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Abstract

Background The current gold standard for evaluating normal and impaired motor performances includes the use of the infor-
mation provided by the patient and the Unified Parkinson’s Disease Rating Scale (UPDRS). However, clinical rating scales are
typically subjective and their time-limited duration may fail to capture daily fluctuations in motor symptoms resulting from
Parkinson’s disease. Recently, a new tool has been proposed for objective and continuous assessment of movement disorders
based on the evaluation of frequential data content from multi-axial sensors and the identification of specific movement patterns
typically associated with disorders. This reduces the probability of confusing physiological or pathological movements occurring
at the same frequency with a different movement pattern. However, the data provided by the tool have not yet been compared
with the information provided by the typically used clinical rating scales.

Objectives The aim of this work is to investigate the possible relationship between UPRDS scores and the information provided
by the tool for continuous and long-term monitoring.

Materials and methods In this study, 20 patients with hand tremor were recruited. The UPDRS scoring was performed by a
neurologist. Then, continuous monitoring was performed; data were acquired by means of the proposed wrist-worn-device “PD-
Watch” for 24 h and then processed in order to get information and indexes on motor symptoms. Finally, these indexes were
correlated to the UPDRS scores.

Results Results show that the concise indexes provided by the tool correlate well with some items in UPDRS Part 111, and this
correlation has allowed to provide a more direct and immediate meaning to the values of the concise indexes detected by the tool.
Conclusions While results need to be extended with further studies, this can be considered useful information in the context of
clinical trials and routine clinical practice for assessing motor symptoms and movement disorders.
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Introduction (LID) after 5 and 10 years [5]. Both the diagnosis of PD and

the assessment of its progression are essentially clinical and

Parkinson’s disease (PD) is the second most common neuro-
degenerative disorder [1], and the main motor symptoms in-
clude bradykinesia, rigidity, and tremors [2, 3]. There are var-
ious treatments for these motor symptoms [4] and though
treatment with Levodopa is usually initially effective, around
50% of patients experience levodopa-induced dyskinesia
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typically based on performing neurological examinations and
motor tests [6]; particularly, the current gold standard for the
evaluation of motor performances and impairments includes
the use of the information provided by the patient, such as
their motor symptom diary, and rating scales, such as the
Unified Parkinson’s Disease Rating Scale (UPDRS) [7, 8].
However, patients’ self-reporting is not always reliable, and
clinical rating scales are typically subjective, so the time-
limited duration of the abovementioned clinical examinations
may typically fail to capture daily fluctuations in PD motor
symptoms [5, 9, 10]. In order to reduce these shortcomings,
several devices and methods have been proposed for the ob-
jective and quantitative assessment of movement disorders
and tremor due to PD [11-13]. However, some proposed
methods and clinical trials require the presence of a clinician
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and, usually, do not allow continuous monitoring of move-
ment disorders, determining that they might fail to capture
variations in a patient’s continuously changing motor state.
Therefore, various systems and methods have been proposed
for the objective and continuous assessment of movement
disorders and tremor due to PD, allowing monitoring of the
patient’s continuously changing motor state for the whole day
[14, 15]. Some of the proposed solutions are based on the use
of wearable inertial measuring units and on the signal process-
ing to evaluate the frequential content in the range in which
motor symptoms due to PD typically occur (i.e., mainly up to
about 12 Hz) [6, 16]. However, most typical habitual motor
activities performed by patients may have a power spectrum
(e.g., up to 20 Hz [17]) that overlaps with the range in which
regular movements typically occur. As a consequence, solely
evaluating the frequential content does not usually offer a
reasonable distinction between movement disorders and nor-
mal daily motor activity.

