare provider without any posttest analysis 
required. The limitations with motion sensor systems are 
the additional cost to the healthcare system as most require 
third-party technology to be loaned out to the patients.

DISCUSSION
Telehealth has been increasingly used in the field of 

hand surgery, particularly for virtual consults, accessing 
radiographs remotely, and ROM assessments.57

Telehealth is associated with reducing cost for both 
patients and health systems, reducing travel burden for 

Fig. 3. A bar graph illustrating the number of studies that had poor, moderate, good, or excellent ICC comparing technologies with gold 
standard goniometer measurements, based on technology and jointly measured for each study. Poor ICC values are considered values 
below 0.5, moderate is between 0.5 and 0.75, good reliability is between 0.75 and 0.9, and excellent reliability is above 0.9.

http://links.lww.com/PRSGO/C683
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patients, and can even increase healthcare provider effi-
ciency.58–60 Patients have also been shown to prefer telehealth 
encounters compared with in-clinic consultations in most 
hand surgery and other orthopedic settings.57,61 The positive 
patient perceptions, in addition to the benefits of telehealth 
in hand surgery, reinforces the need for careful consider-
ation of how telehealth can be further utilized in this field.

Two technologies that were commonly found in the 
literature for remote finger/wrist joint ROM assessment 
were the use of smartphones to take photographs and to 
measure joint angles. The major benefit of these devices 
is the accessibility of smartphones in patient populations. 
Surveys have shown that within orthopedic surgery prac-
tices, over 88% of patients own a computer or smartphone 
and have WiFi access at home.57,61 In our review, we found 
that these technologies had very high ICC values on aver-
age for most joints measured with values greater than 0.90. 
Generally, it is recommended that ICC values be greater 
than 0.70 to be considered acceptable as a comparison to 
gold standard technologies.62

However, one drawback to these two joint assessment 
options is the time it takes to measure joint angles. The 
smartphone photography method requires the health-
care provider to manually measure the joint angles on the 
photograph using an online software. The angle measure-
ment application requires the patient to manually mea-
sure each affected joint by placing the phone along the 
joint line and recording the measured angle. The time 
required is comparable to in-person goniometry, which 
limits the potential for efficiency that is highly valued in 
telehealth.57 The other significant disadvantage with these 
technologies is the dependency on the patient for accu-
rate recording. Both technologies require the patient to 
position the phone in a certain way to take optimal pho-
tographs or angle measurements. This can lead to inaccu-
rate measurements being sent to the healthcare provider 
which can impact the rehabilitation process.

Sensor-based technologies, including wearable inertial 
sensors and motion sensors, have also been studied as a 
way to measure wrist/finger joint ROM remotely.63 Single 
camera motion capture systems in particular have the abil-
ity to overcome the challenges presented with smartphone 
photography and smartphone angle measurement applica-
tions. Motion capture systems utilize augmented reality to 
track bony landmarks of the joints using a camera to pro-
vide the joint ROM. These systems can measure joint angles 
significantly faster than goniometers and do not require any 
posttest analysis, thereby saving time for both the patient 
and the healthcare provider.51 Furthermore, motion cap-
ture systems require very little training from the patient, are 
significantly less prone to user error, and have the highest 
inter/intraobserver reliability among the various technolo-
gies included in the review. Where the motion capture sys-
tems fall short is the added cost associated with purchasing 
the external sensors and implementing them in patient’s 
homes as well as the accuracy of the technologies.44

