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The effect of gait feedback training for older people remains unclear, and such training methods have not been adapted in clinical settings. This study aimed to examine whether inertial measurement unit (IMU)-based real-time feedback gait for older inpatients immediately changes gait parameters. Seven older inpatients (mean age: 76.0 years) performed three types of 60-s gait trials with real-time feedback in each of the following categories: walking spontaneously (no feedback trial); focused on increasing the ankle plantarflexion angle during late stance (ankle trial); and focused on increasing the leg extension angle, which is defined by the location of the ankle joint relative to the hip joint in the sagittal plane, during late stance (leg trial). Tilt angles and accelerations of the pelvis and lower limb segments were measured using seven IMUs in pre- and post-feedback trials. To examine the immediate effects of IMU-based real-time feedback gait, multiple comparisons of the change in gait parameters were conducted. Real-time feedback increased gait speed, but it did not significantly differ in the control (p = 0.176), ankle (p = 0.237), and leg trials (p = 0.398). Step length was significantly increased after the ankle trial (p = 0.043, r = 0.77: large effect size). Regarding changes in gait kinematics, the leg trial increased leg extension angle compared to the no feedback trial (p = 0.048, r = 0.77: large effect size). IMU-based real-time feedback gait changed gait kinematics immediately, and this suggests the feasibility of a clinical application for overground gait training in older people.
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1 INTRODUCTION
Decreased gait speed, propulsion, and range of motion of the lower extremities have been reported as typical changes in gait mechanics due to aging and various motor dysfunctions (Boyer et al., 2017). Such changes can lead to decreasing mobility and quality of life and an increased risk of adverse events (Abellan van Kan et al., 2009). Thus, it is important for older people to maintain gait speed as one of the determiners of gait ability.
Previous studies showed that gait speed did not increase by functional training such as resistance training alone (Kim et al., 2001; Ouellette et al., 2004). In order to improve gait ability, it is necessary to establish effective gait training procedures guided by individual gait characteristics (such as gait feedback training) (Franz et al., 2014; Schenck and Kesar, 2017; Genthe et al., 2018; Browne and Franz, 2019; Liu et al., 2020; Liu et al., 2021). Over the recent years, gait practice by using wearable sensors has been reported in clinical applications (Gordt et al., 2018; Hinton et al., 2023; Silva-Batista et al., 2023; Hinton et al., 2024), but its effect on increasing gait speed remains unclear. More specifically, previous studies had conducted gait feedback training using foot motion or foot pressure measured by a sensor attached to the dorsal foot and insole (Sungkarat et al., 2011; Byl et al., 2015). These reports have limited the target of gait feedback training, and it is necessary to establish methods that can be adapted to individual gait abnormalities in order to promote effective walking.
In order to apply an effective gait practice for older people in clinical settings, a system of gait feedback using multiple parameters was considered necessary. In clinical practice and cohort fields, we have analyzed human movement such as gait using inertial measurement units (IMUs) (Miyazaki et al., 2021a; Miyazaki et al., 2021b; Matsuzawa et al., 2021; Araki et al., 2023), and they are utilized in gait practice. However, there are few reports on the effect of gait feedback training performed in clinical practice (Hinton et al., 2023; Hinton et al., 2024), and more clinical data on this subject are needed. We have previously reported an IMU-based gait feedback system with real-time feedback of joint angles during overground gait, which showed increasing gait speed immediately with joint angle changes in young healthy adults (Miyazaki et al., 2023). There are various types of feedback (Sigrist et al., 2013), and our feedback system consists of extrinsic feedback, in which the knowledge of the result is provided by auditory stimulation. In addition, auditory stimulation is reported to be more effective than visual stimulation for dynamic postural control (Hasegawa et al., 2020). Our system uses auditory stimulation, can be implemented with a PC and IMU, making it easy to use in a clinical setting. Therefore, this system may be applicable to overground gait training for older people in clinical settings.
The purpose of this study was to examine whether IMU-based real-time feedback gait for older inpatients immediately changes gait parameters. The findings of this study offer fundamental data regarding effective gait practice for older inpatients in clinical settings. We hypothesized that IMU-based real-time feedback gait would lead to increased gait speed immediately, and specific changes in gait kinematics for each feedback target would also be observed.
2 MATERIALS AND METHODS
2.1 Participants
