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Purpose This study aimed to determine the reliability and concurrent validity of finger joint
range of motion (ROM) measurement using augmented reality (AR)-based hand tracking in a
sample of healthy hands. Additionally, the study aimed to determine which camera view of
the hand provided ROM measurements with the highest concurrent validity at each joint.

Methods A web application developed for smart devices using Google’s MediaPipe Hands frame-
work converted AR-generated hand landmark coordinates from camera feed into ROM angle
measurements in real time for all joints. Fromeachoffive camera views,we recordedfive sets ofAR-
based flexion and extension measurements at the metacarpophalangeal (MCP), proximal interpha-
langeal (PIP) and distal interphalangeal (DIP) joints of normal index to small fingers. Testeretest
reliability of the five AR-based measurements in each view was evaluated as was concurrent val-
idity of AR-based measurements relative to manual goniometry, considered the reference standard.
Given accepted inter-rater reliability of manual goniometry is 10�, we considered AR-based mea-
surements within 10� of goniometry measurements to have “acceptable” concurrent validity.

Results Forty-eight healthy hands (median age 31, 50% left, varying ethnicities) were
measured. All joints demonstrated excellent testeretest reliability (intraclass correlation co-
efficient >0.75) in all views in flexion and �2 views in extension. AR-based flexion mea-
surements were within 10�of goniometry in ulnar views of the index MCP, PIP, and DIP; the
long MCP and PIP; and the ring PIP and DIP. In extension, multiple views at each joint
consistently yielded AR-based measurements within 10� of goniometry.

Conclusions AR-based measurement has high concurrent validity and reliability; however,
optimal camera views vary joint to joint. Validation in pathologic hands is required.

Clinical Relevance Given its excellent reliability, AR-based measurement has potential for use in
monitoring changes in finger ROM after intervention, either by clinicians in-person or by patients
performing remote measurements independently. (J Hand Surg Am. 2024;-(-):1.e1-e13. Copy-
right� 2024 by the American Society for Surgery of the Hand. Published by Elsevier Inc. This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).)
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ITY HAND-TRACKING
T HE WIDESPREAD INTEGRATION of technology
into health care delivery during the cor-
onavirus disease (COVID)-19 pandemic

demonstrated how technology could improve health
care delivery, including the care of patients with
upper-extremity pathology. Concomitantly, there has
been a growing body of literature regarding
smartphone-based photography and applications as
alternatives to manual goniometry for measuring
finger joint range of motion (ROM).1e6 Furthermore,
advances in open-source machine learning (ML) al-
gorithms and augmented reality (AR) frameworks
have provided opportunities for development of
real-time finger joint tracking tools.7e9

We developed a web application (https://digitsrehab.
com) for finger joint ROM measurement leveraging

1.e2 AUGMENTED REAL
FIGURE 1: A Position and reference locations of the 21 2.5-dimensio
(Adapted from: https://developers.google.com/mediapipe/solutions/v
joint ROM calculation using the wrist and index MCP landmarks for
X2. The angle at the intersection of X1 and X2 is the joint angle (W
MCP, metacarpophalangeal joint; PIP, proximal interphalangeal join
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MediaPipe Hands, an open-source ML-based cross-
platform computer vision model.8,10 MediaPipe
Hands uses palm detector and hand landmark
models to extrapolate 21 three-dimensional hand
landmark coordinates, each representing a fingertip,
interphalangeal (IP) joint, metacarpophalangeal
(MCP) joint, thumb carpometacarpal (CMC) joint or
wrist coordinate (Fig. 1A).8 MediaPipe Hands was
trained on >10,000 real-world images and
>100,000 computer-generated videos with varying
backgrounds, gestures, and skin tones.8 The web
application measures ROM in all hand joints
simultaneously in real time using vectors between
adjacent joint landmarks (Fig. 1B).7,11 We have
previously demonstrated this application’s ability to
track hands across different lighting, devices, and
nal hand AR landmarks detected by the MediaPipe Hands model.
ision/hand_landmarker.). B Diagram demonstrating long MCP
vector X1 and the index MCP and PIP joint landmarks for vector
). CMC, carpometacarpal joint; DIP, distal interphalangeal joint;
t.
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AUGMENTED REALITY HAND-TRACKING 1.e3
camera resolutions.9,12 Ultimately, after real-world
validation with clinical populations, such a tool
could be used, for example, by patients for at-home
ROM progress tracking or by providers performing
multi-joint ROM measurements in the clinic.
However, prior to consideration of real-world trials,
AR-based measurements must be determined to be
reliable and have acceptable concurrent validity rela-
tive to manual goniometry, the reference standard.13

