

  sensors-21-02379




sensors-21-02379







Sensors 2021, 21(7), 2379; doi:10.3390/s21072379




Article



Measurement and Correction of Stooped Posture during Gait Using Wearable Sensors in Patients with Parkinsonism: A Preliminary Study



Se Hoon Kim 1, Seo Jung Yun 1[image: Orcid], Quoc Khanh Dang 2,3[image: Orcid], Youngjoon Chee 3, Sun Gun Chung 1, Byung-Mo Oh 1,4[image: Orcid], Keewon Kim 1[image: Orcid] and Han Gil Seo 1,*[image: Orcid]





1



Department of Rehabilitation Medicine, Seoul National University Hospital, Seoul 03080, Korea






2



MKS Instruments Korea, 543 Beonji, Daedeok Techno Valley, Yongsan-dong, Yuseong-gu, Daejeon 34028, Korea






3



School of Electrical Engineering, Biomedical Engineering, College of Engineering, University of Ulsan, Ulsan 44610, Korea






4



National Traffic Injury Rehabilitation Hospital, Yangpyeong-gun 12564, Korea









*



Correspondence: hgseo80@gmail.com; Tel.: +82-2-2072-1659; Fax: +82-2-743-7473







Academic Editor: Jeffrey M. Hausdorff



Received: 25 February 2021 / Accepted: 25 March 2021 / Published: 30 March 2021



Abstract

:

Stooped posture, which is usually aggravated during walking, is one of the typical postural deformities in patients with parkinsonism. However, the degree of stooped posture is difficult to quantitatively measure during walking. Furthermore, continuous feedback on posture is also difficult to provide. The purpose of this study is to measure the degree of stooped posture during gait and to investigate whether vibration feedback from sensor modules can improve a patient’s posture. Parkinsonian patients with stooped posture were recruited for this study. Two wearable sensors with three-axis accelerometers were attached, one at the upper neck and the other just below the C7 spinous process of the patients. After being calibrated in the most upright posture, the sensors continuously recorded the sagittal angles at 20 Hz and averaged the data at every second during a 6 min walk test. In the control session, the patients walked with the sensors as usual. In the vibration session, sensory feedback was provided through vibrations from the neck sensor module when the sagittal angle exceeded a programmable threshold value. Data were collected and analyzed successfully in a total of 10 patients. The neck flexion and back flexion were slightly aggravated during gait, although the average change was <10° in most patients in both measurement sessions. Therefore, it was difficult to evaluate the effect of sensory feedback through vibration. However, some patients showed immediate response to the feedback and corrected their posture during gait. In conclusion, this preliminary study suggests that stooped posture could be quantitatively measured during gait by using wearable sensors in patients with parkinsonism. Sensory feedback through vibration from sensor modules may help in correcting posture during gait in selected patients.
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1. Introduction


Postural deformities are one of the major abnormalities observed in >30% of patients with Parkinson’s disease (PD) and may result in stooped posture, dropped head syndrome and Pisa syndrome [1,2]. The prevalence of camptocormia, an abnormal flexion of the thoracolumbar spine during standing and walking, is known to be around 3–18% in patients with PD [3]. Unlike kyphoscoliosis, stooped posture is mostly reversible and can be corrected if patients are directed to stand upright or lean against the wall. However, the posture usually worsens again as the time spent standing or walking increases.



The possible pathogenesis of stooped posture in PD can involve a mechanism of the central nervous system such as overactivity of the flexor muscles due to abnormal activity of the basal ganglia, a form of dystonia, paraspinal myopathy and medications in PD [3,4]. There are many views as to why stooped postures occur in patients with PD. Some argue that the stooped posture is a reward strategy to improve gait initiation and balance [5]. However, it is known that a stooped posture can cause back pain (one of the most common types of pain in PD) [6,7], gait disturbance, dysphagia and even dyspnea [1,8]. Although many treatments have been proposed to date for other symptoms such as gait and balance problems [9], there is still no clearly proven treatment for stooped posture in patients with parkinsonism. Moreover, there has been no consistent method for evaluating the effect of treatment for stooped posture [3]. Even in recent studies, the measurement of bent posture is mostly performed in the static state using only photography or radiography [10,11,12]. These modalities cannot accurately measure the flexion angle during gait, which limits the evaluation of treatment effects.



Sèze et al. [13] reported the results of lateral posture measurement during gait by using a three-dimensional (3D) camera system, an optoelectronic system for kinematic analysis, in patients with PD with camptocormia. They found that the horizontal distance between the C7 and S1 bones, which indicates the degree of postural bending, was significantly increased in the late phase compared with the early phase of gait. They also suggested that postural measurements obtained during walking could more accurately reveal the deleterious effects of camptocormia on the quality of life than measurements taken in the static state. However, such a measurement system is expensive and can only be used in specific environments, making it difficult to utilize in daily clinical practice.



Wearable sensors have recently been used for various purposes in the medical field. There have been attempts to quantify postural stabilities using wearable sensors in patients with PD [14,15]. Furthermore, there have been other attempts to use wearable sensors for home-based gait training in patients with PD [16,17]. Our previous study showed that measurement of the forward flexion angles of the neck and back using wearable sensors is a valid method compared with the use of a 3D camera system during simulated parkinsonian gait in healthy volunteers [18].