Seven older inpatients (mean age, 76.0 ± 7.1 years; including three women, four patients with orthopedic conditions, two patients post-stroke, and one patient with metabolic disease) who could walk several minutes without walking aids participated in this study (Table 1). The exclusion criteria were as follows: (1) lower-limb impairments such as pain that affected the measurement of gait and physical performance, (2) severe dementia, and (3) not consenting to participate in this study. Basic information, including disease, age, sex, height, and body mass index, was recorded. In addition, the five-times-sit-to-stand test (FTSS) was used as an indicator of physical performance. The FTSS involved standing up and sitting down five times from a sitting position, as quickly as possible, without pushing off (Mong et al., 2010). In the FTSS, well-trained assessors recorded the time taken to perform five consecutive chair-stands (timed to 0.1 s) from a seated position on a 45-cm-tall chair, with arms folded across the chest.
TABLE 1 | Participants’ demographics.
[image: Table 1]The study was approved by the Ethics Committee on Epidemiological Studies of Tarumizu Central Hospital (approval number: 20-8), and all participants provided written informed consent before participating in the study.
2.2 Feedback trials
As in previous studies (Miyazaki et al., 2023), gait parameters measured before and after the gait trials were compared to examine the immediate effects. During feedback trials, participants were instructed to modify their lower limb motion during gait under three types of feedback, and they walked on a 30-m walkway for 60 s in each trial (Liu et al., 2021; Miyazaki et al., 2023). Three feedback trials were performed (Figure 1): (i) a feedback trial without feedback (no feedback trial) and two feedback trials with real-time feedback during overground gait to (ii) increase the ankle plantarflexion angle during the late stance (ankle trial) and (iii) increase the leg extension angle, which is defined by the location of the ankle joint relative to the hip joint in the sagittal plane (Miyazaki et al., 2019), during the late stance (leg trial). Gait kinematics used as feedback targets were the ankle plantarflexion angle and leg extension angle at late stance. These parameters have been related to propulsion during gait (Hsiao et al., 2015a; Hsiao et al., 2015b; Browne and Franz, 2017; Browne and Franz, 2019), and they could be a feasible target for gait feedback training (Browne and Franz, 2019; Liu et al., 2020; Liu et al., 2021). Before each feedback trial, participants were explained the gait modification during each feedback trial by using verbal instructions and pictures. The details of the explanation were as follows: no feedback trial, “walk at your usual pace during this trial”; ankle trial, “push back the ground harder before you swing your leg so that it makes a beep sound during this trial”; and leg trial, “extend your leg farther backward before you swing your leg so that it makes a beep sound during this trial” (Miyazaki et al., 2023).
[image: Figure 1]FIGURE 1 | Experimental protocol of the IMU-based real-time feedback gait. At pre-gait (spontaneous gait) and post-gait (replicate gait without feedback) measurements, gait parameters were measured using IMUs. Pre-gait measurements also determined the threshold of feedback. During the feedback trials, participants modified gait in response to the beep sound when the participant’s current joint angle (solid line) reached the threshold angle (dot line). The threshold was set at a 20% increase in the peak values of each joint angle during spontaneous gait. IMUs: inertial measurement units.
Before and after each feedback trial, participants walked along the 14-m walkway twice to measure gait parameters using IMUs (Figure 1). Spontaneous and replicate gait were measured pre- and post-feedback trials, and post-gait measurements were made without feedback. Each gait feedback trial consisted of one feedback trial and two gait measurement pre- and post-feedback trials (Figure 1), and they were randomly performed according to the Microsoft Excel Rand function. In addition, an approximate 2-min standing break interval was provided between each trial (Miyazaki et al., 2023). We measured the length of each patient’s right thigh and shank by using a measuring tape before the pre-gait measurement.
2.3 Methodology of the IMU-based real-time feedback gait
IMU-based real-time feedback gait was performed using a mobile PC (One-Mix3Pro, Tech-One Co. Ltd, Tokyo, Japan), and the joint angles calculated by IMUs were displayed on a PC (Figure 1) (Miyazaki et al., 2023). Gait parameters were measured using seven IMUs (MTw Awinda, Xsens, Enschede, NL), and the IMUs consisted of a 3D gyroscope, 3D accelerometer, and 3D magnetometer. The sampling frequency was 100 Hz. The 3-axis acceleration and tilt angles in a global coordinate system were obtained from the magnetic and inertial data using a Kalman filter on MT Manager software (4.7.2, Xsens, the Netherlands). The reliability of IMUs has been reported previously (Ferrari et al., 2010). Before gait measurements, IMUs were attached by elastic belts to the posterior sacrum, bilateral anterior thighs, shanks, and dorsal feet. For the dorsal feet, IMUs were fixed on their shoes (Figure 1). IMUs were also attached frontally and vertically against the frontal plane where possible, and they were calibrated so that the vertical direction of the coordinate system followed the direction of gravity during static standing (Miyazaki et al., 2019). The timing of the maximal posterior tilt angle of the sensor attached to each shank was used to determine the timing of initial contact (Revi et al., 2020). The PC screen displayed the joint angles calculated by the IMUs in real-time, and the threshold of the feedback was set at a 20% increase in the peak values of each joint angle during a spontaneous gait during the pre-feedback trial (Miyazaki et al., 2023). Participants were provided continuous real-time auditory feedback, and beep sounds were emitted when the participant’s current joint angle reached the threshold, during each feedback trial (Figure 2).
