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Background: Telemonitoring, a branch of telemedicine, involves the use of techno-
logical tools to remotely detect clinical data and evaluate patients. Telemonitoring of 
patients with Parkinson's disease (PD) should be performed using reliable and discri-
minant motor measures. Furthermore, the method of data collection and transmis-
sion, and the type of subjects suitable for telemonitoring must be well defined.
Objective: To analyze differences in patients with PD and healthy controls (HC) with 
the wearable inertial device SensHands– SensFeet (SH– SF), adopting a standardized 
acquisition mode, to verify if motor measures provided by SH– SF have a high discrimi-
nating capacity and high intraclass correlation coefficient (ICC).
Methods: Altogether, 64 patients with mild- to- moderate PD and 50 HC performed 14 
standardized motor activities for assessing bradykinesia, postural and resting tremors, 
and gait parameters. SH– SF inertial devices were used to acquire movements and 
calculate objective motor measures of movement (total: 75). For each motor task, five 
or more biomechanical parameters were measured twice. The results were compared 
between patients with PD and HC.
Results: Fifty- eight objective motor measures significantly differed between pa-
tients with PD and HC; among these, 32 demonstrated relevant discrimination power 
(Cohen's d > 0.8). The test– retest reliability was excellent in patients with PD (median 
ICC = 0.85 right limbs, 0.91 left limbs) and HC (median ICC = 0.78 right limbs, 0.82 
left limbs).
Conclusion: In a supervised environment, the SH– SF device provides motor measures 
with good results in terms of reliability and discriminant ability. The reliability of SH– SF 
measurements should be evaluated in an unsupervised home setting in future studies.
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1  |  INTRODUC TION

Parkinson's disease (PD) is the second- most prevalent neurodegen-
erative disorder. In its advanced stages, it is associated with signifi-
cant disability, increased caregiver burden, and significant healthcare 
costs for the community.1,2 An improvement in the evolution of the 
disease and a reduction in caregiver burden can be achieved by 
avoiding late or incorrect diagnoses and managing motor symptoms 
from the early clinical stage of the disease.3

Before motor symptoms become evident4– 6 and lead to diag-
nosis according to specific diagnostic criteria,7 PD has a preclinical 
phase of at least 5– 7 years. If the disease is diagnosed in its preclin-
ical phase, neuroprotective therapies would be started immediately 
with a possible benefit. Thus, the disease could have an improved 
course, resulting in a lower caregiver burden.8– 11

The main motor symptoms of PD include tremor at rest, brady-
kinesia, rigidity, and postural instability, variously combined with 
each other.7 Motor performance slowly worsens over time, and the 
treatment response decreases with the appearance of dyskinesias 
and motor fluctuations.12 Parkinson's disease is associated with a 
broad spectrum of non- motor symptoms (e.g., hyposmia, fatigue, 
anxiety, apathy, depression, cognitive dysfunction, pain, hallucinosis, 
autonomic dysfunction, and complex behavioral disorders), some-
times influenced by therapy, in association with or without motor 
fluctuations.12

Considering the number of symptoms and the variability with 
which they can occur during the day, it is easy to understand why 
the patient's assessment in a hospital setting can greatly differ from 
when the patient resides at home.13,14 Therefore, during outpatient 
visits, the clinician asks the patient and caregiver the 24- h symptom 
profile and how it changes over time. However, the reported infor-
mation can be influenced by concomitant factors such as anxiety, 
depression, and cognitive impairment, and some patients with PD 
are not fully aware of their symptoms and cannot distinguish be-
tween signs of PD and other symptoms.15

The available clinical assessment tools for PD, such as the Hoehn and 
Yahr (HY) scale,16 Movement disorders society— Unified Parkinson's 
Disease Rating Scale (MDS- UPDRS),17 PD Questionnaire- 39 (PDQ- 
39),18 and 24- h motor diaries,19 have well- known limitations.3 The HY 
scale is used to measure functional disability in PD; however, it has low 
sensitivity.3 The MDS- UPDRS is a clinical scale that requires a rela-
tively long administration time (30 min). Furthermore, it is partially un-
reliable owing to patient and/or caregiver recall bias. Moreover, motor 
scores of the MDS- UPDRS part III are affected by the ability and ex-
perience of the examiner3 and demonstrate high inter-  and intra- rater 
variability when administered by nurses vs. neurologists.20,21 Some 
limitations have also been suggested for the PDQ- 39 because of the 
complexity of grouping items into scales with inherent interpretation 
problems.22 Finally, 24- h clinical diaries are also prone to recall bias. 
Considering these premises, recent literature on motor assessment 
in PD has suggested that the current motor assessment system is ar-
chaic, imprecise, and frustrating.23

By using wearable wireless sensors (WWS), reliable quantification 
of a patient's motility can be obtained both in supervised (i.e., hospital, 
PD clinic) and unsupervised settings (i.e., home). In recent years, motor 
monitoring of PD using WWS in an unsupervised setting has received 
increasing attention. However, conclusive evidence that wireless 
technology has an actual impact on clinical outcomes is lacking.14,24 
Hence, 24/7 monitoring with wireless sensors has critical issues. The 
patient wore the equipment approximately 24/7, with potential psy-
chological and privacy influences. The sensors cannot be positioned 
24/7 on strategic points for fine motion detection of the fingers and 
hands (e.g., sensors on distal phalanges). Furthermore, the accelerom-
eters and gyroscopes of the sensors are sensitive to any movement 
of the body (e.g., voluntary, automatic, physiological, pathological), al-
though they do not distinguish the type of movement, much less the 
underlying cause (e.g., tremor from neurological disease vs. voluntary 
movements made with the arm; tremor transmitted to the body by a 
tool or other). The accelerations recorded by the sensors are processed 
using calculation algorithms that extrapolate motion indices, which are 
consequently rather coarse. Furthermore, 24/7 acquisitions were lim-
ited to some aspects of motor skills, such as walking and/or balance, 
tremor, and dyskinesia. Accordingly, to date, no general agreement on 
a reliable, valid, sensitive, transportable, and economical device for as-
sessing the motor functions of patients with PD exists.3 Furthermore, 
other types of devices (which do not analyze 24/7) evaluate only a few 
motor skills (e.g., walking).25

Thus, we developed a SensHands– SensFeet (SH– SF) device 
for motor monitoring of patients with PD. Precise motor measure-
ments can be obtained in approximately 30 min. Monitoring can be 
repeated over time according to clinical needs (e.g., several times a 
day, once a week, a month) without major disturbances in the quality 
of daily life.

The SH– SF device can simultaneously record the movements 
from the four limbs; has wireless sensors placed on the distal ends 
of the phalanges of the fingers, thus providing information on fine 
motor skills; analyzes standardized motor exercises listed in the 
MDS- UPDRS III as well as other limb agility motor tasks; the calcu-
lation algorithms of the SH– SF system provides precise analytical 
motor measurements and not surrogate measures; and the sensors 
are worn for the time necessary for the acquisition of the predefined 
motor tasks.26 The SH– SF device has been used to evaluate motor 
function in prodromal PD individuals.27

The following recommendations for the development of tele-
monitoring have recently been suggested: identifying a precise 
method of data collection, determining specific types of participants 
wherein good telemonitoring results can be expected, and evaluat-
ing the reliability of the data that will be used for telemonitoring.14

Accordingly, this study aimed to evaluate the reliability of the SH– 
SF device in a supervised setting in patients with mild- to- moderate 
PD, following a standardized motor task protocol. In particular, we 
aimed to identify reliable motor measures as they are highly discrim-
inating (patients with PD vs. HC) and have high test– retest intraclass 
correlation coefficient (ICC) values.
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2  |  MATERIAL S AND METHODS

2.1  |  Study population

This cross- sectional study included 50 HC and 64 patients with mild- 
to- moderate PD (HY scale 1– 2) enrolled between January 2019 and 
April 2020. The demographic and clinical characteristics of the HC 
and patients with PD are presented in Table 1.

The inclusion criterion was being right- handed because identi-
fying a significant number of left- handed participants (HC and PD) 
can be difficult. The exclusion criteria were the presence of clinically 
significant impairments or diseases other than PD that could affect 
motor functions (e.g., atypical parkinsonism, osteoarthritis, or poly-
neuropathies) and having motor fluctuations and difficulty in walk-
ing independently since this study aimed to ascertain the reliability 
of the motor measures provided by the SH– SF device. The inclusion 
and exclusion criteria are listed in Table S1.

