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Adaptive walking performance is
related to the hip joint position
sense during active hip flexion
rather than during passive
hip flexion
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1Graduate School of Engineering and Science, Shibaura Institute of Technology, Saitama, Japan,
2Institute of Health and Sport Sciences, University of Tsukuba, Tsukuba-shi, Ibaraki, Japan, 3Faculty of
Health and Sports Science, Juntendo University, Inzai, Chiba, Japan, 4Institute of Health and Sports
Science & Medicine, Juntendo University, Inzai, Chiba, Japan, 5College of Systems Engineering and
Science, Shibaura Institute of Technology, Saitama, Japan
The purpose of this study was to investigate the relationship between hip joint
position sense during active or passive hip flexion and adaptive walking
performance across obstacles. After screening, 30 young men with the right
dominant leg (age, 21 ± 2 years) participated in the experiment. To measure
adaptive walking performance on the first day, the participants stepped over
an obstacle underfoot with the left leg just high enough to avoid touching the
obstacle. The difference between the height of the knee joint at the moment
of crossing the obstacle and the height of the obstacle was normalized to the
lower limb length and used to evaluate performance. To measure hip joint
position sense on the second day, the participants adjusted their left hip joint
angle to the target angle (range of joint motion: 80° of hip flexion) by active
or passive hip flexion using a dynamometer. Although the absolute error in hip
joint position sense during active hip flexion (6.3° ± 4.4°) significantly
correlated with that during passive hip flexion (23.2° ± 11.0°) (r= 0.507,
P < 0.001), a notable difference was observed between the two (P < 0.001).
The normalized knee joint height was significantly correlated with the absolute
error of hip joint position sense during active hip flexion (r=0.477, P < 0.001)
but not during passive hip flexion. The results of this study suggest a strong
association between hip joint position sense under conditions that closely
resemble actual walking behavior and adaptive walking performance, such as
crossing over obstacles.

KEYWORDS

crossing over obstacles, angular velocity, error from the target angle, isotonic
contraction, dynamometer

1 Introduction

Proprioception is the conscious perception of the state of one’s own limbs and trunk

based on afferent signals generated by the peripheral nervous system (1). Joint position

sense, which is one of the three main senses that comprise proprioception and is the

sense that recognizes the position and joint angle of each body part, has a significant

influence on actual physical movements. For instance, previous studies have shown that
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the better the hip and knee joint position sense, the better the

adaptive walking performance in precisely aligning the foot of

the lead limb to the target height (2–4). When walking across an

obstacle by precisely controlling the trajectory of the foot

according to the height of the obstacle, joint position sense,

visual inputs and efference copy are integrated into the central

nervous system, and joint movements are appropriately

controlled as outputs based on these inputs (3, 5, 6). Here,

efference copy refers to the internal duplication of motor

command signals sent from the central brain to peripheral

muscles, which is simultaneously conveyed to sensory brain

regions along with afferent proprioceptive inputs (7–9). On the

other hand, normal participants can reduce errors with obstacles

and accurately cross obstacles with a small clearance height

through repeated practice, even in a walking task, when wearing

goggles that block the lower half of the visual field (10–13). This

observation suggests that joint position sense and efference copy

play a more critical role in adaptive walking performance than

visual inputs. To accurately assess joint position sense in

conjunction with efference copy, it is essential to evaluate joint

position sense during active movements to investigate the

determinants of adaptive walking performance; however, to date,

joint position sense has been evaluated passively, and the

evaluation of joint position sense under such conditions deviates

greatly from the active joint movement in the actual

walking motion.

The physiology of fusimotor drive involves the interaction

between γ-motoneurons and intrafusal muscle fibers (14).

Fusimotor drive, together with the aforementioned efference

copy, is considered to enhance sensory function during active

joint motion compared to passive joint motion, thereby

improving the accuracy of joint position sense measurement (15,

16). This suggests that joint position sense during active joint

movement is more accurate than that during passive joint

movement. In adaptive walking, where the pedestrian barely

steps over an obstacle, the hip joint must be flexed to an

appropriate joint angle at an appropriate speed, and the foot

must be pulled up to a height where it is not just barely caught

by the obstacle. Therefore, it is crucial to measure hip position

sense during active hip flexion to examine its relationship with

adaptive walking performance. The purpose of this study was to

investigate the relationship between hip joint position sense

during active or passive hip flexion and adaptive walking

performance. We hypothesized that a closer relationship exists

between adaptive walking performance and hip joint position

sense during active hip flexion than during passive hip flexion

because of the more accurate hip joint position sense evaluated

by active than by passive hip flexion.
2 Materials and methods

2.1 Participants

Prior to the experiment, the dominant and non-dominant legs

of the 42 potential participants were verified using Waterloo
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Footedness Questionnaire Revised (17). The dominant leg was

determined to be the right leg if the score was 5 or higher and

the left leg if the score was −5 or lower. Owing to the

convenience of setting up the experimental environment, only

participants whose dominant leg was the right leg were selected.