[image: Figure 2]FIGURE 2 | Comparisons of the changes in gait parameters. (A) Gait speed, (B) cadence, (C) step length, (D) maximum leg extension angle at late stance, (E) maximum ankle plantarflexion angle at late stance, and (F) increment of velocity at late stance. *: p < 0.05.
2.4 Data analysis
Low-pass filtering was performed on the joint angle, and acceleration data were measured using IMUs with a 10 Hz and 20 Hz cutoff frequency (Arumukhom Revi et al., 2021; Araki et al., 2024). For spatiotemporal parameters, cadence was calculated by identifying heel contact during the maximum posterior tilt angle of the sensor on the shank (Revi et al., 2020). Stride length and gait speed were also calculated based on the walking time measured by IMUs. The joint angles including the hip, knee, and ankle were calculated as relative Euler angles measured from IMUs fixed on the pelvis, thigh, shank, and foot segments (Araki et al., 2023; Miyazaki et al., 2023). In addition, the leg extension angle was determined based on the location of the ankle joint relative to the hip joint in the sagittal plane, estimated from the tilt angle matrix measured by IMUs and the vector of the thigh and shank segment coordinated by segment length (Miyazaki et al., 2019). Previous studies have confirmed the validity of using IMUs to determine these gait parameters (Miyazaki et al., 2019), and maximum ankle plantarflexion angle and leg extension angle during the late stance were calculated (Miyazaki et al., 2023). The increment of velocity was calculated using the anterior acceleration measured with the IMU fixed on the sacrum during late stance, which has also been reported as the association to the impulse of the anterior ground reaction force such as an indicator commonly used as propulsion force (Miyazaki et al., 2019). Thus, data processing was performed using the mathematical software MATLAB R2020a (Mathworks Inc., MA, United States).
2.5 Statistical analysis
The mean values of the variables determined for the bilateral lower extremities during 10 strides (five from the two gait measurements pre- and post-feedback trial, respectively) were used as the representative values. To confirm the normal distribution of the data, the Shapiro–Wilk test was conducted. To examine the immediate effects of the feedback trials (no feedback, ankle, and leg) on each gait parameter, the t-test and Mann–Whitney U-test were conducted. Then, to compare the change in gait parameters before and after the feedback trial, Friedman analysis was performed, and the Bonferroni method or Shaffer method was used to perform the multiple comparisons test. Calculations of r were performed to estimate the effect size of the group comparison. The effect size was classified into small (r = 0.10), medium (r = 0.30), and large (r > 0.50) effect sizes, as described previously (Cohen, 2013). All statistical analyses were performed using the software Statistical Package for the Social Sciences (SPSS 25, IBM, NY, United States), and the significance level was set at p = 0.05.
3 RESULTS
3.1 Spatiotemporal gait parameters
In comparisons of pre- and post-feedback trials (Table 2), the step length was found to be significantly increased after the ankle trial (p = 0.043) and showed a tendency to increase after the leg trial (p = 0.063). Gait speed did not change after the control (p = 0.176), ankle (p = 0.237), and leg trials (p = 0.398). Cadence also did not significantly change after the control (p = 0.237), ankle (p = 0.176), and leg trials (p = 0.237).
TABLE 2 | Individual changes in spatiotemporal and kinematic gait parameters after feedback trials.
[image: Table 2]On comparison of the changes in spatiotemporal gait parameters, Gait speed and stride length did not differ between each feedback trial (Figures 2A, B). Cadence was found to differ significantly between each feedback trial, and it was decreased during the leg trial compared with the no feedback trial (p = 0.023, r = 0.54: large, Figure 2C).
3.2 Kinematic gait parameters
In comparisons of pre- and post-feedback trials (Table 2), ankle plantarflexion angle was found to be significantly increased after the ankle (p = 0.018) and leg trials (p = 0.028). The leg extension angle was significantly increased after the leg trial (p = 0.028). There was a significant increment of velocity after the ankle (p = 0.018) and leg trials (p = 0.018).
On comparison of the changes in kinematic gait parameters, leg extension angle was found to differ significantly between each feedback trial (p < 0.050), and it increased during the leg trial compared with the no feedback trial (p = 0.048, r = −0.49: medium, Figure 2D). The ankle plantarflexion angle and increment of velocity differed between each feedback trial (p = 0.066). The ankle plantarflexion angle showed a tendency to increase after the ankle trial compared with the no feedback trial (p = 0.098, r = −0.432: medium, Figure 2E), and there was a higher increment of velocity after the leg trial compared with the no feedback trial (p = 0.098, r = −0.432: medium, Figure 2F).
4 DISCUSSION
In this study, we examined the immediate effects of IMU-based real-time feedback gait, focused on either the ankle or leg motion, during overground gait on gait kinematics in older inpatients. IMU-based real-time feedback gait in 60 s immediately changed spatiotemporal and kinematic gait parameters according to the feedback targets. Therefore, this study demonstrated the immediate effect of IMU-based real-time feedback gait focused on the motion of each joint, and it suggests the feasibility of its clinical application for overground gait training in older people.
