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Background: Quantifying proprioception deficit in patients with osteoarthritis (OA) may be
important in evaluating treatment effectiveness. This study investigated the concurrent
and known-groups validity as well as test–retest reliability of a smartphone application
in assessing joint position sense (JPS) in asymptomatic individuals and patients with knee
OA.
Methods: Sixty-four knees, from 16 asymptomatic controls and 16 patients with bilateral
OA, were assessed twice with a 1-week interval in between. The smartphone
Goniometer Pro application and isokinetic dynamometer simultaneously quantified JPS,
in terms of absolute repositioning error (RE) angle, during active and passive limb move-
ments at selected angles.
Results: Both devices showed moderate to almost perfect correlations in measuring JPS;
whether active (intra-class correlation coefficient (ICC) >0.87) or passive (ICC >0.97). The
mean RE angle differences between the two devices were <0.77� (passive JPS) and <2.76�
(active JPS). Both devices were capable of distinguishing patients and asymptomatic con-
trols at 55� and 80�. The smartphone showed moderate test–retest reliability of active
JPS measurement (ICC = 0.51) in the two groups, similar to that of the isokinetic
dynamometer (ICC = 0.62), but with a high measurement error.
Conclusions: Smartphone application is a valid alternative to the isokinetic dynamometer
in assessing JPS in patients with knee OA and asymptomatic controls. The two devices
could distinguish patients and asymptomatic volunteers during passive JPS measured at
55� and 80�. Both devices have moderate reliability in quantifying active JPS, but reliability
results should be considered with caution.
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1. Introduction

Osteoarthritis (OA) is the most common degenerative joint disease and affects all structures of synovial joints. It imposes
a substantial physical, psychological, and socioeconomic burden on patients, their families, and the whole community [1,2].
It is associated with several impairments such as pain, muscle weakness [3], and proprioception deficit [4,5]. Impaired pro-
prioception has been proposed as a risk factor for the development and progression of OA [6,7]. Further, proprioception
training has been recommended to improve pain and functional daily activities in those patients [8]. The assessment of pro-
prioception acuity is therefore important in quantifying patients’ responses to various interventions. Proprioception includes
kinesthesia and joint position sense (JPS). Kinesthesia is the awareness of joint movement whereas JPS is concerned with
recognizing static joint position. Proprioception can be quantified by measuring (1) joint position detection accuracy –
the ability of the individual to reproduce a predetermined joint angle by actively moving the limb (active JPS) or by reporting
when the target angle is reached when the limb is moved passively (passive JPS); (2) the threshold needed to detect passive
motion – which is the ability of an individual to detect the initiation and direction of passive joint movement; or (3) passive
motion direction discrimination – which requires the individual to report whether the limb moves in a positive or negative
direction relative to the defined plane of motion [9]. Detection of joint position is the most common method of detecting JPS
[9–11]. Various methods have been used to assess JPS including model position replication, image capture, digital inclinome-
ter, and electrogoniometer as well as using dynamometers and angular motion chairs [11]. All of these instruments are con-
sidered valid and safe but show variable reliability [11] and are expensive. Thus, they are not accessible at regular clinical
settings, especially in economically challenged countries. Thus, there is a need for valid and reliable assessment devices that
are feasible and economic.

Wearable sensors, including smartphones, are promising tools to assess joint excursion using built-in accelerometer,
magnetometer, and gyroscope sensors. They have been validated to quantify joint range of motion (ROM) and JPS of different
body regions such as shoulder, knee, and ankle [12–18]. However, smartphone validation has not previously been performed
for assessing knee JPS in patients with OA. Thus, this study investigated primarily the concurrent validity of using smart-
phones in assessing JPS compared with isokinetic dynamometer (as a reference standard) in asymptomatic individuals
and patients with knee OA. Further, known-groups validity as well as test–retest reliability were assessed. Moreover, isoki-
netic test–retest reliability was measured to serve as a reference standard for smartphone reliability results.
2. Methods

A cross-sectional design was implemented with two separate lab visits to the isokinetic laboratory at the Faculty of Phys-
ical Therapy, Cairo University, Egypt. The study was approved by the institutional ethics committee (P.T.REC/012/002013)
and registered at ClinicalTrials.gov (NCT03658915).