It is known that various cueing modalities have a positive effect on exercise training in patients with PD [19,20]. Verbal, visual or sensory cues are sometimes helpful to correct a patient’s posture during walking. There have been many attempts of cueing to improve the gait and posture of patients with PD including open-loop cueing and further closed-loop cueing that provides feedback in a real-time manner [21]. However, continuous feedback on posture is difficult to provide during activities. Wearable sensors not only can be utilized for quantitatively evaluating characteristic postural abnormalities in patients with PD during gait, but also can be used for the purpose of training to maintain proper posture during walking by providing vibratory sensory stimulation through sensors. Since the sensors that we validated in our previous study can accurately measure the sagittal angle in real-time even during gait, it is expected that the sensors can provide continuous feedback on posture in patients with PD. Therefore, the objectives of this preliminary study were to measure the degree of stooped posture by using wearable sensors during walking in patients with parkinsonism and to investigate whether sensory feedback using vibration from sensor modulescan improve the posture of these patients.



The paper is structured as follows. Section 1 describes a brief introduction related to the stooped posture in patients with PD and the need for wearable sensors that can provide feedback in a real-time manner. Materials and methods including study subjects, design, how the sensor works, outcome measures and method of statistical analysis are presented in Section 2. Then, the results of this study are depicted in Section 3. Finally, in Section 4 and Section 5, we will discuss the results obtained through the study and present the conclusions of this study.




2. Materials and Methods


2.1. Participants


Patients with parkinsonism with stooped posture were recruited from the rehabilitation outpatient clinic of our hospital. The inclusion criteria were (1) clinically diagnosed parkinsonism including idiopathic PD, multiple system atrophy (MSA) and progressive bulbar palsy; (2) stooped posture due to forward flexion of the thoracolumbar region; (3) ability to walk independently; and (4) age > 18 years. The diagnostic criteria for idiopathic PD followed UK Parkinson’s Disease Society Brain Bank criteria [22] and the diagnosis for MSA followed 2nd consensus of the Gilman criteria [23]. Stooped posture was defined as a stage 2 (Definite flexion, scoliosis, or leaning to one side, but patient can correct posture to normal posture when asked to do so) or higher in the “3.13 posture” item on Movement Disorder Society–Unified Parkinsons Disease Rating Scale (MDS-UPDRS) part III [24]. The exclusion criteria were (1) fixed kyphosis that cannot be improved by leaning or lying down; (2) difficulty in measuring posture because of severe dyskinesia or tremors; (3) cognitive impairment that impedes understanding the research contents; and (4) other neurological, orthopedic, or medical disease that restricts gait. Before the study, the patients’ characteristics, diagnosis, disease duration and HnY stage were collected. All patients provided written informed consent and voluntarily agreed to participate in the study. The study protocol was approved by our institutional review board (approval No. 1706-002-855).




2.2. Study Design


The present study was designed as a preliminary investigation of the feasibility and efficacy of wearable sensors for the assessment of stooped posture in patients with parkinsonism. First, two wearable sensors were attached, one at the C2-3 spinous process area (neck sensor) and the other in the C7-T1 spinous process area (back sensor) of the patients (Figure 1). Then, each patient underwent a 6 min walk test two times (control session, vibration session). The sequence of sessions was randomized according to the order of participation and there was a 10 min break between the sessions. The absolute sagittal angles in the most upright posture before walking and the mean changes of the sagittal angles during walking were measured in each patient. For safety, all patients wore a waist belt with a handle and a researcher accompanied each patient while walking.



In the control session, the wearable sensors only measured the flexion angle without providing sensory feedback. In the vibration session, the sensors not only measured the flexion angle but also stimulated the patients with vibration. Sensory feedback was provided through vibrations from the neck sensor when the sagittal angle of the neck became lower than the threshold angle. The threshold angle was set to 10° or 20° according to the judgment of a physiatrist considering the patient’s performance. The back sensor measured the flexion angle but did not provide any vibration. Before beginning the session, the patients were instructed to correct their posture according to the sensory cue from the neck sensor.




2.3. Measurement of Angles and Vibration Feedback


The sensor module includes a three-axis accelerometer (BMA250; Bosch, Blaichach, Germany), a Bluetooth integrated microprocessor, a flash memory and a vibrator. The accelerometer has a programmable functionality ranging from ±2 g to ±16 g with 0.8 mg/√Hz output noise. In this application, the sensor was configured to work at ±2 g range with a sensitivity of 256 LSB/g. The flexion angle can be estimated by observing the projections of the gravitational acceleration on the sensor’s axes. The estimated flexion angle was stored in the flash memory each second then the data was analyzed offline using MATLAB. Before walking, the patients were asked to stand in the most upright posture. The absolute sagittal angles were measured as the baseline neck and back angles (90° when standing perpendicular to the ground).



The sensors were calibrated in the most upright posture before the patients started walking (defined as 0°). Then, the sensors continuously recorded the sagittal angles at 20 Hz and averaged the data at every second during a 6 min walk test. To eliminate artifacts from walking and tremor motions in patients with parkinsonism, an averaging algorithm was applied to the accelerometers.



