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In Parkinson’s disease, dual-tasking reduces ==

gait smoothness during the straight-walking
and turning-while-walking phases of the Timed
Up and Go test
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Abstract

Background Dual-task walking is used as a treatment, for gait assessment, and as an outcome measure in Parkinson’s
disease (PD). Movement smoothness, i.e. its non-intermittency, is a movement cardinal feature. This study assesses
whether dual-tasking reduces gait smoothness in PD alongside reducing speed, one of its well-known effects.

Methods The Timed Up and Go (TUG) test, instrumented with an inertial sensor fixed to the back, was adminis-
tered to 33 PD patients (15 females; age: median=71 years; IQR=10) to assess two walking types: straight-walking
and turning-while-walking. The TUG test was completed in single-task and two dual-task modalities: cognitive (doing
successive subtractions) and motor (holding a water glass). The angular speed spectral arc length metric (SPARC)

and the Ln-DimensionLess Jerk (LDLJ), two smoothness measures quantifying the peaks and dips in the speed profile,
were measured, along with the trunk angular velocity and the foot strikes number. ANOVA was used for hypothesis
testing and estimated marginal means for post-hoc tests and effect sizes (ES).

Results In straight-walking and turning, cognitive and motor dual tasks decreased gait speed (ES range = [0.476,
1.379]; p<0.01) and increased the step number (ES = [0.402, 0.927]; p < 0.05). SPARC (ES =[0.221, 0.493]; p < 0.05)

and angular LDLJ (ES =[0.451, 0.929]; p < 0.01) were lower in the two dual-task conditions in both phases, indicating
reduced gait smoothness than in single-task. This worsening of gait smoothness was partially confirmed after ruling
out the dual-task effect on speed and step number. In particular, anterior-posterior SPARC during turning was still low
in cognitive (ES=0.351; p<0.01) and motor (ES=0.283; p < 0.05) dual tasks.

Conclusions In PD, dual-tasking decreases gait speed and increases the step number when walking straight

and turning while walking. Independently of these effects, dual-tasking also reduces gait smoothness. As an inde-
pendent feature of movement, when dual-task walking is the outcome measure, improving smoothness may
represent a novel treatment aim in PD. As long as it is instrumented with an inertial sensor, the TUG test is valuable
for studying different walking types.

Trial registration NCT05904171 (ClinicalTrials.gov; date registration: 2023-06-06).
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Background

Poor balance during walking causes disability and
increases the risk of falling [1, 2], and patients with
Parkinson’s disease (PD) commonly experience poor
balance [3].

Dual-task, which consists of the simultaneous execu-
tion of two activities [4], such as walking while talking,
is often used in rehabilitation as a therapeutic ingredient
to improve balance [5] and reduce the risk of falling [6].
Balance and gait training with dual-task are frequently
administered to PD patients, with meta-analyses showing
that this training may improve balance in this condition
(7, 8].

Dual-tasking is used not only for therapeutic pur-
poses but also for assessment. Different mobility tests
are completed in a dual-task modality for a more sensi-
tive balance assessment (e.g [9]). and are used as outcome
measures in clinical trials (e.g [10, 11]).

The Timed Up and Go (TUQG) test is one of the most
used tools for fall risk estimation (e.g [12, 13]). This test
requires completing a circuit entailing fundamental
motor functions, including walking in two primary ways:
walking straight and turning while walking [14].

Alongside its single-task variant, the TUG test is also
typically administered in a dual-task modality by add-
ing a motor (e.g. carrying a full cup of water) or cogni-
tive request (e.g. counting backwards) [15]. Dual-task is
known to reduce walking speed and increase the TUG
test duration (TTD). Surprisingly, only the total duration
is usually considered when administering the TUG test
with dual-task [15, 16]. Therefore, only a shorter TTD
during dual-tasking indicates the patient’s improvement
when using this test as an outcome measure.

Recording the TUG test, even with a single inertial
measurement unit fastened to the trunk [17], allows split-
ting the TUG test into its different phases, and several
mobility measures can be obtained for each phase [13].
Notably, these new mobility measures could work better
than TTD in different scenarios [12, 18].

Accelerometers have been used since the sixties to
study gait unintrusively and affordably, e.g [19]. , and in
recent years, inertial sensors have increased in popular-
ity. To date, inertial measurement units are also standard
in a clinical setting to the point that they are recom-
mended for reliable gait analysis [20].

Among the novel measures that can be efficiently
gained from a trunk inertial measurement unit,

particularly gyroscopes, are gait smoothness metrics
[21, 22].

A movement with reduced smoothness is said to be
jerky: it proceeds with a series of sharp, quick motions,
continuously accelerating and decelerating until it stops
and starts to flow again.

Smoothness is a third cardinal feature of movement,
alongside amplitude and speed. More precisely, sound
movement is on target (i.e. has the proper amplitude),
has a proper speed (i.e. can be fast or slow as needed) and
is smooth (i.e. processes in a continuous, uninterrupted
way). Conversely, poor smoothness is an independent
motor disturbance, unrelated to the reduced amplitude
and speed (e.g [23])., distinctive features of the diseased
movement (e.g [24, 25]).

Further evidence of smoothness as a primary, inde-
pendent movement attribute comes from the clinic in
which, for a long time now, the “irregularity of move-
ment” observed in ataxias is recognised as separate
from the “irregularity of movement” caused by paralysis
[26, 27].

Given the importance of movement smoothness from
a motor control and clinical perspective, the widespread
use of dual-tasking, even for gait and balance assessment
and the lack, to our knowledge, of studies investigating
how smoothness is affected by dual-tasking, this study
aims to assess if the dual task reduces gait smoothness in
PD alongside (and net of) reducing gait speed.

Gait measures of walking trajectory (i.e. movement
amplitude), speed and smoothness were extracted from
the straight-walking and walking-while-turning phases of
the TUG test and the dual-task TUG test, instrumented
with a trunk inertial sensor.

Showing that dual tasks cause a smoothness impair-
ment would be meaningful in research and in a clinical
setting. Regarding the latter, showing that dual-tasking
causes a genuine gait smoothness impairment offers new
metrics for gait assessment and novel treatment goals.

Materials and methods

Participants

The data here analysed comes from an ongoing study
aimed at assessing the cognitive, emotional and social
effects of Argentine Tango in PD. The primary study
intends to gather a sample of 24 patients who have com-
pleted multiple assessment sessions before and after the
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dance intervention. For the current work, the first 33
consecutive PD patients (see Table 1 for details regard-
ing age, gender and years of diagnosis) were recruited.
More precisely, only data from the baseline session were
analysed, and patients were included here even if they
dropped from the main study afterwards. The current
one is thus an observational, cross-sectional study nested
in a larger project (details on the primary project can be
found on ClinicalTrials.gov: NCT05904171).

The study, which followed the Declaration of Hel-
sinki on human studies [28], received approval from the
local ethical committee (2023_02_21_02; P4419), and
all participants gave their written informed consent to
participate.

According to the main study inclusion and exclusion
criteria, patients were included here, too, if:

— Older than 40 years.

— Diagnosed with PD according to clinical diagnostic
criteria [29],

— Affected by mild to moderate Parkinson’s disease, i.e.
scoring 1 to 3 on the modified Hoehn and Yahr Scale
[30].

— Never practised Argentine Tango,

— Received no physiotherapy in the month before the
study’s enrollment.

Patients were excluded per the following criteria:
— An additional major neurological disease (e.g. hemi-

paresis due to a stroke, traumatic brain injury),
— Dementia,

Table 1 Participants clinical characteristics

Gender, N of males vs. females 18 vs. 15
Age, years 71(67t077)
Time from diagnosis, years 6(4to9)
UPDRS llI, total score 35 (25 to 45)
mild, UPDRS <32, N 15
moderate, UPDRS Il >32 and <58, N 16
severe, UPDRS Il >58, N 2
TUG test durations 10.1 (89t0 11.3)
Gait speed, m/s 124 (1.11t0 1.36)
Step length, m 0.61 (0.56 to 0.63)
Walk ratio, mm/step/min 49(44t05.1)
FAB, total score 16.5(14.25t0 17)

Counts (N, number of) are provided for nominal variables. The median and
1st to 3rd quartiles are provided for quantities. UPDRS /Il Unified Parkinson’s
Disease Rating Scale, third domain, TUG test Timed Up and Go test, FAB Frontal
Assessment Battery
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— A cardiorespiratory condition (e.g. heart failure) for
which endurance activity is recommended under
strict supervision,

— A psychiatric condition antecedent to Parkinson’s
disease,

— The presence of deep brain stimulation or infusion
pump for drug administration,

— Refusal to give consent to participate in the study.