Thirty-two participants, including 16 asymptomatic volunteers and 16 patients with bilateral OA, completed this study.
This sample size was calculated based on an a priori sample consisting of nine patients and nine asymptomatic subjects, with
an a error of 0.05, a statistical power of 0.8, and a correlation strength of 0.7. Based on this calculation, a minimum require-
ment of 13 cases and 13 controls was set. Participants were aged between 40 and 60 years. Asymptomatic subjects had no
signs or symptoms of lower-quadrant dysfunction. Patients with bilateral OA were recruited if they had knee pain along with
three of the following six criteria: age greater than 50 years, morning stiffness duration lasting less than 30 min, crepitus on
active knee movement, palpable or radiographic bony enlargement, tenderness at joint margins, and no palpable warmth
[19]. Participants were excluded if they had received steroid injections within the past 2 months, had any neurological dys-
function or trauma of the lower quadrant within the past year, or if they reported a history of knee instability [20].

After screening against the inclusion and exclusion criteria, eligible participants were informed verbally about the aim of
the study and all testing procedures. Then, they were invited to participate in the study. If they agreed, an informed consent
form was signed and all relevant demographic information and medical history were collected. Further, the peak current
pain severity, as determined using a visual analog scale (VAS), was recorded to assess the clinical severity of OA. VAS is a
10-cm line labeled with zero at one end (indicating no pain) and 10 at the other end (indicating excruciating pain). Partic-
ipants were instructed to mark their current maximum level of pain across the line. The distance (in millimeters) from the
lower limit was measured using a ruler. VAS is an easy to administrate, valid, and highly reliable method for knee OA pain
assessment (intraclass correlation coefficient (ICC; 95% confidence interval = 0.97 (0.96–0.98)), with a small error of mea-
surements [21]. It correlates well with radiographic scoring of OA using the Kellgren–Lawrence score [21,22] as well as with
the ultrasonographic severity in patients with bilateral knee OA [22].

Each participant had their two knees assessed in a random order generated by the Microsoft Excel software random func-
tion (Microsoft Corp., Armonk, NY, USA). Concurrent validity was examined by simultaneously measuring JPS using a stan-
dard smartphone (iPhone 6; Apple, Cupertino, CA, USA), with the Goniometer Pro application version 2.7 (5fuf5, Bloomfield,
NJ, USA) installed, and the Biodex System 3 Pro isokinetic dynamometer (Biodex Medical Systems, Inc., Shirley, NY, USA).
Participants’ preparation and isokinetic testing were overseen by a trained assessor (B.A.) using a standard protocol. A second
assessor (N.A.), blinded to the isokinetic data and participants’ grouping, recorded smartphone data throughout the testing
procedures. Briefly, each participant sat in the isokinetic dynamometer chair with their eyes blindfolded and the trunk fully
supported. The seat position was adjusted to allow one fingerbreadth between the edge of the chair and the popliteal fossa.
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The dynamometer axis was aligned with the lateral epicondyle of the knee. The transducer cuff of the dynamometer’s mov-
ing arm was placed three fingers above the lateral malleolus according to the manufacturer’s instructions. The smartphone
was secured above the transducer cuff of the dynamometer using an armband (Figure 1(a)). Smartphone position was
checked at full extension to ensure it was completely horizontal and parallel to the ground using a bubble inclinometer. This
was carried out to confirm that both devices were measuring the same angle (Figure 1(b)).

Initially, the dynamometer was calibrated by measuring knee zero flexion (complete extension) with a standard universal
plastic 360� goniometer. Then, passive JPS was tested three times at the following ranges: starting from 5� and ending at 25�,
starting from 30� and ending at 55�, and starting from 60� and ending at 80� of knee flexion [10]. These angles were selected
to cover the whole range of daily activities. The tested movement range was divided into smaller ranges to minimize poten-
tial repositioning error resulting from increased neural control demand associated with increased target range amplitude
[23]. Further, active JPS was tested starting at 90� of knee flexion and ending at 45� [24]. Testing repositioning error at a mid-
range angle was selected to avoid joint extreme ranges where soft tissues might be stretched or the participant’s leg becomes
in closer contact with the device and/or its accessories, which may alter the cutaneous input.