Moreover, unlike multi-camera depth-based sys-
tems, which require users to purchase expensive
hardware and software, this application receives input
from only a single RGB camera integrated into most
smart devices, which are owned by a majority of
Americans, including those of lower socio-economic
status.14e18 The application uses ML pose estimation
algorithms to convert two-dimensional input into
three-dimensional coordinates.8 Thus, landmark po-
sition based on pose estimation can vary depending
on the camera’s orientation relative to the hand.9

Consequently, as part of this validation study, it
was also necessary to determine which camera angle
provides the most accurate ROM measurements
relative to manual goniometry (hereafter “goniom-
etry”) at each joint.

This study aimed to assess the reliability and con-
current validity of AR-based finger joint ROM mea-
surement in healthy hands as a first step in testing a
potentially clinically relevant AR-based ROM mea-
surement tool. Specifically, we aimed to determine the
testeretest reliability of AR-based measurements, the
concurrent validity of AR-based measurements from
five camera views of the hand relative to manual
goniometry, and the camera view providing the
highest concurrent validity at each joint.
MATERIALS AND METHODS
Study design

This study assessed reliability and concurrent validity
of AR-based finger joint ROM measurement in the
index, long, ring, and small fingers from five camera
views compared to goniometry. Given the thumb’s
unique biomechanics, this study focused on the index
to small fingers only. For reference, “reliability” re-
fers to the consistency of successive measurements
on the same subject under similar conditions. “Con-
current validity” refers to the degree of agreement
between a new measurement tool or technique and
the reference standard when both measurements are
performed at approximately the same time. This
study was approved by the University of Western
Ontario’s Human Ethics Research Board.
J Hand Surg Am. r V
Participants

Adults �18 years-old had their finger ROM
measured in flexion and extension using AR-based
and goniometric measurement (Fig. 2). Participants
were volunteers consisting of medical trainees, hand
clinic staff and their partners. Exclusion criteria
included inability to read or follow basic commands
in English and any self-reported or visible history of
active or prior hand pathology, including conditions
such as arthritis, tendon injuries, digit fractures, or
Dupuytren disease. Participants consented to video
recording of their hands and collection of socio-
demographic data intended to ascertain sample di-
versity, including age, biologic sex, self-identified
gender, self-identified ethnicity and hand dominance.
Participants were offered $20 CAD compensation to
offset parking and travel costs.

Goniometer measurements

A certified hand therapist used a standardized proto-
col to measure ROM at all joints of the index to small
fingers.19 Each joint was measured once in maximal
active flexion and extension using the same goni-
ometer across all participants. By convention, hy-
perextension values were assigned a negative value.

Video capture of hands for AR-based ROM measurement

A typical set-up for clinical use would involve a
single smart device directed at the hand. However, to
compare ROM measurements from different camera
orientations, we arranged five tablets (iPad Pro
11-inch, ninth generation) in a 10-inch-radius semi-
circle around the hand on an adjustable-height plat-
form on a desk in a brightly lit room (Fig. 3).9 Each
tablet’s front-facing camera was directed centrally to
provide a different view of the hand: 10� (ulnar side),
45� (ulnar oblique), 90� (palmar), 135� (radial
oblique), and 170� (radial side) (Fig. 3). Splints were
used to hold the wrist in neutral (0�) with the forearm
perpendicular to the tablet platform. Immediately
following goniometry measurement, videos were
taken from the five camera views simultaneously
using voice-activated recording on the tablets while
participants moved their hands into maximal active
flexion (tightest composite fist) and extension
(Fig. 2). Participants held maximal flexion and
extension poses for 3 seconds each with the thumb
palmarly abducted and in view of all cameras. A
demonstration was provided, and participants were
prompted throughout recording.