Study Limitations
Despite the strengths of this study, there are several lim-

itations that should be addressed. First, most of the studies 

included were conducted in a clinic setting where research-
ers could monitor patients to ensure they were using the 
technologies appropriately. Patients also received instruc-
tions immediately before using the technology and could 
repeat the measurements if done incorrectly. Therefore, 
the results in a remote setting may not be as accurate as 
the studies included in this review. Furthermore, most par-
ticipants were healthy, which does not generalize to the 
clinical practice. However, we should note that there were 
no significant differences in joint ROM assessment accu-
racy between healthy and injured fingers/wrists among 
the included studies, and this is specifically highlighted in 
the study by Modest et al., where they compared these two 
groups.31 Additionally, there was significant heterogeneity 
in the technologies, and the results are limited when cer-
tain technologies were represented only by a small subset 
of studies. Additional studies evaluating specific technolo-
gies with larger sample sizes are required to make clinical 
recommendations for future practice. Finally, several stud-
ies found that the goniometer used to compare telereha-
bilitation technologies had large intrarater and interrater 
variability, which would have affected the relative accuracy 
of the telerehabilitation devices.

Recommendations for Clinical Practice and Future Research
This study highlights that there are several tech-

nologies that can be implemented in clinical practice to 
remotely assess finger and wrist ROM. Smartphone pho-
tography is one that can be accurately utilized for both 
finger and wrist joint ROM assessment, as there are several 
studies validating its usability and accuracy. Clinicians who 
utilize this method should provide an instructional book-
let for patients that describes how to take the photographs 
and the specific lighting conditions required.

There are two future research priorities that should be 
highlighted in this review. First is the need for studies that 
are more representative of the clinical environment where 
these technologies will be used. Most of these studies uti-
lized the telerehabilitation technologies within the clinic 
with researchers monitoring the participants to ensure 
accurate use. This limits the generalizability of the results, 
as the accuracy may be significantly lower if participant 
use is not monitored. Furthermore, 19 of the 28 included 
studies involved healthy participants or did not disclose 
if the participants had any hand/wrist pathology. Patients 
with hand/wrist pathology may have a more difficult time 
utilizing the technology, which would not have been iden-
tified in these studies.

The second research priority is the need for a more 
robust and cost-effective motion sensor technology. 
Although smartphone photography and the smartphone 
angle measurement application are both effective and 
affordable methods of remote ROM assessment, they 
both require extensive time from the patient or health-
care provider to measure each angle. Most motion sensor 
technologies included in this review required third-party 
technology such as the Leap Motion Sensor or the VICON 
MX3 Optoelectronic system. This would add an exten-
sive cost to healthcare providers if they were given out to 
patients for regular remote assessment. The ideal solution 
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would be to create a motion sensor application on the 
phone/computer that can track joint angles while the 
patient performs the desired ROM exercises. This system 
has the potential to allow both the healthcare provider 
and patient to clearly see how the ROM is progressing 
throughout the rehabilitation process in a cost-effective 
and time efficient manner.

Caitlin Symonette, BMSc, MSc, MD
London Health Sciences Centre

800 Commissioners Rd E
London, ON N6A 5W9

Canada
E-mail: caitlin.symonette@lhsc.on.ca

DISCLOSURES
The authors have no financial interest to declare in relation 

to the content of this article. This study was funded by the New 
Frontiers in Research Fund Exploration Grant (NFRFE-2021-
00671) and the Internal Research Fund from Western University.

REFERENCES
	 1.	 Masys DR. Telemedicine: a guide to assessing telecommunica-

tions in health care. J Am Med Inform Assoc. 1997;4:136–137. 
	 2.	 Rutledge CM, Kott K, Schweickert PA, et al. Telehealth and 

eHealth in nurse practitioner training: current perspectives. Adv 
Med Educ Pract. 2017;8:399–409. 

	 3.	 Gajarawala SN, Pelkowski JN. Telehealth benefits and barriers.  
J Nurse Pract. 2021;17:218–221. 

	 4.	 Weiner JP, Bandeian S, Hatef E, et al. In-person and telehealth 
ambulatory contacts and costs in a large US insured cohort 
before and during the COVID-19 pandemic. JAMA Network Open. 
2021;4:e212618. 