Consequently, 30 young men [age: 21 ± 2 years, height:

172.7 ± 5.7 cm, body mass: 64.0 ± 8.2 kg; mean ± standard

deviation (SD)] participated in the experiment. None of the

participants had a previous or current knee or hip joint injury.

This study was approved by the Ethics Committee of Shibaura

Institute of Technology (No. 22–029) and was conducted in

accordance with the guidelines outlined in the Declaration of

Helsinki. The participants were informed of the study’s purpose

and potential risks and provided written informed consent

before participation.
2.2 Experimental procedures

Measurements were taken on the left leg (i.e., the non-

dominant leg) on two separate days. Adaptive walking

performance was determined on the first day, and hip joint

position sense was measured on the second day. To measure

adaptive walking performance, we employed a walking task in

which participants were instructed to step over an obstacle

underfoot with the left leg just high enough to avoid touching

the obstacle (Figure 1a). To measure hip joint position sense, we

employed a task in which the hip joint angle was adjusted to the

target angle by active or passive hip flexion using a

dynamometer (CON-TREX MJ; Physiomed, Schnaittach,

Germany) (Figure 1b).
2.3 Measurement of adaptive walking
performance

Before measuring adaptive walking performance, the position

of the obstacle was set. The height from the ground to the center

of the lateral malleolus of the participants was measured in

0.1 cm increments using a steel tape measure while the

participants were in a static standing position. The thigh and

lower leg lengths of the participants were also measured with a

steel tape measure in 0.5 cm increments, with the participants in

the same position. Two reference markers for motion analysis

were applied to the lateral malleolus and lateral femoral

epicondyle (one marker for each). A walking trial was then

conducted to set the height of the obstacle using high jump

stands and a 15-mm diameter round aluminum bar. After

determining the appropriate starting position for the participants

to walk over the bar with their left leg on the third step, the

participants walked three steps from the starting position to the

position where the obstacle was placed, lifting their feet as high

as possible (Figure 1a). The participants were instructed to stop

the movement at the position when they raised their foot highest

on the third step, and the length from the ground to the center

of the lateral malleolus of the left leg was measured to the
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FIGURE 1

Experimental setup for measurements of adaptive walking
performance (a) and hip joint position sense (b).
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nearest 0.1 cm using a stainless steel ruler. This trial was performed

10 times, and the following equation was used to determine the

height of the top of the bar from the ground in the subsequent

adaptive walking task:

1
10

X10
i¼1

4
10

(wi � s)þ s

� �

where s is the height from the ground to the center of the lateral

malleolus in the static standing position, and wi is the length

from the ground to the center of the lateral malleolus in the

third step. By making this calculation, the height of the obstacle

was adjusted between individuals to minimize the effect of

individual differences in the hip joint range of motion and lower

limb length (sum of the thigh and lower leg lengths) on the

experimental results.

Adaptive walking performance was recorded using an iPad

camera (iPad Air 5, Apple Inc., Cupertino, USA) positioned to

capture the participants’ walking and obstacles from the sagittal

plane at 240 fps. The participants wore goggles designed to

obscure the lower half of their visual field, and were instructed to
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synchronize one step while walking with one beat of a

metronome at 100 bpm. This speed was determined after

preliminary experiments at several walking speeds, considering

individual differences in height, lower limb length, and stride

length. The first 10 walking trials were practice trials. After each

trial, the participants checked the iPad screen to determine the

degree of hip flexion and the positions of the knee joint and foot

when the lateral ankle of the left leg passed directly over the bar

(Figure 1a). Based on this confirmation, the participants

attempted to adjust the height at which they raised their feet by

flexing their hip joint in subsequent trials. The actual

measurement trials were then repeated until ten successful trials

were achieved. All trials in which the bar did not fall when the

participants stepped over it were considered successful. After all

the videos of the successful trials were copied to a personal

computer, the height of the marker at the epicondyle from the

ground at the moment the lateral ankle of the left leg passed

directly over the bar was measured using ImageJ (ImageJ 1.52a,

National Institutes of Health, Bethesda, USA) for each of the 10

trials. The difference between this height and the height of the

obstacle (from the ground to the top of the bar) was then

calculated. The smaller this difference was, the better the

adaptive walking performance was judged to be. The difference

between the height of the marker at the knee joint and the

height of the bar was then calculated for each trial. The

calculated values were then normalized to the lower limb length

and used for performance evaluation.
2.4 Measurement of hip joint position sense

The participants were placed in the supine position in the

reclining seat of the dynamometer [i.e., the hip joint angle was 0°

flexed (anatomical position)]. This measurement posture differed

from the posture during adaptive walking performance, owing to

the constraints imposed by the dynamometer settings. The lower

left leg was drooped, and the knee joint angle was approximately

90° flexed (anatomical position = 0°). The pelvis, torso, and thigh

of the right leg were secured to the reclining seat of the

dynamometer using non-elastic belts. Care was taken to adjust

the centers of rotation of the hip joint and dynamometer. The

lever arm of the dynamometer was attached to the distal part of

the thigh of the left leg using a non-elastic strap. The

dynamometer was connected to a 16-bit analog-to-digital

converter (PowerLab16/35, ADInstruments, Bella Vista,

Australia) and the data on the joint torque and the joint angle

output from the dynamometer were recorded at a sampling

frequency of 2 kHz on a personal computer using LabChart

software (version 8.1.16, ADInstruments, Bella Vista, Australia).