In order to improve this, a recent tool (i.e., “PD-Watch”)
has been proposed that evaluates the frequential data content
coming from multi-axial sensors and identifies specific move-
ment patterns that motor symptoms are typically associated
with [18] (e.g., PD hand tremors usually occur between 3
and 7 Hz with a supination—pronation characteristic, while
tremor in patients affected by essential tremor (ET) typically
occurs between 5 and 10 Hz with a flexion—extension pattern
[3]). With reference to PD-induced hand tremor detection, this
tool checks if the movement frequency falls within the above
quoted typical range and if it has a supination—pronation pat-
tern [18]. This reduces the probability of being misled by other
physiological or pathological movements occurring at same
frequency as PD tremors, but with a movement pattern that
differs from the characteristic supination—pronation motion.
Therefore, this combined analysis has been used to refine
distinguishing motor activity due to movement disorders from
that due to patients’ normal daily activities, and one kind of
movement disorder from another; moreover, preliminary data
on the tool show an accuracy on the tremor detection of about
91% and on the dyskinesia detection of about 75% [19].

However, the results coming from the PD-Watch have not
yet been compared with the information provided by the typ-
ically used clinical rating scales. Thus, the aim of this work is
to investigate a possible relationship between UPRDS scores
and the information provided by the tool following the con-
tinuous and long-term monitoring.

Materials and methods
In this study, 20 patients affected by PD with hand tremor (and
without any involuntary movements and dyskinesias) were

recruited from the Neurology Unit of the Hospital of
Potenza “San Carlo”, Italy. Patients provided informed
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Fig. 1 Wearable device and 24-h acquisition for a PD patient with hand
tremor and dyskinesia. a Scheme of the PD-Watch wearable device. b
Tremor and dyskinesia duration detected by the device during the trial in
30-min time intervals. ¢ Results on the concise indexes detected by the
tool during the 24-h acquisition

Fig. 2 Tremor temporal trends detected during the day by the tool P>
represented in 30-min time intervals and compared between indexes pro-
vided by the tool and UPDRS scores. Data on the vertical axis of each plot
refer to the temporal acquisition time and are represented according the
format [mm-dd hh:mm)] (i.e., month-day hour:minute). a Tremor tempo-
ral trend in a PD patient with items no. 3.17 and 3.18 of UPDRS equal to
0 value. Lp index=0.7 h, Bp index=0.68. b Tremor temporal trend in a PD
patient with items no. 3.17 and 3.18 of UPDRS equal to 1 (Lp index=3.5
h, Bp index=11.1). ¢ Tremor temporal trend in a PD patient with item no.
3.18 of UPDRS equal to 2 and with item no. 3.17 of UPDRS equal to 3
(Lp index=5.4 h, Bp index=46.2)
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Table 1 Comparison between the

concise indexes detected by the Concise index of the

UPDRS items for

a, coefficient of linear 72, coefficient of

tool and UPDRS scores tool comparison combination determination
Lp-index 3.18 2.64 0.744
Bp-index max(3.15, 3.16, 3.17) 12.61 0.779
BL p-index 2.10 2.699 0.468

Value of the coefficient of linear combination @ and of the coefficient of determination 7% for each linear

regression analysis

consent prior to participation in the study. The study protocol
was approved by the Ethics Committee of Basilicata, Italy.

The UPRDS scoring was performed by a neurologist and
with patients under medication; after neurological examina-
tion, continuous monitoring began. Patients were asked to
wear the portable wearable system (i.e., “Parkinson’s
Disease Watch, PD-Watch™) (Fig. 1a) on their wrist for con-
tinuous and objective measurements of motor activity in each
patient’s normal environment. This wrist-worn device com-
prised a tri-axial accelerometer, a battery, a memory support,
and a microcontroller unit. The duration of the recording pe-
riod was set to 24 h and the data from the tri-axial accelerom-
eter was sampled with a frequency of 100 Hz per channel. At
the end of the 24-h acquisition period, recorded data were
processed with the considered processing method (i.e., the
so called “BL-method” [18]), which produced a report con-
taining the information on the movement disorders trends dur-
ing the day and on the concise indexes related to the cumula-
tive duration and severity of the various possible hand tremor
events detected during the entire duration of monitoring.
Finally, this information was compared with the UPRDS
score.