Recruitment and testing were conducted at the IRCCS
Istituto Auxologico Italiano — Ospedale San Luca, Capi-
tanio in Milan (Italy).

Supplementary Materials 1 reports the power analysis
run for the current study, given gait smoothness esti-
mates for PD from a previous study [21].

Clinical, motor and neuropsychological assessment

The patients’ assessment included the following motor
and neuropsychological tests collected by a neuropsy-
chologist (LD, GS) and a physiotherapist (MA):

— TUG test instrumented with a trunk inertial meas-
urement unit [13] (see below for details),

— 10 m walking test (10MWT) [31],

— Hoehn and Yahr rating scale [30],

— Unified Parkinson’s Disease Rating Scale (UPRDS) III
(32],

— Frontal Assessment Battery (FAB) [33].

All patients were tested in the ON phase, diagnosed
on a clinical basis, as a state in which patients responded
well to antiparkinson medications [32]. In addition,
before starting the assessment, they were asked if they
felt themselves in the ON or OFF phase or if an OFF
phase was approaching.

Participants completed the 3 m TUG as a “single task’,
namely with no concurrent cognitive or motor task, and
in dual-task modality, with a concurrent motor or cogni-
tive task. In motor dual-task, participants were asked to
complete the TUG test while carrying a plastic cup full of
water. They were asked to make backward serial subtrac-
tions in the cognitive dual-task modality.

Each of the three TUG test versions (i.e. single task,
cognitive and motor dual-task) was repeated three times,
so nine TUG test repetitions were collected in a single
experimental session.

Each session started with three repetitions of the sin-
gle-task TUG test, followed by the cognitive or motor
dual task. The order between cognitive and motor dual-
task was randomised (coin tossing).

Single task, cognitive and motor dual-task TUG test
was recorded with a commercial inertial measurement
unit for clinical gait analysis (G-SENSOR 2 — motion
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analysis system, BTS SpA, Italy; see Supplementary
Materials 1 for details) secured with an elastic band to
the dorsal aspect of the trunk at the lumbar spine height.
Only the signals from the triaxial accelerometer and
gyroscope from the inertial sensor have been considered
here (sampling frequency: 100 Hz; see below).

The I0MWT was administered in addition to the TUG
test to calculate the walk ratio alongside gait speed and
step frequency [34]. The walk ratio, the step-length/step-
cadence ratio, brings out an actual law of motor control,
i.e. that gait speed is increased by linearly increasing the
step cadence and length. A walk ratio reduction is par-
ticularly expected in Parkinson’s disease, where step
length is reduced and cadence is increased.

The Hoehn and Yahr rating scale and the UPRDS III
were used to quantify the severity of parkinsonism. The
Hoehn and Yahr scale is a single-item scale arranged into
five categories from 1 (unilateral involvement, minimal
impairment) to 5 (wheelchair-bound) [30].

The UPDRS III is the third domain of the UPRDS and
addresses the motor severity of parkinsonism. It is made
of 18 items, each scored from O to 4 (total score range:
0 to 132; the higher the score, the higher the Parkinson-
ism severity). Patients’ parkinsonism severity was classi-
fied into mild (<32), moderate (>32 and <58) and severe
(>58) per their UPDRS III total score [35].

Finally, the FAB was used to assess the presence of
fronto-executive disfunctioning [36, 37], an early cogni-
tive impairment in Parkinson’s disease [38, 39]. The FAB
comprises six subtests that assess different frontal lobe
functions, such as flexibility, motor programming, and
inhibitory control. Each item is scored from O to 3, with
the total score thus ranging from 0 to 18 (the lower the
score, the more severe the dysexecutive syndrome).

Several cognitive tests have been used in Parkinson’s
disease. For example, the Montreal Cognitive Assess-
ment (MoCA) [40], likely one of the most used screening
tools for cognitive impairment, has been used to assess
the overall cognitive function in this patient population,
e.g [41].

We have chosen the FAB rather than broader tests
such as the MoCA because of the specific link between
executive functions and walking. For example, impaired
executive functions flagged by a low FAB total score are
associated with freezing of gait in Parkinson’s disease
[42]. Such a linkage is expected to be less apparent if a
questionnaire of global cognitive functioning were used.

Signal analysis

Mediolateral and vertical angular velocity from the tri-
axial gyroscope and vertical and anterior-posterior accel-
eration from the triaxial accelerometer were used to split
the TUG test into the following seven phases: (1) sit to
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stand, (2) standing to walking, (3) straight walking, (4)
walking while turning, (5) walking back, (6) turning to sit
and (7) sitting.

Since we are interested in assessing gait smoothness,
only phases 3 (from now on shortened into “walking”)
and 4 (from now on referred to as “turning”) are con-
sidered in the current work. The TUG test was used for
assessing gait instead of a conventional walking test (e.g.
10MWT) precisely because with this test, as long as it
is instrumented with an inertial sensor, it is possible to
assess “at a stroke” two fundamental types of walking:
straight walking and turning while walking.

The procedure for segmenting the TUG test into its
seven phases is explained in Supplementary Materials 1.

Angular velocity from the gyroscope was low pass fil-
tered with a zero-lag 4th -order Butterworth filter with a
cutoff frequency of 20 Hz [43]. Acceleration signals were
filtered according to [44] with a zero-lag, 4th -order But-
terworth filter with bandpass 0.15 to 5 Hz.

In addition, angular acceleration was obtained by dif-
ferentiating the angular velocity from the gyroscopes for
time. Then, angular acceleration was filtered using the
same bandpass filter of the linear acceleration.

The following measures were extracted from the TUG
test:

TUG test duration (TTD, s),

. Walking duration (s), which is the duration of the
walking phase,

3. Turning duration (s), the duration of the turning

phase,

4. Number of foot strikes in the walking phase,

Number of foot strikes in the turning phase,

6. Vertical angle (°) during turning.

s

o

Moreover, for the two phases and the three axes were
also measured:

7. Root mean square (RMS) of the trunk angular
speed (°/s),

8. Spectral arc length measure (named “SPARC”)
from the gyroscope angular velocity,

9. Ln-dimensionless jerk (LDLJ) from the trunk linear
acceleration (LDLJj;,...)»

10. LDL] from the trunk
(LDLJ

angular acceleration

angular) .

The vertical angle during turning was calculated by
mathematical integration of the vertical angular velocity.

SPARC, LDLJjjeqr and LDLJ,0 all dimensionless,
are the metrics used here to quantify gait smoothness.
Several smoothness measures have been developed, but
SPARC and LDLJ are considered the most valid [45].
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Many excellent studies detailing the mathematics
behind SPARC and LDLJ, such as [45, 46], are available.
Very briefly, SPARC and LDL] build on the finding that a
movement that briskly changes its trajectory many times
is perceived as unsmooth (see Fig. 7 in [26] for a historical
comparison of a smooth and an unsmooth movement).

Since movement changes are at stake when dealing with
movement smoothness, looking for smoothness meas-
ures in the movement derivatives (such as speed) is obvi-
ous. In this regard, it has been known for a long time that
the irregularities of an unsmooth movement are effec-
tively brought into the foreground as “peaks and dips” in
the speed profile (see, for example, Fig. 8 in [26]).

LDLJ is obtained from the jerk, i.e. the speed second
derivative. The area under the curve of the squared jerk is
calculated and normalised given the movement duration
and maximum speed or acceleration to have a dimen-
sionless jerk. This quantity’s logarithm (here, natural, In)
is computed to have LDLJ.

To have an intuitive idea of how jerk reflects the speed
irregularities, note that the jerk’s integral, (i.e., the area)
returns an acceleration, which is the velocity change in
time, namely the peaks and dips in the speed time course.

SPARC is the arc length of the normalised magnitude
spectrum of the movement speed. Intuitively, brisk peaks
and dips in speed lead to high frequencies in the spec-
trum, lengthening its contour in this way.

Strictly speaking, the SPARC and LDL] are measures
of unsmoothness and decomposition of movement (the
higher the SPARC and LDL] numeral, the more ataxic
the movement). However, in the smoothness literature,
it is customary to speak of smoothness, rather than
unsmoothness, measures, and thus SPARC and LDLJ are
given as negative numbers so that the higher the number
(i.e., the closer to zero), the smoother the movement.

SPARC and LDLJ are quite abstract indices, par-
ticularly for a clinical readership. To make these more
friendly, Fig. 1 shows traces of two representative rep-
etitions of the TUG test turning from two participants.
The patient in Fig. 1A had poor anterior-posterior trunk
smoothness during turning, while that in Fig. 1B had high
smoothness.