To determine the resistance during the measurement of hip

joint position sense with active hip flexion, the participants were

asked to perform isometric maximal voluntary contraction

(MVC) with the aforementioned hip and knee joint angles. After

performing warm-up procedures, which comprise submaximal

contractions, the 3-s isometric MVC of the hip flexor was

repeated with a 1-min rest between each repetition until the
frontiersin.org
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difference between the highest and second-highest peak torque

values was within 10%.

Hip joint position sense was initially assessed during passive

hip flexion, followed by an assessment during active hip flexion.

Both conditions included three practice trials, followed by 10

measured trials. In each trial, the starting hip joint angle was set

at 0° of flexion, with the target hip joint angle set at 80° of

flexion (i.e., the range of motion of the hip joint was set to 80°).

Prior to each trial, the participants’ hip joints were passively

moved to the target joint angle, and they were given

approximately 30 s to memorize this position. During the

measurements, participants wore the same goggles used in the

adaptive walking performance to eliminate visual information

regarding hip motion. The absolute error from the target angle

in 10 measurements was determined. The smaller this error was,

the better the joint position sense was.

In the measurement of hip joint position sense during passive

hip flexion, the dynamometer was set up so that the hip joint was

flexed at an angular velocity of 100°/s. The participants were

instructed to hold a numeric keypad connected to the personal

computer on which joint torque and joint angle were recorded,

and press the enter key on the keypad as soon as they felt their

hip joint angle had reached the target angle. To measure hip

joint position sense during active hip flexion, the isotonic mode

of the dynamometer (resistance: 10% of the highest value of

isometric MVC torque) was used. The participants were

instructed to flex their hip joints from 0° to 80° of hip flexion in

approximately 0.6 s, synchronized to a 100 bpm metronome. This

tempo was consistent with that used during the adaptive walking

performance described earlier. Trials in which participants

decelerated and re-accelerated during hip flexion, or transitioned

from hip flexion to extension, were excluded from the analysis.
FIGURE 2

Scatter plots illustrating the relationship between the hip joint
position sense during active and passive hip flexion (n = 300). Ten
data points obtained from the same participant are indicated by
the same symbol using raw data.
2.5 Statistical analyses

All statistical analyses were performed using two statistical

analysis software programs (SPSS 28.0, IBM, USA; JASP version

0.19.2, University of Amsterdam, The Netherlands) and a

spreadsheet (Excel 2016, Microsoft, USA). Statistical significance

was set at P < 0.05.

The data on the absolute error of hip joint position sense,

measured during active and passive hip flexion, as well as the

normalized knee joint height during adaptive walking

performance, were ranked in descending order of performance.

A linear mixed model was employed to examine the differences

between the absolute error of the hip joint position sense during

active and passive hip flexion and to calculate the correlation

coefficients for each combination of the three variables. The

analysis utilized a total of 300 data sets, comprising 30

participants with 10 trials each. Before conducting the above

statistical analyses, the Shapiro–Wilk test was performed on all

variables. The results confirmed that the data for the absolute

error of the hip joint position sense during active and passive hip

flexion did not follow a normal distribution. Accordingly, all data

were log-transformed prior to being subjected to the statistical
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analyses outlined above. For ease of interpretation, data in the

text and figures are presented as means ± SDs of raw data.
3 Results

The normalized knee joint height during adaptive walking

performance was 0.61 ± 0.07. The correlation coefficient between

the hip joint position sense during active (6.3° ± 4.4°) and passive

hip flexion (23.2° ± 11.0°) was significant (r = 0.507, P < 0.001)

(Figure 2), with a notable difference between the two (P < 0.001)

(Figure 3). The normalized knee joint height during adaptive

walking performance correlated with the absolute error of the hip

joint position sense during active hip flexion (r = 0.477, P < 0.001)

(Figure 4a), indicating that those individuals with better joint

position sense evaluated during active hip flexion are able to step

over close to the height of the obstacle. On the other hand, the

correlation coefficient between the absolute error of the hip joint

position sense during passive hip flexion and the normalized knee

joint height during adaptive walking performance could not be

calculated because the coefficient of determination was found to

be negative (R2 =−0.0813). (Figure 4b).
4 Discussion

4.1 Main findings

The main findings of this study were as follows: (1) the absolute

error of the hip joint position sense was smaller during active hip

flexion than during passive hip flexion, and (2) there was a closer

association between the normalized knee joint height during
frontiersin.org
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adaptive walking performance and the absolute error of the hip

joint position sense during active hip flexion than during passive

hip flexion. These findings support the hypothesis of this study.
4.2 Importance of joint position sense
evaluated during active joint movement

Although a significant correlation was observed between the

absolute error of hip joint position sense during active
FIGURE 3

Diagram illustrating the differences in individual values between the
absolute error of the hip joint position sense during active and
passive hip flexion (n= 300). P value was calculated using log-
transformed values for each variable. Ten data points obtained from
the same participant are indicated by the same symbol using raw data.