IMU-based real-time feedback increased gait speed and showed a moderate effect size, but it was not significantly different for each feedback trial. In the ankle and leg trials, gait speed changed by a mean of 0.02–0.03 m/s, and a minimal detectable change in gait speed in community-dwelling older people (0.04–0.06 m/s) has not been observed (Perera et al., 2006). A previous report of older adults shows a similar trend, with no immediate increase in gait speed (mean change 0.08 m/s) after gait training in patients following a stroke (Hinton et al., 2023). In healthy participants using this gait training system, gait speed increased immediately after feedback trials (mean change 0.15–0.19 m/s) (Miyazaki et al., 2023), and these increases were close to or larger than 0.17 m/s, which is reported as the minimal detectable change in healthy participants (Meldrum et al., 2014). Of other spatio-temporal gait parameters, step length was increased after the ankle trial, showed a tendency to increase after the leg trial, and showed a large effect size. In addition, change in cadence was smaller in the leg trial than in the no feedback trial. Participants have experienced increased gait speed by changing gait strategies that alter either cadence or stride length or both (Howard et al., 2013; Baudendistel et al., 2021; Tateuchi et al., 2021). An immediate effect was observed in healthy adults, and a moderate to large effect size was shown for older inpatients. Thus, for older people in clinical settings, this gait training system may be effective in increasing gait speed through changing their gait strategy by considering intervention time, fatigue, and other factors.
In gait kinematic parameters, the leg extension angle was also significantly increased after the leg trial (mean change 3.2°), and change in the leg extension angle was larger in the leg trial than in the no feedback trial. The ankle plantarflexion angle was significantly increased after the ankle (mean change 6.4°) and leg trials (mean change 3.3°), and higher increment of velocity was observed after both trials. In addition, the ankle plantarflexion angle was significantly increased in the ankle trial compared to the no feedback trial; meanwhile, there was a higher increment of velocity in the leg trial compared to the no feedback trial. These parameters also showed a moderate or greater effect size. Sufficient forward movement of the center of gravity ensured an increase in leg extension angle (Bowden et al., 2006; Balasubramanian et al., 2007; Turns et al., 2007), which also leads to an increase in the propulsion force (Hsiao et al., 2015a; b; Hsiao et al., 2016; Browne and Franz, 2017). Similar to the leg extension angle, the increment of velocity during the late stance is an indicator of the propulsion force (Miyazaki et al., 2019), and ankle plantarflexion angle also contributes to increase in step length and propulsion force during gait (Hsiao et al., 2015a; Hsiao et al., 2015b; Zelik and Adamczyk, 2016; Browne and Franz, 2017). In addition, the measurement error of the leg extension angle is reported as 1.4°–1.9° (Miyazaki et al., 2019), and the minimal detectable change is also reported as 3.8° for the leg extension angle (Kesar et al., 2011) and 2.6° for the ankle plantarflexion angle (Molina-Rueda et al., 2021); changes in these parameters in the leg and ankle trials of the current study were close to or larger than these figures. These gait kinematics during the late stance would be akin to an increase in push-off power, and we facilitated their immediate change using real-time feedback. Therefore, this IMU-based real-time feedback gait is capable of immediately changing gait parameters related to forward propulsion, giving it the potential to improve walking efficiency in older people in clinical settings.
4.1 Potential implications for effective gait practice for older inpatients in clinical settings
Although the sample was small, we were able to implement the protocol for older inpatients. This study did not show a similar immediate effect to that reported for healthy young participants (Miyazaki et al., 2023), but we believe that the current IMU-based real-time feedback gait system has potential for clinical application. The strength of this system is that multiple parameters can be selected, so it is necessary to consider which parameters are most informative, and further study is needed to realize gait practice using the most appropriate feedback target for individuals. Decreasing ankle push-off and propulsion force at the late stance have been reported as gait parameters that change with aging (Boyer et al., 2017) along with dependence on the proximal joint compared with healthy young adults (DeVita and Hortobagyi, 2000; Hortobagyi et al., 2016; Kuhman et al., 2018; Conway and Franz, 2020). In older adults at risk for mobility, disability showed a faster preferred gait speed and physical function in the group with increased stride length compared with the group with increased cadence (Baudendistel et al., 2021). Conversely, another report demonstrates the relationship between ankle power and forward shift of the center of gravity during gait in older people (Sloot et al., 2021). In this study, the mean values of participants were 1.02 m/s for gait speed and 10.56 s for FTSS. In addition, this study especially showed immediate changes in gait kinematics during ankle trials. Therefore, the ankle motion might be a suitable target of IMU-based real-time feedback gait for efficiently increasing gait speed in older people without physical function decline, who did not meet the criteria for physical function decline in sarcopenia (<1.0 m/s for gait speed and/or 12.0 s for FTSS) (Chen et al., 2020).