It was proved that the human walking movement is sinusoidal in the lateral and vertical direction where the vertical movement frequency is double the lateral movement frequency [25]. That means the movement artifacts in each axis can be easily eliminated from the accelerometer data by averaging the data in each gait cycle. Since the forward acceleration in 6 min walking test is approximated to be linear, the accelerometer data after human artifact removal only represents the gravitational force. Thus, the inclination angle  α  can be estimated from the accelerometer output   a =    [   a x     a y     a z   ]   T  ∈  ℜ 3    by the following equation


  α =   tan   − 1       a ¯  x        a ¯  y 2  +   a ¯  z 2       








where     a ¯  i  =  1 N    ∑   k = 1  N   a   i k      is the average of  N  accelerometer data in  i  -axis    (  i =  {  x , y , z  }   )   . In accordance with the results concluded in the previous studies [26,27], the average walking cadence of the Parkinson’s disease patients is about  2  steps per second (  103 ~ 129   steps per minute). In other words, one gait cycle is approximately one second. Therefore,  N  was chosen as   20   to eliminate the movement artifacts in each sensor axis since the sensor samples at   20    Hz   . This measurement has been validated in healthy participants by comparing it with a 3D camera system with markers (Optitrack), with mean absolute errors of 0.9–1.5° [18].



In the vibration session, sensory cue in the form of vibration feedback was provided from the neck sensor based on real-time angle determination. The vibration was provided as soon as the neck angle exceeded the threshold in each patient. The vibration signal had a 140 Hz frequency, 200 ms duration and 0.012 W power. The signal was continuously provided at 1 s intervals until the patient corrects the posture to below the threshold.




2.4. Outcome Measures


The changes of neck and back flexion angles were recorded every second during the control and vibration sessions. Individual data was graphed to examine the feasibility and efficacy of the sensors in each patient. The average changes of forward flexion angle of the neck (Mean_N) and back (Mean_B) were calculated from the data. The neck and back flexion angles in the most upright posture (Base_N, Base_B) before beginning the sessions and the total distance in the 6 min walk test were recorded. Heart rate (HR) and ratings of perceived exertion (RPE) in the Borg scale were also measured at the beginning and end of each test.




2.5. Statistical Analysis


The normality of data was evaluated using the Shapiro–Wilk test to determine whether the distribution of values (Base_N, Base_B, Mean_N, Mean_B, HR, RPE and distance) followed a normal distribution. Paired t-test and Wilcoxon signed-rank test were used to compare the values between the vibration and control sessions according to the normality of each value. To measure the effect size, Cohen-d or Cliff-delta index was used according to the normality of each value. Statistical analysis was performed using SPSS version 19 (SPSS Inc., Chicago, IL, USA) and p < 0.05 was considered statistically significant.





3. Results


3.1. Participants’ Characteristics


A total of 12 patients who met the criteria participated in the study. Two patients were excluded from the analysis because they made unintended thoracolumbar flexion and extension movements during the test. Finally, the data of 10 patients (two male patients, eight female patients) were collected. The mean patient age was 70.6 ± 5.76 years. Of the 10 patients, nine had idiopathic PD and one had MSA-parkinsonian type. The median HnY stage was 2.75 (interquartile range 0.5) and the mean duration of disease was 7.16 ± 4.35 years. The patients’ demographics and details of diagnosis are summarized in Table 1.




3.2. Measurements of Flexion Angles


The results of the study are shown in Table 2. Four patients (#1, #2, #5, #6) began with the control session and six patients (#3, #4, #7, #8, #9, #10) started with the vibration session. The threshold of vibration was 20° in patients #1–#4 and 10° in patients #5–#10. Base_N and Base_B in the vibration session (96.5 ± 5.25° and 73.0 ± 17.84°) were both significantly higher than those in the control session (90.7 ± 8.84° and 70.0 ± 15.15°) (p = 0.026 and 0.043, respectively).



The neck flexion and back flexion were somewhat aggravated during gait, although the average change was <10° in most patients. Only two patients (#7, #10) showed a >10° change in the neck and back angles in both sessions. The number of vibrations was >200 in two patients (#7, #10) and 10–30 in five patients (#1, #2, #6, #8, #9), whereas there was no vibration stimulation in three patients (#3, #4, #5).



Mean_N in the control session was 8.32 ± 7.84° and that in the vibration session was 6.88 ± 7.55°. On the other hand, Mean_B in the control session was 6.65 ± 6.63° and that in the vibration session was 8.75 ± 11.93°. As both Mean_N and Mean_B data followed a normal distribution, paired t-test and Cohen-d were used. Both results were not statistically significant (p = 0.449 and 0.319, respectively) and the effect sizes were 0.250 and 0.334 respectively.



The mean distance in the 6 min walk test was almost the same in the two sessions (255 m in the control session, 254 m in the vibration session). The mean change of HR was −1.8 in the control session and 2.5 in the vibration session, which showed a statistically significant difference (p = 0.038). The mean change of RPE was 4.2 and 2.5 in the control and vibration sessions, respectively, with no statistically significant difference (p = 0.218).