FIGURE 4

Scatter plots illustrating the relationships between hip joint position sense d
walking performance (a), and between hip joint position sense during passi
performance (b) (n= 300). Ten data points obtained from the same particip
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(6.3° ± 4.4°) and passive hip flexion (23.2° ± 11.0°) (r = 0.507)

(Figure 2), a notable difference was observed between the two

(Figure 3). This finding is in agreement with previous studies that

showed that joint position sense is better during active movement

than during passive movement (15, 18–21). As described in the

Introduction, fusimotor drive and efference copy are possible

factors responsible for the difference in hip joint position sense

during active and passive hip flexion. Muscle spindles, which are

present in skeletal muscles, are proprioceptors that sense the

length and speed of muscle stretching or contraction (16, 22, 23).

The spindle was stretched when the muscle was stretched. The

afferent firing rate also increased as the muscle spindle was

stretched (16, 22). The state of the muscle spindle is regulated by

fusimotor neurons, which play a crucial role in modulating and

transmitting proprioceptive information regarding the transient

position and movement of the associated extremity (24). These

neurons are activated during joint movement. The active action of

fusimotor neurons (i.e., the fusimotor drive described in the

Introduction) adjusts the muscle spindle to an appropriate length,

increases its sensitivity as a proprioceptor, and allows it to send

more signals to the central nervous system (16). In this study,

active hip flexion stretched the hip extensors, which are

antagonist muscles. Given that muscle spindle afferent

information from the lengthening antagonist muscle contributes

to the related joint position sense during voluntary shortening of

the agonist muscle (25, 26), the fusimotor drive in the hip

extensors during active hip flexion may have improved hip joint

position sense. On the other hand, as dscribed in the

Introduction, efference copy—referring to information copied

from centrifugal signals sent from the central brain to peripheral

muscles as motor commands—is transmitted to sensory brain

regions alongside afferent information from proprioception (7–9).

Compared with passive joint movement, more information is

obtained from the central nervous system during active joint

movement, resulting in enhanced sensory function (5, 15).
uring active hip flexion and normalized knee joint height during adaptive
ve hip flexion and normalized knee joint height during adaptive walking
ant are indicated by the same symbol using raw data.
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In the present study, the normalized knee joint height during

adaptive walking performance was correlated only with the

absolute error of hip joint position sense during active hip

flexion (Figures 4a,b). Generally, the amount of parameter

variability affects the degree of correlation (27). The SD of the

absolute error of hip joint position sense was 2.5 times greater

during passive hip flexion (11.0°) than during active hip flexion

(4.4°). Given the above, it is not surprising that the absolute

error of hip joint position sense during passive hip flexion has a

strong correlation with the normalized knee joint height during

adaptive walking performance. Nevertheless, the observation that

the normalized knee joint height during adaptive walking

performance had a clear correlation with the absolute error of

the hip joint position sense during active hip flexion but not

with that during passive hip flexion highlights the strong

influence of hip joint position sense during active hip flexion on

adaptive walking performance. It has been reported that there is

a relationship between athletes’ level of competition and their

proprioceptive performance in active movements (28). However,

to the best of our knowledge, no data have revealed the

importance of joint position sense during active movement for a

specific movement or the joint position sense associated with

that movement. Based on the findings of this study, it is

important to examine the relationship between joint position

sense evaluated during active movements and performance in

various single-joint and multi-joint movements. The adaptive

walking performed in this study involves not only hip joint

movements but also ankle and knee joint movements. With the

rapid advancement of machine learning techniques for analyzing

walking and running patterns (29, 30), it is likely that adaptive

walking movements could be studied in greater detail than was

possible in this study. These factors may have contributed to the

slightly weakened correlation observed between the absolute error

of hip joint position sense during active hip flexion and the

normalized knee joint height during adaptive walking

performance. Further research is needed to explore these aspects.
4.3 Influence of evaluation method of joint
position sense on the interpretation of the
present results

To the best of our knowledge, this is the first study to examine

the relationship between joint position sense evaluated during

active movements and performance in actual joint movements.

Therefore, we discuss in detail the influence of the evaluation

method of joint position sense adopted in this study on the

results in terms of joint range of motion, speed of joint motion,

and measurement posture during joint position sense evaluation.