Figure 1 summarizes the main information provided by the
tool at the end of signal processing for 24 h of acquisition in a
PD patient with tremor and dyskinesia (similarly, in a PD
patient with tremor and without any involuntary movements
and dyskinesias, the main information provided and reported

by the tool is only related to the tremors); Figure 1 b shows
data on the tremor and dyskinesia duration detected by the
device during the 24-h trial in time intervals of 30 min;
Figure 1 c reports the value of the concise indexes on the
cumulative duration and severity of the various possible
movement disorders events detected during the entire duration
of monitoring period. The description of these indexes has
been reported previously [18] and is summarized below:

— The Lp index (lasting index) is related to the cumulative
duration of the possible hand tremor events detected dur-
ing the entire duration of 24-h monitoring period. The Lp
index was also reported in percentage form (Lpg,) as the
ratio between the cumulative duration of symptoms and
the duration of the acquisition.

—  The Bp index (bustle intensity index) represents the trem-
or severity and intensity related to the entire duration of
monitoring and, consequently, takes into account the en-
tirety of the hand tremor events detected.

— The BLp index was defined as the product between Lp
index and Bp index and summarized both severity and
duration of tremors detected during the entire duration
of monitoring time.

Similarly, the Bp, Lp, and BLj indexes reported in Fig. 1c
may be considered for the dyskinesia. Figure 1¢ shows that the
results from continuous monitoring indicate an overall tremor

Table 2 Comparison between the concise indexes detected by the tool and UPDRS scores

Concise index of the UPDRS

tool
UPDRS items for UPDRS score
comparison
0 1 2 3
Mean Standard Mean Standard Mean Standard Mean Standard
deviation deviation deviation deviation
Lp-index 3.18 0.7 0.1 33 04 49 0.6 na. na.
Bp-index Max (3.15, 3.16, 3.17) 0.7  0.01 13 5 23 7 49 3
BLp-index 2.10 0.3 0.5 24 09 5 3 na. na.

Relationship, for each concise index, between the mean value and standard deviations of the considered concise index with the corresponding UPDRS

score values
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Fig. 3 Comparison between
indexes provided by the tool and
UPDRS scores. a Relationship
between the Lp index on the
cumulative tremor duration
during the day, the UPDRS scores
of item 3.18 and the constancy of
tremor detected by the neurologist
during the execution of the rating
scale (#%=0.744). b Relationship
between the Bp index on the
cumulative tremor intensity
related to the entire day and the
maximum value of the UPDRS
scores for items no. 3.15, 3.16,
and 3.17 on the postural hand
tremor, kinetic hand tremor, and
rest tremor amplitude (°=0.779).
¢ Relationship between the BLp
index related to both severity and
duration of tremors detected
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duration of 48 min (i.e.. 0.8 h) and an overall dyskinesia du-
ration of 1 h and 36 min (i.e., 1.6 h) during the whole day.
Moreover, Fig. 2b provides details on the tremor and dyski-
nesia trends in 30-min time interval (e.g., between 19:00 and
19:30, tremor occurs for about 4 min and dyskinesia occurs
for about 6 min).

At the end of 24-h recording, the concise indexes obtained for
each continuous monitoring sequence were compared with the
UPDRS scoring. In particular, the Lp index was compared with
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the UPDRS test score obtained at item no. 3.18 on the constancy
and presence of tremor as detected by the examiner/neurologist;
the BLp index was compared with the UPDRS test score obtain-
ed at item no. 2.10 on the overall shaking and tremor perceived
by the patient during the week preceding the examination; the Bp
index was compared with the UPDRS test score for items no.
3.15, 3.16, and 3.17 on the amplitude of postural hand tremor,
kinetic hand tremor, and rest tremor, respectively. In particular,
the Bp index was compared with both the maximum and mean
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values of the UPDRS score for items no. 3.15, 3.16, and 3.17.
Even if the abovementioned tremors (i.e., postural, kinetic, and
rest tremor) differed in terms of activation conditions, the possi-
ble tremor frequencies were practically the same for the various
tremor and the action tremor usually has waveform similarities
with rest tremor [16].