After capture, videos were edited into 10-second
clips of the hand moving into flexion or extension.
Each clip showed 7 seconds of the hand moving into
ol. -, - 2024



FIGURE 2: Flow diagram demonstrating how in-person and AR-based ROM measurements were acquired.

1.e4 AUGMENTED REALITY HAND-TRACKING
maximal flexion or extension in the final frame, with
a 3-second freeze-frame of the final frame position.
Other hands in the background of the video were
covered using shape animations in Microsoft Pow-
erPoint (Version 16.83) and final video versions were
rerecorded using screen recording on a MacBook Pro.

AR-based ROM measurement

The current functionality of the web application al-
lows real-time ROM angle calculation using algo-
rithms described in our previous studies.9,12 We also
enabled videos to be uploaded to the web application
as input for the ROM measurement framework as an
alternative to real-time camera feed. We copied each
flexion and extension video five times and uploaded
these to the AR-based web application on a single
computer with stable internet connection. This pro-
cess allowed capture of five repeated “trials” of each
J Hand Surg Am. r V
participant’s index to small finger joint ROM from
each of the five camera views (Fig. 2). Given that the
application tracks joints throughout every frame of
the video, the average number of ROM measure-
ments performed per video at each joint was 396
(standard deviation 70) in extension and 386 (stan-
dard deviation 67) in flexion. The maximal AR-based
ROM angle at each joint was extracted from the
flexion data sets. Although our application can track
joints in hyperextension, it is currently unable to
assign negative values to hyperextended ROM mea-
surements, as is the convention with goniometry
measurement. Thus, attempting to extract the mini-
mum angle measurement would have yielded the
measurement closest to 0� rather than maximal hy-
perextension, falsely underestimating agreement with
goniometry. Consequently, we extracted the last AR-
based ROM measurement at each joint in the
ol. -, - 2024



FIGURE 3: Tablet set-up for video capture of the hand from five camera views. Note: The posterior forearm splint is not shown in this
photo.

AUGMENTED REALITY HAND-TRACKING 1.e5
extension data sets for comparison to the absolute in-
person measurement.

Data analysis

An a priori sample size calculation for a paired t-test
was performed using alpha of 0.05 and 80% power
with a mean difference of 5�, the intrarater reliability
of goniometry, and a standard deviation of 10�. This
yielded a sample of 34 hands; however, we recruited
a larger sample anticipating potential technologic
issues.

We analyzed the aforementioned sociodemo-
graphic variables using descriptive analysis and un-
weighted frequencies. Age was not normally
distributed (ShapiroeWilks test, P < .05) and,
therefore, summarized using median and interquartile
range (IQR).

Reliability

Intraclass correlation coefficients (ICC) were used to
assess testeretest reliability of the five repeated AR-
based measurements at each joint in each camera
view. Single measures ICC values using a two-way
mixed effects model with an absolute agreement
definition (ICC 3,1) were reported as is the conven-
tion for testeretest reliability.20e22 Cicchetti and
J Hand Surg Am. r V
Sparrow23 define ICC under 0.40 as “poor”,
0.4e0.59 as “fair”, 0.60e0.74 as “good”, and
0.75e1.00 as “excellent” reliability.4 We calculated
standard error of the measurement (SEM) of the AR-
based measurement tool at each joint in each camera
view to provide an estimate of the tool’s measure-
ment error. SEM was calculated using the square root
of the mean square error from the two-way analysis
of variance used in the ICC calculation.21 Minimal
detectable change (MDC90) was calculated with a
confidence of 90% using the SEM value.22,24 The
MDC90 estimates the amount of change in ROM
values required to be 90% confident a change in joint
ROM has actually occurred.