In this study, the range of motion of the hip joint angle was

considered to be as wide as 80°, assuming actual walking. This

was a wider range of motion than that reported in previous

studies that evaluated hip joint position sense (15°) (2–4). As

mentioned above, the amount of change in muscle spindles is

important in evaluating joint position sense. Large changes in

joint angle and muscle length increase the amount of change in
Frontiers in Sports and Active Living 06
muscle spindles and the amount of signals sent to the central

nervous system (16, 22, 23, 31). In addition to muscle spindles,

cutaneous and joint receptors act as proprioceptors. Cutaneous

receptors are similar to muscle spindles in their ability to sense

skin stretch and contraction, as well as skin movement and

direction (19, 23, 31, 32). Four types of receptors, Meissner

corpuscles, Pacinian corpuscles, Merkel endings, and Ruffini

endings, are responsible for the generation of proprioception (23,

33). When the skin is stimulated by stretching, these receptors

respond and the afferents fire (33). The degree of activity of

afferents innervating cutaneous receptors has been shown to be

linearly related to the degree of skin stretching (34–36). Thus, for

both muscle spindles and cutaneous receptors, the greater the

change in joint angle, the greater the amount of signal sent to

the central nervous system. Therefore, by evaluating joint

position sense over a wide range of joint angles, it is expected

that it will be easier to detect individual differences in the

amount of signal sent to the central nervous system, and thus

individual differences in joint position sense. Joint receptors also

inform the central nervous system when a joint is approaching

its anatomical limit angle (19, 23, 37). In fact, sensory function

increases as joint position approaches the angular limit of joint

range of motion (19, 38, 39). This suggests that it is important to

have a wide range of joint motion and to set the starting and

target joint angles to be very different when assessing joint

position sense.

In this study, the participants were instructed to flex their hip

joints using one beat on a 100 bpm metronome as a guide for

angular velocity when measuring hip joint position sense during

active hip flexion, and the hip joint angular velocity on the

dynamometer was set at 100°/s during the measurement of hip

joint position sense determined by passive hip flexion. Thus,

under both conditions, the joint angular velocity was fast,

consistent with adaptive walking. In other words, no multiple-

joint angular velocities were set under both conditions. This is

because previous studies have shown that the effect of joint

angular velocity on the superiority or inferiority of joint position

sense during both active and passive joint movements is small

(40–42). Hence, it is suggested that the effect of joint angular

velocity during the joint position sense evaluation adopted in this

study had a small influence on the present results. In future

studies, it is expected that there will be no major problems in

evaluating joint position sense during active joint movements if

the setting of the joint angular velocity is standardized

among individuals.

In the present study, the measurement of hip joint position

sense was first performed during passive hip flexion, considering

that the measurement of joint position sense is negatively

affected by muscle fatigue (43). As a result, it is possible that a

learning effect influenced the measurement of hip joint position

sense during active hip flexion. However, in the present study, a

more than 3.5 times difference was observed between the

absolute errors in hip joint position sense during active and

passive hip flexion (6.3° vs. 23.2°; Figure 3). We believe that such

a substantial difference cannot be solely attributed to the

learning effect.
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Owing to the limitations of the dynamometer setup, hip joint

position sense was assessed in the supine position, which did not

match the standing posture used in adaptive walking

performance. In previous studies, the proprioception of the lower

limb joints was reported to differ depending on the posture used

in the measurement (44, 45). Therefore, the aforementioned

discrepancy in measurement posture is a limitation of this study.

However, since the postures at the time of evaluation were

consistent between the participants, it can be inferred that this

discrepancy had little influence on the present results.

This study exclusively included young males with a right-leg

dominance. Future research should investigate whether similar

trends observed in the present study are applicable to individuals

with left-leg dominance, females, and individuals across various age

groups, to evaluate the generalizability of the findings. Furthermore,

it is important to consider the potential influence of confounding

factors, such as participants’ physical activity levels, neuromuscular

performance (e.g., reaction time), and proprioceptive training

histories, which were not accounted for in the present study.
4.4 Conclusion

This study compared hip joint position sense during active hip

flexion with that during passive hip flexion and investigated the

relationship between hip joint position sense during active or passive

hip flexion and adaptive walking performance. Hip joint position

sense during active hip flexion was superior to that during passive

hip flexion, and only the former correlated with adaptive walking

performance. These results suggest a strong association between hip

joint position sense under conditions that closely resemble actual

walking behavior and the performance of adaptive walking, such

as stepping over obstacles. A summary of our key findings is

provided in the graphical abstract (Supplementary Figure S1),

offering a visual representation of the study’s conclusions.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The studies involving humans were approved by the Ethics

Committee of Shibaura Institute of Technology. The studies were

conducted in accordance with the local legislation and

institutional requirements. The participants provided their

written informed consent to participate in this study.
Author contributions

TM: Conceptualization, Investigation, Methodology, Validation,

Visualization, Writing – original draft. KH: Conceptualization,
Frontiers in Sports and Active Living 07
Methodology, Visualization, Writing – review & editing.