	 5.	 Health F. Telehealth claim lines increase 8,336 percent nation-
ally from April 2019 to April 2020. Available at https://www.
fairhealth.org/press-release/telehealth-claim-lines-increase-8-
336-percent-nationally-from-april-2019-to-april-2020. Published 
July 7, 2020. Accessed June 2, 2020

	 6.	 Shachar C, Engel J, Elwyn G. Implications for telehealth in 
a postpandemic future: regulatory and privacy issues. JAMA. 
2020;323:2375–2376. 

	 7.	 Butler SM. After COVID-19—Thinking differently about run-
ning the health care system. JAMA Health Forum. 2020;1:e200478. 

	 8.	 Meals C, Meals R. Hand fractures: a review of current treatment 
strategies. J Hand Surg Am. 2013;38:1021–1031; quiz 1031. 

	 9.	 Hays PL, Rozental TD. Rehabilitative strategies following hand 
fractures. Hand Clin. 2013;29:585–600. 

	10.	 Hepping AM, Barvelink B, Ploegmakers JJW, et al. Recovery of 
strength after reduced pediatric fractures of the forearm, wrist 
or hand; a prospective study. PLoS One. 2020;15:e0230862. 

	11.	 Lyngcoln A, Taylor N, Pizzari T, et al. The relationship between 
adherence to hand therapy and short-term outcome after distal 
radius fracture. J Hand Therapy. 2005;18:2–8. 

	12.	 Wada A, Kubota H, Miyanishi K, et al. Comparison of postopera-
tive early active mobilization and immobilization in vivo utilising 
a four-strand flexor tendon repair. J Hand Surg. 2001;26:301–306. 

	13.	 Groth GN, Wilder DM, Leroy Young V. The impact of cormpli-
ance on the rehabilitation of patients with mallet finger injuries. 
J Hand Therapy. 1994;7:21–24. 

	14.	 Bhavsar NA, Doerfler SM, Giczewska A, et al. Prevalence and 
predictors of no-shows to physical therapy for musculoskeletal 
conditions. PLoS One. 2021;16:e0251336. 

	15.	 Menendez ME, Ring D. Factors associated with non-attendance 
at a hand surgery appointment. HAND. 2015;10:221–226. 

	16.	 Toker S, Oak N, Williams A, et al. Adherence to therapy after 
flexor tendon surgery at a level 1 trauma center. Hand (N Y). 
2014;9:175–178. 

	17.	 Kirwan T, Tooth L, Harkin C. Compliance with hand therapy 
programs: therapists’ and patients’ perceptions. J Hand Therapy. 
2002;15:31–40. 

	18.	 Krishnan J, Chung KC. Access to hand therapy following sur-
gery in the United States: barriers and facilitators. Hand Clin. 
2020;36:205–213. 

	19.	 Law M. Clinical research: a priority for occupational therapists in 
Canada. Can J Occup Ther. 1989;56:57–59. 

	20.	 Information CIfH. Physiotherapists in Canada, 2011—National 
and Jurisdictional Highlights. The Institute Ottawa; 2012.

	21.	 Shah TI, Bath B, Milosavljevic S. Comparing geographical dis-
tribution of community-based physiotherapists and family physi-
cians across Saskatchewan. Can Geogr. 2015;59:461–473. 

	22.	 Bland MD, Beebe JA, Hardwick DD, et al. Restricted active range 
of motion at the elbow, forearm, wrist, or fingers decreases hand 
function. J Hand Therapy. 2008;21:268–275. 

	23.	 Bain GI, Polites N, Higgs BG, et al. The functional range of 
motion of the finger joints. J Hand Surg (European Volume). 
2015;40:406–411. 

	24.	 Hailey D, Roine R, Ohinmaa A, et al. Evidence of benefit from 
telerehabilitation in routine care: a systematic review. J Telemed 
Telecare. 2011;17:281–287. 

	25.	 Moher D, Liberati A, Tetzlaff J, et al; PRISMA Group. Preferred 
reporting items for systematic reviews and meta-analyses: the 
PRISMA statement. Int J Surg. 2010;8:336–341. 

