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Abstract
Background  Chronic ankle instability (CAI) impairs joint position sense (JPS) and increase the risk of reinjury. Inertial 
measurement units (IMUs) are cost-effective and portable, but their reliability and validity for ankle JPS assessment 
remain uncertain. This study aimed to evaluate the reliability and concurrent validity of IMU-based ankle JPS 
assessment against an isokinetic dynamometer and to compare JPS errors between individuals with CAI and healthy 
controls.

Methods  In a prospective, assessor-blinded, cross-sectional study, adults with CAI (Cumberland Ankle Instability 
Tool ≤ 24) and matched controls performed active joint position reproduction tasks in plantarflexion, dorsiflexion, 
inversion, and eversion with vision occluded. Two IMU sensors recorded joint angles concurrently with a Contrex 
isokinetic dynamometer (reference standard). Absolute error (AE, °) was the primary outcome. Reliability was 
quantified using intraclass correlation coefficients (ICC) of intra-session reliability, standard error of measurement, 
and minimal detectable change; concurrent validity was examined with Bland–Altman analyses. Between-group 
differences and diagnostic utility were evaluated using group comparisons and receiver operating characteristic 
(ROC) analyses.

Results  Both the isokinetic dynamometer and the IMU demonstrated good-to-excellent intra-session reliability 
(dynamometer ICC 0.91–0.96; IMU 0.83–0.90), with larger SEM and MDC₉₅ values for the IMU. Bland–Altman analyses 
showed small negative biases (approximately − 0.4° to − 2.6°) and 95% limits of agreement generally within about ± 5° 
for plantarflexion, dorsiflexion, and inversion, with somewhat wider limits in eversion. Compared with controls, 
participants with chronic ankle instability exhibited significantly greater absolute JPS errors in plantarflexion, 
dorsiflexion, and inversion on both devices, and in eversion when assessed by the IMU. ROC analyses showed 
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Introduction
According to earlier studies, patients with chronic ankle 
instability (CAI) exhibit markedly reduced joint posi-
tion sense (JPS) in the inversion and eversion directions 
of the affected ankle compared with healthy individuals 
[1]. As JPS primarily encodes information regarding joint 
position and angle, the central nervous system (CNS) 
can flexibly modulate joint position control in response 
to task demands, thereby ensuring stable joint posture 
[2]. Therefore, reduced JPS is associated with impaired 
motor function and an increased risk of ankle-related 
sports injuries [3]. Numerous studies have employed var-
ious measurement techniques to identify specific differ-
ences in ankle JPS between patients with CAI and healthy 
controls. However, current research findings regarding 
which specific motion directions exhibit impaired JPS in 
CAI patients relative to healthy controls remain inconsis-
tent due to variations in testing protocols and equipment.

Currently, the assessment of JPS is mainly performed 
using the joint position reproduction (JPR) test [4]. The 
devices employed include electronic goniometers [5], 
isokinetic dynamometers [6], and electronic motion 
monitoring equipment, which further encompasses 
camera-based motion capture systems, 3D calibra-
tion frames, and inertial measurement units (IMUs) [7]. 
Among these, JPS testing with an isokinetic dynamom-
eter by positioning the limb at a predetermined angle 
has been widely accepted [8]. However, due to the large 
size of isokinetic dynamometers, they are not commonly 
used in clinical evaluations. Although electronic goniom-
eters and camera-based motion capture systems can also 
provide reliable data, their high cost, cumbersome test-
ing procedures, and complex data analysis pose practical 
challenges.

In contrast, IMUs are inexpensive, portable, and conve-
nient for testing and are commonly employed to collect 
data during dynamic activities such as running or jump-
ing [9]. Recent studies have demonstrated good agree-
ment between joint angle measurements obtained using 
IMUs and those measured with optical motion capture 
systems [10]. Furthermore, IMUs have been applied in 
the evaluation of proprioception of the cervical spine and 
knee joints [11, 12], showing good reliability and validity 