Patients with PD underwent a comprehensive neurological eval-
uation. Part III of the MDS- UPDRS was performed by a neurologist 
with expertise in movement disorders within a maximum of 7 days 
from the detection of the motor pattern with wearable devices; all 
patients were assessed without withdrawing antiparkinsonian med-
ication and in the “on” state.

Written informed consent was obtained from all the participants 
before study initiation. The study (acronym CASANOVA, approved 
by the Ethical Committee of Tuscany Region, Area Vasta Nord Ovest, 
Italy, n°13,055/09.10.18, notified as n°1288/2019) was conducted 
in accordance with the International Conference of Harmonization 
Guideline for Good Clinical Practice and the Declaration of Helsinki.

2.2  |  Sensor systems

The inertial sensor device SH– SF was used to evaluate and analyze 
the motor parameters. The SH– SF consists of two pairs of devices 
as follows: SansFoot devices are placed over the dorsum of the sub-
ject's feet, with an elastic ensuring adherence between the foot and 
the sensor, and SensHand devices are composed of three sensors, 
placed over the thumb, index, and middle fingernails, connected 

through spiral cables, with a coordination unit placed within a wrist 
bracelet that also contains a sensor. The processing algorithms for 
each motor measure used information from different sensors.26 The 
details on the SH– SF sensors and algorithms are provided in the 
Data S1.

2.3  |  Motor tasks evaluated with sensors

Once the sensor devices were worn, the participants were asked to 
perform 14 motor tasks, which were divided as follows: upper limb 
motility: thumb/forefinger tapping (THFF), thumb/middle finger 
tapping (THMF), forefinger tapping (FTAP), hand opening/closing 
(OPCL), and forearm pronation/supination (PSUP); lower limb motil-
ity: leg agility (HEHE), toe tapping with heel pin (TTHP), heel tap-
ping with toe pin (HTTP), and heel– toe tapping (HETO); tremor: rest 
tremor of the upper limbs (HRST) and postural tremor of the upper 
limbs (POST); and gait: gait evaluation (GTAF); 360° rotation (ROTA); 
arm swing during gait (GTAH).

Most of these motor tasks are also performed in the MDS- UPDRS 
part III (THFF, OPCL, PSUP, HEHE, TTHP, HRST, POST, and GTAF) or 
evaluated during other tasks (e.g., GTAH). Others are not present in 
the MDS- UPDRS III (THMF, FTAP, HTTP, HETO, and ROTA).

Before execution of each motor task, the participants received 
specific training from a neurologist. The acquisition was conducted 
in a supervised setting with a clinician. A strictly standardized mo-
dality of execution and detection of the motor tasks was adopted. 
Most motor tasks had a predetermined execution and acquisition 
time (e.g., thumb– index finger tapping), while other tasks did not 
have a fixed time, and the end of the procedure coincided with the 
completion of the exercise (e.g., walking test).

The work procedure for the motor tasks at a fixed time had a total 
duration of 16 s and included four steps. First, the participant as-
sumed with the limbs in the specific position foreseen for that motor 
task and remained stationary in that position (e.g., the fingertip index 
against that of the thumb for thumb– index tapping). The neurologist 
(or the neurophysiopathology technician) selected the motor task to 
be recorded on the control program interface (installed on a dedi-
cated notebook) and started the procedure by pressing the enter key. 

TA B L E  1  Demographic characteristics of PD patients and healthy controls

Group N
Age mean 
(SD) Males (%)

Female 
(%) HY mean (SD)

MDS- UPDRS 
III total score 
mean (SD)

Months from 
diagnosis (SD)

LEDD 
mean (SD)

MDS- UPDRS 
III mean 
scores for the 
right upper 
limb (SD)

MDS- 
UPDRS III 
mean scores 
for the right 
lower limb 
(SD)

MDS- 
UPDRS III 
mean scores 
for the left 
upper limb 
(SD)

MDS- UPDRS 
III mean 
scores for the 
left lower limb 
(SD)

% of PD 
patients with 
right upper 
limb MDS- 
UPDRS III 
score >0

% of PD 
patients with 
right lower 
limb MDS- 
UPDRS III 
score >0

% of PD 
patients with 
left upper limb 
MDS- UPDRS 
III score >0

% of PD 
patients with 
left lower limb 
MDS- UPDRS 
III score >0

% of PD 
patients with 
MDS- UPDRS 
III score >0 for 
right limbs

% of PD 
patients with 
MDS- UPDRS 
III score >0 for 
left limbs

Healthy 
controls

50 65.5 (2.7) 39 (78.0) 11 (22%) - - - - - - - - - - - - - - 

PD patients 64 66.6 (8.8) 40 (62.5) 24 (37.5) 1.86 (0.73) 15.7 (8.88) 20.8 (17.21) 308.57 
(232.6)

4.3 (2.13) 2.2 (0.97) 3.9 (1.95) 2.4 (1.04) 84.4 71.9 81.2 65.6 86.9 82.8

Abbreviations: HY, Hoehn and Yahr scale; LEDD, levodopa equivalent daily dose; MDS- UPDRS, Movement disorders society— Unified Parkinson's 
Disease Rating Scale; PD, Parkinson's disease; SD, standard deviation.
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Second, the device calibrated the sensors for 3 s. Third, the device 
automatically emitted the start sound at which both movement and 
acquisition with the wireless sensors were initiated. This phase lasted 
10 s, at the end of which the device automatically generated a sound 
signal to stop movement and acquisition. At this signal, the partici-
pant stopped the movement and assumed the starting position with 
the limbs. Last, the device performed again the sensor calibration for 
3 s, and then emitted a final sound signal, after which it was possible 
to move on to the acquisition of another motor task. The duration of 
the movement and its acquisition was 10 s, while the calibration of 
the instrument was 6 s (3 s each before and after the execution of 
the movement).

Motor exercises without a fixed time (e.g., walking test) had the 
following procedure. First, the participant assumed the position 
foreseen for that motor task and remained stationary (e.g., standing 
for the walking test). The neurologist (or the neurophysiopathology 
technician) selected the motor task to be recorded on the program 
interface and started the procedure by pressing the enter key. 
Second, the device calibrated the sensors for 3 s. Third, the device 
automatically emitted the start sound at which both movement and 
acquisition with the wireless sensors were initiated. When the par-
ticipant finished the motor task (e.g., the participant walked 15 m), 
the participant stopped as in the initial position (e.g., standing above 
the strip on the ground that marks the 15- m walk), and the neurol-
ogist stopped the acquisition. Last, the device performed the final 
calibration of the sensors for 3 s, then emitted a final sound signal, 
after which it was possible to move on to the acquisition of another 
motor task.

Instructions on how to execute the motor tasks are provided in 
Table S2.

The entire protocol was conducted in an outpatient clinic, and 
the gait evaluation tasks were performed in a well- lit corridor. The 
participants were examined twice consecutively to obtain two re-
peated measurements for each participant. For comparisons be-
tween groups, the mean value of the repeated measures was used. 
A detailed description of the measured biomechanical parameters is 
presented in Table 2.

2.4  |  Statistical analysis

Motor measures detected in one limb of patients with PD were com-
pared with that in the same limb of HC. To avoid comparing meas-
ures obtained from HC with measures obtained from a non- involved 
limb in an early stage patient with PD, only parameters obtained 
from limbs with an MDS- UPDRS score >0 were recorded for pa-
tients with PD. Therefore, the numerousness of measures relating 
to a specific motor task was different between patients with PD and 
HC and between the right and left limbs (these differences have 
been considered in the statistical analysis).