Prior to testing, the primary assessor provided clear instructions about the testing procedures, handed the participant the
isokinetic stop-button, and gave standardized commands. A demonstration trial was also given to familiarize participants
with the testing procedures. For passive JPS testing, the isokinetic dynamometer moved the tested leg passively at 5�/s. Then,
the target position was held for 7 s so that the participant could memorize it before the machine returned the knee to the
initial starting position. The isokinetic dynamometer then moved the knee again at the same speed and the participant was
asked to press the stop button when he/she felt the predetermined target angle was reached [10]. The same procedures were
repeated with active JPS, except for the active participation of the subject who actively moved the leg at 10�/s, close to the
velocity used by Marks and Quinney [24]. For test–retest reliability, the exact same testing procedure was repeated 1 week
later.
2.1. Data analysis

For each participant, absolute angle of repositioning error calculated by the smartphone application and the isokinetic
dynamometer were collected from both knees and tabulated in a Microsoft Excel spreadsheet. For quantitative variables,
data were first screened for normality assumption using the Shapiro–Wilk test. As the data were not normally distributed,
a nonparametric Mann–Whitney U-test was employed to compare participants’ baseline characteristics. Chi-squared test
was also used to compare gender distribution between the two study arms. Descriptive statistics are presented as medians
and ranges or count and percentage.

The primary outcome for this study was the concurrent validity of smartphone measurement of repositioning error (RE)
angle as compared with that obtained by the isokinetic dynamometer. RE angle was calculated as the absolute difference
between the targeted and actually reached angles. Three trials were conducted for each target angle, and the average mea-
surement was calculated from the results and used for statistical analyses. To assess concurrent validity, the ICC was used to
Figure 1. (a) A participant undergoing knee proprioception testing using the smartphone and isokinetic dynamometer simultaneously. The arrow points to
the smartphone attachment to the isokinetic cuff just above the ankle. (b) Smartphone position calibration at full knee extension using a bubble
inclinometer.
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examine the agreement between the smartphone and isokinetic data in each tested group using two-way mixed-effects
model (absolute agreement, average measurements). Agreement strength was interpreted as excellent (>0.90), good
(0.75–0.90), moderate (0.50–0.75), or poor (<0.50) [25]. Further, absolute agreement between the two devices was evaluated
with Bland–Altman plots.

The secondary outcome was smartphone known-groups validity and test–retest inter-session reliability of smartphone
measurement repeated after 1 week. To assess smartphone application’s known-groups validity, Mann–Whitney U-test
was employed to compare the RE angle between the two groups.

To assess test–retest inter-session reliability, two-way mixed effects model ICC (absolute agreement, average measure-
ments) was used. Agreement strength was interpreted as explained earlier for concurrent validity. Further, the standard
error of measurement agreement (SEMagreement) was calculated by taking the square root of the error variance of an ANOVA
analysis (

p
within people residual mean square). SEMagreement was used to calculate the minimal detectable change (MDC) for

the instrument. MDC was calculated using the formula 2.77� SEM at 95% confidence level [25,26]. MDC represents the value
that can be considered as a real change rather than a measurement error.

The level of significance was set at P < 0.05 throughout all analyses. All statistical analyses were performed using the Sta-
tistical Package for the Social Sciences (SPSS) version 21 for Windows software program (IBM Corp., Armonk, NY, USA).

3. Results

Thirty-five participants were initially screened against the eligibility criteria. Of these, 32 participants with 64 knees were
found to be eligible and completed the two testing sessions (Figure 2). Patients with bilateral knee OA had a mean VAS score
of 5.8 ± 2.4 points. Basic participants’ demographics are summarized in Table 1.

3.1. Smartphone concurrent validity

For passive JPS, the two devices showed significant excellent correlation in the two groups (ICC: 0.97–0.99, P < 0.001;
Table 2). For active JPS, both groups showed good to excellent significant positive correlation between the two devices
(ICC: 0.87 and 0.90, in asymptomatic participants’ and patients’ groups, respectively (P < 0.001; Table 2). Further, Bland–Alt-
man plots showed absolute agreement between both devices in all tested ranges (Figures 3–6). For passive JPS, the mean
difference in RE angle between the two devices ranged between 0.43� and 0.77� in the asymptomatic group, and between
�0.16� and 0.77� in the patients’ group (Figures 3–5; Table 3). For active JPS, the mean difference was higher but comparable
in the two groups (2.35� and 2.76�, in asymptomatic and patients’ groups, respectively) (Figure 6; Table 3).