NM: Conceptualization, Methodology, Writing – review &

editing. RA: Conceptualization, Funding acquisition,

Methodology, Project administration, Supervision, Visualization,

Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. Partial

financial support was received from JSPS KAKENHI [Grant in

Aid for Scientific Research (B) to RA; Grant Number

JP23H03235/JP23K27925].
Acknowledgments

We would like to thank Editage (https://www.editage.com) for
English language editing.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board

member of Frontiers, at the time of submission. This had no

impact on the peer review process and the final decision.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/journals/sports-and-active-living/

articles/10.3389/fspor.2025.1510447/full#supplementary-material
frontiersin.org

https://www.editage.com
https://www.frontiersin.org/journals/sports-and-active-living/articles/10.3389/fspor.2025.1510447/full#supplementary-material
https://www.frontiersin.org/journals/sports-and-active-living/articles/10.3389/fspor.2025.1510447/full#supplementary-material
https://doi.org/10.3389/fspor.2025.1510447
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/


Matsui et al. 10.3389/fspor.2025.1510447
1. Riemann BL, Lephart SM. The sensorimotor system, part I: the physiologic basis 24. Stratimirović D, Milošević S, Blesić S, Ljubisavljević M. Wavelet analysis of
References
of functional joint stability. J Athl Train. (2002) 37:71–9.

2. Chisholm AE, Qaiser T, Williams AMM, Eginyan G, Lam T. Acquisition of a
precision walking skill and the impact of proprioceptive deficits in people with
motor-incomplete spinal cord injury. J Neurophysiol. (2019) 121:1078–84. doi: 10.
1152/jn.00432.2018

3. Malik RN, Cote R, Lam T. Sensorimotor integration of vision and proprioception
for obstacle crossing in ambulatory individuals with spinal cord injury. J Neurophysiol.
(2017) 117:36–46. doi: 10.1152/jn.00169.2016

4. Qaiser T, Chisholm AE, Lam T. The relationship between lower limb
proprioceptive sense and locomotor skill acquisition. Exp Brain Res. (2016)
234:3185–92. doi: 10.1007/s00221-016-4716-3

5. Lajoie K, Bloomfield LW, Nelson FJ, Suh JJ, Marigold DS. The contribution of
vision, proprioception, and efference copy in storing a neural representation for
guiding trail leg trajectory over an obstacle. J Neurophysiol. (2012) 107:2283–93.
doi: 10.1152/jn.00756.2011

6. Marigold DS. Role of peripheral visual cues in online visual guidance of
locomotion. Exerc Sport Sci Rev. (2008) 36:145–51. doi: 10.1097/JES.0b013e31817bff72

7. Crapse TB, Sommer MA. Corollary discharge circuits in the primate brain. Curr
Opin Neurobiol. (2008) 18:552–7. doi: 10.1016/j.conb.2008.09.017

8. Cullen KE. Sensory signals during active versus passive movement. Curr Opin
Neurobiol. (2004) 14:698–706. doi: 10.1016/j.conb.2004.10.002

9. London BM, Miller LE. Responses of somatosensory area 2 neurons to actively
and passively generated limb movements. J Neurophysiol. (2013) 109:1505–13.
doi: 10.1152/jn.00372.2012

10. Erni T, Dietz V. Obstacle avoidance during human walking: learning rate and
cross-modal transfer. J Physiol. (2001) 534:303–12. doi: 10.1111/j.1469-7793.2001.
00303.x

11. Lam T, Dietz V. Transfer of motor performance in an obstacle avoidance task to
different walking conditions. J Neurophysiol. (2004) 92:2010–6. doi: 10.1152/jn.00397.
2004

12. Van Hedel HJA, Biedermann M, Erni T, Dietz V. Obstacle avoidance during
human walking: transfer of motor skill from one leg to the other. J Physiol. (2002)
543:709–17. doi: 10.1113/jphysiol.2002.018473

13. Van Hedel HJ, Wirth B, Dietz V. Limits of locomotor ability in subjects with a
spinal cord injury. Spinal Cord. (2005) 43:593–603. doi: 10.1038/sj.sc.3101768

14. Jalaleddini K, Minos Niu C, Chakravarthi Raja S, Joon Sohn W, Loeb GE, Sanger
TD, et al. Neuromorphic meets neuromechanics, part II: the role of fusimotor drive.
J Neural Eng. (2017) 14:025002. doi: 10.1088/1741-2552/aa59bd

15. Gritsenko V, Krouchev NI, Kalaska JF. Afferent input, efference copy, signal
noise, and biases in perception of joint angle during active versus passive elbow
movements. J Neurophysiol. (2007) 98:1140–54. doi: 10.1152/jn.00162.2007

16. Prochazka A. Proprioception: clinical relevance and neurophysiology. Curr Opin
Physiol. (2021) 23:100440. doi: 10.1016/j.cophys.2021.05.003

17. Elias LJ, Bryden MP, Bulman-Fleming MB. Footedness is a better predictor than
is handedness of emotional lateralization. Neuropsychologia. (1998) 36:37–43. doi: 10.
1016/S0028-3932(97)00107-3

18. Erickson RIC, Karduna AR. Three-dimensional repositioning tasks show
differences in joint position sense between active and passive shoulder motion.
J Orthop Res. (2012) 30:787–92. doi: 10.1002/jor.22007

19. Fuentes CT, Bastian AJ. Where is your arm? Variations in proprioception across
space and tasks. J Neurophysiol. (2010) 103:164–71. doi: 10.1152/jn.00494.2009