in specific directions. Nevertheless, since the cervical 
spine and knee joint differ fundamentally from the ankle 
joint in terms of joint type and movement patterns, the 
reliability and validity of IMU-based JPS assessment for 
the ankle remain uncertain. Although previous 2 studies 
have attempted to measure ankle JPS using smartphone 
or tablet applications (equipped with gyroscopes and 
accelerometers), the results have been unsatisfactory; for 
example, ankle JPS required up to ten repeated trials to 
achieve acceptable test–retest reliability [13]. Moreover, 
several methodological flaws were noted, such as the 
absence of Bland–Altman consistency analysis and miss-
ing reports of the standard error of measurement (SEM) 
and minimal detectable change (MDC) [14]. Therefore, 
the use of smartphones for ankle JPS assessment may 
still have considerable limitations. In contrast to smart-
phones, professional IMU sensors provide superior 
resistance to magnetic interference, smaller device size, 
and more rigorous sensor-to-segment calibration pro-
cedures, which may confer higher sensitivity and repro-
ducibility in ankle angle measurement—advantages that 
smartphones cannot offer [15]. Hence, it is necessary to 
explore the reliability and concurrent validity of IMUs for 
ankle JPS testing. To the best of our knowledge, the pres-
ent study may be the first to investigate this issue.

In summary, to address the current research gap 
regarding the reliability and concurrent validity of IMUs 
for ankle JPS assessment, the present prospective, cross-
sectional, controlled study was designed to evaluate the 
intra-session reliability and measurement accuracy of 
IMU-based ankle JPS testing in both healthy individuals 
and patients with CAI, using a Contrex isokinetic dyna-
mometer as the reference standard. In addition, we exam-
ined between-group differences in ankle JPS errors and 
explored the diagnostic utility of ankle JPS measures in 
different movement directions for discriminating chronic 
ankle instability from healthy status using ROC analyses. 
We hypothesized that (1) IMU-based ankle JPS measure-
ments would demonstrate good intra-session reliability 
(expected ICC > 0.80) and a high level of agreement with 
isokinetic dynamometer measurements (no clinically 
relevant systematic bias and acceptable limits of agree-
ment), and that (2) compared with healthy individuals, 

excellent discrimination for plantarflexion (AUC 0.93 for the dynamometer, 0.91 for the IMU), good discrimination for 
dorsiflexion and inversion, and limited, non-significant discrimination for eversion.

Conclusion  IMU-based ankle JPS testing demonstrates good reliability and clinically acceptable agreement with 
isokinetic dynamometry while detecting proprioceptive deficits in CAI, particularly in plantarflexion, dorsiflexion, and 
inversion. It appears to be a practical tool for clinical and sports settings, although eversion measurements were more 
variable and future studies should confirm these findings in larger samples and dynamic, multi-planar tasks.

Keywords  Inertial measurement unit, Ankle joint position sense, Proprioception, Chronic ankle instability, Isokinetic 
dynamometer, Reliability, Validity, Bland–Altman, ROC analysis
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participants with chronic ankle instability would exhibit 
significantly greater absolute errors in ankle JPS testing, 
with ankle JPS errors—particularly in specific direc-
tions—showing meaningful discriminatory performance 
in ROC analyses. The findings of this study are expected 
to provide robust evidence supporting IMU-based pro-
prioceptive assessment of the ankle and to lay a foun-
dation for the clinical adoption of portable tools for 
screening and monitoring proprioceptive deficits.

Methods
Study design
This prospective, assessor-blinded, cross-sectional con-
trolled study was conducted in compliance with the Dec-
laration of Helsinki and received Institutional Review 
Board approval (No. 2025014).

Participants
Inclusion criteria
 

 	•  Healthy Control (CON): Individuals with regular 
exercise habits engage in physical activity at least 
twice weekly. No history of significant ankle sprain 
or other major lower-limb injury.

 	•  Chronic Ankle Instability (CAI): Individuals with 
regular exercise habits engage in physical activity 
at least twice weekly; (1) At least one severe ankle 
sprain in the year prior to the examination; (2) Ankle 
instability, giving away or recurrent sprain sensation, 
and (3) a score of less than 24 on the Cumberland 
Ankle Instability Scale [16, 17].  

Exclusion criteria

 	• History of lower-limb fracture or surgery.
 	• Ankle sprain within the past 6 months.
 	• Acute musculoskeletal injury of other lower-limb 

joints within 3 months.
 	• Visual or vestibular disorders.
 	• Genetic or metabolic diseases.
 	• Clinically relevant postural syndromes (e.g., postural 

deformities or malalignment).