4.2 Limitations
Our study had several limitations. First, this study examined only the immediate effect and was not able to examine long-term intervention effects. Second, this system used only auditory feedback, making it difficult to set the threshold between the lower and upper limits. In previous studies, gait feedback training using audio and visual feedback was performed using treadmills and monitors that fitted within the optimal range of thresholds (Schenck and Kesar, 2017; Liu et al., 2020; Liu et al., 2021). Comparisons with other feedback methods such as auditory and vibratory stimulations are also needed. Third, fatigue after each trial was not assessed, and it is unclear whether the intensity of gait feedback was appropriate. Fourth, the small sample size may have increased the variability of outcome measures. Finally, physical function was measured only by FTSS. In this study, participants did not meet the criteria for physical function decline in sarcopenia (Chen et al., 2020). In clinical settings, it is anticipated that this gait training will be implemented for inpatients with poorer physical function. More detailed and varied measurements of physical function, such as individual muscle strength and balance ability, are needed. It is necessary to accumulate several cases to verify the effectiveness of gait training under controlled conditions of disease and physical function. Since the latter systems are not feasible in a clinical setting, we believe that our gait feedback system is more likely to be used in clinical settings. Despite these limitations, this study showed that an immediate change in gait kinematics was observed, and it provides evidence of effective overground gait training for older people in clinical settings.
5 CONCLUSION
In this study, IMU-based real-time feedback gait immediately changed gait parameters according to the types of each joint motion at late stance during overground gait in older inpatients. This IMU-based real-time feedback gait system also allows multiple gait parameters to be selected, which could lead to effective overground gait training using feedback targets appropriate for each inpatient in clinical settings. To achieve effective gait practice in clinical settings for older inpatients, further study is needed to clarify the long-term effects of IMU-based real-time feedback gait on gait parameters and the appropriate target of gait practice for each individual.
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 Declaration of Helsinki and approved by the Ethics Committee on Epidemiological Studies of Tarumizu Central Hospital (approval number: 20-8). 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: writing–original draft, methodology, funding acquisition, formal analysis, and data curation. RK: writing–review and editing, supervision, and methodology. YT: writing–review and editing, investigation, data curation, and conceptualization. DS: writing–review and editing, project administration, investigation, and data curation. SA: writing–review and editing, formal analysis, and conceptualization. HM: writing–review and editing. YU: writing–review and editing. SN: writing–review and editing and investigation. YN: writing–review and editing, formal analysis, and conceptualization. MK: writing–review and editing, supervision, project administration, and methodology.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was partly supported by a research grant from the Mikiya Science and Technology Foundation.
ACKNOWLEDGMENTS
The authors wish to thank Tomokazu Kaji and Toshihiro Takenaka for coordinating this study and Yuki Turuda for building the gait feedback system.
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.
REFERENCES
 Abellan van Kan G., Rolland Y., Andrieu S., Bauer J., Beauchet O. Bonnefoy M., et al. (2009). Gait speed at usual pace as a predictor of adverse outcomes in community-dwelling older people an International Academy on Nutrition and Aging (IANA) Task Force. J. Nutr. Health Aging 13 (10), 881–889. doi:10.1007/s12603-009-0246-z
 Araki S., Kiyama R., Nakai Y., Kawada M., Miyazaki T. Takeshita Y., et al. (2023). Sex differences in age-related differences in joint motion during gait in community-dwelling middle-age and older individuals. Gait Posture 103, 153–158. doi:10.1016/j.gaitpost.2023.05.009
 Araki S., Matsuura H., Miyazaki T., Matsuzawa Y., Nakai Y. Kawada M., et al. (2024). Longitudinal changes in vertical stride regularity, hip flexion, and knee flexion contribute to the alteration in gait speed during hospitalization for stroke. Hum. Mov. Sci. 95, 103227. doi:10.1016/j.humov.2024.103227
 Arumukhom Revi D., De Rossi S. M. M., Walsh C. J., Awad L. N. (2021). Estimation of walking speed and its spatiotemporal determinants using a single inertial sensor worn on the thigh: from healthy to hemiparetic walking. Sensors (Basel) 21 (21), 6976. doi:10.3390/s21216976
 Balasubramanian C. K., Bowden M. G., Neptune R. R., Kautz S. A. (2007). Relationship between step length asymmetry and walking performance in subjects with chronic hemiparesis. Arch. Phys. Med. Rehabil. 88 (1), 43–49. doi:10.1016/j.apmr.2006.10.004
 Baudendistel S. T., Schmitt A. C., Stone A. E., Raffegeau T. E., Roper J. A., Hass C. J. (2021). Faster or longer steps: maintaining fast walking in older adults at risk for mobility disability. Gait Posture 89, 86–91. doi:10.1016/j.gaitpost.2021.07.002