3.3. Response to Sensory Feedback in Each Case


Three patients (#3, #4, #5) had no sensory feedback because the neck flexion angle during the vibration session never exceeded the threshold. Two patients (#7, #10) did not respond to the stimulation although they received >200 vibrations. In addition, three patients (#2, #8, #9) sometimes immediately responded to the vibration but occasionally responded after several vibratory stimuli. However, two patients (#1, #6) showed immediate response to the sensory feedback.



Patient #1 responded immediately to the vibrations from the neck sensor and corrected both the neck and back flexion postures in the vibration session with a total of 11 vibrations (Figure 2). However, the neck flexion angle exceeded the 20° threshold only in the vibration session. Both Mean_N and Mean_B during walking slightly decreased in the vibration session (0.29° in the neck, 0.68° in the back). There were no remarkable differences in the total walk distance, HR and RPE.



Patient #6 also responded immediately to a total of 11 vibrations and corrected the postures (Figure 3). The neck flexion angle exceeded the threshold of 10° in both sessions. The patient corrected the posture much sooner in the vibration session than in the control session. In the vibration session, Mean_N and Mean_B decreased (1.96° in the neck, 1.75° in the back). There were no remarkable differences in HR and RPE; however, the distance in the vibration session was 26 m shorter.





4. Discussion


This study proved that wearable sensors can effectively measure posture during walking in real time. The patients underwent two test sessions, a control session without vibration stimulation and a vibration session with vibration stimulation and the results were compared to evaluate whether the patients could respond to vibration stimuli and correct their stooped posture. The neck flexion and back flexion were slightly aggravated during gait, but the average change was <10° in most patients in both measurement sessions. Therefore, it was difficult to evaluate the effect of sensory feedback through vibration. However, some patients showed immediate response to the feedback and corrected their posture during gait.



The cause of stooped posture in PD is still unclear and various treatments have been proposed to correct this abnormality. Rehabilitation therapy such as posture correction training is known to be somewhat helpful [10,28]. Conventional methods such as the use of a low-slung backpack or a cruciform anterior spinal hyperextension brace have also been applied [29,30]. Recently, it was reported that levodopa was effective in alleviating the degree of stooped posture in patients with PD [10]. In addition, magnetic stimulation of the spine [11], high-frequency deep-brain stimulation [31], botulinum toxin injection [32] and orthopedic surgical correction [33] have been proposed for the treatment of camptocormia.



We used vibration feedback just for alarming because sensory feedback can improve the posture of patients as previous studies have shown [21]. However, it has been suggested that vibration itself may improve posture and gait in patients with PD. Serio et al. [34] found that focal vibration training associated with a rehabilitative protocol can reduce the frequency of falls in patients with PD. The authors suggest that vibrations can influence proprioceptive sensation, motor control and standing posture. De Nunzio et al. [35] have reported that vibration on the erector spinae increased the stride length suggesting that vibration was a proprioceptive cue. In addition, it is known that tendon vibration can alter proprioceptive estimates of position [36]. Although we used vibration stimulation just for alarming that the flexion angle exceeded the threshold, the vibration stimulation itself may affect the patient’s posture.



The differences of the average neck and back flexion angles between the control session and the vibration session, which is the primary outcome of this study, were not statistically significant. As three of the 10 patients had no opportunity to correct their posture in response to vibratory stimulation, it would be more meaningful to analyze the data of individual patients than to compare the mean values of all patients. The baseline neck and back flexion angles in the vibration session were significantly higher than those in the control session. Although this result may not be directly related to vibration feedback, it should be noted that patients may have been more nervous or trying to extend their posture regardless of sensory feedback in the vibration session.



Patients #1 and #6 immediately responded to vibration stimulation and corrected their posture. In particular, as the neck flexion angle in patient #6 exceeded the threshold in both the control and vibration sessions, this represents a good case for comparing the responses to the sensory cue in a state in which similar postural changes occurred. Although the patient sometimes corrected the flexion angle when the neck threshold was exceeded in the control session, the flexion angle was adjusted much more quickly when the threshold was exceeded in the vibration session (Figure 3). Patients #2, #8 and #9 sometimes, but not always, corrected their posture by immediately responding to vibration stimulation. Patients #3, #4 and #5 never reached a flexion angle of >10° during the test; therefore, it was difficult to evaluate the adequacy of the sensory cue. Patients #7 and #10 did not correct their posture as a response to sustained stimulation. Patient #7 was the only patient diagnosed with MSA. Recently, there have been studies showing that patients with MSA have a higher likelihood of having depression and lower executive function than patients with idiopathic PD [37,38]. This may be one of the reasons why patient #7 did not respond to vibration feedback.



Ginis et al. [16]. analyzed the patients’ gait pattern by using an inertial measurement unit for home-based training and provided verbal cues or visual cues to the patients through a smartphone app. They demonstrated that the balance function was better and the improvement in quality of life was higher in the experimental group than in the control group. In addition, Espay et al. [17] used a virtual reality cueing device with a multiaxial accelerometer for home use to assess the patients’ walking pattern and provided visual and auditory cues via the goggles and earphones based on the data from the multiaxial accelerometer. They demonstrated that this method can improve the patients’ gait pattern. Wegen et al. [39] performed a pilot study in 15 patients and applied a wearable sensor for home-based training aiming to correct the flexion posture of the patients by providing vibration feedback if the flexion angle exceeded a certain angle. They observed a statistically significant improvement of flexion angle in the vibration session compared with the control session. The differences of their study from ours were as follows: (1) the control session was conducted in the first 1 week as a home-based training and the vibration session was conducted in the following 1 week; (2) one sensor was attached to the sternum; and (3) the vibration threshold was set individually. The reasons for the significant improvement in flexion angle might be the long-term observations at home, the possible learning effect from the non-randomized order of sessions and the individualized vibration threshold determined by the therapist (subjective judgment).