Instrumentation
A wearable IMU system (MyoMotion, Noraxon USA, 
Scottsdale, AZ, USA) and an isokinetic dynamometer 
(Contrex MJ, multi-joint assessment system) were used 
concurrently. To minimize confounding, participants 
were instructed to avoid vigorous lower-limb exercise for 
48 h before testing.

 	• IMU: Two wireless sensors (triaxial accelerometer 
and gyroscope) were secured on the test limb with 
elastic straps: one on the distal tibia (anteromedial 
aspect) and one on the dorsum of the foot (near 
the second metatarsal). Following skin preparation, 
a sensor-to-segment calibration was performed in 
anatomical neutral (ankle neutral; foot perpendicular 
to the floor), setting the angle at 0°. Sampling 
frequency was 100 Hz. Joint angle data were 
recorded in real time using MyoResearch software.

 	• Isokinetic Dynamometer: The lower leg was 
stabilized in the dynamometer fixture, with the 
foot strapped to the footplate and aligned to the 
anatomical ankle axis. During active testing, 
the dynamometer served as the reference angle 
measurement. The device’s angular resolution is 0.1°, 
and its measurement accuracy has been validated 
through calibration and is widely accepted as a 
reference standard.

Procedures

 	• Preparation: Upon arrival, participants completed 
a 5-minute constant-load cycle warm-up, followed 
by dynamic ankle mobility exercises. Participants 
were then seated in the dynamometer with the test 
limb secured. Opaque eye masks were worn during 
all trials to eliminate visual input. The assessor 
explained the tasks and provided two familiarization 
trials of active joint position reproduction (aJPR). 
Additional practice trials were permitted until task 
comprehension was confirmed (Fig. 1). 

 	•  Target-Angle Assignment: To minimize learning and 
order effects, the sequence of target angles across 
directions (plantarflexion, dorsiflexion, inversion, 
eversion) was randomized. For each trial, the ankle 
was moved to the target angle and held for 5 s to 
encode the position, then returned to neutral (0°) 
[18].

 	•  Active Joint Position Sense (aJPS) Task: With 
vision occluded, participants actively reproduced 
the memorized target angle and verbally indicated 
“stop” when they perceived a match. To minimise 
compensatory movements, they were instructed 
to move only at the ankle and to avoid hip or 
knee motion, trunk leaning or rotation, toe 
gripping, and movements of the contralateral leg. 
The assessor continuously monitored for these 
compensations during each trial. The concurrent 
angles were recorded from the dynamometer and 
the corresponding IMU angle was extracted. Each 
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direction consisted of three valid trials, separated by 
approximately 30 s. Trials with protocol violations 
(e.g., premature stop, discontinuous movement, or 
obvious compensatory movement) were discarded 
and immediately repeated once. During all aJPR 
tests, the foot was secured to the dynamometer 
footplate and the ankle was constrained to move 
predominantly in the intended plane (plantarflexion/
dorsiflexion or inversion/eversion). The IMU 
sensors, attached to the distal tibia and dorsum of 
the foot, therefore recorded the three-dimensional 
orientations of these segments during the same 
constrained movements, rather than during fully 
free, unconstrained ankle motion. 

 

Outcome measures
The primary outcome was the absolute error (AE, 
degrees) during aJPS: |reproduced angle − target angle|. 
AE was calculated separately for (i) the dynamometer 
(reference AE) and (ii) the IMU (sensor AE). For analysis, 
the mean AE from the three trials per direction per par-
ticipant was used.

Sample size
Sample size estimation was performed using G*Power 
software (V3.1.9.2; Heinrich Heine University Düsseldorf, 
Germany). Preliminary data from 5 per group were used 
to estimate the effect size. For the independent samples 
t-test, with α = 0.05, power (1–β) = 0.80, and an estimated 
effect size = 1.09, an a priori power analysis indicated that 
a minimum total sample size of 30 would be required.

For intra-session reliability, sample size was planned to 
achieve prespecified precision of ICC estimates. Using 
Bonett’s method (anticipated ICC = 0.80; k = 3; two-sided 
95% CI half-width ΔICC = 0.10), the minimum required 
sample size was 36 participants [19].