20. Lönn J, Crenshaw AG, Djupsjöbacka M, Pedersen J, Johansson H. Position sense
testing: influence of starting position and type of displacement. Arch Phys Med
Rehabil. (2000) 81:592–7. doi: 10.1016/S0003-9993(00)90040-6

21. Niespodziński B, Kochanowicz A, Mieszkowski J, Piskorska E, Żychowska M.
Relationship between joint position sense, force sense, and muscle strength and the
impact of gymnastic training on proprioception. BioMed Res Int. (2018)
2018:5353242. doi: 10.1155/2018/5353242

22. Kröger S, Watkins B. Muscle spindle function in healthy and diseased muscle.
Skelet Muscle. (2021) 11:3. doi: 10.1186/s13395-020-00258-x

23. Macefield VG. The roles of mechanoreceptors in muscle and skin in human
proprioception. Curr Opin Physiol. (2021) 21:48–56. doi: 10.1016/j.cophys.2021.03.003
Frontiers in Sports and Active Living 08
discharge dynamics of fusimotor neurons. Physica A Stat Mech Appl. (2001)
291:13–23. doi: 10.1016/S0378-4371(00)00495-7

25. Inglis JT, Frank JS. The effect of agonist/antagonist muscle vibration on human
position sense. Exp Brain Res. (1990) 81:573–80. doi: 10.1007/BF02423506

26. Inglis JT, Frank JS, Inglis B. The effect of muscle vibration on human position
sense during movements controlled by lengthening muscle contraction. Exp Brain Res.
(1991) 84:631–4. doi: 10.1007/BF00230975

27. Goodwin LD, Leech NL. Understanding correlation: factors that affect the size of
r. J Exp Educ. (2006) 74:249–66. doi: 10.3200/JEXE.74.3.249-266

28. Han J, Waddington G, Anson J, Adams R. Level of competitive success achieved
by elite athletes and multi-joint proprioceptive ability. J Sci Med Sport. (2015)
18:77–81. doi: 10.1016/j.jsams.2013.11.013

29. Xu D, Quan W, Zhou H, Sun D, Baker JS, Gu Y. Explaining the differences of
gait patterns between high and low-mileage runners with machine learning. Sci Rep.
(2022) 12:2981. doi: 10.1038/s41598-022-07054-1

30. Xu D, Zhou H, Quan W, Jiang X, Liang M, Li S, et al. A new method proposed
for realizing human gait pattern recognition: inspirations for the application of sports
and clinical gait analysis. Gait Posture. (2024) 107:293–305. doi: 10.1016/j.gaitpost.
2023.10.019

31. Proske U, Gandevia SC. The proprioceptive senses: their roles in signaling body
shape, body position and movement, and muscle force. Physiol Rev. (2012)
92:1651–97. doi: 10.1152/physrev.00048.2011

32. Collins DF, Refshauge KM, Todd G, Gandevia SC. Cutaneous receptors
contribute to kinesthesia at the index finger, elbow, and knee. J Neurophysiol.
(2005) 94:1699–706. doi: 10.1152/jn.00191.2005

33. Johansson RS, Flanagan JR. Coding and use of tactile signals from the fingertips
in object manipulation tasks. Nat Rev Neurosci. (2009) 10:345–59. doi: 10.1038/
nrn2621

34. Edin BB. Quantitative analysis of static strain sensitivity in human
mechanoreceptors from hairy skin. J Neurophysiol. (1992) 67:1105–13. doi: 10.1152/
jn.1992.67.5.1105

35. Edin BB. Cutaneous afferents provide information about knee joint movements
in humans. J Physiol. (2001) 531:289–97. doi: 10.1111/j.1469-7793.2001.0289j.x

36. Edin BB, Abbs JH. Finger movement responses of cutaneous mechanoreceptors
in the dorsal skin of the human hand. J Neurophysiol. (1991) 65:657–70. doi: 10.1152/
jn.1991.65.3.657

37. Proske U. A reassessment of the role of joint receptors in human position sense.
Exp Brain Res. (2023) 241:943–9. doi: 10.1007/s00221-023-06582-0

38. Boerboom AL, Huizinga MR, Kaan WA, Stewart RE, Hof AL, Bulstra SK, et al.
Validation of a method to measure the proprioception of the knee. Gait Posture.
(2008) 28:610–4. doi: 10.1016/j.gaitpost.2008.04.007

39. Chen B, Allen T, Proske U. Position sense at the human forearm over a range of
elbow angles. Exp Brain Res. (2021) 239:675–86. doi: 10.1007/s00221-020-05999-1

40. Boisgontier MP, Nougier V. Ageing of internal models: from a continuous to an
intermittent proprioceptive control of movement. Age (Dordr). (2013) 35:1339–55.
doi: 10.1007/s11357-012-9436-4

41. Capaday C, Darling WG, Stanek K, Van Vreeswijk C. Pointing to oneself:
active versus passive proprioception revisited and implications for internal models
of motor system function. Exp Brain Res. (2013) 229:171–80. doi: 10.1007/
s00221-013-3603-4