3.2. Known-groups validity

The two devices were capable of distinguishing the two groups during passive JPS testing at 55� and 80� (P < 0.05). For the
remaining ranges, none of the devices showed known-groups validity (P > 0.05) (Table 4).

3.3. Smartphone test–retest reliability

Smartphone showed a significant moderate positive correlation between the two testing sessions in assessing active JPS
in the patients’ group (ICC = 0.51, P = 0.026; Table 5). This was also true for the isokinetic dynamometer (ICC = 0.62, P = 0.004;
Table 6). The reliability of the two devices in the remaining JPS measurements in the two groups was not significant
Figure 2. A flowchart showing participants’ flow from screening to testing.
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Table 1
Participants’ basic demographics.

Variable Asymptomatic Individuals (n = 16)
Mean ± SD

OA (n = 16)
Mean ± SD

P

Age (years) 47.3 ± 5.61 51.5 ± 6.02 0.054
BMI (kg/m2) 31.09 ± 7.54 33.17 ± 6.68 0.416
Gender, males, n (%) 12 (75%) 8 (50%) 0.144

BMI, body mass index; OA, osteoarthritis; SD, standard deviation.

Table 2
Validity of smartphone against isokinetic dynamometer in measuring joint position sense in patients with osteoarthritis (OA) and asymptomatic individuals.

Repositioning error angle
(degrees)

Asymptomatic individuals
(knee, n = 32)

OA patients
(knee, n = 32)

ICC 95% CI P ICC 95% CI P

Passive JPS 25 0.998 0.994–0.999 <0.001* 0.997 0.994–0.999 <0.001*
55 0.982 0.958–0.992 <0.001* 0.988 0.971–0.995 <0.001*
80 0.973 0.934–0.988 <0.001* 0.983 0.958–0.992 <0.001*

Active JPS 45 0.878 0.481–0.956 <0.001* 0.901 0.668–0.961 <0.001*

CI, confidence interval; ICC, intraclass correlation coefficient; JPS, joint position sense; OA, osteoarthritis. ICCagreement two-way mixed effects model (ab-
solute agreement). Agreement strength: excellent (>0.90), good (0.75–0.90), moderate (0.50–0.75), or poor (<0.50).

* Significant (P < 0.05).

Figure 3. Bland–Altman plot showing agreement between smartphone and isokinetic measurements of passive joint position sense tested at 25� in
asymptomatic individuals (left) and patients with osteoarthritis (OA) (right).
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(P > 0.05). The SEM and MDC for the two devices showed similar ranges. For SEM, the smartphone in the two groups ranged
between 3.55�-12.07�, whereas the isokinetic dynamometer ranged between 3.63� and 12.40�. For MDC, the smartphone
ranged between 9.84� and 33.43�, whereas the isokinetic dynamometer ranged between 10.06� and 34.36� (Tables 5, 6).

4. Discussion

This study sought to establish the concurrent validity, known-groups validity, and test–retest inter-session reliability of
the Goniometer Pro smartphone application compared with the isokinetic dynamometer in measuring passive and active JPS
among patients with OA and asymptomatic individuals. In this study, the isokinetic dynamometer was used as a reference
standard instrument as it has high validity (ICC = 0.99) and reliability within the same day (ICC = 0.99) in assessing passive
and active JPS [27]. Further, both active and passive JPS were tested. The two modes of testing require kinesthetic memory;
however, active testing represents the proprioception function needed during volitional positioning of the limb in space. It
requires sufficient motor control including muscle ability to exert sufficient force [28]. Patients with OA may have muscle
weakness and inhibition leading to reduced active repositioning accuracy [28,29]. Further, active testing may be limited
by patients’ current pain [9]. Conversely, passive testing requires the individual to recognize a predetermined position when
reproduced passively, without the need for motor control to actuate the contracting muscles. In addition, as the device
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Figure 4. Bland–Altman plot showing agreement between smartphone and isokinetic measurments of passive joint position sense tested at 55� in
asymptomatic individuals (left) and patients with osteoarthritis (OA) (right).