	26.	 Tricco AC, Lillie E, Zarin W, et al. PRISMA extension for scop-
ing reviews (PRISMA-ScR): checklist and explanation. Ann Intern 
Med. 2018;169:467–473. 

	27.	 Peters MDJ, Marnie C, Tricco AC, et al. Updated methodologi-
cal guidance for the conduct of scoping reviews. JBI Evidence 
Synthesis. 2020;18:2119–2126. 

	28.	 Alford SL. Remote self-measurement of wrist range of motion 
performed on normal wrists by a minimally trained individual 
using the iPhone level application only demonstrated good reli-
ability in measuring wrist flexion and extension. J Hand Ther. 
2021;34:549–554. 

	29.	 Marti-Puente M, Sullivan P, O’Connor EF, et al. Measurements of 
range of motion of finger joints with simple digital photography: 
a validation study. J Plast Reconstr Aesthet Surg. 2021;74:2392–2442. 

	30.	 Meijer HAW, Graafland M, Obdeijn MC, et al. Validity and reli-
ability of a wearable-controlled serious game and goniometer 
for telemonitoring of wrist fracture rehabilitation. Eur J Trauma 
Emerg Surg. 2022;48:1317–1325. 

	31.	 Modest J, Clair B, DeMasi R, et al. Self-measured wrist range 
of motion by wrist-injured and wrist-healthy study participants 
using a built-in iPhone feature as compared with a universal 
goniometer. J Hand Ther. 2019;32:507–514. 

	32.	 Scott KL, Skotak CM, Renfree KJ. Remote assessment of wrist 
range of motion: inter- and intra-observer agreement of provider 
estimation and direct measurement with photographs and trac-
ings. J Hand Surg Am. 2019;44:954–965. 

	33.	 Trehan SK, Rancy SK, Johnsen PH, et al. At home photography-
based method for measuring wrist range of motion. J Wrist Surg. 
2017;6:280–284. 

	34.	 Mehta SP, Kendall KM, Reasor CM. Virtual assessments of knee 
and wrist joint range motion have comparable reliability with 
face-to-face assessments. Musculoskeletal Care. 2021;19:208–216. 

	35.	 Smeragliuolo AH, Hill NJ, Disla L, et al. Validation of the leap 
motion controller using markered motion capture technology.  
J Biomech. 2016;49:1742–1750. 

	36.	 Worboys T, Brassington M, Ward EC, et al. Delivering occupa-
tional therapy hand assessment and treatment sessions via tele-
health. J Telemed Telecare. 2018;24:185–192. 