 Bowden M. G., Balasubramanian C. K., Neptune R. R., Kautz S. A. (2006). Anterior-posterior ground reaction forces as a measure of paretic leg contribution in hemiparetic walking. Stroke 37 (3), 872–876. doi:10.1161/01.STR.0000204063.75779.8d
 Boyer K. A., Johnson R. T., Banks J. J., Jewell C., Hafer J. F. (2017). Systematic review and meta-analysis of gait mechanics in young and older adults. Exp. Gerontol. 95, 63–70. doi:10.1016/j.exger.2017.05.005
 Browne M. G., Franz J. R. (2017). The independent effects of speed and propulsive force on joint power generation in walking. J. Biomech. 55, 48–55. doi:10.1016/j.jbiomech.2017.02.011
 Browne M. G., Franz J. R. (2019). Ankle power biofeedback attenuates the distal-to-proximal redistribution in older adults. Gait Posture 71, 44–49. doi:10.1016/j.gaitpost.2019.04.011
 Byl N., Zhang W., Coo S., Tomizuka M. (2015). Clinical impact of gait training enhanced with visual kinematic biofeedback: patients with Parkinson's disease and patients stable post stroke. Neuropsychologia 79 (Pt B), 332–343. doi:10.1016/j.neuropsychologia.2015.04.020
 Chen L. K., Woo J., Assantachai P., Auyeung T. W., Chou M. Y. Iijima K., et al. (2020). Asian working group for sarcopenia: 2019 consensus update on sarcopenia diagnosis and treatment. J. Am. Med. Dir. Assoc. 21 (3), 300–307. doi:10.1016/j.jamda.2019.12.012
 Cohen J. (2013). Statistical power analysis for the behavioral Sciences. China: Taylor & Francis. 
 Conway K. A., Franz J. R. (2020). Increasing the propulsive demands of walking to their maximum elucidates functionally limiting impairments in older adult gait. J. Aging Phys. Act. 28 (1), 1–8. doi:10.1123/japa.2018-0327
 DeVita P., Hortobagyi T. (2000). Age causes a redistribution of joint torques and powers during gait. J. Appl. Physiol. 88 (5), 1804–1811. doi:10.1152/jappl.2000.88.5.1804
 Ferrari A., Cutti A. G., Garofalo P., Raggi M., Heijboer M. Cappello A., et al. (2010). First in vivo assessment of "Outwalk": a novel protocol for clinical gait analysis based on inertial and magnetic sensors. Med. Biol. Eng. Comput. 48 (1), 1–15. doi:10.1007/s11517-009-0544-y
 Franz J. R., Maletis M., Kram R. (2014). Real-time feedback enhances forward propulsion during walking in old adults. Clin. Biomech. (Bristol, Avon) 29 (1), 68–74. doi:10.1016/j.clinbiomech.2013.10.018
 Genthe K., Schenck C., Eicholtz S., Zajac-Cox L., Wolf S., Kesar T. M. (2018). Effects of real-time gait biofeedback on paretic propulsion and gait biomechanics in individuals post-stroke. Top. Stroke Rehabil. 25 (3), 186–193. doi:10.1080/10749357.2018.1436384
 Gordt K., Gerhardy T., Najafi B., Schwenk M. (2018). Effects of wearable sensor-based balance and gait training on balance, gait, and functional performance in healthy and patient populations: a systematic review and meta-analysis of randomized controlled trials. Gerontology 64 (1), 74–89. doi:10.1159/000481454
 Hasegawa N., Takeda K., Mancini M., King L. A., Horak F. B., Asaka T. (2020). Differential effects of visual versus auditory biofeedback training for voluntary postural sway. PLoS One 15 (12), e0244583. doi:10.1371/journal.pone.0244583
 Hinton E. H., Buffum R., Kingston D., Stergiou N., Kesar T. Bierner S., et al. (2024). Real-time visual kinematic feedback during overground walking improves gait biomechanics in individuals post-stroke. Ann. Biomed. Eng. 52 (2), 355–363. doi:10.1007/s10439-023-03381-0
 Hinton E. H., Buffum R., Stergiou N., Kingston D., Bierner S., Knarr B. A. (2023). A portable visual biofeedback device can accurately measure and improve hip extension angle in individuals post-stroke. Clin. Biomech. (Bristol, Avon) 105, 105967. doi:10.1016/j.clinbiomech.2023.105967
 Hortobagyi T., Rider P., Gruber A. H., DeVita P. (2016). Age and muscle strength mediate the age-related biomechanical plasticity of gait. Eur. J. Appl. Physiol. 116 (4), 805–814. doi:10.1007/s00421-015-3312-8
 Howard C., Wallace C., Stokic D. S. (2013). Stride length-cadence relationship is disrupted in below-knee prosthesis users. Gait Posture 38 (4), 883–887. doi:10.1016/j.gaitpost.2013.04.008
 Hsiao H., Knarr B. A., Higginson J. S., Binder-Macleod S. A. (2015a). Mechanisms to increase propulsive force for individuals poststroke. J. Neuroeng Rehabil. 12, 40. doi:10.1186/s12984-015-0030-8
 Hsiao H., Knarr B. A., Higginson J. S., Binder-Macleod S. A. (2015b). The relative contribution of ankle moment and trailing limb angle to propulsive force during gait. Hum. Mov. Sci. 39, 212–221. doi:10.1016/j.humov.2014.11.008
 Hsiao H., Knarr B. A., Pohlig R. T., Higginson J. S., Binder-Macleod S. A. (2016). Mechanisms used to increase peak propulsive force following 12-weeks of gait training in individuals poststroke. J. Biomech. 49 (3), 388–395. doi:10.1016/j.jbiomech.2015.12.040
 Kesar T. M., Binder-Macleod S. A., Hicks G. E., Reisman D. S. (2011). Minimal detectable change for gait variables collected during treadmill walking in individuals post-stroke. Gait Posture 33 (2), 314–317. doi:10.1016/j.gaitpost.2010.11.024
 Kim C. M., Eng J. J., MacIntyre D. L., Dawson A. S. (2001). Effects of isokinetic strength training on walking in persons with stroke: a double-blind controlled pilot study. J. Stroke Cerebrovasc. Dis. 10 (6), 265–273. doi:10.1053/jscd.2001.123775
 Kuhman D., Willson J., Mizelle J. C., DeVita P. (2018). The relationships between physical capacity and biomechanical plasticity in old adults during level and incline walking. J. Biomech. 69, 90–96. doi:10.1016/j.jbiomech.2018.01.006
 Liu J., Kim H. B., Wolf S. L., Kesar T. M. (2020). Comparison of the immediate effects of audio, visual, or audiovisual gait biofeedback on propulsive force generation in able-bodied and post-stroke individuals. Appl. Psychophysiol. Biofeedback 45 (3), 211–220. doi:10.1007/s10484-020-09464-1