SPARC and LDL]J were calculated according to [22]
using the Python code provided with the paper.

Statistics
Linear mixed effects models [47] were used for the statis-
tical analysis.

Central to this study is investigating if gait smoothness
changes with dual-task. To this aim, the following regres-
sion model (simplified notation) was tested:
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Smoothness = B o+
B 1 Task+
B L Axis+
B 3Task x Axis+
random-+
e

With Smoothness, the smoothness metric, i.e. SPARC,
LDL]Iinear or LDL]angular’
B, the fixed effects coefficients, i.e. the intercept (8 ()
and the regression slopes (8 1, B 5 and 8 3),
Task, the task condition (single task, cognitive or
motor dual-task),
Awxis, the gyroscope and the accelerometer axis of
measurement (vertical, mediolateral and anterior-
posterior),
Task x Axis, the interaction between task and axis,
random, the random effects
€, model’s residuals

The model's random structure included intercepts
(subjects) and slopes (task and axis) so that maximal
models were tested, as recommended [48]. The random
slope structure was simplified in the case of “near singu-
larity” since this potentially indicates overfitting [48].

Additional predictors were added to model 1 to rule
out that the effects of the task condition on the smooth-
ness metric were due to confounding effects rather than
reflecting a genuine change in gait smoothness.

A model with the same structure as model 1 was also
used to test if gait speed, with the trunk angular velocity
RMS as the response variable, changed with the task and
the measurement axis.

To assess if the task modality changed the TTD, the
duration of the walking and turning phases, and the
number of steps, the right side of Eq. 1 was simplified by
dropping the axis predictor.

Type III ANOVA with Satterthwaite’s method was cal-
culated to assess the statistical significance of the fixed
effects of the regression models.

Estimated marginal means [49] were used for post-hoc
t-tests with type I error probability equal to 0.05 as cus-
tomary. When a set of tests was performed (e.g. posthoc
tests after ANOVA, correlation analyses), the type I error
probability was corrected for multiplicity according to
Holm [50] for the number of tests within the set.

Effect sizes of the differences between means are also
calculated [51].

The homogeneity of variance and residual normality
assumptions of the linear regression were visually veri-
fied. If these assumptions were violated, the response
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Fig. 1 Low and high gait smoothness from the Timed Up and Go test: representative examples. Trunk anterior-posterior speed (upper panel)
during the turning-while-walking phase of the Timed Up and Go test is shown for two patients, one with low (A) and another with high (B)
smoothness of gait. Data are from two representative test repetitions matched for trunk speed root mean square (A: 35.1 °/s; B: 35.0 /s), turning
duration (A: 2.2 s; B: 2.7 s) and foot strike number (four for both). Speed offset was removed for this figure for graphical reasons. Middle panel:
magnitude spectrum. Arrows mark the upper frequency for SPARC calculation. The horizontal continuous line is set at 0.05. Lower panel: squared

anterior-posterior angular jerk (LDL, gy,

). At visual inspection of the speed traces (upper panel), it is apparent that there are more peaks and dips

in the anterior-posterior speed profile in A than in B. More precisely, A has brisker and larger speed changes leading to steep-sided, sharp-pointed
peaks, like the one indicated by the arrowhead. These more pronounced speed changes lead to an increased arc length of the speed spectrum (i.e.
lower SPARC) and a larger area under the curve of the squared jerk (i.e. lower LDLJ)

variable was transformed, more commonly, In-trans-
formed. However, data are reported untransformed in
the main text for easy understandability.

Median and 1st to 3rd quartile were preferred for
descriptive statistics. Spearman correlation was run for
preliminary analyses.

Signal 8.00 Cambridge Electronic Design Ltd was used
to split the TUG test. Microsoft Excel 2016, R 4.2.0 and
Python 3.11.5 were used for data analysis, and all the sta-
tistical analyses were run in R. R, and Microsoft Power-
Point 2016 was used for figures.

Results

Nineteen participants were older than 70, and only two
were younger than 50 (median age=71 years; 1st to 3rd
quartile=67 to 77 years). In addition, most of them suf-
fered mild (m=15 patients) or moderate parkinsonism
(n=16 patients) as assessed with the UPDRS III total
score (Table 1). Participants were balanced for gender (18
males and 15 females).

About the gait impairment, at the sample level,
the median gait speed at the 1I0MWT was 1.24 m/s
(1.11 to 1.36 m/s), but the walk ratio was reduced
(median=4.9 mm/step/min; 4.4 to 5.1 mm/step/min),
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Table 2 Dual-task effects on the timed up and go test duration, turning trajectory and number of steps
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TTD,s

Walking duration, s
Turning duration, s

N of foot strikes in walking
N of foot strikes in turning
Turning vertical angle, °

Single task
10.72 (9.77-11.67)
1.98 (1.80-2.17)

256 (2.37-2.75)
4.52 (4.22-4.81)
4.83 (4.50-5.15)

176.18 (172.93-179.44)

Cognitive dual-task
12.95(11.66-14.24)* §
2.56 (230-2.81)*§
3.04 (2.76-3.33) *
5.15(4.83-547)*

525 (4.82-5.69) *
177.66 (174.10-181.23)

Motor dual-task
12.19(10.72-13.67) *
2.29 (2.02-2.56) *
289 (2.63-3.16) *

494 (4.51-5.36)

537 (4.91-5.82)

177.56 (174.67-180.45)

*
*

Effect sizes
Cognitive - Single
TTD, s 1.97
Walking duration, s 142
Turning duration, s 0.86
N of foot strikes in walking 0.93
N of foot strikes in turning 040

Turning vertical angle, ° -

Motor - Single Cognitive - Motor
1.26 0.71

0.77 0.65

0.61 -

0.61 -

0.51 -

TTD: Timed Up and Go (TUG) test duration; walking: walking phase of the TUG test (from standing to the onset of turning); turning: TUG test turning phase (from
walking to the onset of walking back to the chair). In the upper half of the table, estimated marginal means and their 95% confidence intervals are provided.
*significantly different compared to the single-task; §: cognitive and motor dual-task are significantly different. In the lower part of the table, the effect size (absolute
values) of the comparisons of cognitive dual-task vs. single task, motor dual-task vs. single task, and cognitive vs. motor dual-task are reported. Effect sizes are not

indicated (-) if the corresponding comparison is not statistically significant

indicating that such a high walking speed was achieved
at the expense of an increased step frequency given the
step length.

When dynamic balance is assessed with the TTD, 17
participants completed the TUG test in more than 10s,
indicating some balance impairment. Only two partici-
pants had a TTD > 15 s. None of them had a TTD > 20 s.

For the FAB total score, about half of the sample suf-
fered no or negligible impairment of the executive func-
tions (8 persons had an FAB score of 17/18 and 7 of
18/18).

None of the participants had freezing of gait during the
physical examination, nor did freezing of gait appear dur-
ing testing.

Spatiotemporal parameters of the walking and turning
phases of the TUG test completed in single and dual task
modality

Dual-task increased the TTD (F,3,5 = 64.5; p<0.001),
which was longer in both cognitive (ES=1.974; p <0.001)
and motor (ES=1.265; p<0.001) dual tasks, than in sin-
gle task (Table 2). TTD was also longer in cognitive than
motor dual tasks (ES=0.710; p=0.010).

Similar effects of dual-tasking were found in the dura-
tion of the walking (F,3,, = 44.9; p<0.001) and turning
(Fy 357 = 22.4; p<0.001) phases (Table 2), but in the lat-
ter case with no difference between cognitive and motor
dual-task.

Dual tasking also affected the number of foot strikes.
In both the walking (F,,, = 17.6; p<0.001) and

turning (F,,; = 8.7; p=0.001) phases, there were more
foot strikes in the cognitive and the motor dual-task than
in the single-task, with no difference between these two
dual-task conditions (Table 2).

Regarding the trajectory during turning, the angle
along the vertical axis was comparable in the three task
conditions (F, 5¢, , = 0.9; p=0.421).

Changes in gait speed and gait smoothness induced

by dual-tasking: TUG test walking phase

The RMS of the trunk speed differed with the dual-task
condition (F,33, = 29.0; p<0.001), the axis of meas-
urement (F, 334 = 16.0; p<0.001) and their interaction
(F47207 = 445 p=0.002).

Vertical trunk speed was reduced in cognitive
(ES=0.568; p=0.002) and motor (ES=0.476; p=0.007)
dual-task compared to the single task (Fig. 2). Medi-
olateral trunk speed was also reduced in cognitive
(ES=1.116; p<0.001) and motor (ES=0.565; p=0.001)
dual-task compared to the single task, and lower in
cognitive than motor dual-task (ES=0.551; p=0.004).
Changes in anterior-posterior trunk speed with the
task and the measurement axis were similar to those of
the mediolateral speed (Supplementary Materials 2).