For validity and agreement between instruments, 
acceptable error was prespecified (RMSE and/or Bland–
Altman limits of agreement within ± 5–10°) [20–24]. 
Bland–Altman analyses were conducted with 53 paired 
observations per direction, and exact parametric 95% 
confidence intervals for the limits of agreement were 
computed according to Carkeet [25].

Statistical analysis
Analyses were conducted in SPSS 27.0 and GraphPad 
Prism 10 with two-tailed α = 0.05.

Fig. 1  Schematic of the experimental protocol. A–B Lateral view of the participant in the supine position with the knee stabilized by a restraining device. 
C Superior view showing IMU placement and details of the isokinetic dynamometer setup
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Reliability
Test–retest reliability was quantified by ICC value of 
intra-session reliability. Interpretation: poor (< 0.50), 
moderate (0.50–0.75), good (0.75–0.90), excellent (> 
0.90) [26]. The standard error of measurement (SEM = 
SD·√[1 − ICC]) and minimal detectable change at 95% 
confidence (MDC95 = 1.96·√2·SEM) were also calculated.

Agreement (IMU vs. dynamometer)
Bland–Altman analysis assessed bias (mean difference) 
and 95% limits of agreement (LOA = bias ± 1.96·SD of 
differences).

Between-group differences
Mean AE (per direction) was compared between CON 
and CAI. Normality was checked (Shapiro–Wilk). Paired-
samples t-tests were used for normally distributed data 
with equal-variance checks; otherwise, Mann–Whitney 
U tests were applied.

Additional analyses
Based on CAIT scores, diagnostic utility was explored 
using receiver-operating characteristic (ROC) curves 
for IMU- and dynamometer-derived AE, reporting area 
under the curve (AUC), optimal cut-offs, sensitivity, 
specificity, positive/negative likelihood ratios, and pre-
dictive values.

The study flow is depicted in Fig. 2.

Results
Baseline data
There were no significant between-group differences in 
demographic data (P > 0.05). The only significant differ-
ence was that the CON group reported a higher physical 
activity level than the CAI group (P = 0.015; Table 1).

Intra-session reliability
Table  2 summarizes ICC, SEM, and MDC95 for three 
consecutive ankle JPS trials recorded by the isokinetic 
dynamometer and the IMU. Overall, both instruments 
exhibited good-to-excellent reliability (ICC > 0.80). 
The dynamometer demonstrated excellent reliability in 
plantarflexion (ICC = 0.951), dorsiflexion (ICC = 0.955), 
inversion (ICC = 0.909), and eversion (ICC = 0.934). 
The IMU showed excellent reliability in plantarflex-
ion (ICC = 0.903) and good reliability in dorsiflexion 
(ICC = 0.887), inversion (ICC = 0.882), and eversion 
(ICC = 0.829). As expected, the IMU yielded larger SEM 
(0.62–1.19) and MDC95 (1.72–3.29) than the dyna-
mometer (SEM: 0.24–0.34; MDC95: 0.66–0.94), indicat-
ing greater measurement variability. Taken together, the 
IMU demonstrated acceptable intra-session reliability 
when benchmarked against the dynamometer (mean 
ICC > 0.87).

Concurrently validity and agreement
Bland–Altman plots of the agreement between the IMU 
and the isokinetic dynamometer are presented in Fig. 3. 
In the CON group, plantarflexion (Fig.  3A) showed a 
mean difference of -0.40° ± 0.83° (95% CI -0.35° to -0.27°) 
with 95% limits of agreement (LoA) from − 1.67° to 1.58°. 
Dorsiflexion (Fig. 3B) showed a mean difference of -1.58° 
± 1.72° (95% CI -2.22° to -0.94°) with LoA from − 4.96° 
to 1.80°. Inversion (Fig.  3C) showed a mean difference 
of -1.25° ± 2.07° (95% CI -2.02° to -0.48°) with LoA from 
− 5.29° to 2.81°. Eversion (Fig. 3D) showed a mean differ-
ence of -1.40° ± 1.86° (95% CI -2.09° to -0.71°) with LoA 
from − 5.05° to 2.25°.