Concurrent validity

The mean of the five AR-based measurements from
each camera view were compared to the goniometry
measurement at each joint using Wilcoxon signed-
rank tests. Differences between measurement
techniques were reported using median and IQR
(ShapiroeWilks test, P < .05). In extension, absolute
goniometry measurements were used, as the appli-
cation cannot automatically assign negative values in
hyperextension.25,26 Means of the AR-based and
goniometry measurements are plotted against their
ol. -, - 2024



TABLE 1. Participant Sociodemographic Data

Sociodemographic Data Value

Participants (n) 24

Age (y, median [range]) 31.5 (23e54)

Woman-identifying (n [%]) 13 (54.2)

Self-identified ethnic background (n [%])

Arabic 1 (4.2)

Caucasian (European descent) 9 (37.5)

Indigenous, First Nations (status or
nonstatus), Métis, Inuk (Inuit)

1 (4.2)

Latin American 2 (8.3)

South Asian (eg, East Indian, Pakistani,
Sri Lankan, etc)

2 (8.3)

South-East Asian (Chinese, Korean,
Japanese, Filipino, Vietnamese,
Cambodian, Laotian, Thai, etc)

7 (29.2)

West Asian (eg, Iranian, Afghan, etc) 2 (8.3)

1.e6 AUGMENTED REALITY HAND-TRACKING
differences to produce Bland-Altman plots with 95%
limits of agreement (LOAs). The proportion of AR-
based measurements falling within 10� of goniom-
etry measurements at each joint and in each camera
view is reported.27 The 10� threshold represents the
inter-rater reliability of goniometry, the clinically
important difference threshold used in other
studies.28,29

RESULTS
Twenty-four individuals without hand pathology had
both hands measured, resulting in a sample of 48
hands. The radial oblique camera failed to record one
participant’s hands bilaterally. The ulnar side camera
failed to record another participant’s left hand,
resulting in 48 flexion and extension videos each
from the palmar, radial side and ulnar oblique views,
47 videos from the ulnar side view and 46 from the
radial oblique view. Participant sociodemographic
data are presented in Table 1.

AR-based measurement testeretest reliability

Table 2 summarizes the camera view yielding the
highest testeretest reliability, meaning the highest
ICC estimates and lowest SEM and MDC90 values at
each joint (results in all camera views are available in
Supplementary Table 1, available online on the
Journal’s website at www.jhandsurg.org). In flexion,
ICC estimates were consistently excellent (ICC �
0.75) in all joints across all views with the ulnar
oblique view most often yielding SEM and MDC90

values under 5�, the generally accepted intrarater
J Hand Surg Am. r V
reliability of goniometry.19 In extension, ICC values
varied more widely, with all joints demonstrating two
or more views with excellent reliability. In contrast to
flexion measurements, SEM and MDC90 in extension
were most consistently less than 5� in the palmar and
radial oblique views.

Concurrent validity relative to goniometry and optimal
camera view

Mean AR-based and single goniometry measure-
ments were compared at each joint in each camera
view in flexion and extension. In flexion, AR-based
and goniometry measurements were within 10� in
all index joints in the ulnar side view (Table 3).
Additionally, in the long finger, the ulnar oblique
view of the MCP and DIP joints and the ulnar side
view of the PIP joint were most accurate in flexion
(Table 3). Agreement in the ulnar two fingers in
flexion was more limited. Specifically, only the ring
finger PIP and DIP joints in the ulnar side and ulnar
oblique views, respectively, demonstrated median
differences less than 10� (Table 3). In extension,
multiple camera views at each joint across all fingers
yielded a median difference between AR-based and
goniometry measurements �10� (Supplementary
Table 2 summarizes median differences in all cam-
era views, available online on the Journal’s website
at www.jhandsurg.org). The camera view with the
smallest median difference between techniques
(Table 3) was often the view where the highest
proportion of AR-based measurements fell within
10� of goniometry measurements (Table 4, see
Supplementary Table 3 for results across all camera
views, available online on the Journal’s website at
www.jhandsurg.org). In flexion, the proportion of AR
measurements within 10�of in-person measurements
ranged from 37.0% to 72.3% in the best camera view
compared to 54.2% to 89.6% in extension. In
extension, again, multiple camera views yielded high
proportions of AR-based measurements within 10� of
in-person measurements. Figure 4 demonstrates
Bland-Altman plots for the index with other fingers
available in Supplementary Figure S1 (available on-
line on the Journal’s website at www.jhandsurg.org).