Therefore, the Bp and Lp indexes on the intensity and du-
ration of tremor were compared by considering some items in
Part I1I (“motor examination’) of the UPDRS scale, which are
related to tremor amplitude and presence as detected by the
examiner/neurologist during the clinical examination. The
BLp index on the combination of severity and duration of
tremor was compared to a UPDRS item in Part II (“motor
experiences of daily living”), which is based mainly on the
patient’s feedback regarding their general perception of trem-
or during the week preceding the clinical examination.

Results

The UPDRS scores were compared with data from the con-
sidered tool for continuous monitoring of movement disor-
ders. Figure 2 shows, for three patients with different tremor
severity, the UPDRS scores for items no. 3.18 and no. 3.17,
and the values of the Lp and Bp indexes on the cumulative
duration and severity of tremors were compared for the
monitoring period (i.e., 24 h). Figure 2 also shows a
graphical representation of the tremors’ temporal trend
during the day. Figure 2 a is related to a PD patient to
whom items no. 3.17 and 3.18 of UPDRS scored 0, while
results of continuous monitoring indicated an overall
tremor duration of 42 min (i.e., 0.7 h) during the whole
day and a maximum tremor severity in the time interval
between 6:30 and 7:00 a.m. In this 30-min time interval,
tremors occurred for about 5 min and with the highest
intensity detected during the day. Similarly, Fig. 2b shows
results for a PD patient with an UPDRS score of 1 to both
items no. 3.17 and 3.18 and Fig. 2c¢ shows results for a
PD patient with an UPDRS score of 2 to item no. 3.18
and of 3 to item no. 3.17. Data reported in Fig. 2 illus-
trates a relationship between increasing values of the con-
cise indexes provided by the wearable tool and increasing
values of UPDRS scores.

Figure 3 shows the correlation with the UPDRS scores and
the concise indexes Lp, Bp, and BLp detected through the
wearable tool for continuous monitoring of movement disor-
ders for all patients involved in the clinical trial. As well as the
experimental data related to the final indexes for each patient,
the plots also include the results of the linear regression fit
analysis using the least squares correlation method. Table 1
summarizes the results of the linear regression analysis and
reports the values of the regression coefficient, @, of the linear
combinations and of the coefficient of determination, .

@ Springer

Table 1 also illustrates the relationship for each concise index
between the mean value and standard deviations with the cor-
responding UPDRS score values. Results show a good linear
correlation between the Lp index on the cumulative tremor
duration during the day and the UPDRS scores of item 3.18
and on the constancy of tremor detected by the neurologist
during the execution of the rating scale (* is equal to 0.744).
Similarly, a good linear correlation existed between the Bp
index on the cumulative tremor intensity of the entire day
and the maximum value of the UPDRS scores for items no.
3.15, 3.16, and 3.17 on the postural hand tremor, kinetic hand
tremor, and rest tremor amplitude (7 is equal to 0.779). This
relationship has provided improved curve fitting parameters
than those from the execution of linear regression by consid-
ering the mean value of the considered UPDRS items instead
of their maximum value (+ is equal to 0.515 if the mean of
UPDRS items was considered). Finally, the correlation be-
tween the daily BLp index related to tremor severity and du-
ration and UPDRS scores (item no. 2.10) on the overall shak-
ing and tremor perceived by the patient during one week is
characterized by a coefficient equal to 0.468. Moreover,
Table 1 shows that the mean value of the Lp index is equal
to 3.3 (with a standard deviation of 0.4) for patients with value
of 1 on item no. 3.18 of UPDRS and the mean value of the Lp
index is equal to 4.9 (with a standard deviation of 0.6) for
patients with a value of 2 for item no. 3.18 of UPDRS.
Similarly, Table 2 reports results of the correlation for the
other concise indexes and UPDRS items involved.

Discussion

The current method of evaluating motor performances and
impairments includes the use of the information provided by
the patient and UPDRS. However, clinical rating scales are
typically subjective and patient self-reporting is not always
reliable. Moreover, the time-limited duration of the mentioned
clinical examinations typically fails to capture daily fluctua-
tions in PD motor symptoms.