mailto:caitlin.symonette@lhsc.on.ca
https://doi.org/10.1136/jamia.1997.0040136
https://doi.org/10.1136/jamia.1997.0040136
https://doi.org/10.2147/AMEP.S116071
https://doi.org/10.2147/AMEP.S116071
https://doi.org/10.2147/AMEP.S116071
https://doi.org/10.1016/j.nurpra.2020.09.013
https://doi.org/10.1016/j.nurpra.2020.09.013
https://doi.org/10.1001/jamanetworkopen.2021.2618
https://doi.org/10.1001/jamanetworkopen.2021.2618
https://doi.org/10.1001/jamanetworkopen.2021.2618
https://doi.org/10.1001/jamanetworkopen.2021.2618
https://www.fairhealth.org/press-release/telehealth-claim-lines-increase-8-336-percent-nationally-from-april-2019-to-april-2020
https://www.fairhealth.org/press-release/telehealth-claim-lines-increase-8-336-percent-nationally-from-april-2019-to-april-2020
https://www.fairhealth.org/press-release/telehealth-claim-lines-increase-8-336-percent-nationally-from-april-2019-to-april-2020
https://doi.org/10.1001/jama.2020.7943
https://doi.org/10.1001/jama.2020.7943
https://doi.org/10.1001/jama.2020.7943
https://doi.org/10.1001/jamahealthforum.2020.0478
https://doi.org/10.1001/jamahealthforum.2020.0478
https://doi.org/10.1016/j.jhsa.2013.02.017
https://doi.org/10.1016/j.jhsa.2013.02.017
https://doi.org/10.1016/j.hcl.2013.08.011
https://doi.org/10.1016/j.hcl.2013.08.011
https://doi.org/10.1371/journal.pone.0230862
https://doi.org/10.1371/journal.pone.0230862
https://doi.org/10.1371/journal.pone.0230862
https://doi.org/10.1197/j.jht.2004.10.008
https://doi.org/10.1197/j.jht.2004.10.008
https://doi.org/10.1197/j.jht.2004.10.008
https://doi.org/10.1054/jhsb.2000.0547
https://doi.org/10.1054/jhsb.2000.0547
https://doi.org/10.1054/jhsb.2000.0547
https://doi.org/10.1016/S0894-1130(12)80037-8
https://doi.org/10.1016/S0894-1130(12)80037-8
https://doi.org/10.1016/S0894-1130(12)80037-8
https://doi.org/10.1371/journal.pone.0251336
https://doi.org/10.1371/journal.pone.0251336
https://doi.org/10.1371/journal.pone.0251336
https://doi.org/10.1007/s11552-014-9685-z
https://doi.org/10.1007/s11552-014-9685-z
https://doi.org/10.1007/s11552-014-9612-3
https://doi.org/10.1007/s11552-014-9612-3
https://doi.org/10.1007/s11552-014-9612-3
https://doi.org/10.1053/hanthe.2002.v15.01531
https://doi.org/10.1053/hanthe.2002.v15.01531
https://doi.org/10.1053/hanthe.2002.v15.01531
https://doi.org/10.1016/j.hcl.2020.01.006
https://doi.org/10.1016/j.hcl.2020.01.006
https://doi.org/10.1016/j.hcl.2020.01.006
https://doi.org/10.1177/000841748905600203
https://doi.org/10.1177/000841748905600203
https://doi.org/10.1111/cag.12224
https://doi.org/10.1111/cag.12224
https://doi.org/10.1111/cag.12224
https://doi.org/10.1197/j.jht.2008.01.003
https://doi.org/10.1197/j.jht.2008.01.003
https://doi.org/10.1197/j.jht.2008.01.003
https://doi.org/10.1177/1753193414533754
https://doi.org/10.1177/1753193414533754
https://doi.org/10.1177/1753193414533754
https://doi.org/10.1258/jtt.2011.101208
https://doi.org/10.1258/jtt.2011.101208
https://doi.org/10.1258/jtt.2011.101208
https://doi.org/10.1016/j.ijsu.2010.02.007
https://doi.org/10.1016/j.ijsu.2010.02.007
https://doi.org/10.1016/j.ijsu.2010.02.007
https://doi.org/10.7326/M18-0850
https://doi.org/10.7326/M18-0850
https://doi.org/10.7326/M18-0850
https://doi.org/10.11124/JBIES-20-00167
https://doi.org/10.11124/JBIES-20-00167
https://doi.org/10.11124/JBIES-20-00167
https://doi.org/10.1016/j.jht.2020.05.001
https://doi.org/10.1016/j.jht.2020.05.001
https://doi.org/10.1016/j.jht.2020.05.001
https://doi.org/10.1016/j.jht.2020.05.001
https://doi.org/10.1016/j.jht.2020.05.001
https://doi.org/10.1016/j.bjps.2021.03.021
https://doi.org/10.1016/j.bjps.2021.03.021
https://doi.org/10.1016/j.bjps.2021.03.021
https://doi.org/10.1007/s00068-021-01657-5
https://doi.org/10.1007/s00068-021-01657-5
https://doi.org/10.1007/s00068-021-01657-5
https://doi.org/10.1007/s00068-021-01657-5
https://doi.org/10.1016/j.jht.2018.03.004
https://doi.org/10.1016/j.jht.2018.03.004
https://doi.org/10.1016/j.jht.2018.03.004
https://doi.org/10.1016/j.jht.2018.03.004
https://doi.org/10.1016/j.jhsa.2019.05.017
https://doi.org/10.1016/j.jhsa.2019.05.017
https://doi.org/10.1016/j.jhsa.2019.05.017
https://doi.org/10.1016/j.jhsa.2019.05.017
https://doi.org/10.1055/s-0037-1599830
https://doi.org/10.1055/s-0037-1599830
https://doi.org/10.1055/s-0037-1599830
https://doi.org/10.1002/msc.1525
https://doi.org/10.1002/msc.1525
https://doi.org/10.1002/msc.1525
https://doi.org/10.1016/j.jbiomech.2016.04.006
https://doi.org/10.1016/j.jbiomech.2016.04.006
https://doi.org/10.1016/j.jbiomech.2016.04.006
https://doi.org/10.1177/1357633X17691861
https://doi.org/10.1177/1357633X17691861
https://doi.org/10.1177/1357633X17691861