In the CAI group, plantarflexion (Fig.  3E) showed a 
mean difference of -0.78° ± 2.02° (95% CI -1.65° to 0.09°) 
with LoA from − 4.74° to 3.18°. Dorsiflexion (Fig.  3F) 
showed a mean difference of -2.09° ± 2.14° (95% CI 
-3.02° to -1.16°) with LoA from − 6.38° to 2.10°. Inversion 
(Fig. 3G) showed a mean difference of -2.57° ± 2.14° (95% 
CI -3.50° to -1.64°) with LoA from − 6.76° to 1.61°. Ever-
sion (Fig. 3H) showed a mean difference of -2.39° ± 3.69° 
(95% CI -3.99° to -0.79°) with LoA from − 9.61° to 4.83°.

Between-group comparisons
Between-group findings are shown in Fig.  4. Dyna-
mometer-derived AE was significantly greater in the 
CAI group than in controls for plantarflexion (Fig.  4A, 
P = 0.001, ES = 0.96, 95%CI = 1.26–2.33), dorsiflexion 
(Fig.  4B, P = 0.001, ES = 0.89, 95%CI = 0.76–1.75), and 
inversion (Fig.  4C, P = 0.001, ES = 0.81, 95%CI = 0.84–
1.75), with no significant difference in eversion (Fig. 4D, 
P = 0.056, ES = 1.13, 95%CI = -0.02-1.24). IMU-derived 
AE was significantly greater in CAI across all four direc-
tions—plantarflexion (Fig.  4E, P = 0.001, ES = 1.32, 
95%CI = 1.84–3.31), dorsiflexion (Fig.  4F, P = 0.001, 
ES = 1.61, 95%CI = 0.87–2.66), inversion (Fig.  4G, 
P = 0.001, ES = 2.05, 95%CI = 1.48–3.76), and eversion 
(Fig.  4H, P = 0.019, ES = 2.39, 95%CI = 0.27–2.93)—sug-
gesting higher sensitivity of the IMU to group differ-
ences, particularly for eversion.

Diagnostic utility
ROC analyses are summarized in Table 3; Fig. 5. For the 
dynamometer, plantarflexion showed excellent discrimi-
nation (AUC = 0.933, 95% CI: 0.829–0.983, P < 0.001) with 
sensitivity 95.65% and specificity 76.67%. Dorsiflexion 
also performed well (AUC = 0.878, 95% CI: 0.758–0.951, 
P < 0.001; sensitivity 86.96%, specificity 86.67%). Inversion 
demonstrated good diagnostic value (AUC = 0.876, 95% 
CI: 0.757–0.951, P < 0.001) with high specificity (96.67%) 
and a strong positive likelihood ratio (PLR = 20.87). Ever-
sion showed limited utility (AUC = 0.670, 95% CI: 0.528–
0.793, P = 0.023; sensitivity 69.57%, specificity 66.67%).
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Table 1  Baseline demographic characteristics of the CON and CAI groups
Index CON CAI Effect Sizes P-value
Age (years) 22.17 ± 2.85 21.61 ± 2.71 2.79 0.474

Sex (male/female) 15/15 14/9 0.11 0.43

Height (cm) 167.10 ± 10.95 169.17 ± 7.14 9.49 0.434

Weight (kg) 74.307 ± 10.22 74.261 ± 4.74 8.31 0.984

BMI (kg/m²) 24.32 ± 2.27 25.14 ± 2.33 2.29 0.200

Physical activity level 5.88 ± 2.13 4.67 ± 1.02 1.74 0.015*
CON healthy control group, CAI  chronic ankle instability

*: P < 0.05

Fig. 2  Flowchart of the experimental procedure illustrating participant allocation and the overall study process. CAI: Chronic Ankle Instability; CON: 
Healthy Controls
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Table 2  Intra-session reliability across three consecutive JPS
Isokinetic Dynamometer IMU
ICC 95%CI SEM MDC95 ICC 95%CI SEM MDC95

Plantarflexion 0.951 (0.923, 0.97) 0.30 0.84 0.903 0.846, 0.941 0.62 1.72

Dorsiflexion 0.955 (0.929, 0.972) 0.24 0.66 0.887 0.821, 0.931 0.67 1.87

Inversion 0.909 (0.856, 0.944) 0.34 0.94 0.882 0.813, 0.928 0.92 2.54

Eversion 0.934 (0.895, 0.959) 0.32 0.87 0.829 0.730, 0.896 1.19 3.29
JPS Joint Position Sense, MDC95  95% minimal detectable change, SEM  standard error of measurement