SPARC

Regarding gait smoothness (Fig. 2), SPARC changed
with the task (F,3;3 = 13.2; p<0.001), while it was
comparable in the three axes (F,3,9 = 0.6; p=0.546),
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and no interaction between task and axis was
found (F,;163 = 0.7; p=0.616). SPARC was higher
(i.e. the gait was smoother) in the single task than
in the motor (ES=0.221, p=0.013) and cognitive
(ES=0.493, p=0.001) dual-task. A difference was also
found between the two dual-task modalities, with
poorer smoothness in cognitive than motor dual task
(ES=0.272; p=0.013).

LDLJIinear
LDL]jjjeor differed in the three tasks (F,3;, = 25.7;
p<0.001), and, contrary to SPARC, LDLJ}., also
changed with the recording axis (F, 3,4 = 10.6; p <0.001)
and the interaction between task and axis (F, ;64 = 2.7;
p=0.032).

Post-hoc testing exploring the task by axis inter-
action showed that vertical (ES=1.070; p<0.001),
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as Fig. 2

anterior-posterior (ES=0.690; p<0.001), and mediolat-
eral (ES=0.769; p<0.001) LDLJ};,.., was lower (i.e., gait
was less smooth) during cognitive dual-task than in sin-
gle task. In addition, vertical LDLJ;,.,, (but not anterior-
posterior and mediolateral LDL]J};,...,) was lower in motor
dual-task than in single task (ES=0.670; p=0.001).

LDLJanguIar

The task condition affected the LDLJou0 (Fy300 =
32.0; p<0.001), while this metric was unaffected by the
measurement axis and the task and axis interaction.
Per LDLJ, o Smoothness was poorer in cognitive
(ES=0.929; p<0.001) and motor dual task (ES=0.497;
»<0.001) than the single task. LDL], 1o, Was also lower

in cognitive than motor dual task (ES=0.431; p=0.004).

Changes in gait speed and gait smoothness induced

by dual-tasking: TUG test turning phase

The trunk speed RMS during turning depended on the
task condition (F,33; = 42.1; p<0.001), the measur-
ing axis (F,3,9 = 749.1; p<0.001) and the interaction
between these two (F ;54 = 8.2; p<0.001).

Trunk speed was higher in the single task than in motor
(ES=0.911; p<0.001) and cognitive (ES=1.139; p<0.001)
dual-tasks (Fig. 3). No difference was found in speed
RMS between the two dual-task conditions (p=0.170).

Regarding the difference between the three axes,
the speed RMS was higher on the vertical than ante-
rior-posterior (ES=8.71; p<0.001) and mediolateral
(ES=10.56; p<0.001) axes. Trunk speed RMS on the
anterior-posterior axis was also higher than that on the
mediolateral (ES=1.85; p<0.001).
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Results from post-hoc tests run to explore the task by
axis interaction did not change this pattern of effects
(Supplementary Materials 2).

SPARC

SPARC depended on the task (F,3 4 = 9.4; p<0.001)
and the axis of measurement (F, 35, = 356.0; p <0.001).
This smoothness index was comparable in the two
dual-task modalities (p=0.261; Fig. 3) and lower both
in cognitive (ES=0.387; p=0.002) and motor dual
(ES=0.275; p=0.002) tasks, as compared to the single
task modality.

LDLJIinear

Gait smoothness during turning changed with the
task (Fy3,5 = 11.2; p<0.001) and the axis (F,3,9 = 7.3;
p=0.002) also when measured with the LDLJ,qor
LDLJ}ear Was lower in cognitive (ES=0.495; p<0.001)
and motor (ES=0.389; p<0.001) dual tasks, as compared
to the single task. No difference in LDL]J};,.,, was found
between the two dual-task modalities (p=0.375; Fig. 3).

LDLJangular

Regarding LDLJ, 4, this also changed with the task
(Fy3p8 = 14.8; p<0.001) and the axis (Fy3,9 = 13.0;
p<0.001). In a comparable way to SPARC and LDLJ};, o
LDLJ,guiar Was lower in cognitive (ES=0.566; p <0.001)
and motor dual task (ES=0.451; p <0.001) than in single
task with no difference between the two dual-task condi-
tions (p=0.312; Fig. 3).

Independence of the dual-task induced gait smoothness
decrement from gait speed and step number

Up to this point, it is shown that dual-tasking reduces the
smoothness of gait when walking straight and turning,
but it also decreases trunk speed and increases the num-
ber of foot strikes.

A preliminary analysis (see Supplementary Materi-
als 3 for details) showed a positive correlation between
smoothness metrics and trunk speed: the higher the met-
ric of smoothness, hence the more smooth the gait, the
higher the speed (Spearman’s Rho >0.494; p <0.05) and a
negative correlation between smoothness and the num-
ber of foot strikes showing that the more the foot strikes,
the lower the smoothness (Spearman’s Rho < —0.358;
p<0.05).

Given such findings, it is paramount to investigate if
the worsening of the smoothness metrics found during
dual-task reflects a genuine reduction in gait smoothness
or the reduced gait speed and increased number of steps.
Regression models with trunk speed RMS and foot strike
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number as predictors have been used to disentangle this
issue.

SPARC

Regarding the walking phase, SPARC was comparable in
the three tasks when considering the dual-task-induced
differences in speed and the number of foot strikes.

More specifically, regression models with task, axis,
and their interaction, as well as the trunk speed RMS and
the number of foot strikes, pointed out only the signifi-
cance of the latter two.

On the contrary, when the trunk speed and the foot
strikes were added to the regression model for the turn-
ing phase, the interaction between the task and the axis
of measurement was significant (F, ;903 = 2.81; p=0.025).

Post-hoc testing showed that SPARC was lower, i.e. gait
smoothness was poorer, on the anterior-posterior axis
in the cognitive dual task compared to the single task
(ES=0.351; p=0.006). Anterior-posterior SPARC was
also lower in the motor dual task than in the single task
(ES=0.283; p=0.048).

LDLJIinear

Differently from SPARC, when the RMS of the trunk
speed and the number of foot strikes were included in
the regression model, the task condition (F,35;, = 4.3;
p=0.022), the measurement axis (F, 35, = 11.5; p<0.001)
and the interaction between these two (F,-;4 = 3.9;
p=0.004) remained significant predictors of LDL]};,.,, in
the walking phase.

Post-hoc testing exploring the significant interaction
showed that the difference in LDL]J},.,, between the
three tasks only holds for the vertical axis, with gait less
smooth in the cognitive dual task than the single task
(ES=0.565; p <0.001). Even if not significant, vertical gait
smoothness was also lower in the motor dual task than in
the single task condition (ES=0.332; p=0.050).

Finally, in the turning phase, the regression model with
speed and foot strikes as covariates resulted in a signifi-
cant interaction between task and axis (F,;59, = 2.54;
»=0.039).

Post-hoc comparisons revealed that anterior-posterior
LDLJ}inear Was lower during cognitive than motor dual-
task (ES=0.369; p=0.025). Anterior-posterior LDLJ; ...
was also lower in the cognitive dual task than in the sin-
gle task, but this difference was insignificant.

LDLJanguIar

In the walking phase, the task condition remained a sig-
nificant predictor of LDLJ, ., (F364 = 8.53; p<0.001)
even after including in the regression model the trunk
speed (F; 5049 = 23.2; p<0.001) and the foot strike num-

ber (F} 34, = 542.3; p<0.001).
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Post-hoc testing confirmed LDLJ, .., was lower in
cognitive dual-task (ES=0.345; p<0.001) than in single
task. No significant difference was found between motor
dual-task and single-task, even if LDL], ., Was lower in
the former. LDLJ, o, Was lower in cognitive than motor
dual-task (ES=0.244; p=0.033).

The task was also significant in turning (F,5, 4 = 3.9;
p=0.026), along with the measurement axis (F,4;, =
12.3; p<0.001).

Once more, gait smoothness was poorer in cognitive
dual-task than in the single task, although this difference
was insignificant (ES=0.216; p=0.055). Smoothness was
significantly worse in cognitive than motor dual tasks
(ES=0.173; p=0.032). No difference was found between
motor dual-task and single-task (p =0.589).

The full results of the statistical analysis and the regres-
sion models are provided in Supplementary Materials 2.