PRS Global Open • 2023

8

	37.	 Carbonaro N, Mura GD, Lorussi F, et al. Exploiting wearable 
goniometer technology for motion sensing gloves. IEEE J Biomed 
Health Inf. 2014;18:1788–1795. 

	38.	 Pourahmadi MR, Ebrahimi Takamjani I, Sarrafzadeh J, et al. 
Reliability and concurrent validity of a new iPhone goniomet-
ric application for measuring active wrist range of motion: 
a cross-sectional study in asymptomatic subjects. J Anat. 
2017;230:484–495. 

	39.	 Kim TS, Park DD, Lee YB, et al. A study on the measurement of 
wrist motion range using the iPhone 4 gyroscope application. 
Ann Plast Surg. 2014;73:215–218. 

	40.	 Lendner N, Wells E, Lavi I, et al. Utility of the iPhone 4 gyro-
scope application in the measurement of wrist motion. Hand (N 
Y). 2019;14:352–356. 

	41.	 Zhao JZ, Blazar PE, Mora AN, et al. Range of motion measure-
ments of the fingers via smartphone photography. Hand (N Y). 
2020;15:679–685. 

	42.	 Chen J, Xian Zhang A, Jia Qian S, et al. Measurement of finger 
joint motion after flexor tendon repair: smartphone photogra-
phy compared with traditional goniometry. J Hand Surg Eur Vol. 
2021;46:825–829. 

	43.	 Crasto JA, Sayari AJ, Gray RR, et al. Comparative analysis of pho-
tograph-based clinical goniometry to standard techniques. Hand 
(N Y). 2015;10:248–253. 

	44.	 Reissner L, Fischer G, List R, et al. Minimal detectable difference 
of the finger and wrist range of motion: comparison of goniom-
etry and 3D motion analysis. J Orthop Surg Res. 2019;14:173. 

	45.	 Nizamis K, Rijken NHM, Mendes A, et al. A novel setup and pro-
tocol to measure the range of motion of the wrist and the hand. 
Sensors (Basel). 2018;18:3230. 

	46.	 Wirth MA, Fischer G, Verdú J, et al. Comparison of a new iner-
tial sensor based system with an optoelectronic motion capture 
system for motion analysis of healthy human wrist joints. Sensors 
(Basel). 2019;19:5297. 

	47.	 Arman N, Oktay AB, Tarakci D, et al. The validity of an objec-
tive measurement method using the leap motion controller for 
fingers wrist, and forearm ranges of motion. Hand Surg Rehabil. 
2021;40:394–399. 

	48.	 Costa V, Ramírez O, Otero A, et al. Validity and reliability of iner-
tial sensors for elbow and wrist range of motion assessment. PeerJ. 
2020;8:e9687–e9687. 