DISCUSSION
This study assessed testeretest reliability and con-
current validity of AR-based finger joint ROM mea-
surement relative to goniometry in a cohort without
hand pathology. When presented with identical
videos of the same hand, AR-based measurement
demonstrated excellent reliability across multiple
camera views. Further, concurrent validity depended
ol. -, - 2024
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TABLE 2. Summary of the Most Reliable Camera Views at Each Joint in Each Finger as Determined by Relative and Absolute Measures of Testeretest
Reliability of Five Repeated Trials of AR-based Measurements

Finger Joint

Flexion

Most Reliable
Camera View of

the Hand

Extension

Most Reliable
Camera View of

the Hand

ICC (3,1) for
Single

Measures 95% CI SEM MCD90

ICC (3,1) for
Single

Measures 95% CI SEM MCD90

Index MCP Ulnar oblique 1.00 1.00e1.00 0.5 1.1 Palmar 0.99 0.99e1.00 0.7 1.5

PIP Ulnar oblique 0.97 0.95e0.98 2.0 4.6 Radial side 0.83 0.76e0.89 0.7 1.5

DIP Radial oblique 0.93 0.90e0.96 8.8 20.4 Radial oblique 0.99 0.98e0.99 0.5 1.1

Long MCP Ulnar oblique 1.00 1.00e1.00 0.5 1.1 Radial oblique 0.99 0.98e0.99 0.7 1.6

PIP Ulnar oblique 0.92 0.88e0.95 2.4 5.5 Palmar 0.99 0.99e1.00 0.9 2.0

DIP Palmar 0.98 0.96e0.98 3.2 7.5 Radial oblique 0.96 0.94e0.98 0.8 1.7

Ring MCP Ulnar oblique 1.00 1.00e1.00 0.5 1.3 Radial oblique 0.98 0.97e0.99 1.0 2.3

PIP Ulnar oblique 0.98 0.97e0.99 1.4 3.3 Radial oblique 0.96 0.94e0.98 1.5 3.4

DIP Ulnar oblique 0.98 0.98e0.99 1.2 2.7 Radial oblique 0.94 0.90e0.96 1.0 2.3

Small MCP Ulnar oblique 1.00 1.00e1.00 0.7 1.5 Palmar 0.99 0.98e0.99 1.0 2.8

PIP Ulnar oblique 0.99 0.98e0.99 1.6 3.7 Palmar 0.98 0.97e0.99 0.7 1.6

DIP Palmar 0.99 0.98e0.99 2.4 5.7 Palmar 0.98 0.97e0.99 0.5 1.1
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TABLE 3. Summary of the Camera View by Joint Yielding the Lowest Absolute Difference Between AR-based and In-person Measurements

Finger Joint

Flexion Extension

Camera View
of the Hand

Median of
Absolute

Differences
IQR

(Q1eQ3)

Wilcoxon
Signed-rank
Test (P)

Camera View
of the Hand

Median of
Absolute

Differences
IQR

(Q1eQ3)

Wilcoxon
Signed-rank
Test (P)

MCP Ulnar side 7.9 4.4e14.3 <.001 Radial oblique 8.5 4.0e15.9 .002

PIP Ulnar side 6.6 3.6e13.8 .15 Ulnar side 4.1 1.8e9.2 .003

DIP Ulnar side 9.4 3.7e14.7 .933 Radial side 3.5 1.9e7.3 .129

Long MCP Ulnar oblique 6.4 2.1e13.8 .255 Ulnar oblique 6.8 3.5e13.3 .303

PIP Ulnar side 6.8 3.1e9.7 .015 Radial side 6.0 2.7e9.2 .372

DIP Ulnar oblique 12.4 6.6e17.9 .001 Palmar 3.2 1.8e7.0 .036

Ring MCP Palmar 10.2 5.5e18.2 .002 Ulnar side 9.3 4.6e18.8 .079

PIP Ulnar side 6.8 3.0e13.1 .003 Radial side 5.9 3.1e17.6 <.001

DIP Ulnar oblique 9.0 4.4e15.3 .025 Palmar 3.3 1.7e6.5 .454

Small MCP Palmar 15.6 9.2e27.2 .689 Ulnar oblique 8.3 6.3e17.7 <.001

PIP Ulnar side 10.2 3.8e19.5 <.001 Ulnar oblique 5.9 2.6e11.5 <.001

DIP Ulnar oblique 16.8 8.6e29.2 <.001 Ulnar side 4.3 2.0e7.1 .368
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TABLE 4. Summary of the Camera View by Joint Yielding the Highest Concurrent Validity as Determined by the Bland-Altman Analysis of AR-based
Measurements Relative to In-person Measurements