Variables and results are described as mean and standard devi-
ation, median, and interquartile range (IQR) or absolute frequency 
and percentage, as appropriate. Comparison of continuous variables 
between HC and patients with PD was performed using an analysis 
of variance (ANOVA) or Welch ANOVA when the homogeneity of 
variances was not met. As the analysis of biomechanical parameters 
required multiple comparisons, statistical significance was adjusted 
using the Benjamini and Hochberg approach.28 The discrimination 
power of the motor measures between patients with PD and HC was 
calculated using Cohen's d as a measure of the effect size. Cohen's 
d values were interpreted using the following criteria: <0.2 was not 
relevant; 0.2– 0.49 was small; 0.5– 0.79 was medium; 0.8– 1.29 was 
relevant; and >1.29 was very relevant.29

The agreement between the two measures of the same task 
obtained from each participant (intra- subject reproducibility) was 
calculated as the ICC using a two- way mixed model with measures 
of absolute agreement. The ICC data were interpreted using the 
following criteria: values 0.41– 0.6 indicate moderate agreement; 
0.61– 0.8 indicate strong agreement; and >0.8 indicate near com-
plete agreement.30 For each ICC, the 95% confidence interval was 
calculated.

Data analysis was performed using IBM SPSS Statistics for 
Windows, version 22.0 (IBM Corp.). A two- sided p- value <.05 was 
considered significant.

TA B L E  1  Demographic characteristics of PD patients and healthy controls

Group N
Age mean 
(SD) Males (%)

Female 
(%) HY mean (SD)

MDS- UPDRS 
III total score 
mean (SD)

Months from 
diagnosis (SD)

LEDD 
mean (SD)

MDS- UPDRS 
III mean 
scores for the 
right upper 
limb (SD)

MDS- 
UPDRS III 
mean scores 
for the right 
lower limb 
(SD)

MDS- 
UPDRS III 
mean scores 
for the left 
upper limb 
(SD)

MDS- UPDRS 
III mean 
scores for the 
left lower limb 
(SD)

% of PD 
patients with 
right upper 
limb MDS- 
UPDRS III 
score >0

% of PD 
patients with 
right lower 
limb MDS- 
UPDRS III 
score >0

% of PD 
patients with 
left upper limb 
MDS- UPDRS 
III score >0

% of PD 
patients with 
left lower limb 
MDS- UPDRS 
III score >0

% of PD 
patients with 
MDS- UPDRS 
III score >0 for 
right limbs

% of PD 
patients with 
MDS- UPDRS 
III score >0 for 
left limbs

Healthy 
controls

50 65.5 (2.7) 39 (78.0) 11 (22%) - - - - - - - - - - - - - - 

PD patients 64 66.6 (8.8) 40 (62.5) 24 (37.5) 1.86 (0.73) 15.7 (8.88) 20.8 (17.21) 308.57 
(232.6)

4.3 (2.13) 2.2 (0.97) 3.9 (1.95) 2.4 (1.04) 84.4 71.9 81.2 65.6 86.9 82.8

Abbreviations: HY, Hoehn and Yahr scale; LEDD, levodopa equivalent daily dose; MDS- UPDRS, Movement disorders society— Unified Parkinson's 
Disease Rating Scale; PD, Parkinson's disease; SD, standard deviation.
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3  |  RESULTS

Of 14 motor tasks that were evaluated, 75 biomechanical param-
eters were extracted. Overall, 58 of the 75 motor parameters 
acquired were significantly different between the patients with 
PD and HC for either one or both limbs. Thirty- two motor meas-
ures were highly discriminating (HC vs. patients with PD) for both 
the right and left limbs (Cohen's d: 0.8– 1.3). Five measures were 
highly discriminating on the right (Cohen's d ≥ 0.8) and slightly less 
discriminating on the left. Six measures were highly discriminat-
ing on the left (Cohen's d ≥ 0.8) and slightly less discriminating on 
the right. The four measures were sufficiently discriminating on 
both sides (Cohen's d: 0.5– 0.79). Finally, 11 motor measures were 
weakly discriminating (Cohen's d: 0.2– 0.49) on one or both sides of 
the body. The findings are detailed in Tables 3– 6, respectively. In 
all 14 exercises explored using biomechanical sensors, at least one 
significantly different parameter between patients and controls 
was detected.

The most discriminating objective measures (Cohen's d ≥ 0.7) 
of the upper limb movements, both for the right and left side of 
the body, were: (1) the number of taps in thumb– index finger and 
thumb– middle finger tapping (TF_Taps, TM_Taps); (2) the inte-
gral calculation of accelerations during thumb– index finger and 
thumb– middle finger tapping (TF_IAV, TM_IAV); (3) opening and 
closing speed of the index tapping on the table and amplitude of 
movement (FF_wo, FF_wc, FF_Exc); (4) number of opening– closing 
movements of the hand, opening– closing speed, and integral cal-
culation of the accelerations of that movement (OC_Taps, OC_wo, 
OC_wp, OC_IAV); and (5) all motor measures of pronosupina-
tion of the hand (PS_Taps, PS_Exc, PS_wp, OC_ws, PS_IAV). For 
the lower limbs, biomechanical parameters that demonstrated a 
very significant discrimination (Cohen's d ≥ 0.8) between patients 
with PD and HC were: (1) the number of taps performed with the 
heel (pivot at the forefoot) (HH_Taps); (2) the forefoot and heel 
excursion (HT_ExcT, HT_ExcH) in heel– toe tapping; and (3) three 
measures of the agility of the lower limb (peak in power spectral 
density − HE_Peak, average signal power from accelerometer 
PSD − HE_Power, integral of magnitude of the total acceleration 
vector in heel tapping, HE_IAV).

The GTAF indicated that patients with PD had a longer time to 
complete the task (GT_Time) with a greater number of steps (GT_
Strd); the foot was lifted less from the ground (GT_H), with a reduc-
tion in the dorsal– plantar excursion of the ankle (GT_Ang). For all 
parameters, the effect size was moderately to very relevant (Cohen's 
d: 0.5– 1.7).

Three measures of the rotation test, rotation strides (RO_Strd), 
rotation time (RO_Time), and stance phase (RO_STT), had a high dis-
criminating capacity (Cohen's d ≥ 0.9).

For tremor measurements, some parameters of POST were 
very discriminant: accelerometer % power in band 3.5– 7.5 Hz (PT_
Perc1A), gyroscope % power in band 3.5– 7.5 Hz (PT_ Perc1G), and 
integral of magnitude of the total acceleration vector in POST (PT_
IAV) (Cohen's d: 0.8– 1.2).

Seventeen biomechanical parameters did not indicate significant 
differences between patients with PD and controls in either the 
right or left limb (Table S3).

Regarding the ICC for all significantly discriminating biochemical 
parameters, the ICC was 0.78 (IQR = 0.17) for the right limbs and 
0.82 (IQR = 0.17) for the left limbs of the HC. In patients with PD, 
the median ICC was 0.85 (IQR = 0.12) for the right limbs and 0.91 
(IQR = 0.11) for left limbs. In Tables S4 and S5, we report the ICCs 
for each biomechanical parameter recorded in HC and patients with 
PD, respectively.

4  |  DISCUSSION

To our knowledge, SH– SF is the first reported wearable wireless de-
vice for Parkinson's disease with sensors also positioned at the distal 
ends of the first three fingers, which simultaneously acquires from 
the sensors at the feet and hands (e.g., during walking).

The standardized procedure allowed the execution of the exer-
cises to be uniform and to obtain clear acquisition input from other 
movements, thus favoring good performance of the algorithms ded-
icated to the calculation of motor measures.

This method newly allows recording multiple types of motor 
tasks in approximately 30 min to obtain 58 significantly different ob-
jective motor measures (patients with PD vs. HC), of which 32 with 
high discriminating power and excellent ICC values.

Not all measures provided by the SH– SF system demonstrated 
good discriminating capacity between patients with PD versus HC, 
suggesting that the data provided by wearable sensors (or other 
types of instruments) would require preliminary reliability testing 
before being used in clinical practice.

The reasons why some motor measures did not discriminate be-
tween the two groups varied on a case- by- case basis.

The thumb– index and thumb– middle tapping width measure-
ments were not significant. The SH– SF system processes these 
measurements without using information derived from the sensors 
placed on the thumb. This simplification does not affect some cal-
culations, such as the number of taps, but could significantly affect 
the calculation of the amplitude of the movement (during tapping, 
the thumb moves although less than the index or middle finger). 
Therefore, in the future, algorithms dedicated to the calculation of 
the amplitude of these tapping movements will have to be integrated 
with the information coming from the thumb sensors (already posi-
tioned in the SH– SF system).