This study has some limitations. First, the number of study subjects was small. As a preliminary study, we mainly focused on the feasibility of wearable sensors for the assessment of stooped posture in patients with parkinsonism and the response to sensory feedback in each case. Second, it is possible that the stimulus intensity was too weak for the patient to recognize the vibration. In a recent study, it was suggested that sensory perception is impaired in patients with PD compared with healthy people [40]. In this study, the strength of the vibration stimulus was sufficient to be recognized by healthy adults; however, it is unclear whether the strength of vibration was sufficient for patients with PD. In future studies, it will be important to evaluate the intensity of vibration stimulation in patients with PD and to confirm that the patients can recognize the vibration well. Third, considering that patients had HnY stage 2 to 3 parkinsonism, a 10 min rest time after the first session may not have been sufficient. Particularly, this study did not merely involve walking. As the aim of this study was to evaluate posture during walking, the patients needed to focus on responding to vibratory stimuli and correct their posture. Finally, it was difficult to assess the effect of sensory feedback because the patients generally did not exhibit severe postural abnormalities, as we expected. This was probably because the patients were more nervous and exerting more effort than usual to keep the extended posture. Furthermore, the 6 min walk test might not have been long enough. Therefore, further studies will be required to evaluate the effectiveness of these sensors in daily life.




5. Conclusions


This preliminary study suggests that stooped posture could be quantitatively measured during gait by using wearable sensors in patients with parkinsonism. From the review of previous literature, it is clear that various cueing strategies improve posture in patients with PD. In order to overcome the limitations of open-loop cueing, which is provided irrespective of patient’s performance, closed-loop cueing, which provides real-time feedback according to the patient’s situation, is being actively researched. As part of that paradigm, we developed effective wearable sensors that can evaluate the patient’s posture and give immediate feedback in everyday life. Although the results were not statistically significant in this study, sensory feedback through vibration from sensor modules may be helpful in correcting posture during gait in selected patients. Further studies are necessary to confirm the effect of sensory feedback by these sensors on stooped posture in patients with parkinsonism.







Author Contributions


Conceptualization, S.G.C., K.K. and H.G.S.; Methodology, Q.K.D., Y.C. and H.G.S.; Software, Q.K.D. and Y.C.; Validation, S.J.Y., Q.K.D., Y.C. and H.G.S.; Formal Analysis, S.H.K. and Q.K.D.; Investigation, S.H.K., S.J.Y. and H.G.S.; Resources, Y.C. and B.-M.O.; Data Curation, S.H.K. and S.J.Y.; Writing—Original Draft Preparation, S.H.K.; Writing—Review & Editing, Y.C., B.-M.O., K.K. and H.G.S.; Visualization, S.H.K. and Q.K.D.; Supervision, H.G.S.; Project Administration, H.G.S.; Funding Acquisition, S.G.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the Bio & Medical Technology Development Program of the National Research Foundation (NRF) funded by the Korean government (MSIT) (No. NRF-2016M3A9F1941984).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Institutional Review Board of Seoul National University Hospital (approval No. 1706-002-855, 1 June 2017).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to privacy.




Conflicts of Interest


There are no conflict of interest to declare.




References


	



Doherty, K.M.; van de Warrenburg, B.P.; Peralta, M.C.; Silveira-Moriyama, L.; Azulay, J.P.; Gershanik, O.S.; Bloem, B.R. Postural deformities in Parkinson’s disease. Lancet Neurol. 2011, 10, 538–549. [Google Scholar] [CrossRef]

	



Kashihara, K.; Ohno, M.; Tomita, S. Dropped head syndrome in Parkinson’s disease. Mov. Disord. 2006, 21, 1213–1216. [Google Scholar] [CrossRef]

	



Srivanitchapoom, P.; Hallett, M. Camptocormia in Parkinson’s disease: Definition, epidemiology, pathogenesis and treatment modalities. J. Neurol. Neurosurg. Psychiatry 2016, 87, 75–85. [Google Scholar] [CrossRef]

	



Zhang, T.; Wei, G.; Yan, Z.; Ding, M.; Li, C.; Ding, H.; Xu, S. Quantitative assessment of Parkinson’s disease deficits. Chin. Med. J. 1999, 112, 812–815. [Google Scholar]

	



Jacobs, J.V.; Dimitrova, D.M.; Nutt, J.G.; Horak, F.B. Can stooped posture explain multidirectional postural instability in patients with Parkinson’s disease? Exp. Brain Res. 2005, 166, 78–88. [Google Scholar] [CrossRef]

	



Snider, S.R.; Fahn, S.; Isgreen, W.P.; Cote, L.J. Primary sensory symptoms in parkinsonism. Neurology 1976, 26, 423–429. [Google Scholar] [CrossRef]

	