Finger Joint

Flexion Extension

Camera
View of
the Hand

Mean of
Differences

Lower
LOA

Upper
LOA

Proportion of AR
Measurements
Within 10� of
In-person

Camera
View of
the Hand

Mean of
Differences

Lower
LOA

Upper
LOA

Proportion of AR
Measurements
Within 10� of
In-person

Index MCP Ulnar side 6.8 -14.1 27.7 59.6 Radial oblique -6.0 -29.5 17.5 56.5

PIP Ulnar side -3.6 -26.7 19.4 63.0 Radial side 2.3 -15.6 12.1 85.4

DIP Ulnar oblique 0.4 -13.2 36.8 60.4 Ulnar side -0.3 -12.6 12.0 89.4

Long MCP Ulnar oblique 1.8 -20.9 24.5 64.6 Ulnar oblique -1.4 -23.7 20.9 66.7

PIP Ulnar side 4.4 -19.7 28.6 72.3 Radial side 2.0 -36.0 40.0 79.2

DIP Ulnar oblique 8.8 -24.9 42.4 37.5 Ulnar oblique -0.7 -14.2 12.8 87.5

Ring MCP Palmar -7.3 -35.6 20.9 47.9 Ulnar side -2.9 -34.3 28.6 55.3

PIP Ulnar side 7.7 0.2 39.5 66.0 Ulnar oblique -0.2 -19.8 19.5 68.8

DIP Ulnar oblique 3.7 -22.8 30.2 58.3 Palmar -1.4 -14.3 11.5 89.6

Small MCP Radial oblique -8.5 -42.7 25.7 39.1 Ulnar oblique -7.4 -30.0 15.3 54.2

PIP Ulnar side 9.9 -24.9 44.8 48.9 Palmar 0.3 -16.8 17.3 83.3

DIP Radial oblique 24.8 -28.2 77.8 37.0 Ulnar side 7.2 -16.1 12.8 87.0
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FIGURE 4: Bland-Altman plots comparing average augmented reality-based measurements with goniometry measurements in flexion
and in extension in the index finger.

1.e10 AUGMENTED REALITY HAND-TRACKING
on camera view. Both flexion measurements and
extension measurements were often within the
accepted inter-rater reliability of goniometry when
captured from ulnar side or ulnar oblique views;
however, extension measurements, in particular,
showed high agreement with goniometry across most
camera views.

Although not a feasibility trial for the end-user
application, this validation study provides insight
into the potential clinical use of AR-based measure-
ment tools by informing optimal hand positioning
relative to the camera when measuring ROM on a
single smart device. Ultimately, algorithms could be
designed to initiate ROM capture only when the hand
is positioned correctly in view of the camera.
Furthermore, as a feature of a telemedicine-based
rehabilitation application, patients could use AR-
based measurement to track ROM progression dur-
ing home therapy and update their providers through
J Hand Surg Am. r V
the application platform. Indeed, studies across
various fields of medicine have linked at-home
progress tracking with patient motivation and ther-
apy adherence.30e37 Such a tool could also flag pa-
tients requiring intervention, such as those lagging in
their recovery or developing worsening joint con-
tractures. The excellent reliability of AR-based
measurement has the potential to facilitate accurate
trending of ROM progression. Furthermore, while
remote patient-generated ROM trending could
possibly reduce the frequency of in-person visits
required for ROM measurement, AR-based mea-
surement also offers a potentially efficient alternative
to manual goniometry during in-person clinics given
it measures all finger joints simultaneously. However,
assessment of efficiency was outside the scope of this
study.

Although reliability is an important parameter to
study when developing new technology to be used
ol. -, - 2024



FIGURE 4: (continued).