Regarding the tapping movement of the index on the table, the 
measures of tapping number and integral calculation of the accelera-
tions were not significant. New algorithms will have to be developed 
that are more suitable for the study of fast movements with small 
excursions, such as those of this motor task. Additionally, the extent 
of hand opening and closing was not significantly different between 
the patients with PD and HC. Some people perform this move-
ment by completely closing their hand (fist), while others perform 
the motor task without flexing the third phalanx over the second 
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TA B L E  2  Biomechanical parameters

Tasks 
evaluated Movement Motor measurement Abbreviation Unit of measure

Upper limb 
motility

Thumb– forefinger 
tapping (THFF)

Taps number TF_Taps No.

Amplitude of forefinger movement TF_Exc degrees of arc (°)

Closing velocity TF_wc (°/s)

Opening velocity TF_wo (°/s)

Integral of magnitude of the total acceleration vector (IAV) TF_IAV (m/s)

Thumb– middle 
finger tapping 
(THMF)

Taps number TM_Taps No.

Amplitude of forefinger movement TM_Exc (°)

Closing velocity TM_wc (°/s)

Opening velocity TM_wo (°/s)

Integral of magnitude of the total acceleration vector (IAV) TM_IAV (m/s)

Forefinger tapping 
(FTAP)

Taps number FF_Taps No.

Amplitude of forefinger movement FF_Exc (°)

Closing velocity FF_wc (°/s)

Opening velocity FF_wo (°/s)

Integral of magnitude of the total acceleration vector (IAV) FF_IAV (m/s)

Hand opening/
closing (OPCL)

Hand opening– closing movements OC_Taps No.

Amplitude of opening/closing movement OC_Exc (°)

Closing velocity OC_wc (°/s)

Opening velocity OC_wo (°/s)

Integral of magnitude of the total acceleration vector (IAV) OC_IAV (m/s)

Forearm 
pronosupination 
(PSUP)

Pronosupination movements PS_Taps No.

Amplitude of pronosupination movements PS_Exc (°)

Supinating velocity PS_ws (°/s)

Pronation velocity PS_wp (°/s)

Integral of magnitude of the total acceleration vector (IAV) PS_IAV (m/s)

Lower limbs 
motility

Lower limb agility-  
Heel tapping 
(HEHE)

Average signal power from accelerometer PSD HE_Power m2/s2

Fundamental frequency HE_Freq (Hz)

Peak in power spectral density HE_Peak Energy/Hz

Integral of magnitude of the total acceleration vector (IAV) HE_IAV (m/s)

Toe tapping heel pin 
(TTHP)

Taps number TT_Taps No.

Toe angle TT_Exc (°)

Integral of magnitude of the total acceleration vector (IAV) TT_IAV (m/s)

Heel tapping— toe 
pin (HTTP)

Taps number HH_Taps No.

Heel angle HH_Exc (°)

Integral of magnitude of the total acceleration vector (IAV) HH_IAV (m/s)

Heel– toe tapping 
(HETO)

Taps number HT_Taps No.

Heel frequency HT_freqH (taps/s)

Toe frequency HT_freqT (taps/s)

Heel angle HT_ExcH (°)

Toe angle HT_ExcT (°)

Integral of magnitude of the total acceleration vector (IAV) HT_IAV (m/s)

(Continues)
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310  |    MAREMMANI et al.

(“bye– bye”- like finger movement). This inhomogeneity in execution 
may have influenced the significance of this measure. Asking pa-
tients to perform this task in a uniform way (i.e., “bye– bye” closure, 
instead of clenching a “fist”) may improve the discriminating capacity 
of this measure. Moreover, calculation algorithms for this measure 
must be revised.

Of the 16 measures concerning tremor (at rest and postural), 
seven were not significant (Table S3). This could partly be due to 
the intrinsic high variability of the tremor and its dependence on 

physiological factors (e.g., anxiety and tiredness), which may also ex-
acerbate physiological tremors in HC.

Furthermore, tremor variability during the examination could 
influence the subsequent retest, possibly explaining why tremor 
measurements with good discriminating capacity occasionally pre-
sented inhomogeneous ICC values that ranged from 0.13 (poor) to 
0.97 (good).

An improvement in measures of tremor at rest could be obtained 
by making more prolonged acquisitions (e.g., 26 s instead of 16 s for 

Tasks 
evaluated Movement Motor measurement Abbreviation Unit of measure

Tremor Rest tremor (HRST) Average signal power from accelerometer power spectral 
density (PSD)

RT_PwrA m2/s2

Accelerometer fundamental frequency RT_freqA Hz

Accelerometer % power in band (3.5– 7.5 Hz) RT_Perc1A %

Average signal power from gyroscope PSD RT_PwrG degrees2

Gyroscope fundamental frequency RT_freqG Hz

Gyroscope % power in band (3.5– 7.5 Hz) RT_Perc1G %

Integral of magnitude of the total acceleration vector (IAV) RT_IAV m/s

Postural tremor 
(POST)

Average signal power from accelerometer PSD PT_PwrA m2/s2

Accelerometer fundamental frequency PT_freqA Hz

Accelerometer %power in band (3.5– 7.5 Hz) PT_Perc1A %

Accelerometer %power in band (8– 12 Hz) PT_Perc2A %

Average signal power from gyroscope PSD PT_PwrG degrees2

Gyroscope fundamental frequency PT_freqG Hz

Gyroscope %power in band (3.5– 7.5 Hz) PT_Perc1G %

Gyroscope %power in band (8– 12 Hz) PT_Perc2G %

Energy expenditure PT_IAV m/s

Gait Gait (GTAF) Gait time GT_Time s

Gait strides GT_Strd No.

Stride time GT_StrdT s

Swing time GT_SWT s

Stance time GT_STT s

Relative stance GT_RS %

Angular excursion GT_ANG degrees of arc (°)

Stride height indicator GT_H indicator in approx. 
cm

Rotation (ROTA) Rotation time RO_Time s

Rotation frequency RO_Freq (strides/s)

Rotation strides RO_Strd No

Stance time RO_STT s

Relative stance RO_RS %

Arms swinging 
(GTAH)

Movements GT_Taps No.

Movement amplitude GT_Exc (°)

Front velocity GT_wf (°/s)

Back velocity GT_wb (°/s)

Integral of magnitude of the total acceleration vector (IAV) GT_IAV (m/s)

TA B L E  2  (Continued)
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POST) and/or by detecting tremor during a condition that favors its 
onset, such as hand tremors that occur during walking.

The most discriminating measures of POST were those that in-
vestigated the 3.5– 7.5 Hz frequency band, where the parkinsonian 
tremor was placed (effect size: 0.5– 1.2). This may be due to the re-
appearance of Parkinsonian tremors during posture maintenance.

The following gait measures did not significantly differ between 
patients with PD and HC: stride time, swing time, and stance time. 
Hence, these measures may not be suitable for differentiating HC 
from patients with mild- to- moderate PD.

Del Din et al.31 have reported that the variability and asym-
metry of gait measurements were significant in prodromal PD. 
Unfortunately, we did not perform this analysis, although we have 
identified bilaterally very discriminating walking measures with good 
ICC values as follows: walking time of 15 m, number of steps, foot 
lift index from the ground, and dorso– plantar excursion of the ankle 
(effect size: 0.5– 1.7; ICC: 0.90– 0.98).

The relative stance (ratio between the duration of the stance 
phase and the walking cycle) was a sufficiently reliable measure for 
the left lower limb (effect size: 0.5; ICC of HC: 0.94; patients with 
PD: 0.90), whereas on the right, this measure was not significant.

In this study, we identified other significant motor measures 
only for one side of the body (Tables 3– 6); of the 58 measures with 
medium– high discriminating capacity (Cohen's d ≥ 0.5), 50 were for 
the right side of the body and 54 for the left. This slightly lower num-
ber of significant motor measures for the right limbs may be due to 
the fact that the dominant side of the body (i.e., right side in our 
sample) may benefit from more efficacious motor compensation 
mechanisms in the early stages of PD.

Nevertheless, this slight difference might disappear by inves-
tigating a larger sample, including participants with left- side domi-
nance, for which we currently have a multisite study in progress that 
also includes left- handed participants, and the variability and asym-
metry of motor measures will be evaluated.