	49.	 Ienaga N, Fujita K, Koyama T, et al. Development and user evalu-
ation of a smartphone-based system to assess range of motion of 
wrist joint. J Hand Surg Glob Online. 2020;2:339–342. 

	50.	 Surangsrirat D, Bualuangngam T, Sri-iesaranusorn P, et al. 
Comparison of the wrist range of motion measurement between 
inertial measurement unit glove, smartphone device and stan-
dard goniometer. Applied Sciences. 2022;12:3418. 

	51.	 Pham T, Pathirana PN, Trinh H, et al. A non-contact measure-
ment system for the range of motion of the hand. Sensors (Basel). 
2015;15:18315–18333. 

	52.	 Ge M, Chen J, Zhu ZJ, et al. Wrist ROM measurements using 
smartphone photography: Reliability and validity. Hand Surg 
Rehabil. 2020;39:261–264. 

	53.	 McVeigh KH, Murray PM, Heckman MG, et al. Accuracy and 
validity of goniometer and visual assessments of angular joint 
positions of the hand and wrist. J Hand Surg Am. 2016;41:e21–e35. 

	54.	 Wagner ER, Conti Mica M, Shin AY. Smartphone photography 
utilized to measure wrist range of motion. J Hand Surg Eur Vol. 
2018;43:187–192. 

	55.	 Kassay AD, Daher B, Lalone EA. An analysis of wrist and fore-
arm range of motion using the Dartfish motion analysis system.  
J Hand Ther. 2021;34:604–611. 

	56.	 Miyake K, Mori H, Matsuma S, et al. A new method measurement 
for finger range of motion using a smartphone. J Plast Surg Hand 
Surg. 2020;54:207–214. 

	57.	 Grandizio LC, Foster BK, Klena JC. Telemedicine in hand and 
upper-extremity surgery. J Hand Surg. 2020;45:239–242. 

	58.	 Ohinmaa A, Vuolio S, Haukipuro K, et al. A cost-minimization 
analysis of orthopaedic consultations using videoconferencing 
in comparison with conventional consulting. J Telemed Telecare. 
2002;8:283–289. 

	59.	 Harno K, Arajärvi E, Paavola T, et al. Clinical effectiveness and 
cost analysis of patient referral by videoconferencing in ortho-
paedics. J Telemed Telecare. 2001;7:219–225. 

	60.	 Sathiyakumar V, Apfeld JC, Obremskey WT, et al. Prospective 
randomized controlled trial using telemedicine for follow-ups in 
an orthopedic trauma population: a pilot study. J Orthop Trauma. 
2015;29:e139–e145. 

	61.	 Kyra A, Benavent CMC, Janssen SJ, et al. Patient perception and 
preferences for virtual telemedicine visits for hand and upper 
extremity surgery. Telemed J E Health. 2022;28:509–516. 

	62.	 Streiner DL, Norman GR, Cairney J. Health Measurement Scales: 
A Practical Guide to their Development and Use. New York: Oxford 
University Press USA; 2015.

	63.	 Faisal AI, Majumder S, Mondal T, et al. Monitoring methods 
of human body joints: state-of-the-art and research challenges. 
Sensors. 2019;19:2629. 