Wasner, G.; Deuschl, G. Pains in Parkinson disease—Many syndromes under one umbrella. Nat. Rev. Neurol. 2012, 8, 284–294. [Google Scholar] [CrossRef]

	



Schenkman, M.; Butler, R.B. A model for multisystem evaluation treatment of individuals with Parkinson’s disease. Phys. Ther. 1989, 69, 932–943. [Google Scholar] [CrossRef]

	



Bryant, M.S.; Workman, C.D.; Hou, J.G.; Henson, H.K.; York, M.K. Acute and Long-Term Effects of Multidirectional Treadmill Training on Gait and Balance in Parkinson Disease. PM R 2016, 8, 1151–1158. [Google Scholar] [CrossRef]

	



Capecci, M.; Serpicelli, C.; Fiorentini, L.; Censi, G.; Ferretti, M.; Orni, C.; Renzi, R.; Provinciali, L.; Ceravolo, M.G. Postural rehabilitation and Kinesio taping for axial postural disorders in Parkinson’s disease. Arch. Phys. Med. Rehabil. 2014, 95, 1067–1075. [Google Scholar] [CrossRef]

	



Benninger, F.; Khlebtovsky, A.; Roditi, Y.; Keret, O.; Steiner, I.; Melamed, E.; Djaldetti, R. Beneficial effect of levodopa therapy on stooped posture in Parkinson’s disease. Gait Posture 2015, 42, 263–268. [Google Scholar] [CrossRef]

	



Arii, Y.; Sawada, Y.; Kawamura, K.; Miyake, S.; Taichi, Y.; Izumi, Y.; Kuroda, Y.; Inui, T.; Kaji, R.; Mitsui, T. Immediate effect of spinal magnetic stimulation on camptocormia in Parkinson’s disease. J. Neurol. Neurosurg. Psychiatry 2014, 85, 1221–1226. [Google Scholar] [CrossRef]

	



de Seze, M.P.; Guillaud, E.; Slugacz, L.; Cazalets, J.R. An examination of camptocormia assessment by dynamic quantification of sagittal posture. J. Rehabil. Med. 2015, 47, 72–79. [Google Scholar] [CrossRef]

	



Pasluosta, C.F.; Barth, J.; Gassner, H.; Klucken, J.; Eskofier, B.M. Pull Test estimation in Parkinson’s disease patients using wearable sensor technology. In Proceedings of the 2015 37th Annual International Conference of the IEEE Engineering in Medicine and Biology Society, Milan, Italy, 25–29 August 2015; pp. 3109–3112. [Google Scholar]

	



Gago, M.F.; Fernandes, V.; Ferreira, J.; Silva, H.; Rodrigues, M.L.; Rocha, L.; Bicho, E.; Sousa, N. The effect of levodopa on postural stability evaluated by wearable inertial measurement units for idiopathic and vascular Parkinson’s disease. Gait Posture 2015, 41, 459–464. [Google Scholar] [CrossRef] [PubMed]

	



Ginis, P.; Nieuwboer, A.; Dorfman, M.; Ferrari, A.; Gazit, E.; Canning, C.G.; Rocchi, L.; Chiari, L.; Hausdorff, J.M.; Mirelman, A. Feasibility and effects of home-based smartphone-delivered automated feedback training for gait in people with Parkinson’s disease: A pilot randomized controlled trial. Parkinsonism Relat. Disord. 2016, 22, 28–34. [Google Scholar] [CrossRef] [PubMed]

	



Espay, A.J.; Baram, Y.; Dwivedi, A.K.; Shukla, R.; Gartner, M.; Gaines, L.; Duker, A.P.; Revilla, F.J. At-home training with closed-loop augmented-reality cueing device for improving gait in patients with Parkinson disease. J. Rehabil. Res. Dev. 2010, 47, 573–581. [Google Scholar] [CrossRef]

	



Dang, Q.K.; Seo, H.G.; Pham, D.D.; Chee, Y. Wearable Sensor Based Stooped Posture Estimation in Simulated Parkinson’s Disease Gaits. Sensors 2019, 19, 223. [Google Scholar] [CrossRef] [PubMed]

	



Moroz, A.; Edgley, S.R.; Lew, H.L.; Chae, J.; Lombard, L.A.; Reddy, C.C.; Robinson, K.M. Rehabilitation interventions in Parkinson disease. PM R 2009, 1 (Suppl. 3), S42–S48. [Google Scholar] [CrossRef]

	



Ma, H.I.; Trombly, C.A.; Tickle-Degnen, L.; Wagenaar, R.C. Effect of one single auditory cue on movement kinematics in patients with Parkinson’s disease. Am. J. Phys. Med. Rehabil. 2004, 83, 530–536. [Google Scholar] [CrossRef]

	



Muthukrishnan, N.; Abbas, J.J.; Shill, H.A.; Krishnamurthi, N. Cueing paradigms to improve gait and posture in Parkinson’s disease: A narrative review. Sensors 2019, 19, 5468. [Google Scholar] [CrossRef]

	



Hughes, A.J.; Daniel, S.E.; Kilford, L.; Lees, A.J. Accuracy of clinical diagnosis of idiopathic Parkinson’s disease: A clinico-pathological study of 100 cases. J. Neurol. Neurosurg. Psychiatry 1992, 55, 181–184. [Google Scholar] [CrossRef]