The speed of the pendular backward movement of the upper 
limbs during walking was not significantly different between HC and 
patients with PD, in contrast to that of the forward movement. This 
difference could depend on the mild disease severity of the included 
patients with PD and/or on the limited sample size. However, the 
kinetics of the backward pendular movement could also explain the 
difference in results; it has a shorter oscillation time than the for-
ward movement and occurs in favor of gravity, and fewer muscles 
are involved compared to when the oscillation of the arm was to-
wards the front.32,33

Normative data for SH– SF parameters were obtained once the 
study sample was increased. This allowed us to obtain aggregate 
reference values for the limbs stratified by age and sex. Once nor-
mative values are obtained, a quantitative score of disease sever-
ity can be obtained, which would help clinicians to monitor motor 
impairment and provide appropriate treatment. With such reliable 
motor measures available, artificial intelligence algorithms will soon 
be implemented to automatize and optimize the process of data 

dimensionality reduction and data aggregation, providing clinicians 
with few parameters to be used in clinical practice.

Overall, this study demonstrates that the SH– SF device provides 
many reliable and discriminating motor parameters in a supervised 
setting. We hope that such measures (or some of them) will soon 
be detected during clinical checks in specialized settings. Such stan-
dardized motor measures would help clinicians to objectively mon-
itor the course of the disease over time or even motor fluctuations 
that occur in patients with PD. Furthermore, such motor measures 
could help to identify patients at risk for PD (e.g., those with idio-
pathic hyposmia) who have an idiopathic deflection of motor perfor-
mance that is not clinically evident (potential preclinical PD).27

The SH– SF device has already been used in supervised experi-
ments for the quantitative and objective assessment of motor per-
formance for the diagnosis and monitoring of PD.26

Since we have verified that the SH– SF system provides reliable 
and discriminating motor measures, this will also be used for patients 
with motor fluctuations and in more advanced stages of the disease 
in a supervised setting.

Before adopting the SH– SF device for telemonitoring, verify-
ing that the system is also reliable to be used in an “unsupervised” 
home setting is necessary. Motor performance can be influenced by 
several factors (e.g., degree of vigilance and motivation), and these 
influences vary from a supervised clinical setting to an unsupervised 
home setting.13 Consequently, a new project (OLIMPIA, Tuscany 
Region: J44120000760009) that aimed to verify the correlation of 
motor parameters obtained under different conditions is underway.

The patient will undergo training by specialized staff; further-
more, specific information material (paper and multimedia) will be 
provided.

Before the self- acquisition of each motor exercise, an avatar (dis-
played on the tablet screen of the SH– SF kit) demonstrates how the ex-
ercise must be performed. Additionally, the development of automatic 
recognition algorithms for the correct positioning of sensors was used.

Considering that the SH– SF device will provide reliable parame-
ters in an unsupervised setting, the following home use scenario can 
be assumed: (1) evaluating the percentage of amelioration to a dopa-
minergic stimulation test in de novo drug- naïve patients with PD; (2) 
in a motor- compensated patient with PD, monitoring (approximately 
30 min) once a month should be performed in order to assess the 
course of the disease; and (3) in patients with motor fluctuations, 
several self- acquisitions should be conducted daily in order to opti-
mize dopaminergic therapy.

The strength of this study is the highly standardized and easily 
repeatable method of performing and acquiring motor tasks. This 
facilitates the analytical work of calculation algorithms. The SH– SF 
wearable sensors are another advantage because they allow the ac-
quisition of motor information for each of the four limbs while simul-
taneously walking.

However, this study had some limitations. First, the study had a 
relatively small sample size, and only right- handed participants were 
included; this will be amended during the extension of the study in 
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312  |    MAREMMANI et al.

TA B L E  3  Motor measurement values of upper limbs motility in healthy control subjects and in PD patients

Movement
Motor 
parameter Group

Right Left

N Mean SD Min. Max. Effect size (d) p (adjusted) N Mean SD Min. Max. Effect size (d)
p 
(adjusted)

Thumb- forefinger tapping 
(THFF)

TF_Taps C 50 45.4 7.5 29.0 58.5 1.2a <.00001* 50 43.8 6.9 30.5 55.0 1.5a <.00001*

P 54 32.9 12.4 8.5 57.5 51 29.7 11.0 12.0 55.5

TF_wc C 50 165.0 83.4 40.3 353.1 0.3 .2410 50 197.8 86.0 75.4 396.3 0.6 .0109*

P 54 141.6 98.4 26.1 439.1 51 146.0 96.5 14.9 374.1

TF_wo C 50 137.4 70.6 33.5 303.5 0.2 .4428 50 165.2 72.0 59.3 315.3 0.5 .0359*

P 54 124.3 83.3 25.2 373.2 51 129.6 79.9 19.5 303.4

TF_IAV C 50 134.2 18.2 106.6 183.6 0.9a .00003* 50 153.4 24.1 119.0 216.9 1.2a <.00001*

P 54 116.8 19.6 86.1 182.1 51 124.1 25.5 95.8 198.3

Thumb- middle finger tapping 
(THMF)

TM_Taps C 49 46.1 7.2 31.0 60.0 1.2a <.00001* 49 43.5 6.6 32.5 54.5 1.3a <.00001*

P 52 34.4 11.4 13.5 56.0 52 31.7 11.1 11.5 56.0

TM_wc C 49 147.6 71.1 38.1 323.9 0.4 .921 49 186.3 80.5 56.9 397.5 0.7 .0014*

P 52 121.2 72.5 30.8 391.8 52 128.2 86.0 25.9 368.3

TM_wo C 49 177.9 85.1 43.8 392.5 0.5 .0346* 49 224.2 95.8 73.6 480.9 0.8b .0003*

P 52 138.3 86.4 17.3 473.3 52 145.6 102.8 29.0 438.6

TM_IAV C 49 150.8 21.9 101.5 203.5 1.2a <.00001* 49 154.3 26.1 103.7 210.0 1.2a <.00001*

P 52 120.3 26.6 92.2 200.1 52 122.5 27.8 96.8 197.2

Forefinger tapping (FTAP) FF_wo C 49 97.2 43.4 12.6 226.5 1.4a <.00001* 50 117.3 43.7 46.3 226.2 1.0a .0007*

P 26 45.4 23.2 16.8 131.6 26 73.4 48.6 26.2 216.7

FF_wc C 49 116.5 52.0 2.3 262.8 1.4a <.00001* 50 139.3 51.5 50.3 266.7 1.0a .0007*

P 26 53.3 29.3 11.2 157.5 26 85.3 60.1 27.1 260.9

FF_Exc C 49 14.0 7.2 2.2 34.1 1.1b .00002* 50 18.0 8.1 6.1 38.3 0.7 .0075*

P 26 7.1 4.2 1.6 18.8 26 11.9 8.5 3.2 39.3

Hand opening/closing (OPCL) OC_Taps C 50 35.7 6.9 24.5 56.0 1.3a <.00001* 50 33.6 6.5 16.5 53.5 1.1a <.00001*

P 53 24.0 10.6 6.5 50.5 52 23.6 11.6 6.0 51.0

OC_wc C 50 555.3 159.4 146.6 920.8 0.8a .0002* 50 611.3 157.4 229.3 928.8 0.9a .00003*

P 53 420.0 171.0 129.6 830.8 52 450.4 188.3 141.3 818.5

OC_wo C 50 656.3 184.8 180.2 1097.3 1.0a <.00001* 50 715.4 185.8 285.2 1094.5 1.1a <.00001*

P 53 449.0 210.0 129.9 943.1 52 473.3 235.3 146.2 967.9

OC_IAV C 50 254.9 58.7 153.2 435.3 1.8a <.00001* 50 263.9 60.2 148.9 391.6 1.3a <.00001*

P 53 156.6 53.5 98.1 292.3 52 172.9 73.8 104.4 372.1

Forearm prono- supination 
(PSUP)

PS_Taps C 49 22.6 5.9 13.0 37.0 0.7 .0012* 49 22.0 6.0 11.0 38.5 0.7 .0046*

P 53 17.4 8.5 5.5 38.0 49 17.2 8.5 4.0 38.5

PS_Exc C 49 156.2 27.9 102.2 220.3 1.3a <.00001* 49 154.0 33.5 59.4 245.8 1.4a <.00001*