Relationship between gait smoothness and executive
functions in Parkinson'’s disease

Dual-tasking reduces gait smoothness, even after ruling
out the confounding effect of the dual-task-induced gait
speed reduction and increased foot strikes. This effect
seems more marked for cognitive than motor dual-task,
a finding suggesting that cognitive resources could be
needed to walk smoothly in Parkinson’s disease.

This hypothesis has been further evaluated by investi-
gating the correlation between the clinical index of the
executive functions, namely the FAB total score, and the
smoothness metrics considering only those metrics that
changed with the task condition (even when trunk speed
and the foot strike number were included in the regres-
sion models).

A significant, positive correlation was found between
the anterior-posterior SPARC during turning in the sin-
gle task modality and the FAB total score (Spearman
correlation: rho=0.549; p=0.002; Fig. 4), indicating that
those patients presenting with a frontal-executive impair-
ment also had poorer gait smoothness.

Importantly, this relationship was confirmed when a
partial correlation was run, including the UPDRS III total
score, to rule out the effect of the Parkinsonism severity
(Spearman partial correlation: rho=0.516; p=0.012).

A comparable relationship, again given the parkin-
sonism severity, was found between anterior-posterior
SPARC and the FAB total score in cognitive (rho=0.460;
p=0.032) and motor dual-task (rho=0.546; p =0.007).

On the contrary, no significant relationship was found
between the FAB total score and LDLJ};; ¢, OF LDLJ, 00 15y

There was no correlation between trunk speed and the
FAB (Fig. 4) or the UPDRS III total score in any of the
three axes and the two TUG test phases (see Supplemen-
tary Materials 4 for this correlation analysis).
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Discussion

The present study shows that cognitive and motor dual-
task consistently reduce gait speed, thus lengthening the
duration of the straight-walking and turning-while-walk-
ing phases of the TUG test. Dual-task also increases the
number of steps in walking and turning, and dual-task,
cognitive and motor, generally reduces gait smoothness,
i.e. increases movement decomposition during walking.

This smoothness reduction is confirmed, at least to
some extent, net of the dual-task-induced changes in gait
speed and number of steps.

After controlling for these two confounders, gait
smoothness while turning was still reduced along the
anterior-posterior axis in cognitive and motor dual-task,
both when measured with SPARC and LDLJ, linear and
angular.

Regarding the phase of straight walking, after rul-
ing out the changes in speed and step number, no dual-
task-induced change in smoothness was confirmed with
SPARC. On the contrary, smoothness was poorer in dual-
task when quantified with LDL]J.

Lastly, gait smoothness is only associated with clinical
ratings of executive function impairment when assessed
by SPARC and only for the turning phase.

Why study gait smoothness?

In clinical practice, it is well recognised that movement
smoothness is an independent feature of movement, with
ataxia, whose hallmark is the decomposition of move-
ment and thus the smoothness reduction, being a clinical
syndrome by itself [26, 27].

From an experimental point of view, in human move-
ment science and motor rehabilitation, examining the
smoothness of movement corresponds to examining
what is called, in jargon, “motor control’; i.e. how the
nervous system recruits and coordinates motor centres,
motor units and muscles to carry out a movement.

The smoothness measures used here, i.e. SPARC
and LDLJ, are grounded in a well-defined motor con-
trol theory. Movement is considered to be made up of
submovements that are only scalable in size and dura-
tion [52]. In disease, submovements can be of inappro-
priate amplitude and duration and be recruited at the
wrong time. Peaks and dips appear in the speed profile
of the overall movement, i.e. movement smoothness is
reduced, and the movement appears decomposed and
jerky. Hence, reduced smoothness of movement (or,
conversely, decomposition of movement) flags a motor
coordination problem [53].

Having a high validity as motor control measures
(i.e. pointing out that some have gone wrong in the
programming of movement), gait smoothness metrics
could add novel information for the diagnosis of gait
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Fig. 4 Correlation between gait speed, gait smoothness and executive functions. Single, Cognitive, Motor: single task modality, cognitive

and motor dual-task; AP: anterior-posterior; RMS: root mean square; SPARC: spectral arc length measure (dimensionless, 1); FAB: Frontal Assessment
Battery. The FAB scores are split into <and >the median (vertical dashed line). Rho: Spearman’s rho; p: p-value of the Spearman correlation.

The boxplots show the speed and SPARC values in the participants’sample split according to the median FAB value to make the association

between walking metrics and executive functions more apparent

impairment and for setting the gait impairment’s prog-
nosis. In addition, they could be set as novel outcome
measures for assessing gait treatment effectiveness.

When used as treatment outcomes, improved
smoothness suggests better motor programming, even-
tually suggesting a deeper, “intrinsic” recovery has
occurred [54].

In diagnostic terms, Parkinson’s disease patients with
severely reduced smoothness could be those with a higher
risk of falling or suffering more freezing episodes during
the day, given the association between impaired smooth-
ness and executive impairment (see next for a discussion

about this finding) and the association between impaired
executive functions and gait impairment.

In prognostic terms, patients with particularly low lev-
els of gait smoothness in dual-task walking could respond
less to motor learning (and hence to physiotherapy),
again because of the link between poor smoothness and
executive impairment.

However, it is worth stressing that applying gait
smoothness metrics in assessment and setting the prog-
nosis remains highly speculative, an actual hypothesis for
future studies.

What does the gait smoothness deterioration induced
by dual-tasking in Parkinson’s disease consist of from a
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clinical standpoint? It can be hypothesised that in this
condition, dual-tasking induces (i) gait ataxia, (ii) dyski-
nesias, (iii) tremor or (iv) festination. At the moment, it is
impossible to clarify further which of these four possibili-
ties the reduced smoothness is an indicator of. The other
way around, all these four motor disturbances would
become apparent as reduced trunk smoothness.

Regarding gait ataxia, it is worth mentioning here the
involvement of the cerebellum in Parkinson’s disease (e.g
[55]). Tremor is a cardinal sign of parkinsonism, and cho-
rea and dystonia (i.e. dyskinesias) are common motor
complications of the disease [32]. What can be said in
this regard is that during testing, no overt tremors or
dyskinesias appeared during the dual task. Similarly, no
overt festination occurred, a walking modality charac-
terised by short and high-frequency steps, such as that
occurring in a freezing of gait episode [56].

Why study dual-task in walking?

A reason for studying dual-tasking while walking comes
from the consideration that walking while completing
concurrent motor or cognitive tasks, such as talking,
using a smartphone or carrying a glass of water, is a com-
mon requirement in daily life [4]. We can say that this is
how we move: we do other things while walking instead
of focusing on our gait.

In the clinic, dual-task walking is administered
for assessment, as an outcome test to evaluate treat-
ment effectiveness, and as an exercise in a gait training
program.

When used for assessment, dual-tasking can unmask a
walking impairment [57], which could go unnoticed. Gait
speed and step length, which are notoriously reduced in
Parkinson’s disease, are further reduced by dual-task [4,
58], and, in this condition, dual-task also reduces walking
regularity [59] and disrupts gait symmetry [60].

Dual-task walking is also administered to assess the
treatment’s effectiveness [10, 11]. A beneficial gait treat-
ment would decrease the walking speed drop typical of
dual-task walking. Since it is shown here that dual-task-
ing also causes a genuine reduction of gait smoothness,
in line with what has been proposed in the previous sec-
tion, gait smoothness metrics could be employed as novel
outcome measures in single (see previous section) and
dual-task walking.

Studying dual-task in walking is also interesting since
it is often used as a treatment. In line with setting gait
smoothness in dual-task walking as a treatment outcome,
it can be speculated that therapists should train patients
to keep their gait speed and gait smoothness high when
exercising in dual-task. However, while the former
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objective is feasible, more research is needed to moni-
tor gait smoothness in clinical practice (see the study’s
limitations).

So, to sum up, if it is worth investigating gait smooth-
ness from a motor control perspective, given the
importance of dual-task in assessing and treating gait
impairments, it is reasonably even more crucial to assess
gait smoothness in dual-task walking.

Dual-tasking, Gait smoothness and executive functioning
A relationship between reduced gait smoothness (i.e. low
SPARC) and impaired executive functions (i.e., low FAB
scores) has been demonstrated here, which is independ-
ent of Parkinsonism severity. In addition, the reduction
in gait speed and the worsening of smoothness induced
by dual-task is particularly marked in cognitive dual-task.

Executive functions include, among others, abstract
reasoning, attention, inhibitory control and motor
programming [36, 61]. If, as already discussed, high
movement smoothness indicates flawless motor pro-
gramming, it is thus not surprising that smoothness is
reduced in the case of executive impairment.