42. Yoss AL, Zuck BI, Yem JA, Darling WG. High proprioceptive acuity in slow and
fast hand movements. Exp Brain Res. (2022) 240:1791–800. doi: 10.1007/
s00221-022-06362-2

43. Azevedo J, Moreira-Silva I, Seixas A, Fonseca P, Oliveira J, Vilas-Boas JP. The
effect of muscle fatigue on the knee proprioception: a systematic review. J Mot
Behav. (2024) 56:772–804. doi: 10.1080/00222895.2024.2341753

44. Refshauge KM, Fitzpatrick RC. Perception of movement at the human ankle:
effects of leg position. J Physiol. (1995) 488:243–8. doi: 10.1113/jphysiol.1995.
sp020962

45. Stillman BC, McMeeken JM. The role of weightbearing in the clinical assessment
of knee joint position sense. Aust J Physiother. (2001) 47:247–53. doi: 10.1016/
S0004-9514(14)60272-5
frontiersin.org

https://doi.org/10.1152/jn.00432.2018
https://doi.org/10.1152/jn.00432.2018
https://doi.org/10.1152/jn.00169.2016
https://doi.org/10.1007/s00221-�016-�4716-�3
https://doi.org/10.1152/jn.00756.2011
https://doi.org/10.1097/JES.0b013e31817bff72
https://doi.org/10.1016/j.conb.2008.09.017
https://doi.org/10.1016/j.conb.2004.10.002
https://doi.org/10.1152/jn.00372.2012
https://doi.org/10.1111/j.1469-�7793.2001.00303.x
https://doi.org/10.1111/j.1469-�7793.2001.00303.x
https://doi.org/10.1152/jn.00397.2004
https://doi.org/10.1152/jn.00397.2004
https://doi.org/10.1113/jphysiol.2002.018473
https://doi.org/10.1038/sj.sc.3101768
https://doi.org/10.1088/1741-�2552/aa59bd
https://doi.org/10.1152/jn.00162.2007
https://doi.org/10.1016/j.cophys.2021.05.003
https://doi.org/10.1016/S0028-�3932�(97)�00107-�3
https://doi.org/10.1016/S0028-�3932�(97)�00107-�3
https://doi.org/10.1002/jor.22007
https://doi.org/10.1152/jn.00494.2009
https://doi.org/10.1016/S0003-�9993�(00)�90040-�6
https://doi.org/10.1155/2018/5353242
https://doi.org/10.1186/s13395-�020-�00258-�x
https://doi.org/10.1016/j.cophys.2021.03.003
https://doi.org/10.1016/S0378-�4371�(00)�00495-�7
https://doi.org/10.1007/BF02423506
https://doi.org/10.1007/BF00230975
https://doi.org/10.3200/JEXE.74.3.249-�266
https://doi.org/10.1016/j.jsams.2013.11.013
https://doi.org/10.1038/s41598-�022-�07054-�1
https://doi.org/10.1016/j.gaitpost.2023.10.019
https://doi.org/10.1016/j.gaitpost.2023.10.019
https://doi.org/10.1152/physrev.00048.2011
https://doi.org/10.1152/jn.00191.2005
https://doi.org/10.1038/nrn2621
https://doi.org/10.1038/nrn2621
https://doi.org/10.1152/jn.1992.67.5.1105
https://doi.org/10.1152/jn.1992.67.5.1105
https://doi.org/10.1111/j.1469-�7793.2001.0289j.x
https://doi.org/10.1152/jn.1991.65.3.657
https://doi.org/10.1152/jn.1991.65.3.657
https://doi.org/10.1007/s00221-�023-�06582-�0
https://doi.org/10.1016/j.gaitpost.2008.04.007
https://doi.org/10.1007/s00221-�020-�05999-�1
https://doi.org/10.1007/s11357-�012-�9436-�4
https://doi.org/10.1007/s00221-�013-�3603-�4
https://doi.org/10.1007/s00221-�013-�3603-�4
https://doi.org/10.1007/s00221-�022-�06362-�2
https://doi.org/10.1007/s00221-�022-�06362-�2
https://doi.org/10.1080/00222895.2024.2341753
https://doi.org/10.1113/jphysiol.1995.sp020962
https://doi.org/10.1113/jphysiol.1995.sp020962
https://doi.org/10.1016/S0004-�9514�(14)�60272-�5
https://doi.org/10.1016/S0004-�9514�(14)�60272-�5
https://doi.org/10.3389/fspor.2025.1510447
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

	Adaptive walking performance is related to the hip joint position sense during active hip flexion rather than during passive hip flexion
	Introduction
	Materials and methods
	Participants
	Experimental procedures
	Measurement of adaptive walking performance
	Measurement of hip joint position sense
	Statistical analyses

	Results
	Discussion
	Main findings
	Importance of joint position sense evaluated during active joint movement
	Influence of evaluation method of joint position sense on the interpretation of the present results
	Conclusion

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