P 53 117.3 32.3 45.0 190.5 49 109.7 30.9 41.7 181.2

PS_ws C 49 613.1 118.8 351.6 915.1 2.0a <.00001* 49 589.4 147.6 261.2 920.0 1.9a <.00001*

P 53 360.5 137.8 127.0 742.4 49 333.1 123.5 144.1 623.4

PS_wp C 49 688.0 144.7 381.9 1002.1 2.0a <.00001* 49 652.4 177.7 282.8 1088.2 1.9a <.00001*

P 53 371.4 164.9 100.8 876.3 49 335.9 148.0 99.1 651.2

PS_IAV C 49 154.6 31.5 109.2 225.6 1.6a <.00001* 49 153.85 36.1 108.9 251.9 1.5a <.00001*

P 53 114.2 19.0 92.0 200.9 49 112.9 14.24 87.2 158.6

Note: Statistical significance between the two groups investigated (p adjusted) and discriminant capacity (effect size). C: control group; 
P: PD patients group; Effect size: Cohen d.
aCohen d > 0.8 bilaterally.
bCohen d > 0.8 unilaterally.
*p < .05.
Abbreviations: PD, Parkinson's disease; SD, standard deviation.
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TA B L E  3  Motor measurement values of upper limbs motility in healthy control subjects and in PD patients

Movement
Motor 
parameter Group

Right Left

N Mean SD Min. Max. Effect size (d) p (adjusted) N Mean SD Min. Max. Effect size (d)
p 
(adjusted)

Thumb- forefinger tapping 
(THFF)

TF_Taps C 50 45.4 7.5 29.0 58.5 1.2a <.00001* 50 43.8 6.9 30.5 55.0 1.5a <.00001*

P 54 32.9 12.4 8.5 57.5 51 29.7 11.0 12.0 55.5

TF_wc C 50 165.0 83.4 40.3 353.1 0.3 .2410 50 197.8 86.0 75.4 396.3 0.6 .0109*

P 54 141.6 98.4 26.1 439.1 51 146.0 96.5 14.9 374.1

TF_wo C 50 137.4 70.6 33.5 303.5 0.2 .4428 50 165.2 72.0 59.3 315.3 0.5 .0359*

P 54 124.3 83.3 25.2 373.2 51 129.6 79.9 19.5 303.4

TF_IAV C 50 134.2 18.2 106.6 183.6 0.9a .00003* 50 153.4 24.1 119.0 216.9 1.2a <.00001*

P 54 116.8 19.6 86.1 182.1 51 124.1 25.5 95.8 198.3

Thumb- middle finger tapping 
(THMF)

TM_Taps C 49 46.1 7.2 31.0 60.0 1.2a <.00001* 49 43.5 6.6 32.5 54.5 1.3a <.00001*

P 52 34.4 11.4 13.5 56.0 52 31.7 11.1 11.5 56.0

TM_wc C 49 147.6 71.1 38.1 323.9 0.4 .921 49 186.3 80.5 56.9 397.5 0.7 .0014*

P 52 121.2 72.5 30.8 391.8 52 128.2 86.0 25.9 368.3

TM_wo C 49 177.9 85.1 43.8 392.5 0.5 .0346* 49 224.2 95.8 73.6 480.9 0.8b .0003*

P 52 138.3 86.4 17.3 473.3 52 145.6 102.8 29.0 438.6

TM_IAV C 49 150.8 21.9 101.5 203.5 1.2a <.00001* 49 154.3 26.1 103.7 210.0 1.2a <.00001*

P 52 120.3 26.6 92.2 200.1 52 122.5 27.8 96.8 197.2

Forefinger tapping (FTAP) FF_wo C 49 97.2 43.4 12.6 226.5 1.4a <.00001* 50 117.3 43.7 46.3 226.2 1.0a .0007*

P 26 45.4 23.2 16.8 131.6 26 73.4 48.6 26.2 216.7

FF_wc C 49 116.5 52.0 2.3 262.8 1.4a <.00001* 50 139.3 51.5 50.3 266.7 1.0a .0007*

P 26 53.3 29.3 11.2 157.5 26 85.3 60.1 27.1 260.9

FF_Exc C 49 14.0 7.2 2.2 34.1 1.1b .00002* 50 18.0 8.1 6.1 38.3 0.7 .0075*

P 26 7.1 4.2 1.6 18.8 26 11.9 8.5 3.2 39.3

Hand opening/closing (OPCL) OC_Taps C 50 35.7 6.9 24.5 56.0 1.3a <.00001* 50 33.6 6.5 16.5 53.5 1.1a <.00001*

P 53 24.0 10.6 6.5 50.5 52 23.6 11.6 6.0 51.0

OC_wc C 50 555.3 159.4 146.6 920.8 0.8a .0002* 50 611.3 157.4 229.3 928.8 0.9a .00003*

P 53 420.0 171.0 129.6 830.8 52 450.4 188.3 141.3 818.5

OC_wo C 50 656.3 184.8 180.2 1097.3 1.0a <.00001* 50 715.4 185.8 285.2 1094.5 1.1a <.00001*

P 53 449.0 210.0 129.9 943.1 52 473.3 235.3 146.2 967.9

OC_IAV C 50 254.9 58.7 153.2 435.3 1.8a <.00001* 50 263.9 60.2 148.9 391.6 1.3a <.00001*

P 53 156.6 53.5 98.1 292.3 52 172.9 73.8 104.4 372.1

Forearm prono- supination 
(PSUP)

PS_Taps C 49 22.6 5.9 13.0 37.0 0.7 .0012* 49 22.0 6.0 11.0 38.5 0.7 .0046*

P 53 17.4 8.5 5.5 38.0 49 17.2 8.5 4.0 38.5

PS_Exc C 49 156.2 27.9 102.2 220.3 1.3a <.00001* 49 154.0 33.5 59.4 245.8 1.4a <.00001*

P 53 117.3 32.3 45.0 190.5 49 109.7 30.9 41.7 181.2

PS_ws C 49 613.1 118.8 351.6 915.1 2.0a <.00001* 49 589.4 147.6 261.2 920.0 1.9a <.00001*

P 53 360.5 137.8 127.0 742.4 49 333.1 123.5 144.1 623.4

PS_wp C 49 688.0 144.7 381.9 1002.1 2.0a <.00001* 49 652.4 177.7 282.8 1088.2 1.9a <.00001*

P 53 371.4 164.9 100.8 876.3 49 335.9 148.0 99.1 651.2

PS_IAV C 49 154.6 31.5 109.2 225.6 1.6a <.00001* 49 153.85 36.1 108.9 251.9 1.5a <.00001*

P 53 114.2 19.0 92.0 200.9 49 112.9 14.24 87.2 158.6

Note: Statistical significance between the two groups investigated (p adjusted) and discriminant capacity (effect size). C: control group; 
P: PD patients group; Effect size: Cohen d.
aCohen d > 0.8 bilaterally.
bCohen d > 0.8 unilaterally.
*p < .05.
Abbreviations: PD, Parkinson's disease; SD, standard deviation.
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a much larger sample. Second, information on other clinical aspects 
of PD (e.g., speech, facial expressions, rigidity, freezing, postural in-
stability) was lacking, for which other tools have already been devel-
oped or are being tested.34– 41

In conclusion, the motor measures identified in this study are 
very reliable as they are highly discriminating (patients with PD vs. 
HC) and have high test– retest ICC values. In the near future, these 
parameters could be used for research purposes in telemonitoring 
tests for patients with PD.

ACKNOWLEDG MENTS
We are grateful to all the patients and individuals who participated 
in the study. We thank Dr. Aldo Pieroni (retired librarian) for his valu-
able help in preparing the literature source list.

CONFLIC TS OF INTERE S T
The authors have no conflicts of interest to declare relevant to 
the content of this article. The Azienda USL Toscana Nord Ovest 
and Scuola Superiore Sant'Anna filed an Italian patent concerning 
SensHand.

DATA AVAIL ABILIT Y S TATEMENT
The paper includes tables and supplementary material where the 
means, standard deviation, maximum and minimum values of motor 
measures are reported. Other specifications of the results and/or 
the datasets generated during and/or analyzed during the current 
study are available in aggregated from the corresponding author 
upon reasonable request.

PEER RE VIE W
The peer review history for this article is available at https://publo 
ns.com/publo n/10.1111/ane.13667.