Figure 5. Bland and Altman plot showing agreement between smartphone and isokinetic measurements of passive joint position sense tested at 80� in
asymptomatic individuals (left) and patients with osteoarthritis (OA) (right).
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moves the limb, its external pressure on the skin may result in additional cutaneous sensory input and clues that help the
tested subject in recognizing the target position [9].
4.1. Concurrent validity

The current study provides evidence that the Goniometer Pro smartphone application is a valid alternative to the isoki-
netic dynamometer for assessing active and passive JPS in patients with knee OA and asymptomatic individuals. The two
devices have an absolute agreement that is <1� for passive JPS and 3� for active JPS.

The validity results of the current study contradict those of Unal and colleagues, who reported a significant difference in
active knee JPS measured at 30� and 45� using Goniometer pro application on the iPhone 6 and the isokinetic dynamometer
[13]. However, these authors measured only active JPS in healthy adult volunteers. Further, JPS was measured at different
target angles of 30�, 45�, and 75�. It is also unclear as to whether the two devices were measured simultaneously. Elsewhere,
Romero-Franco et al. validated a photography analysis-based smartphone application (My Proprioception) against photo-
analysis in measuring JPS of ankle and knee joints. Their findings showed significant correlation that supported the applica-
tion’s concurrent validity [18]. Further, Kim et al. [30] validated smartphone use against electrogoniometer and laser pointer
application in assessing knee proprioception in healthy university students. Measurements obtained by the smartphone and
electrogoniometer were not significantly different. In fact, there was a significant correlation between the two assessment
318



Figure 6. Bland–Altman plot showing agreement between smartphone and isokinetic measurements of active joint position sense tested at 45� in
asymptomatic individuals (left) and patients with osteoarthritis (OA) (right).

Table 3
Agreement between the smartphone and isokinetic dynamometer repositioning angle measurements.

Repositioning error angle
(degrees)

Asymptomatic Individuals
(knee, n = 32)

OA patients
(knee, n = 32)

Mean difference 95% LoA Mean difference 95% LoA

Passive JPS 25 0.77 �2.09 to 3.63 �0.16 �2.37 to 2.05
55 0.75 �2.62 to 4.12 0.77 �2.36 to 3.90
80 0.43 �1.37 to 2.23 0.50 �1.58 to 2.58

Active JPS 45 2.35 �3.15 to 7.85 2.76 �5.05 to 10.57

JPS, joint position sense; LoA, limits of agreement; OA, osteoarthritis.

Table 4
Smartphone and isokinetic known-groups validity: median (min–max) are shown.

Repositioning
error angle
(degrees)

Smartphone Isokinetic dynamometer

Asymptomatic individuals
(knee, n = 32)

OA Patients
(knee, n = 32)

P Asymptomatic individuals
(knee, n = 32)

OA Patients
(knee, n = 32)

P

Passive
JPS

25 5.0 (1.0–68.0) 5.3 (1.0–43.6) 0.682 4.0 (0.33–70.0) 6.15 (1.0–44.3) 0.245
55 3.3 (0.6–36.0) 6.3 (0.6–39.0) 0.048* 2.8 (0.6–34.6) 5.15 (0.3–38.3) 0.084
80 3.45 (0.3–14.0) 6.0 (1.6–16.0) 0.001* 2.45 (0.6–12.3) 5.15 (1.3–17.0) <0.001*

Active
JPS

45 7.3 (2.6–25.3) 8.3 (0.6–32.3) 0.372 5.6 (2.0–18.0) 6.45 (1.0–30.3) 0.559

JPS, joint position sense; OA, osteoarthritis.
* Significant (P < 0.05).

Table 5
Smartphone inter-session test–retest reliability.