	



Gilman, S.; Wenning, G.; Low, P.A.; Brooks, D.; Mathias, C.; Trojanowski, J.; Wood, N.W.; Colosimo, C.; Dürr, A.; Fowler, C. Second consensus statement on the diagnosis of multiple system atrophy. Neurology 2008, 71, 670–676. [Google Scholar] [CrossRef] [PubMed]

	



Goetz, C.G.; Tilley, B.C.; Shaftman, S.R.; Stebbins, G.T.; Fahn, S.; Martinez-Martin, P.; Poewe, W.; Sampaio, C.; Stern, M.B.; Dodel, R. Movement Disorder Society-sponsored revision of the Unified Parkinson’s Disease Rating Scale (MDS-UPDRS): Scale presentation and clinimetric testing results. Mov. Disord. 2008, 23, 2129–2170. [Google Scholar] [CrossRef] [PubMed]

	



Carnegie Mellon University. CMU Graphics Lab Motion Capture Database. Available online: http://mocap.cs.cmu.edu (accessed on 1 March 2021).

	



Morris, M.E.; Iansek, R.; Matyas, T.A.; Summers, J.J. Stride length regulation in Parkinson’s disease: Normalization strategies and underlying mechanisms. Brain 1996, 119, 551–568. [Google Scholar] [CrossRef]

	



Morris, M.E.; Iansek, R.; Matyas, T.A.; Summers, J.J. Ability to modulate walking cadence remains intact in Parkinson’s disease. J. Neurol. Neurosurg. Psychiatry 1994, 57, 1532–1534. [Google Scholar] [CrossRef]

	



Kwakkel, G.; de Goede, C.J.; van Wegen, E.E. Impact of physical therapy for Parkinson’s disease: A critical review of the literature. Parkinsonism Relat. Disord. 2007, 13 (Suppl. 3), S478–S487. [Google Scholar] [CrossRef]

	



Ye, B.K.; Kim, H.S.; Kim, Y.W. Correction of camptocormia using a cruciform anterior spinal hyperextension brace and back extensor strengthening exercise in a patient with Parkinson disease. Ann. Rehabil. Med. 2015, 39, 128–132. [Google Scholar] [CrossRef]

	



Gerton, B.K.; Theeler, B.; Samii, A. Backpack treatment for camptocormia. Mov. Disord. 2010, 25, 247–248. [Google Scholar] [CrossRef]

	



Yamada, K.; Goto, S.; Matsuzaki, K.; Tamura, T.; Murase, N.; Shimazu, H.; Nagahiro, S.; Kuratsu, J.; Kaji, R. Alleviation of camptocormia by bilateral subthalamic nucleus stimulation in a patient with Parkinson’s disease. Parkinsonism Relat. Disord. 2006, 12, 372–375. [Google Scholar] [CrossRef]

	



Fietzek, U.M.; Schroeteler, F.E.; Ceballos-Baumann, A.O. Goal attainment after treatment of parkinsonian camptocormia with botulinum toxin. Mov. Disord. 2009, 24, 2027–2028. [Google Scholar] [CrossRef]

	



Peek, A.C.; Quinn, N.; Casey, A.T.; Etherington, G. Thoracolumbar spinal fixation for camptocormia in Parkinson’s disease. J. Neurol. Neurosurg. Psychiatry 2009, 80, 1275–1278. [Google Scholar] [CrossRef]

	



Serio, F.; Minosa, C.; De Luca, M.; Conte, P.; Albani, G.; Peppe, A. Focal Vibration Training (Equistasi®) to Improve Posture Stability. A Retrospective Study in Parkinson’s Disease. Sensors 2019, 19, 2101. [Google Scholar] [CrossRef]

	



De Nunzio, A.M.; Grasso, M.; Nardone, A.; Godi, M.; Schieppati, M. Alternate rhythmic vibratory stimulation of trunk muscles affects walking cadence and velocity in Parkinson’s disease. Clin. Neurophysiol. 2010, 121, 240–247. [Google Scholar] [CrossRef] [PubMed]

	



Manzone, D.M.; Tremblay, L. Contributions of exercise-induced fatigue versus intertrial tendon vibration on visual-proprioceptive weighting for goal-directed movement. J. Neurophysiol. 2020, 124, 802–814. [Google Scholar] [CrossRef] [PubMed]

	



Sulena; Gupta, D.; Sharma, A.K.; Kumar, N. Clinical Profile of Cognitive Decline in Patients with Parkinson’s Disease, Progressive Supranuclear Palsy, and Multiple System Atrophy. J. Neurosci. Rural Pr. 2017, 8, 562–568. [Google Scholar]

	



Santangelo, G.; Cuoco, S.; Pellecchia, M.T.; Erro, R.; Barone, P.; Picillo, M. Comparative cognitive and neuropsychiatric profiles between Parkinson’s disease, multiple system atrophy and progressive supranuclear palsy. J. Neurol. 2018, 265, 2602–2613. [Google Scholar] [CrossRef]