Currently available methods for objective and continuous
assessment of movement disorders and tremor due to PD may
allow monitoring of the patient’s continuously changing mo-
tor state for the whole day, but some systems do not allow a
reasonable distinction between movement disorders and nor-
mal daily motor activity. Indeed, they are mainly based on a
spectral analysis to check if the detected signal frequency is
within the range in which motor symptoms due to PD typical-
ly occur, but the mere evaluation of this usually does not allow
an accurate distinction because the usual frequential range of
physiological and pathological movements may overlap.
Recently, a tool has been proposed based on the combination
of the evaluation of frequential content of data from multi-
axial sensors and of the identification of specific movement
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patterns with which movement disorders are typically associ-
ated [18], thus reducing the probability of confusion between
movement disorder detection by other physiological or path-
ological movements occurring at the same frequency but with
a different movement pattern; preliminary data on the tool
show an accuracy on the tremor detection of about 91% and
on the dyskinesia detection of about 75% [19].

A comparison between data provided by the considered
tool and information related to current gold standards and
the UPDRS is useful and necessary in order to evaluate any
possible correlations and potentially provide a meaningful and
immediate impact to the values of the concise indexes detect-
ed by the tool. Nevertheless, it should be noted that the com-
parison is carried out between elements that are not complete-
ly homogeneous. Indeed, the considered tool may allow for
the continuous and objective monitoring of some motor as-
pects, but no information on non-motor aspects are provided.
Conversely, it may provide complementary information with
the UPDRS by means of continuous and long-term monitor-
ing of movement disorders for 24 h per day and not only for
the limited time of clinical examinations. Therefore, the con-
cise indexes Lp, Bp, and BLp obtained by the tools for each
continuous monitoring sequence were compared with
UPDRS scores.

As reported in Tables 1 and 2 and in Fig. 2 and 3, results
show a good linear correlation between the Lp index on the
cumulative tremor duration during the day and item 3.18 of
the UPDRS on the constancy/presence of tremor as detected
by the neurologist during the execution of the rating scale (+*
=(.744). Similarly, a good linear correlation existed between
the Bp index on the cumulative tremor intensity related to the
entire day and the maximum value of the UPDRS scores for
items no. 3.15, 3.16, and 3.17 on tremor amplitude (r2=0.779).
Finally, a lower coefficient of determination was found with
reference to the correlation between the BLp index related to
both severity and duration of tremors detected during the entire
day and UPDRS scores obtained at item no. 2.10 on the overall
shaking and tremor perceived by the patient during the week
(#?=0.468). This lower coefficient of determination may be due
to the choice of the UPDRS item involved in the comparison.
UPDRS item no. 2.10 for the comparison with the BLp index
was chosen due to the absence in the Part I1I of the UPDRS of a
possible item whose meaning may be easily correlated to the
BLp index. Indeed, the Bp and Lp indexes on the intensity and
duration of tremor were compared by considering some items
of the Part III of the UPDRS scale related to tremor amplitude
and presence as detected by the examiner/neurologist during
the clinical examination. The BLp index on the combination
of severity and duration of tremor was compared to an
UPDRS item which falls into Part II “motor experiences of
daily living” and which is not based on the examiner/
neurologist detection but mainly on the patients’ feedback and
self-reporting, which is not always reliable [10].

Finally, from a general standpoint, results show that the
concise indexes provided by the tool correlate well with the
selected items of the UPDRS, and in particular, increasing
values of the Bp and Lp indexes correspond to increasing
scores of the selected UPDRS items. This correlation allows
for the provision of a more direct and immediate meaning to
the values of the concise indexes detected by the tool. While
results need to be extended with further studies and more
clinical trials involving other patients with various kinds and
severity of symptoms and movement disorders, the proposed
tool may be considered useful in the context of clinical trials
and routine clinical practice for motor symptom and move-
ment disorder assessments and as a useful, complementary,
and suitable medical support for fine-tuning therapy and for
finding the best possible therapeutic treatment for the patient.
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