E THIC S APPROVAL
The study (acronym CASANOVA, approved by the Ethical Committee 
of Tuscany Region, Area Vasta Nord Ovest, Italy, n°13,055/09.10.18, 
notified as n°1288/2019) was conducted in accordance with the 
International Conference of Harmonization Guideline for Good 
Clinical Practice and the declaration of Helsinki.

CODE AVAIL ABILIT Y
MATLAB R2018a (The MathWorks, Inc., Natick, MA, USA).

CONSENT TO PARTICIPATE
The participants signed the informed consent to participate in the 
study and to publish their data anonymously.

ORCID
Carlo Maremmani  https://orcid.org/0000-0001-8229-2358 
Erika Rovini  https://orcid.org/0000-0002-7906-9013 
Stefano Salvadori  https://orcid.org/0000-0002-1266-3931 
Jacopo Pasquini  https://orcid.org/0000-0003-1856-2995 
Simone Rossi  https://orcid.org/0000-0001-7044-983X 

Roberto Monastero  https://orcid.org/0000-0002-2829-523X 
Filippo Cavallo  https://orcid.org/0000-0001-7432-5033 

R E FE R E N C E S
 1. de Lau LM, Breteler MM. Epidemiology of Parkinson's disease. Lancet 

Neurol. 2006;5(6):525- 535. doi:10.1016/S1474- 4422(06)70471- 9
 2. Yang W, Hamilton JL, Kopil C, et al. Current and projected future 

economic burden of Parkinson's disease in the U.S. Npj Parkinsons 
Dis. 2020;6:15. doi:10.1038/s41531- 020- 0117- 1

 3. AlMahadin G, Lotfi A, Zysk E, Siena FL, Carthy MM, Breedon P. 
Parkinson's disease: current assessment methods and wearable 
devices for evaluation of movement disorder motor symptoms 
-  a patient and healthcare professional perspective. BMC Neurol. 
2020;20(1):419. doi:10.1186/s12883- 020- 01996- 7

 4. Braak H, Del Tredici K, Rüb U, de Vos RA, Jansen Steur EN, Braak 
E. Staging of brain pathology related to sporadic Parkinson's 
disease. Neurobiol Aging. 2003;24(2):197- 211. doi:10.1016/
s0197- 4580(02)00065- 9

 5. Braak H, Del Tredici K. Neuropathological staging of brain pa-
thology in sporadic Parkinson's disease: separating the wheat 
from the chaff. J Parkinsons Dis. 2017;7(s1):S71- S85. doi:10.3233/
JPD- 179001

 6. Wu Y, Le W, Jankovic J. Preclinical biomarkers of Parkinson disease. 
Arch Neurol. 2011;68(1):22- 30. doi:10.1001/archneurol.2010.321

 7. Postuma RB, Berg D, Stern M, et al. MDS clinical diagnostic cri-
teria for Parkinson's disease. Mov Disord. 2015;30(12):1591- 1601. 
doi:10.1002/mds.26424

 8. Schapira AH, Tolosa E. Molecular and clinical prodrome of Parkinson 
disease: implications for treatment. Nat Rev Neurol. 2010;6(6):309- 
317. doi:10.1038/nrneurol.2010.52

 9. Huang H, Chen L. Neurorestorative process, law, and mecha-
nisms. Journal of Neurorestoratology. 2015;3(1):23- 30. doi:10.2147/
jn.s74139

 10. Naoi M, Maruyama W, Shamoto- Nagai M. Rasagiline and selegiline 
modulate mitochondrial homeostasis, intervene apoptosis system 
and mitigate α- synuclein cytotoxicity in disease- modifying therapy 
for Parkinson's disease. J Neural Transm (Vienna). 2020;127(2):131- 
147. doi:10.1007/s00702- 020- 02150- w

 11. Berg D, Postuma RB, Adler CH, et al. MDS research criteria for pro-
dromal Parkinson's disease. Mov Disord. 2015;30(12):1600- 1611. 
doi:10.1002/mds.26431

 12. Chaudhuri KR, Rizos A, Sethi KD. Motor and nonmotor complica-
tions in Parkinson's disease: an argument for continuous drug deliv-
ery? J Neural Transm (Vienna). 2013;120(9):1305- 1320. doi:10.1007/
s00702- 013- 0981- 5

 13. Warmerdam E, Hausdorff JM, Atrsaei A, et al. Long- term unsuper-
vised mobility assessment in movement disorders. Lancet Neurol. 
2020;19(5):462- 470. doi:10.1016/S1474- 4422(19)30397- 7

 14. van den Bergh R, Bloem BR, Meinders MJ, Evers LJW. The 
state of telemedicine for persons with Parkinson's dis-
ease. Curr Opin Neurol. 2021;34(4):589- 597. doi:10.1097/
WCO.0000000000000953

 15. Amanzio M, Monteverdi S, Giordano A, Soliveri P, Filippi P, 
Geminiani G. Impaired awareness of movement disorders in 
Parkinson's disease. Brain Cogn. 2010;72(3):337- 346. doi:10.1016/j.
bandc.2009.10.011

 16. Hoehn MM, Yahr MD. Parkinsonism: onset, progression and mor-
tality. Neurology. 1967;17(5):427- 442. doi:10.1212/wnl.17.5.427

 17. Goetz CG, Tilley BC, Shaftman SR, et al. 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(15):2129- 2170. doi:10.1002/mds.22340

 18. Peto V, Jenkinson C, Fitzpatrick R, Greenhall R. The development 
and validation of a short measure of functioning and well being for 

 16000404, 2022, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ane.13667 by C

ochraneItalia, W
iley O

nline L
ibrary on [02/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://publons.com/publon/10.1111/ane.13667
https://publons.com/publon/10.1111/ane.13667
https://orcid.org/0000-0001-8229-2358
https://orcid.org/0000-0001-8229-2358
https://orcid.org/0000-0002-7906-9013
https://orcid.org/0000-0002-7906-9013
https://orcid.org/0000-0002-1266-3931
https://orcid.org/0000-0002-1266-3931
https://orcid.org/0000-0003-1856-2995
https://orcid.org/0000-0003-1856-2995
https://orcid.org/0000-0001-7044-983X
https://orcid.org/0000-0001-7044-983X
https://orcid.org/0000-0002-2829-523X
https://orcid.org/0000-0002-2829-523X
https://orcid.org/0000-0001-7432-5033
https://orcid.org/0000-0001-7432-5033
https://doi.org/10.1016/S1474-4422(06)70471-9
https://doi.org/10.1038/s41531-020-0117-1
https://doi.org/10.1186/s12883-020-01996-7
https://doi.org/10.1016/s0197-4580(02)00065-9
https://doi.org/10.1016/s0197-4580(02)00065-9
https://doi.org/10.3233/JPD-179001
https://doi.org/10.3233/JPD-179001
https://doi.org/10.1001/archneurol.2010.321
https://doi.org/10.1002/mds.26424
https://doi.org/10.1038/nrneurol.2010.52
https://doi.org/10.2147/jn.s74139
https://doi.org/10.2147/jn.s74139
https://doi.org/10.1007/s00702-020-02150-w
https://doi.org/10.1002/mds.26431
https://doi.org/10.1007/s00702-013-0981-5
https://doi.org/10.1007/s00702-013-0981-5
https://doi.org/10.1016/S1474-4422(19)30397-7
https://doi.org/10.1097/WCO.0000000000000953
https://doi.org/10.1097/WCO.0000000000000953
https://doi.org/10.1016/j.bandc.2009.10.011
https://doi.org/10.1016/j.bandc.2009.10.011
https://doi.org/10.1212/wnl.17.5.427
https://doi.org/10.1002/mds.22340


    |  317MAREMMANI et al.

individuals with Parkinson's disease. Qual Life Res. 1995;4(3):241- 
248. doi:10.1007/BF02260863

 19. Hauser RA, Friedlander J, Zesiewicz TA, et al. A home diary to assess 
functional status in patients with Parkinson's disease with motor 
fluctuations and dyskinesia. Clin Neuropharmacol. 2000;23(2):75- 
81. doi:10.1097/00002826- 200003000- 00003