	



van Wegen, E.E.H.; de Goede, C.J.T.; Kwakkel, G.; van Kordelaar, J. Sensor assisted self-management in Parkinson’s disease: A feasibility study of ambulatory posture detection and feedback to treat stooped posture. Parkinsonism Relat. Disord. 2018, 46 (Suppl. 1), S57–S61. [Google Scholar] [CrossRef]

	



Kass-Iliyya, L.; Leung, M.; Marshall, A.; Trotter, P.; Kobylecki, C.; Walker, S.; Gosal, D.; Jeziorska, M.; Malik, R.A.; McGlone, F.; et al. The perception of affective touch in Parkinson’s disease and its relation to small fibre neuropathy. Eur. J. Neurosci. 2017, 45, 232–237. [Google Scholar] [CrossRef]








[image: Sensors 21 02379 g001 550] 





Figure 1. (A) Neck sensor on the C2-3 spinous process area. (B) Back sensor on the C7-T1 spinous process area, just below the prominence of C7. 
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Figure 2. The changes of neck and back flexion angles continuously measured during 6 min walk test in patient #1. (A) The changes of neck flexion angles in the control session. (B) The changes of back flexion angles in the control session. (C) The changes of neck flexion angles in the vibration session. (D) The changes of back flexion angles in the vibration session. Red circles: Reminding the patient by vibration feedback. 
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Figure 3. The changes of neck and back flexion angles continuously measured during 6 min walk test in patient #6. (A) The changes of neck flexion angles in the control session. (B) The changes of back flexion angles in the control session. (C) The changes of neck flexion angles in the vibration session. (D) The changes of back flexion angles in the vibration session. Red circles: Reminding the patient by vibration feedback. 
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Table 1. Demographics and diagnosis.






Table 1. Demographics and diagnosis.





	Patient
	Sex
	Age
	BMI
	Diagnosis
	HnY
	Duration





	#1
	F
	74
	23.1
	IPD
	2.5
	2.9 years



	#2
	F
	72
	22.8
	IPD
	3
	1.8 years



	#3
	F
	74
	16.4
	IPD
	2.5
	11.1 years



	#4
	F
	79
	19.4
	IPD
	3
	3.1 years



	#5
	F
	65
	17.0
	IPD
	2
	12.1 years



	#6
	F
	72
	22.0
	IPD
	3
	11.1 years



	#7
	M
	66
	29.1
	MSA-P
	3
	4.0 years



	#8
	F
	60
	22.7
	IPD
	2.5
	11.0 years



	#9
	F
	76
	28.0
	IPD
	3
	3.6 years



	#10
	M
	68
	22.2
	IPD
	2.5
	10.9 years







IPD, Idiopathic Parkinson’s Disease; MSA-P, multiple system atrophy–parkinsonian type; HnY, Hoehn and Yahr scale.
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Table 2. Individual data of study participants.
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Patient

	
Control

	
Vibration




	
Base_N

	
Base_B

	
Mean_N

	
Mean_B

	
Distance

	
Base_N

	
Base_B

	
Mean_N

	
Mean_B

	
Distance

	
Vib #

	
Thr






	
#1

	
87

	
72

	
8.85

	
8.74

	
219

	
101

	
75

	
8.56

	
8.06

	
218

	
11

	
20




	
#2

	
100

	
63

	
3.2

	
2.52

	
208

	
105

	
62

	
13.15

	
5.57

	
268

	
17

	
20




	
#3

	
104

	
55

	
−0.33

	
5.87

	
341

	
102

	
52

	
6.75

	
5.67

	
360

	
0

	
20




	
#4

	
88

	
53

	
9.57

	
6.54

	
251

	
92

	
55

	
3.53

	
8.69

	
216

	
0

	
20




	
#5

	
97

	
60

	
2.85

	
2.55

	
340

	
97

	
62

	
−2.6

	
−1.68

	
330

	
0

	
10




	
#6

	
99

	
52

	
0.78

	
5.29

	
263

	
99

	
55

	
−1.18

	
3.54

	
226

	
11

	
10




	
#7

	
88

	
83

	
20.21

	
16.46

	
116

	
91

	
89

	
12.99

	
23.11

	
133

	
240

	
10




	
#8

	
77

	
89

	
9.72

	
−2.75

	
276

	
96

	
91

	
5.39

	
1.03

	
289

	
27

	
10




	
#9

	
86

	
87

	
5.45

	
2.29

	
246

	
89

	
91

	
0.39

	
−2.37

	
233

	
24

	
10




	
#10

	
81

	
86

	
22.87

	
18.94

	
290

	
93

	
98

	
21.82

	
35.88

	
267

	
290

	
10




	
Mean

	
90.7

	
70.0

	
8.32

	
6.65

	
255

	
96.5

	
73.0

	
6.88

	
8.75

	
254

	
62

	




	
SD

	
8.84

	
15.15

	
7.84

	
6.63

	
66.06

	
5.25

	
17.84

	
7.55

	
11.93

	
64.30

	
108.06

	








Base_N, baseline neck flexion angle in upright posture; Base_B, baseline back flexion angle in upright posture; Mean_N, mean change of neck flexion angle during gait; Mean_B, mean change of back flexion angle during gait; Vib #, the number of vibration; Thr, threshold; HR, end of test HR–beginning of test HR; RPE, end of test RPE–beginning of test R.
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