Regarding the more marked gait impairment in cog-
nitive rather than motor dual-task walking, a certain
level of attention is needed to complete the cognitive
assignment of the TUG test in cognitive dual-task.
It can be put forward that attention is diverted from
walking to thinking. However, because of gait impair-
ment, walking itself needs increased attention. If this
is the case, reduced attention to walking makes overt a
gait impairment.

Of course, a similar mechanism is at play in the
TUG test with motor dual-task. Attention is diverted
from walking to complete the glass transportation
successfully.

Even if it is impossible to say if a secondary cogni-
tive task, such as that used in the dual-task TUG test
administered for the current study, is more attention-
demanding than the motor one, it is noteworthy that
previous pieces of evidence reported that this could be
the case (e.g [62]).

Moreover, it can be supposed that, from an opposite
point of view, completing the TUG test in a cognitive
dual task modality is an actual prefrontal lobes task,
much more than transporting a glass while walking.

It is very well known that patients with an executive
impairment have more difficulties in unconventional
situations in which they are asked to find for them-
selves novel solutions [36]. Making backward serial
subtractions while walking is precisely a task with these
features. On the contrary, simultaneously walking and
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transporting is not exceptional, being customary in
everyday life. If this theory holds, it is clear that more
attention is drained from walking in favour of the cog-
nitive secondary task than the motor one.

Redirecting attention from walking to a secondary
task is a key component of this model. In this respect,
dual-tasking is frequently used for rehabilitation to
divert attention from the lower limbs and the environ-
ment (such as uneven terrain).

The relationship shown in this study between gait
smoothness, dual-tasking, and executive functions
aligns well with previous reports, which also highlight
a linkage between executive functions and walking. For
example, disturbances in frontal cortical regions have
explicitly been associated with walking impairments,
such as freezing of gait, in parkinsonism [63].

Why administer the TUG test if interested in gait?

This deliberate choice has been made since the TUG test
allows for assessing at once two gait modalities: straight
walking and turning while walking.

However, it should be stressed that these forms of
walking derived from the TUG test are clearly different
from straight walking at a constant speed assessed with
the I0MWT. Instead, the TUG test and the 1I0MWT
complement each other in gait assessment.

Turning requires a better balance than straight walk-
ing, as suggested by a more robust association between a
turning impairment and falls compared to an impairment
of walking in a straight line [12]. In other words, turn-
ing can be more challenging regarding the ability to walk
without falling (i.e. walking balance precisely) [3, 13].

Regarding straight walking from the TUG test, this can
be considered walking between two real balance chal-
lenges (two balance “trips’, actually): the end of standing
up and starting to turn.

Which smoothness metric? LDLJ, SPARC or both?

Several indices have been used to quantify smoothness.
However, not all of these are considered valid smooth-
ness measures, and over the years, a consensus has
developed that SPARC and LDL]J should be preferred for
smoothness quantification [64, 65].

Nevertheless, as indicated previously [23] and con-
firmed by this work, SPARC and LDL] are not equiva-
lent smoothness measures and should not be regarded as
interchangeable.

Regarding the current study, the most marked changes
induced by dual-task are those highlighted by LDL],
which shows between-task differences along all three
measurement axes and in walking and turning, irrespec-
tive of speed and number of steps. Next, LDLJ};, .., also
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shows differences between tasks in the two TUG test
phases. SPARC shows a between-task difference only
regarding the turning phase. So, in terms of responsive-
ness to dual-task, the three metrics can be ranked high to
low: LDLJ, 1o u1arr LDL]jipeqr and SPARC.

However, this last smoothness metric seems to have the
highest construct validity, where the hypothesis about
the construct is that movement smoothness, as an indica-
tor of motor coordination and programming, depends on
the functioning of the prefrontal lobes [66]. In fact, this is
the only metric that shows the linkage between dysexecu-
tive syndrome severity and gait smoothness reduction.

As a final technical note, it has been suggested that
when inertial measurement units are used, the SPARC
algorithm can be applied directly to the angular velocity
returned by the gyroscope. In contrast, the orientation of
the inertial sensor should be reconstructed before deriv-
ing the triaxial LDL] from the acceleration signals [22].

Here, we deliberately did not implement the procedure
for correcting the accelerometer orientation (e.g [18]). for
simplicity and immediacy reasons and since this choice
has already been put into practice in other studies (e.g
(44]).

Limits and future developments of the study

A primary limitation of the study was that it did not
record the effects of dual-tasking on concurrent tasks
and, above all, cognitive tasks. Given previous literature,
some participants possibly deteriorated their gait while
performing well in cognitive terms, while others per-
formed poorly on both assignments.

Regarding the dual-task effects, it should be noted that,
generally, the effects induced by completing a move-
ment in cognitive dual-task can be pretty complex. When
there is the simultaneous performance of a cognitive and
a motor task (what has been called here “cognitive dual-
task”), cognitive-motor interference can lead to different
outcomes, from the worsening of the motor task, which
is what we have only considered here, to improving both
the cognitive and motor task [67].

It should also be noted that no prioritisation order
between the two tasks (e.g. counting backwards or walk-
ing) was specified.

Further investigation on the differences between
SPARC and LDL] as smoothness metrics seems neces-
sary, and studies about the construct validity of these
measurements should be encouraged. Of particular help
in this regard could be comparing SPARC and LDL]J in
patients known to suffer an ataxic disturbance, sensory
or cerebellar in the first place to identify which of the two
smoothness metrics is the one working better for quanti-
fying ataxia.
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The relationship between movement speed and
smoothness is known from the literature [52] and con-
firmed by the data presented in this work.

Since dual-task decreased gait smoothness and gait
speed, we used regression models to understand if dual-
task affects smoothness net of its effects on speed, i.e. to
understand if dual-task decreases smoothness by itself
or if it decreases speed and, from this, the smoothness
reduction.

However, from an opposite point of view, it has been
suggested that movement speed increases, given that
movement becomes smoother [52]. This latter considera-
tion, i.e. that high smoothness causes high speed could
even lead to believing that smoothness should be studied
as it is, irrespective of the associated changes in speed.

Nevertheless, in clinical practice, it is well known that per-
sons suffering from ataxia can move with good speed, indi-
cating that the scenario artificially created with regression
can be naturally found and should be the one to pursue.

Developing smoothness metrics independent of speed
would be the next step from a clinical standpoint. This
novel line of research would be precious given that when
a patient with a motor disturbance gets better, they often
improve speed in the first place [18, 68].

The effects of dual-task on gait smoothness in Par-
kinson’s disease could also be assessed with an opto-
electronic system to understand to what extent LDL]J
calculation on the raw acceleration signal can be toler-
ated and to reach a fuller understanding of gait impair-
ment flagged by the reduced smoothness (e.g. gait ataxia
vs. tremor vs. dyskinesias).

Finally, we considered here a single test of cognition,
i.e. the FAB, to assess the relationship between cogni-
tive functioning and walking. This choice was taken for
an apparent reason. We were interested in studying the
relationship between executive functions in Parkinson’s
disease and gait smoothness, and the FAB is a criterion
standard in this regard.

Nevertheless, a further development of this research
would be studying in greater detail the association
between cognitive functions and gait smoothness in
dual-task walking and gait smoothness in general.

While we would avoid investigating the relationship
of gait metrics with tests of overall cognition like the
MoCA, as already argued in the Methods, the relation-
ship with the executive functions can be explored in
greater detail with more dedicated tests [61].

Conclusions

Walking in a cognitive and motor dual-task modality
reduces the gait speed and increases the number of steps.
Moreover, exclusive of these effects, gait smoothness is
reduced in Parkinson’s disease.
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The two primary smoothness metrics, LDL] and
SPARC, are not wholly interchangeable when study-
ing gait smoothness, and further research is needed to
understand the different aspects of gait smoothness that
are preferentially quantified from the former or the latter.

When quantified with SPARC, poor gait smoothness is
associated with impaired executive functions, an expres-
sion of the link between the prefrontal lobes, motor pro-
gramming, and walking.

What the smoothness worsening induced by dual-task
is in Parkinson’s disease from a clinical point of view
remains to be understood. So far, it cannot be disen-
tangled if this is an expression of gait ataxia, tremor or
dyskinesia.

The TUG test, as long as recorded with an inertial
measurement unit secured to the trunk, is invaluable for
assessing two primary types of walking: straight walking
and turning while walking.

Abbreviations

T0MWT 10 m walking test

ES effect size

FAB Frontal Assessment Battery

LDLJ Ln-dimensionless jerk

LOL;ngur  LDUJ calculated from the angular acceleration
LDUjinear LDLJ calculated from the linear acceleration
PD Parkinson’s disease

RMS Root mean square

SPARC Spectral arc length measure

TTD Timed Up and Go test duration

TUG Timed Up and Go

UPRDS Unified Parkinson’s Disease Rating Scale

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513102-025-01068-8.