Repositioning
error angle
(degrees)

Asymptomatic individuals
(knee, n = 32)

OA patients
(knee, n = 32)

ICC 95% CI P SEM MDC ICC 95% CI P SEM MDC

Passive JPS 25 �0.020 �0.892 to 0.476 0.524 12.068 33.429 0.245 �0.372 to 0.607 0.185 7.280 20.165
55 �0.042 �1.184 to 0.497 0.544 5.662 15.683 �0.148 �1.199 to 0.420 0.659 6.562 18.176
80 �0.003 �0.984 to 0.502 0.503 6.034 16.714 0.175 �0.597 to 0.585 0.288 3.550 9.835

Active JPS 45 0.413 �0.221 to 0.716 0.076 5.227 14.479 0.512 �0.006 to 0.763 0.026* 6.989 19.360

CI, confidence interval; ICC, intraclass correlation coefficient; JPS, joint position sense; OA, osteoarthritis; MDC, minimal detectable change; SEM,
standard error of mean. ICCagreement two-way mixed effects model (absolute agreement); SEMagreement=

p
within people residual mean square,

MDCindividual = SEM � 2.77. Agreement strength: excellent (>0.90), good (0.75–0.90), moderate (0.50–0.75), or poor (<0.50).
* Significant (P < 0.05).
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Table 6
Isokinetic inter-session test–retest reliability.

Repositioning
error angle
(degrees)

Asymptomatic individuals
(knee, n = 32)

OA patients
(knee, n = 32)

ICC 95% CI P SEM MDC ICC 95% CI P SEM MDC

Passive JPS 25 �0.071 �1.068 to 0.461 0.580 12.403 34.357 0.244 �0.381 to 0.608 0.188 7.362 20.393
55 �0.315 �1.781 to 0.368 0.769 5.425 15.028 �0.069 �1.088 to 0.465 0.577 6.502 18.011
80 �0.075 �1.092 to 0.461 0.583 5.879 16.284 0.178 �0.616 to 0.590 0.287 3.633 10.065

Active JPS 45 0.442 �0.122 to 0.725 0.052 4.582 12.692 0.622 0.240 to 0.814 0.004* 5.293 14.662

CI, confidence interval; ICC, intraclass correlation coefficient; JPS, joint position sense; MDC, minimal detectable change; OA, osteoarthritis; SEM, standard
error of mean. ICCagreement two-way mixed effects model (absolute agreement); SEMagreement =

p
within people residual mean square,

MDCindividual = SEM � 2.77. Agreement strength: excellent (>0.90), good (0.75–0.90), moderate (0.50–0.75), or poor (<0.50).
* Significant (P < 0.05).

B. Osama Al Saadawy, N. Abdo, E. Embaby et al. The Knee 29 (2021) 313–322
methods (r = 0.6) [30]. However, only the abstract of this study was available in the English language and no further details
could be gathered.

It should be emphasized that several studies have validated the use of smartphones in joint ROMmeasurements, which is
similar to that of proprioception, although variations in population and methodology may exist [16,17].

There are a few other studies that have validated smartphone use to date in assessing proprioception acuity in other
joints. For example, Lee and Han reported a significantly moderate correlation (r = 0.65, ICC = 0.79) between the Sensor
Kinetics Pro application (Innoventions, Inc., Houston, TX, USA) installed on a Galaxy S4 smartphone (Samsung, Seoul, Korea)
and the electrogoniometer in measuring ankle active JPS in 20 healthy young adults [12]. In healthy volunteers, an iPod
Touch (Apple, Cupertino, CA, USA) and a magnetic tracking device showed similar results in a different study assessing active
JPS during shoulder flexion [31].

4.2. Known-groups validity

To the authors’ knowledge, this is the first study to report known-groups validity considering differences in propriocep-
tion acuity between asymptomatic individuals and patients with OA. The smartphone application and the isokinetic
dynamometer were both capable of distinguishing patients and asymptomatic groups during passive JPS at 55� and 80� only.
It is not clear why these particular angles differentiated between the two groups. As this study is an observational association
and not causation study, further explanation cannot be extrapolated. Previous studies have established known-groups valid-
ity based on muscle strength [32], physical performance tests [33,34], patients’ reported outcome measures [35], and gait
parameters [36]. Recently, wearable sensors for functional assessment also showed known-groups validity. With the intro-
duction of artificial intelligence and machine learning in healthcare to improve clinical decision-making [37,38], the avail-
ability of such data, especially those obtained in real-time, are needed to improve prediction precision of patients’ at risk of
developing OA [39,40].