https://doi.org/10.1109/JBHI.2014.2324293
https://doi.org/10.1109/JBHI.2014.2324293
https://doi.org/10.1109/JBHI.2014.2324293
https://doi.org/10.1111/joa.12568
https://doi.org/10.1111/joa.12568
https://doi.org/10.1111/joa.12568
https://doi.org/10.1111/joa.12568
https://doi.org/10.1111/joa.12568
https://doi.org/10.1097/SAP.0b013e31826eabfe
https://doi.org/10.1097/SAP.0b013e31826eabfe
https://doi.org/10.1097/SAP.0b013e31826eabfe
https://doi.org/10.1177/1558944717730604
https://doi.org/10.1177/1558944717730604
https://doi.org/10.1177/1558944717730604
https://doi.org/10.1177/1558944718820955
https://doi.org/10.1177/1558944718820955
https://doi.org/10.1177/1558944718820955
https://doi.org/10.1177/1753193421991062
https://doi.org/10.1177/1753193421991062
https://doi.org/10.1177/1753193421991062
https://doi.org/10.1177/1753193421991062
https://doi.org/10.1007/s11552-014-9702-2
https://doi.org/10.1007/s11552-014-9702-2
https://doi.org/10.1007/s11552-014-9702-2
https://doi.org/10.1186/s13018-019-1177-y
https://doi.org/10.1186/s13018-019-1177-y
https://doi.org/10.1186/s13018-019-1177-y
https://doi.org/10.3390/s18103230
https://doi.org/10.3390/s18103230
https://doi.org/10.3390/s18103230
https://doi.org/10.3390/s19235297
https://doi.org/10.3390/s19235297
https://doi.org/10.3390/s19235297
https://doi.org/10.3390/s19235297
https://doi.org/10.1016/j.hansur.2021.03.007
https://doi.org/10.1016/j.hansur.2021.03.007
https://doi.org/10.1016/j.hansur.2021.03.007
https://doi.org/10.1016/j.hansur.2021.03.007
https://doi.org/10.7717/peerj.9687
https://doi.org/10.7717/peerj.9687
https://doi.org/10.7717/peerj.9687
https://doi.org/10.1016/j.jhsg.2020.09.004
https://doi.org/10.1016/j.jhsg.2020.09.004
https://doi.org/10.1016/j.jhsg.2020.09.004
https://doi.org/10.3390/app12073418
https://doi.org/10.3390/app12073418
https://doi.org/10.3390/app12073418
https://doi.org/10.3390/app12073418
https://doi.org/10.3390/s150818315
https://doi.org/10.3390/s150818315
https://doi.org/10.3390/s150818315
https://doi.org/10.1016/j.hansur.2020.02.004
https://doi.org/10.1016/j.hansur.2020.02.004
https://doi.org/10.1016/j.hansur.2020.02.004
https://doi.org/10.1016/j.jhsa.2015.12.014
https://doi.org/10.1016/j.jhsa.2015.12.014
https://doi.org/10.1016/j.jhsa.2015.12.014
https://doi.org/10.1177/1753193417729140
https://doi.org/10.1177/1753193417729140
https://doi.org/10.1177/1753193417729140
https://doi.org/10.1016/j.jht.2020.09.002
https://doi.org/10.1016/j.jht.2020.09.002
https://doi.org/10.1016/j.jht.2020.09.002
https://doi.org/10.1080/2000656X.2020.1755296
https://doi.org/10.1080/2000656X.2020.1755296
https://doi.org/10.1080/2000656X.2020.1755296
https://doi.org/10.1016/j.jhsa.2019.09.007
https://doi.org/10.1016/j.jhsa.2019.09.007
https://doi.org/10.1177/1357633X0200800507
https://doi.org/10.1177/1357633X0200800507
https://doi.org/10.1177/1357633X0200800507
https://doi.org/10.1177/1357633X0200800507
https://doi.org/10.1258/1357633011936435
https://doi.org/10.1258/1357633011936435
https://doi.org/10.1258/1357633011936435
https://doi.org/10.1097/BOT.0000000000000189
https://doi.org/10.1097/BOT.0000000000000189
https://doi.org/10.1097/BOT.0000000000000189
https://doi.org/10.1097/BOT.0000000000000189
https://doi.org/10.1089/tmj.2021.0146
https://doi.org/10.1089/tmj.2021.0146
https://doi.org/10.1089/tmj.2021.0146
https://doi.org/10.3390/s19112629
https://doi.org/10.3390/s19112629
https://doi.org/10.3390/s19112629