Supplementary Material 1.
Supplementary Material 2.
Supplementary Material 3.
Supplementary Material 4.

Supplementary Material 5.

Supplementary Material 6.

Acknowledgements
NA.

Authors’ contributions

AC conceived the idea of the current analysis, worked on the acquired signals
and collected measures from them, set up the database, ran the statistical
analysis, prepared tables and figures, wrote the manuscript’s first draft, arranged
the supplementary materials and revised the manuscript according to the
indications of the other authors; MA was involved in the participants'recruit-
ment and completed the motor assessment of all the participants; LD and GS
were involved in the participants’recruitment and completed the participants’
neuropsychological assessment; SS and LP were involved in the participants’
recruitment; VR worked on the acquired signals and checked the codes for
signal analysis and measurement; NB conceived the idea of the primary study,
and discussed the methodology and results of the present research with the
first author. All the authors critically reviewed the manuscript’s first draft.


https://doi.org/10.1186/s13102-025-01068-8
https://doi.org/10.1186/s13102-025-01068-8

Caronni et al. BMC Sports Science, Medicine and Rehabilitation

Funding
This work was supported by Italian Ministry of Health - Ricerca Corrente.

Data availability
The dataset supporting the study’s main conclusions will be available on
Zenodo upon manuscript acceptance and publication.

Declarations

Competing interests
The authors declare no competing interests.

Ethics approval and consent to participate

The local ethics committee has approved the research (“Comitato Etico
dell'lstituto Auxologico Italiano”2023_02_21_02; P4419). All the recruited
subjects gave their written informed consent to participate.

Consent for publication
Not applicable.

Author details

'Department of Neurorehabilitation Sciences, IRCCS Istituto Auxologico
Italiano, Milan, Italy. 2Department of Biomedical Sciences for Health, Uni-
versity of Milan, Milan, Italy. *Laboratory of Neuropsychology, Department

of Neurorehabilitation Sciences, IRCCS Istituto Auxologico Italiano, Milan, Italy.
“Department of Psychology, University of Milano-Bicocca and NeuroMI, Milan,
Italy.

Received: 11 September 2024 Accepted: 28 January 2025
Published online: 07 March 2025

References

1. Ganz DA, Bao, Shekelle PG, Rubenstein LZ. Will My Patient Fall? JAMA.
2007;297:77-86.

2. Ganz DA, Latham NK. Prevention of Falls in Community-Dwelling Older
Adults. Solomon CG, editor. N Engl J Med. 2020;382:734-43.

3. Picardi M, RedaelliV, Antoniotti P, Pintavalle G, Aristidou E, Sterpi |, et al.
Turning and sit-to-walk measures from the instrumented timed up and
go test return valid and responsive measures of dynamic balance in
Parkinson'’s disease. Clin Biomech Bristol Avon. 2020;80:105177.

4. Kelly VE, Eusterbrock AJ, Shumway-Cook A. A review of dual-task walking
deficits in people with Parkinson's disease: motor and cognitive contribu-
tions, mechanisms, and clinical implications. Park Dis. 2012;2012:918719.

5. Conradsson D, Lofgren N, Nero H, Hagstromer M, Stahle A, Lokk J, et al.
The effects of highly challenging Balance Training in Elderly with Parkin-
son’s Disease: a Randomized Controlled Trial. Neurorehabil Neural Repair.
2015;29:827-36.

6.  Strouwen C, Molenaar EALM, Minks L, Keus SHJ, Zijlmans JCM, Van-
denberghe W, et al. Training dual tasks together or apart in Parkinson’s
disease: results from the DUALITY trial. Mov Disord off J Mov Disord Soc.
2017;32:1201-10.

7. DuY-H, Ma J, Hu J-Y, Zhu L, Wang L-Y, Yang R-Y, et al. Effects of dual-task
training on gait and motor ability in patients with Parkinson's disease: a
systematic review and meta-analysis. Clin Rehabil. 2023;37:942-53.

8. LiZ WangT, LiuH,JiangY,Wang Z, Zhuang J. Dual-task training on gait,
motor symptoms, and balance in patients with Parkinson’s disease: a
systematic review and meta-analysis. Clin Rehabil. 2020;34:1355-67.

9. Horak FB, Wrisley DM, Frank J. The balance evaluation systems Test (BEST-
est) to Differentiate Balance deficits. Phys Ther. 2009;89:484-98.

10. Henderson EJ, Lord SR, Brodie MA, Gaunt DM, Lawrence AD, Close JCT,
et al. Rivastigmine for gait stability in patients with Parkinson’s disease
(ReSPonD): a randomised, double-blind, placebo-controlled, phase 2 trial.
Lancet Neurol. 2016;15:249-58.

11. Zhou J, Manor B, Yu W, Lo O-Y, Gouskova N, Salvador R, et al. Targeted
tDCS mitigates Dual-Task costs to Gait and Balance in older adults. Ann
Neurol. 2021;90:428-39.

12. Caronni A, Picardi M, Scarano S, Malloggi C, Tropea P, Gilardone G, et al.
Pay attention: you can falll The Mini-BESTest scale and the turning

(2025) 17:42

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Page 16 of 17

duration of the TUG test provide valid balance measures in neurological
patients: a prospective study with falls as the balance criterion. Front
Neurol. 2023;14:1228302.

. Caronni A, Sterpi |, Antoniotti P, Aristidou E, Nicolaci F, Picardi M, et al.

Criterion validity of the instrumented timed up and go test: a partial least
square regression study. Gait Posture. 2018;61:287-93.

. Podsiadlo D, Richardson S.The timed up & go: a test of basic functional

mobility for frail elderly persons. J Am Geriatr Soc. 1991;39:142-8.

. Shumway-Cook A, Brauer S, Woollacott M. Predicting the probability for

falls in community-dwelling older adults using the timed Up & Go Test.
Phys Ther. 2000;80:896-903.

. Wong-Yu ISK, Mak MKY. Multi-dimensional balance training programme

improves balance and gait performance in people with Parkinson’s dis-
ease: a pragmatic randomized controlled trial with 12-month follow-up.
Parkinsonism Relat Disord. 2015;21:615-21.

. Mellone S, Tacconi C, Chiari L. Validity of a smartphone-based instru-

mented timed up and go. Gait Posture. 2012;36:163-5.

. Caronni A, Picardi M, Pintavalle G, Aristidou E, Redaelli V, Antoniotti P,

et al. Responsiveness to rehabilitation of balance and gait impairment in
elderly with peripheral neuropathy. J Biomech. 2019;94:31-8.

. Cavagna G, Saibene F, Margaria R. A three-directional accelerometer for

analyzing body movements. J Appl Physiol. 1961;16:191.

Petraglia F, Scarcella L, Pedrazzi G, Brancato L, Puers R, Costantino C. Iner-
tial sensors versus standard systems in gait analysis: a systematic review
and meta-analysis. Eur J Phys Rehabil Med. 2019;55:265-80.

Beck Y, Herman T, Brozgol M, Giladi N, Mirelman A, Hausdorff JM. SPARC:
a new approach to quantifying gait smoothness in patients with Parkin-
son’s disease. J Neuroeng Rehabil. 2018;15:49.

Melendez-Calderon A, Shirota C, Balasubramanian S. Estimating Move-
ment Smoothness from Inertial Measurement Units. Front Bioeng
Biotechnol. 2020;8:558771.

Caronni A, Arcuri P, Carpinella |, Marzegan A, Lencioni T, Ramella M, et al. Smooth-
ness of movement in idiopathic cervical dystonia. Sci Rep. 2022;12:5090.

van Kordelaar J, van Wegen E, Kwakkel G. Impact of time on quality of
motor control of the paretic upper limb after stroke. Arch Phys Med
Rehabil. 2014;95:338-44.

Zackowski KM, Dromerick AW, Sahrmann SA, Thach WT, Bastian AJ. How do
strength, sensation, spasticity and joint individuation relate to the reaching
deficits of people with chronic hemiparesis? Brain J Neurol. 2004;127:1035-46.
Holmes G. The cerebellum of man. Brain. 1939:62:1-30.

Jackson JH. On Post-epileptic States: a contribution to the comparative
study of insanities. J Ment Sci. 1888,34:349-65.

World Medical Association. World Medical Association Declaration of
Helsinki: ethical principles for medical research involving human subjects.
JAMA. 2013;310:2191-4.