Fig. 4  A–D Between-group comparisons using the isokinetic dynamometer (CON vs. CAI). E–H Between-group comparisons using the IMU (CON vs. CAI)

 

Fig. 3  A–D Agreement of the CON group in isokinetic dynamometer and IMU. E–H Agreement of the CAI group in isokinetic dynamometer and IMU
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The IMU followed a similar pattern, with plantarflex-
ion yielding an AUC of 0.912 (95% CI: 0.801–0.972, 
P < 0.001) and 100% specificity at the optimal cut-off, 
despite lower sensitivity (69.57%). Dorsiflexion and inver-
sion showed good discrimination (AUC = 0.772, 95% CI: 
0.636–0.876, P < 0.001; and AUC = 0.812, 95% CI: 0.681–
0.906, P < 0.001, respectively). Eversion provided the least 
diagnostic value (AUC = 0.637, 95% CI: 0.493–0.765, 
P = 0.089), not reaching statistical significance.

Discussion
The present study examined the intra-session reliability, 
concurrent validity, and diagnostic utility of a wearable 
IMU system for assessing ankle JPS in healthy individu-
als and those with CAI. The main findings were that (1) 
IMU-based aJPR measurements demonstrated good to 
excellent reliability across movement directions, com-
parable to an isokinetic dynamometer; (2) IMU-derived 
ankle angles showed small systematic bias and acceptable 
agreement with the dynamometer in both groups; and 
(3) individuals with CAI exhibited larger JPS errors than 
controls, particularly in plantarflexion, dorsiflexion, and 

inversion, with IMU-based measures in these directions 
showing good discriminative ability for identifying CAI. 
Overall, the findings supported the study hypotheses, 
indicating that IMUs are a reliable and valid tool for ankle 
JPS assessment.

Reliability and advantages of IMU-based ankle JPS 
assessment
The isokinetic dynamometer showed excellent intra-
session reliability, and IMU-based JPS measurements 
also demonstrated good to excellent reliability across all 
movement directions (ICCs = 0.83–0.90), only slightly 
lower than the dynamometer and unlikely to affect clini-
cal interpretation. Previous studies using inertial sensors 
to assess proprioception of other joints have generally 
reported moderate to high reliability. For example, Rahlf 
et al. used IMUs to evaluate knee JPS and reported rel-
atively low reliability for single measurements (ICC ≈ 
0.60), whereas averaging multiple trials was required to 
achieve satisfactory reliability and to distinguish younger 
from older adults [12]. By contrast, single-trial ICCs for 
IMU-based ankle JPS in the present study were already 
in the 0.8–0.9 range, and averaging three repetitions is 
likely to further increase reliability, indicating that IMUs 
can provide excellent reliability for ankle proprioception 
assessment.

Compared with other portable devices used to assess 
ankle JPS, these findings further underline the advantages 
of IMU-based measurements. High reliability with low 
measurement error was achieved with only three rep-
etitions per condition, whereas simpler devices such as 
smartphones typically require more repetitions to reach 
acceptable levels. Chirumbolo reported that an ankle JPS 
ICC of 0.79 for a smartphone-based digital inclinom-
eter was obtained only when ten repeated measurements 
were collected and the best eight were retained [13]. In 
contrast, satisfactory ICC values were achieved here with 
just three repetitions, which may reflect the IMU’s resis-
tance to magnetic interference, its compact form fac-
tor, and more standardized attachment and calibration 

Table 3  Diagnostic value of each index for chronic ankle instability
Index AUC (95%Cl) Cut-off Sensitivity Specificity PLR NLR PPV NPV P value
ID Plantarflexion 0.933(0.829–0.983) > 1.87 95.65 76.67 4.1 0.06 75.9 95.8 0.0001***

Dorsiflexion 0.878(0.758–0.951) > 1.75 86.96 86.67 6.52 0.15 83.3 89.7 0.0001***

Inversion 0.876(0.757–0.951) > 2.66 69.57 96.67 20.87 0.31 94.1 80.6 0.0001***

Eversion 0.670(0.528–0.793) > 1.81 69.57 66.67 2.09 0.46 61.5 74.1 .0234*

IMU Plantarflexion 0.912(0.801–0.972) > 2.73 69.57 100 NA 0.3 100 81.1 0.0001***

Dorsiflexion 0.772(0.636–0.876) > 0.376 73.91 80.00 3.7 0.33 73.9 80.0 0.0001***

Inversion 0.812(0.681–0.906) > 4.51 78.26 80.00 3.91 0.27 75.0 82.8 0.0001***

Eversion 0.637(0.493–0.765) > 7.08 30.43 100 NA 0.7 100 65.2 0.0887
ID  Isokinetic Dynamometer, NA  Missing Value, PLR  positive likelihood ratios, NLR  negative likelihood ratios, PPV  positive predictive value, NPV  negative predictive 
value