 Liu J., Santucci V., Eicholtz S., Kesar T. M. (2021). Comparison of the effects of real-time propulsive force versus limb angle gait biofeedback on gait biomechanics. Gait Posture 83, 107–113. doi:10.1016/j.gaitpost.2020.10.014
 Matsuzawa Y., Miyazaki T., Takeshita Y., Higashi N., Hayashi H. Araki S., et al. (2021). Effect of leg extension angle on knee flexion angle during swing phase in post-stroke gait. Med. Kaunas. 57 (11), 1222. doi:10.3390/medicina57111222
 Meldrum D., Shouldice C., Conroy R., Jones K., Forward M. (2014). Test-retest reliability of three dimensional gait analysis: including a novel approach to visualising agreement of gait cycle waveforms with Bland and Altman plots. Gait Posture 39 (1), 265–271. doi:10.1016/j.gaitpost.2013.07.130
 Miyazaki T., Kawada M., Nakai Y., Kiyama R., Yone K. (2019). Validity of measurement for trailing limb angle and propulsion force during gait using a magnetic inertial measurement unit. Biomed. Res. Int. 2019, 8123467. doi:10.1155/2019/8123467
 Miyazaki T., Kiyama R., Nakai Y., Kawada M., Takeshita Y. Araki S., et al. (2021a). The relationship between leg extension angle at late stance and knee flexion angle at swing phase during gait in community-dwelling older adults. Int. J. Environ. Res. Public Health 18 (22), 11925. doi:10.3390/ijerph182211925
 Miyazaki T., Kiyama R., Nakai Y., Kawada M., Takeshita Y. Araki S., et al. (2021b). Relationships between gait regularity and cognitive function, including cognitive domains and mild cognitive impairment, in community-dwelling older people. Healthc. (Basel) 9 (11), 1571. doi:10.3390/healthcare9111571
 Miyazaki T., Takeshita Y., Shimose D., Kakimoto S., Araki S. Matsuzawa Y., et al. (2023). Immediate effects of real-time feedback during overground gait performed using inertial measurement units on gait parameters in healthy young participants: a cross-sectional study. Mot. Control 27 (4), 844–859. doi:10.1123/mc.2022-0122
 Molina-Rueda F., Fernandez-Gonzalez P., Cuesta-Gomez A., Koutsou A., Carratala-Tejada M., Miangolarra-Page J. C. (2021). Test-Retest reliability of a conventional gait model for registering joint angles during initial contact and toe-off in healthy subjects. Int. J. Environ. Res. Public Health 18 (3), 1343. doi:10.3390/ijerph18031343
 Mong Y., Teo T. W., Ng S. S. (2010). 5-repetition sit-to-stand test in subjects with chronic stroke: reliability and validity. Arch. Phys. Med. Rehabil. 91 (3), 407–413. doi:10.1016/j.apmr.2009.10.030
 Ouellette M. M., LeBrasseur N. K., Bean J. F., Phillips E., Stein J. Frontera W. R., et al. (2004). High-intensity resistance training improves muscle strength, self-reported function, and disability in long-term stroke survivors. Stroke 35 (6), 1404–1409. doi:10.1161/01.STR.0000127785.73065.34
 Perera S., Mody S. H., Woodman R. C., Studenski S. A. (2006). Meaningful change and responsiveness in common physical performance measures in older adults. J. Am. Geriatr. Soc. 54 (5), 743–749. doi:10.1111/j.1532-5415.2006.00701.x
 Revi D. A., Alvarez A. M., Walsh C. J., De Rossi S. M. M., Awad L. N. (2020). Indirect measurement of anterior-posterior ground reaction forces using a minimal set of wearable inertial sensors: from healthy to hemiparetic walking. J. Neuroeng Rehabil. 17 (1), 82. doi:10.1186/s12984-020-00700-7
 Schenck C., Kesar T. M. (2017). Effects of unilateral real-time biofeedback on propulsive forces during gait. J. Neuroeng Rehabil. 14 (1), 52. doi:10.1186/s12984-017-0252-z
 Sigrist R., Rauter G., Riener R., Wolf P. (2013). Augmented visual, auditory, haptic, and multimodal feedback in motor learning: a review. Psychon. Bull. Rev. 20 (1), 21–53. doi:10.3758/s13423-012-0333-8
 Silva-Batista C., Harker G., Vitorio R., Studer M., Whetten B. Lapidus J., et al. (2023). Mobility Rehab visual feedback system for gait rehabilitation in older adults. J. Neuroeng Rehabil. 20 (1), 144. doi:10.1186/s12984-023-01260-2
 Sloot L. H., Malheiros S., Truijen S., Saeys W., Mombaur K. Hallemans A., et al. (2021). Decline in gait propulsion in older adults over age decades. Gait Posture 90, 475–482. doi:10.1016/j.gaitpost.2021.09.166
 Sungkarat S., Fisher B. E., Kovindha A. (2011). Efficacy of an insole shoe wedge and augmented pressure sensor for gait training in individuals with stroke: a randomized controlled trial. Clin. Rehabil. 25 (4), 360–369. doi:10.1177/0269215510386125
 Tateuchi H., Akiyama H., Goto K., So K., Kuroda Y., Ichihashi N. (2021). Strategies for increasing gait speed in patients with hip osteoarthritis: their clinical significance and effects on hip loading. Arthritis Res. Ther. 23 (1), 129. doi:10.1186/s13075-021-02514-x
 Turns L. J., Neptune R. R., Kautz S. A. (2007). Relationships between muscle activity and anteroposterior ground reaction forces in hemiparetic walking. Arch. Phys. Med. Rehabil. 88 (9), 1127–1135. doi:10.1016/j.apmr.2007.05.027
 Zelik K. E., Adamczyk P. G. (2016). A unified perspective on ankle push-off in human walking. J. Exp. Biol. 219 (Pt 23), 3676–3683. doi:10.1242/jeb.140376
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.
Copyright © 2024 Miyazaki, Kiyama, Takeshita, Shimose, Araki, Matsuura, Uto, Nakashima, Nakai and Kawada. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-15-1384313-t001.jpg
sease Age (y) Sex Weight (kg) Comfortable gait speed (m/s) SS (s)
1 TKA 8 M 159 846 133 605
2 o ‘ 73 P 155 633 083 1351
» 3 1Cs ‘ n 144 67.1 095 895
4 VCE \ 71 P 156 540 | 103 [ 136
5 a \ 73 M 160 734 123 10.69
6 a | 88 M 149 45.1 079 844
4 DM ‘ 85 M 158 | 124 101 12,68
mean D | - ‘ 76e71 | - | 1542005 Gasin 102 £ 018 | 05626