4.3. Test–retest inter-session reliability

In this study, the test–retest reliability of the smartphone application Goniometer Pro was examined after 1 week. Testing
interval in the literature ranged from same day up to 42 days; with a 7-day interval seeming to be the most frequently used
[11]. Thus, this study tested reliability over a 1-week interval as it seemed the most clinically relevant. Only the OA group
showed significant moderate reliability in measuring active JPS, although the MDC magnitude was relatively large reflecting
a potentially high measurement error. The reliability correlation for passive JPS was nonsignificant for all tested ranges in OA
patients and asymptomatic controls alike. It should be emphasized that the data collected simultaneously from the isokinetic
dynamometer also showed similar findings. Test–retest reliability reported in the literature varies among studies based on
participants’ age, JPS testing mode and method, the angle tested, and the interval between testing sessions; with higher reli-
ability gained when the test–retest was performed within the same day [18,30,41,42]. When reliability of active JPS was
measured over a 10-day period using an active moving chair dynamometer between 45� and 75� of knee flexion, which is
close to the tested range in this study, an ICC of 0.36 was reported [41]. The effect of testing angle was also apparent in young
adults when tested after 1–2 weeks; with ICCs ranging from 0.07 to 0.89 [43].

In the current study, the reason behind non-significant reliability between testing sessions is unclear as this is a cross
sectional observational study that assesses association. Initially it was hypothesized that a potential learning effect may have
played a role in the lack of reliability between the two testing sessions [9], however, upon testing the potential learning
effect considering the time and group interactions (Supplementary Tables S1 and S2), a potential learning effect for asymp-
tomatic volunteers was indicated by the significant difference between the two trials only in the 25� of passive JPS testing
(Smartphone and isokinetic dynamometer). For the patients group, a significant difference between the two trials was found
only for active JPS testing at 45� (isokinetic dynamometer); which showed a moderate reliability. Hence, considering the
learning effect and reliability results all together, it seems that a learning effect is unlikely to explain the current results.
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As test validity does not necessarily mean it is reliable to measure what it is supposed to measure, lacking consistency
limits the use of such test for monitoring patients’ progress over time. Thus, it seems only active JPS can be used by smart-
phone application and the isokinetic dynamometer to monitor patients’ progress over a 1-week period. Therefore, future
research is encouraged to assess JPS testing reliability using both methods at different angles and to compare the results with
other reference standards such as photography in order to provide solid conclusions regarding its usefulness in clinical
settings.

4.4. Strengths and limitations

To our knowledge, this is the first study to investigate the concurrent and known-groups validity as well as test–retest
reliability of a smartphone application in assessing passive and active JPS in patients with knee OA and asymptomatic control
participants. In this study, the sample size was calculated. Further, knee active and passive JPS were measured at four dif-
ferent ranges as recommended in the literature. Finally, the two devices were used simultaneously. However, a few limita-
tions still exist. First, patients with OA were not categorized based on disease severity using radiographs or patients-reported
outcome measures; however, this is not expected to affect the results as this is a same-subject design, where patients results
obtained by the two devices (concurrent validity) are compared. Second, control individuals were enrolled based on absence
of clinical signs and symptoms. No further confirmation of radiographic signs was conducted; as the clinical protocols
restrict radiographic investigations to those with clinical manifestations. Third, patients and controls were not matched
based on basic demographics, however, between group comparisons showed no significant differences in all measured vari-
ables. Fourth, the isokinetic dynamometer axis and smartphone position were adjusted based on surface landmarks by man-
ual palpation; however, a standard placement was performed by a single trained assessor using a standardized protocol. In
addition, manual placement is clinically feasible and is the way the phone is expected to be placed and adjusted in real-life
situations. Finally, despite the fact that the smartphone application is validated in this study for JPS testing, as with other
applications, newer updates and versions will need further validation [17].

5. Conclusion
The smartphone Goniometer Pro application is a valid means for assessing knee active and passive JPS in asymptomatic

individuals and patients with OA. However, its reliability was moderate in assessing active JPS in patients with OA over a 1-
week period, but with a large measurement error as indicated by the MDC. Thus, reliability results should be considered with
caution. Further studies are needed to assess the reliability over different periods of time and to explore the validity of other
available applications.
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