*, P < 0.05; ***, P < 0.001

Fig. 5  ROC-based diagnostic performance of the isokinetic dynamom-
eter (a) and IMU (b) for classifying ankle instability
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procedures, together enhancing measurement sensitivity 
and reproducibility.

However, within the present protocol, the slightly lower 
reliability of the IMU compared with the isokinetic dyna-
mometer is likely related to the measurement principles 
of each system. The dynamometer quantifies joint angles 
via a rigid mechanical linkage, whereas the IMU sen-
sors are attached to the skin and are more susceptible to 
soft-tissue artefact, subtle changes in sensor alignment, 
and sensor-fusion or calibration noise, all of which can 
increase trial-to-trial variability. These factors probably 
contributed to the larger SEM and MDC values observed 
for the IMU.

Concurrent validity of IMU-based ankle joint position 
sense measurements
Bland–Altman analysis showed good concurrent validity 
of the IMU against the isokinetic dynamometer in both 
CON and CAI groups. The IMU slightly overestimated 
ankle joint angles (mean differences ≈ − 0.4° to 2.6°), with 
limits of agreement mostly within ± 5° in controls and 
up to ~ ± 7–10° only for eversion, which is small relative 
to the physiological range of ankle motion. These error 
magnitudes are comparable to recent IMU validation 
studies of lower-limb kinematics, where biases of ~ 1–3° 
and RMSE or limits of agreement within ± 5–10° are gen-
erally considered acceptable when compared with optical 
motion capture or dynamometry [20–24].

Agreement was tighter for plantarflexion and dorsi-
flexion than for inversion and eversion, consistent with 
evidence that IMUs are more accurate in predominantly 
sagittal, single-plane movements and less accurate as 
multi-planar components increase [21, 22, 24]. The 
wider limits of agreement in the CAI group, particularly 
for frontal-plane motions, likely reflect greater trial-to-
trial variability in joint position sense in individuals with 
chronic ankle instability, in line with reports of proprio-
ceptive deficits in this population [1, 27, 28].

Clinically, these small biases and acceptable agreement 
support the use of IMU-based joint position measure-
ments as a practical alternative to dynamometer-based 
assessments of ankle joint position sense when large 
equipment is unavailable [20, 21, 23]. However, con-
current validity was established under isokinetic, con-
strained motion that reduces multi-planar movement 
and sensor misalignment, so IMU performance in unre-
stricted functional tasks may be somewhat lower. Further 
studies should examine concurrent validity in more com-
plex multi-planar activities and field settings.

Direction-specific impairments and diagnostic value of 
ankle JPS in CAI
CAI exhibited greater aJPR errors in plantarflexion, dorsi-
flexion, and inversion. These findings are consistent with 

the systematic review by Xue et al., which confirmed that 
individuals with CAI have impaired ankle propriocep-
tion, including both kinesthesia and joint position sense 
[1]. Our results showed a similar pattern, with particu-
larly pronounced inversion JPS errors in CAI, consistent 
with post-injury damage to periarticular mechanorecep-
tors and subsequent reductions in proprioceptive acu-
ity in this plane [2, 29]. Given that inversion is the most 
common mechanism of ankle sprain, these results fur-
ther reinforce the presence of proprioceptive impairment 
following injury.