AUGMENTED REALITY HAND-TRACKING 1.e11
for clinical measurement, it was not evaluated in the
few other studies comparing AR-based finger ROM
measurement to goniometry.38,39 Our reliability re-
sults were comparable to an accelerometer-based
smartphone application (EHMROM; ICC: 0.997),
one of the few technology studies that has reported
testeretest reliability.4e6 Our reliability results were
also similar to manual goniometry.29 Lewis et al40

report comparable or worse intrarater reliability ICC
values of 0.64e0.99 for joints measured with a
goniometer in active flexion. Measurements of ROM
at all joints in our study demonstrated a SEM under
5� in at least one camera view, which compares to
previously reported intrarater SEM values of 2� to 4�

for goniometry.41 Finally, our MDC90 results showed
greater reliability than MDC95 values previously re-
ported for goniometry which varied from 12� to 24�

across joints.42 Again, the excellent reliability of AR-
based measurement highlights this tool’s potential
clinical utility for measuring ROM change over time,
although validation in pathologic hands is required.
J Hand Surg Am. r V
Ulnar views generally provided higher concurrent
validity in flexion, whereas optimal views in extension
varied by finger. Gu et al38 also used AR-based
measurement to measure ROM from images in a
palmar view. They found greater accuracy in extension
than in flexion, which is congruent with our findings,
as well as higher concurrent validity in PIP and DIP
than in MCP joints.38 We observed that rotating the
hand from palmar to ulnar views shifts the MCP
landmarks from a more volar to a more dorsal position
over the MCP joint. The latter landmark position better
approximates a dorsally placed goniometer. Although
Gu et al38 seemingly adjust the MCP joint angle
calculation to account for this, our approach yielded
higher concurrent validity at all MCP joints, particu-
larly in the index and long fingers. Additionally, ulnar
side views likely align the finger and wrist landmarks
in similar depth planes, potentially reducing error
introduced through pose estimation of the landmark’s
depth coordinate, which, conversely, is required when
joints are measured from the palmar view.
ol. -, - 2024
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Additionally, although we anticipated higher con-
current validity for ulnar digits in the ulnar views
given the camera’s unimpeded view of them, the
radial digits had higher concurrent validity. A prior
study using MediaPipe Hands to recognize abnormal
hand postures in nerve injury also noted reduced
accuracy in tracking the ring and small fingers.39 We
postulate the framework’s single wrist landmark fails
to account for the position and increased mobility of
the ulnar-sided CMC joints, skewing the wrist-MCP
vector used in the MCP joint angle calculation.
Further, although not described in the article by
Zhang et al,8 we also hypothesize the radial fingers
may have been prioritized when training the Media-
Pipe Hands’ hand-tracking framework, as these fin-
gers are more typically used for gaming gestures like
pointing and pinching. This consideration highlights
the importance of clinician involvement when
designing clinically relevant tools, such as the
application proposed in this study.

Our sample size was comparable to similar studies,
although our cohort was more diverse in physical
characteristics, such as sex, age, and ethnicity, which
could potentially affect computer vision.12,28,38,39 We
acknowledge however, the incomplete representation of
all ethnicities and that ethnicity is an imperfect proxy
for skin tone given variability within ethnic groups. The
framework upon which our application was built is
trained on >100,000 video recordings of hands with
different skin tones8; however, future studies should use
validated scales, such as the Fitzpatrick or Monk scales,
to assess skin tone. Moreover, although beyond the
study’s scope, feasibility trials of an end-user applica-
tion should also include metrics of socio-economic di-
versity, such as income and educational level, to
ascertain accessibility of applications such as the one
proposed in this study. Another notable strength of this
study is that all goniometry measurements were per-
formed by the same therapist using the same goniom-
eter, minimizing confounding errors related to inter-
rater or inter-instrument variability.

In terms of limitations, because we intentionally
captured measurements from identical videos to
remove human error from our testeretest analysis,
our results may overestimate the “real-world” reli-
ability of the application, particularly if it were used
remotely by patients without a clinician present.
Furthermore, this application’s inability to label
hyperextended joints as negative values necessitated
comparison of AR-based measurements to absolute
goniometry measurements in extension. Although
unlikely, instances where hyperextension was not
detected by AR would result in underestimation of
J Hand Surg Am. r V
the difference between AR-based and goniometry
measurements. Future directions include software
refinement to enable distinction of hyperextension
and validation of AR-based measurement in the
thumb and in pathological hands. Feasibility trials of
an end-user application with patients and clinicians
using the application independently are required to
ascertain and optimize application usability.
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