TKA, total knee arthroplasty; LCS, lumbar canal stenosis; VCF, vertical compression fracture; Cl, cerebral infarction; DM, diabetes mellitus; M, male; F, female; FTSS, five-times-sit-to-stand test.





OPS/images/fphys-15-1384313-t002.jpg
No feedback trial Ankle trial Leg trial

Pre Post Change Effect Post Change Effect pre Post  Change
(rate) Size (rate) Size (rate)

‘ Spatiotemporal parameters

Gait speed 102+ | 1L03% 004 % 051 105+ | 108+ 003 % 045 L0 | 1123 002 % 032
(m/s) 02 02 0.1 (+42%) 02 02 0.1 (+3.1%) 02 03 0.1 (+22%)

Stride 103+ 106+ 003 = 045 106+  L12: 0.06 = 077 LI0: | L8+ 008 + 070
length (m) o1 02 0.1 (+26%) 02 01 0.1 (+5.2%) 02 02 0.1 (+74%)

Cadence 1181 = 1197 & 1.60 + 0.45 118.1 £ 1153 ¢ 275 -0.51 1198 = 1137 = -6.05 -045
(steps/min) 7.1 60 33 (+1.4%) 79 74 43 (-2.3%) 43 126 100 (-5.0%)

Kinematic parameters

Ankle 226 228+ 029 = 0.06 24t 288 & 6.39 = 0.89 LA 243 337 0.83

plantarflexion 6.8 62 2.0 (+1.3%) 6.6 7 4.4 (+28.5%) 6.5 92 3.3 (+16.1%)

angle ()
Leg extension 219+ 217 % ~0.17 £ ~0.06 22% 234 % 123 ¢ 0.58 233 26.6 = 323+ 0.77

angle ) 23 26 1.2 (-0.8%) 33 38 1.5 (+5.5%) 4.8 49 3.0 (+13.8%)
Increment of 032+ 031+ -0.01 + -0.26 032 036 + 0.03 + 0.89 033+ 038 + 0.05 + 0.89
velocity (m/s) 0.02 0.03 0.02 (-2.2%) 0.04 0.04 0.01 0.05 0.05 0.03

(+10.2%) (+14.5%)

Values are expressed as mean + SD.
Bold font of values represents a significant difference at p < 005 between pre- and post-trial.
Tha alloct iioe wis chassbed di small (= 0:10); sediiin 0= 030); and Janip G 5 0.50)






OPS/xhtml/nav.xhtml
Contents

		Cover

		Inertial measurement unit-based real-time feedback gait immediately changes gait parameters in older inpatients: a pilot study		1 Introduction

		2 Materials and methods		2.1 Participants

		2.2 Feedback trials

		2.3 Methodology of the IMU-based real-time feedback gait

		2.4 Data analysis

		2.5 Statistical analysis





		3 Results		3.1 Spatiotemporal gait parameters

		3.2 Kinematic gait parameters





		4 Discussion		4.1 Potential implications for effective gait practice for older inpatients in clinical settings

		4.2 Limitations





		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
’ frontiers | Frontiersin Physiology

Inertial measurement unit-
based real-time feedback gait
immediately changes gait
parameters in older inpatients: a
pilot study





OPS/images/fphys-15-1384313-g001.gif
Pre-gait

Post-gait
measurement

measurement

-

Feedback trials

1 roa i foodback (esholds: +20% pre-spontaneous ga)  oach 1a

(ffe_comovermontor

o

—
=
ot anglsor s

No feedback trial Ankle trial Log trial
peskaniiopariatiaxin | | Peakleysxensan onle
N S e ot tsstance. atlte .






OPS/images/fphys-15-1384313-g002.gif
€
% 01 ]
Y
;
8
.
. .
U S
. g
g ]
T 005
e | [
i o
g 2
i .
o e el @









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
¥ frontiers | Frontiers in Physiology