The diagnostic utility of ankle JPS testing for identify-
ing CAI was also examined. Whether assessed with an 
isokinetic dynamometer or an IMU, aJPR tests in plan-
tarflexion and dorsiflexion demonstrated high sensitivity 
and specificity, with plantarflexion showing the strongest 
discriminative power (AUC: dynamometer 0.93; IMU 
0.91). Most lateral ankle sprains occur with the ankle in 
plantarflexion, during which the anterior and lateral soft 
tissues act as passive restraints. Proprioceptive recep-
tors such as muscle spindles and Ruffini endings, which 
are abundant in muscles, joint capsules, and ligaments [2, 
29], are therefore vulnerable to injury, and their capacity 
to encode and transmit joint position information may be 
compromised hese receptors may also be damaged when 
soft tissue injury occurs. The information acquisition and 
transmission capacity of muscle spindles and Ruffini end-
ings may be impaired [30, 31]. Classic work has identified 
these receptors as primary contributors to JPS [2]; under 
visual occlusion in a plantarflexed posture, impaired 
afferent input from these structures likely underlies the 
larger aJPR errors observed in CAI. Recent studies have 
reported comparable findings [1, 16].

By contrast, the diagnostic utility of eversion was rela-
tively low. For IMU-based measurements, the AUC was 
0.64 and did not reach statistical significance, reflecting 
high variability and substantial overlap between groups. 
Although mean eversion errors differed significantly 
between CAI and controls, the clinical discriminative 
value of eversion appears limited. Plantarflexion, dorsi-
flexion, and inversion showed greater clinical relevance: 
ROC analyses indicated that IMU-measured plantarflex-
ion errors exceeding approximately 2.7° identified ankle 
instability with 100% sensitivity, whereas inversion errors 
exceeding approximately 4.5° corresponded to ~ 80% 
specificity. Clinically, abnormally large aJPR errors in 
these directions can therefore be interpreted as indicative 
of proprioceptive deficits and may aid in screening indi-
viduals at risk of functional ankle instability.

Clinical implications and role of IMUs in practice
The findings of this study have clear clinical implications. 
Proprioceptive assessment can help clinicians—includ-
ing therapists and athletic trainers—identify deficits 
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promptly [1, 32]. By quantifying aJPR errors, individu-
als with sensorimotor control impairments can be rec-
ognized before functional instability becomes clinically 
apparent, enabling targeted preventive training [33–35]. 
Previous studies have shown that targeted propriocep-
tive training can effectively improve JPS in CAI [36]. 
However, due to the lack of reliable and convenient 
assessment tools, routine clinical proprioception testing 
is rarely performed [37]. IMU systems are inexpensive, 
compact, easy to operate, and yield readily interpretable 
results, making them well suited to clinical practice, par-
ticularly in resource-limited settings such as primary care 
hospitals and rehabilitation clinics.

Limitation
This study has several limitations. Reliability was evalu-
ated within a single session only, so the results primar-
ily reflect short-term intra-session repeatability rather 
than true test–retest reliability; future work should adopt 
multi-session designs to examine longer-term stabil-
ity. In addition, only active JPR tasks were used, and the 
inclusion of passive reproduction tasks in subsequent 
studies would help to further clarify the applicability of 
IMU-based assessment. Reliability and concurrent valid-
ity were established under isokinetic, constrained joint 
motion with the ankle fixed to footplate, a setup that 
likely reduced multi-planar motion and soft-tissue arte-
fact and may therefore underestimate measurement vari-
ability. At the same time, these controlled conditions 
closely mirror many clinical and applied contexts that 
use devices with a constrained joint axis, and our find-
ings provide supportive evidence for integrating IMUs 
into such portable systems—particularly in outpatient or 
team-sport settings—to quantify joint motion and joint 
position sense. Generalization of the present results to 
less controlled, field-based environments should nev-
ertheless be made with caution, and future studies are 
needed to confirm IMU performance in more dynamic, 
multi-planar functional tasks.

Conclusion
This study demonstrated that a research-grade IMU 
provides ankle joint position sense measurements with 
good intra-session reliability and acceptable agreement 
with an isokinetic dynamometer in both healthy indi-
viduals and those with chronic ankle instability. IMU-
derived angles showed small systematic underestimation 
and relatively narrow limits of agreement, supporting its 
concurrent validity for constrained, isokinetic ankle JPS 
assessment. Participants with chronic ankle instability 
exhibited larger JPS errors than controls, particularly in 
plantarflexion, dorsiflexion, and inversion. Overall, these 
findings suggest that IMU-based ankle JPS assessment, 
especially in plantarflexion and inversion, may serve as a 

feasible tool for screening and monitoring proprioceptive 
deficits in clinical and sports rehabilitation settings.
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