 20. Palmer JL, Coats MA, Roe CM, Hanko SM, Xiong C, Morris JC. Unified 
Parkinson's Disease Rating Scale- Motor Exam: inter- rater reliability 
of advanced practice nurse and neurologist assessments. J Adv Nurs. 
2010;66(6):1382- 1387. doi:10.1111/j.1365- 2648.2010.05313.x

 21. Post B, Merkus MP, de Bie RM, de Haan RJ, Speelman JD. Unified 
Parkinson's disease rating scale motor examination: are ratings 
of nurses, residents in neurology, and movement disorders spe-
cialists interchangeable? Mov Disord. 2005;20(12):1577- 1584. 
doi:10.1002/mds.20640

 22. Hagell P, Nygren C. The 39 item Parkinson's disease questionnaire 
(PDQ- 39) revisited: implications for evidence based medicine. J 
Neurol Neurosurg Psychiatry. 2007;78(11):1191- 1198. doi:10.1136/
jnnp.2006.111161

 23. Joshi R, Bronstein JM, Keener A, et al. PKG movement record-
ing system use shows promise in routine clinical care of patients 
with Parkinson's disease. Front Neurol. 2019;10:1027. doi:10.3389/
fneur.2019.01027

 24. Del Din S, Kirk C, Yarnall AJ, Rochester L, Hausdorff JM. Body- worn 
sensors for remote monitoring of Parkinson's disease motor symp-
toms: vision, state of the art, and challenges ahead. J Parkinsons Dis. 
2021;11(s1):S35- S47. doi:10.3233/JPD- 202471

 25. Lee M, Youm C, Jeon J, Cheon SM, Park H. Validity of shoe- type 
inertial measurement units for Parkinson's disease patients during 
treadmill walking. J Neuroeng Rehabil. 2018;15(1):38. doi:10.1186/
s12984- 018- 0384- 9

 26. Rovini E, Maremmani C, Cavallo F. A wearable system to objec-
tify assessment of motor tasks for supporting Parkinson's disease 
diagnosis. Sensors (Basel). 2020;20(9):2630. doi:10.3390/s2009 
2630

 27. Maremmani C, Cavallo F, Purcaro C, et al. Combining olfactory 
test and motion analysis sensors in Parkinson's disease preclinical 
diagnosis: a pilot study. Acta Neurol Scand. 2018;137(2):204- 211. 
doi:10.1111/ane.12862

 28. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practi-
cal and powerful approach to multiple testing. J R Stat Soc B Methodol. 
1995;57(1):289- 300. doi:10.1111/j.2517- 6161.1995.tb02031.x

 29. Cohen J. Statistical Power Analysis for the Behavioral Sciences. 2nd 
ed. Lawrence Erlbaum Associates; 1988.

 30. Shrout PE, Fleiss JL. Intraclass correlations: uses in assessing rater 
reliability. Psychol Bull. 1979;86(2):420- 428. doi:10.1037//003
3- 2909.86.2.420

 31. Del Din S, Elshehabi M, Galna B, et al. Gait analysis with wear-
ables predicts conversion to parkinson disease. Ann Neurol. 
2019;86(3):357- 367. doi:10.1002/ana.25548

 32. Ballesteros ML, Buchthal F, Rosenfalck P. The pattern of muscular 
activity during the arm swing of natural walking. Acta Physiol Scand. 
1965;63(3):296- 310. doi:10.1111/j.1748- 1716.1965.tb04069.x

 33. Kuhtz- Buschbeck JP, Jing B. Activity of upper limb muscles during 
human walking. J Electromyogr Kinesiol. 2012;22(2):199- 206. 
doi:10.1016/j.jelekin.2011.08.014

 34. Zhang L, Qu Y, Jin B, Jing L, Gao Z, Liang Z. an intelligent mobile- 
enabled system for diagnosing parkinson disease: development 
and validation of a speech impairment detection system. JMIR Med 
Inform. 2020;8(9):e18689. doi:10.2196/18689

 35. Ramezani H, Khaki H, Erzin E, Akan OB. Speech features for 
telemonitoring of Parkinson's disease symptoms. Annu Int Conf 
IEEE Eng Med Biol Soc. 2017;2017:3801- 3805. doi:10.1109/
EMBC.2017.8037685

 36. Tracy JM, Özkanca Y, Atkins DC, Hosseini GR. Investigating 
voice as a biomarker: deep phenotyping methods for early detec-
tion of Parkinson's disease. J Biomed Inform. 2020;104:103362. 
doi:10.1016/j.jbi.2019.103362

 37. Arora S, Baghai- Ravary L, Tsanas A. Developing a large scale pop-
ulation screening tool for the assessment of Parkinson's disease 
using telephone- quality voice. J Acoust Soc Am. 2019;145(5):2871- 
2884. doi:10.1121/1.5100272

 38. Jin B, Qu Y, Zhang L, Gao Z. Diagnosing Parkinson disease through 
facial expression recognition: video analysis. J Med Internet Res. 
2020;22(7):e18697. doi:10.2196/18697

 39. Evers LJ, Raykov YP, Krijthe JH, et al. Real- life gait performance 
as a digital biomarker for motor fluctuations: the Parkinson@
Home validation study. J Med Internet Res. 2020;22(10):e19068. 
doi:10.2196/19068

 40. Rodríguez- Martín D, Samà A, Pérez- López C, et al. Home detection 
of freezing of gait using support vector machines through a single 
waist- worn triaxial accelerometer. PLoS One. 2017;12(2):e0171764. 
doi:10.1371/journal.pone.0171764

 41. Rodríguez- Molinero A, Pérez- López C, Samà A, et al. Estimating 
dyskinesia severity in Parkinson's disease by using a waist- worn 
sensor: concurrent validity study. Sci Rep. 2019;9(1):13434. 
doi:10.1038/s41598- 019- 49798- 3

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Maremmani, C., Rovini, E., Salvadori, 
S., Pecori, A., Pasquini, J., Ciammola, A., Rossi, S., Berchina, 
G., Monastero, R. & Cavallo, F. (2022). Hands– feet wireless 
devices: Test– retest reliability and discriminant validity of 
motor measures in Parkinson's disease telemonitoring. Acta 
Neurologica Scandinavica, 146, 304–317. https://doi.
org/10.1111/ane.13667

 16000404, 2022, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ane.13667 by C

ochraneItalia, W
iley O

nline L
ibrary on [02/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1007/BF02260863
https://doi.org/10.1097/00002826-200003000-00003
https://doi.org/10.1111/j.1365-2648.2010.05313.x
https://doi.org/10.1002/mds.20640
https://doi.org/10.1136/jnnp.2006.111161
https://doi.org/10.1136/jnnp.2006.111161
https://doi.org/10.3389/fneur.2019.01027
https://doi.org/10.3389/fneur.2019.01027
https://doi.org/10.3233/JPD-202471
https://doi.org/10.1186/s12984-018-0384-9
https://doi.org/10.1186/s12984-018-0384-9
https://doi.org/10.3390/s20092630
https://doi.org/10.3390/s20092630
https://doi.org/10.1111/ane.12862
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1037/
https://doi.org/10.1037/
https://doi.org/10.1002/ana.25548
https://doi.org/10.1111/j.1748-1716.1965.tb04069.x
https://doi.org/10.1016/j.jelekin.2011.08.014
https://doi.org/10.2196/18689
https://doi.org/10.1109/EMBC.2017.8037685
https://doi.org/10.1109/EMBC.2017.8037685
https://doi.org/10.1016/j.jbi.2019.103362
https://doi.org/10.1121/1.5100272
https://doi.org/10.2196/18697
https://doi.org/10.2196/19068
https://doi.org/10.1371/journal.pone.0171764
https://doi.org/10.1038/s41598-019-49798-3
https://doi.org/10.1111/ane.13667
https://doi.org/10.1111/ane.13667

	Hands–feet wireless devices: Test–retest reliability and discriminant validity of motor measures in Parkinson's disease telemonitoring
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study population
	2.2|Sensor systems
	2.3|Motor tasks evaluated with sensors
	2.4|Statistical analysis

	3|RESULTS
	4|DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICTS OF INTEREST
	DATA AVAILABILITY STATEMENT
	PEER REVIEW

	ETHICS APPROVAL
	CODE AVAILABILITY
	CONSENT TO PARTICIPATE
	REFERENCES