Postuma RB, Berg D, Stern M, Poewe W, Olanow CW, Oertel W, et al. MDS clini-
cal diagnostic criteria for Parkinson's disease. Mov Disord. 2015;30:1591-601.
Goetz CG, Poewe W, Rascol O, Sampaio C, Stebbins GT, Counsell C, et al.
Movement Disorder Society Task Force report on the Hoehn and Yahr staging
scale: Status and recommendations the Movement Disorder Society Task
Force on rating scales for Parkinson'’s disease. Mov Disord. 2004;19:1020-8.
Studenski S, Perera S, Patel K, Rosano C, Faulkner K, Inzitari M, et al. Gait
speed and survival in older adults. JAMA. 2011;305:50-8.

Goetz CG, Tilley BC, Shaftman SR, Stebbins GT, Fahn S, Martinez-Martin

P, 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;23:2129-70.

Appollonio |, Leone M, IsellaV, Piamarta F, Consoli T, Villa ML, et al. The Frontal
Assessment Battery (FAB): normative values in an Italian population sample.
Neurol Sci off J Ital Neurol Soc Ital Soc Clin Neurophysiol. 2005;26:108-16.
RotaV, Perucca L, Simone A, Tesio L. Walk ratio (step length/cadence) as

a summary index of neuromotor control of gait: application to multiple
sclerosis. Int J Rehabil Res. 2011;34:265.

Martinez-Martin P, Rodriguez-Blazquez C, Mario Alvarez null, Arakaki T,
Arillo VC, Chand P et al. Parkinson’s disease severity levels and MDS-Unified
Parkinson’s Disease Rating Scale. Parkinsonism Relat Disord. 2015;21:50-4.
Dubois B, Slachevsky A, Litvan |, Pillon B. The FAB: a frontal assessment
battery at bedside. Neurology. 2000;55:1621-6.

Aiello EN, Esposito A, Appollonio I, Bolognini N. Diagnostic properties of
the Frontal Assessment Battery (FAB) in Italian healthy adults. Aging Clin
Exp Res. 2022;34:1021-6.



Caronni et al. BMC Sports Science, Medicine and Rehabilitation

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.
53.
54.
55.

56.

57.

58.

59.

60.

61.
62.

Kulisevsky J, Pagonabarraga J. Cognitive impairment in Parkinson’s
disease: tools for diagnosis and assessment. Mov Disord off J Mov Disord
Soc. 2009;24:1103-10.

Calabresi P, Picconi B, Parnetti L, Di Filippo M. A convergent model for
cognitive dysfunctions in Parkinson’s disease: the critical dopamine-
acetylcholine synaptic balance. Lancet Neurol. 2006;5:974-83.

Aiello EN, Gramegna C, Esposito A, Gazzaniga V, Zago S, Difonzo T,

et al. The Montreal Cognitive Assessment (MoCA): updated norms and
psychometric insights into adaptive testing from healthy individuals in
Northern Italy. Aging Clin Exp Res. 2022;34:375-82.

Hanganu A, Bedetti C, Degroot C, Mejia-Constain B, Lafontaine A-L,
SolandV, et al. Mild cognitive impairment is linked with faster rate of
cortical thinning in patients with Parkinson's disease longitudinally. Brain
J Neurol. 2014;137:1120-9.

Amboni M, Cozzolino A, Longo K, Picillo M, Barone P. Freezing of gait and
executive functions in patients with Parkinson'’s disease. Mov Disord off J
Mov Disord Soc. 2008;23:395-400.

Miller Koop M, Ozinga SJ, Rosenfeldt AB, Alberts JL. Quantifying turning
behavior and gait in Parkinson’s disease using mobile technology. IBRO
Rep. 2018;5:10-6.

Palmerini L, Mellone S, Avanzolini G, Valzania F, Chiari L. Quantification of
motor impairment in Parkinson’s disease using an instrumented timed
up and go test. IEEE Trans Neural Syst Rehabil Eng Publ IEEE Eng Med Biol
Soc. 2013;21:664-73.

Balasubramanian S, Melendez-Calderon A, Roby-Brami A, Burdet E. On
the analysis of movement smoothness. J Neuroeng Rehabil. 2015;12:112.
Balasubramanian S, Melendez-Calderon A, Burdet E. A robust and sensi-
tive metric for quantifying movement smoothness. IEEE Trans Biomed
Eng. 2012;59:2126-36.

Faraway JJ. Extending the Linear Model with R: Generalized Linear,
Mixed Effects and Nonparametric Regression Models, Second Edition. 2°
edizione. Boca Raton: Chapman and Hall/CRC; 2016.

Barr DJ, Levy R, Scheepers C, Tily HJ. Random effects structure for
confirmatory hypothesis testing: keep it maximal. J Mem Lang. 2013;68.
https://doi.org/10.1016/jjml.2012.11.001.

Searle SR, Speed FM, Milliken GA. Population marginal means in the Linear
Model: an alternative to least squares means. Am Stat. 1980,34:216-21.
Holm S. A simple sequentially rejective multiple Test Procedure. Scand J
Stat. 1979,6:65-70.

. Lenth RV. emmeans: Estimated Marginal Means, aka Least-Squares Means.

2023. Available from: https://CRAN.R-project.org/package=emmeans.
Milner TE. A model for the generation of movements requiring endpoint
precision. Neuroscience. 1992;49:487-96.

Smith MA, Brandt J, Shadmehr R. Motor disorder in Huntington’s disease
begins as a dysfunction in error feedback control. Nature. 2000;403:544-9.
Latash ML, Anson JG. What are normal movements in atypical popula-
tions? Behav Brain Sci. 1996;19:55-68.

Yu H, Sternad D, Corcos DM, Vaillancourt DE. Role of hyperactive cerebel-
lum and motor cortex in Parkinson's disease. Neurolmage. 2007;35:222-33.
Nieuwboer A, Dom R, De Weerdt W, Desloovere K, Fieuws S, Broens-
Kaucsik E. Abnormalities of the spatiotemporal characteristics of gait at
the onset of freezing in Parkinson’s disease. Mov Disord off J Mov Disord
Soc. 2001;16:1066-75.

Chen Q, Hattori T, Tomisato H, Ohara M, Hirata K, Yokota T, et al. Turning
and multitask gait unmask gait disturbance in mild-to-moderate multiple
sclerosis: underlying specific cortical thinning and connecting fibers
damage. Hum Brain Mapp. 2023;44:1193-208.

Johansson H, Folkerts A-K, Hammarstrém |, Kalbe E, Leavy B. Effects

of motor-cognitive training on dual-task performance in people with
Parkinson’s disease: a systematic review and meta-analysis. J Neurol.
2023;270:2890-907.

Ahmadi S, Siragy T, Nantel J. Regularity of kinematic data between single
and dual-task treadmill walking in people with Parkinson's disease. J
Neuroeng Rehabil. 2021;18:20.

Kazemi D, Chadeganipour AS, Dehghani M, Ghorbali F. Associations of
dual-task walking costs with cognition in Parkinson’s disease. Gait Pos-
ture. 2024;110:48-52.

Diamond A. Executive functions. Annu Rev Psychol. 2013;64:135-68.
Pitts J, Singhal K, Apte Y, Patel P, Kannan L, Bhatt T. The Effect of Cognitive
Task, Gait Speed, and age on cognitive—motor interference during walk-
ing. Sensors. 2023,23:7368.

(2025) 17:42 Page 17 of 17

63. Nutt JG, Bloem BR, Giladi N, Hallett M, Horak FB, Nieuwboer A. Freezing
of gait: moving forward on a mysterious clinical phenomenon. Lancet
Neurol. 2011;10:734-44.

64. Hogan N, Sternad D. Sensitivity of smoothness measures to Movement
Duration, Amplitude and arrests. J Mot Behav. 2009;41:529-34.

65. Mohamed Refai MI, Saes M, Scheltinga BL, van Kordelaar J, Bussmann
JBJ, Veltink PH, et al. Smoothness metrics for reaching performance after
stroke. Part 1: which one to choose? J Neuroeng Rehabil. 2021;18:154.

66. Thompson AE, Thompson PD. Frontal lobe motor syndromes. Handb Clin
Neurol. 2023;196:443-55.

67. Plummer P, Eskes G, Wallace S, Giuffrida C, Fraas M, Campbell G, et al.
Cognitive-motor interference during functional mobility after stroke:
state of the Science and implications for Future Research. Arch Phys Med
Rehabil. 2013;94. https://doi.org/10.1016/j.apmr.2013.08.002.

68. Caronni A, Picardi M, Aristidou E, Antoniotti P, Pintavalle G, Redaelli V, et al.
How do patients improve their timed up and go test? Responsiveness
to rehabilitation of the TUG test in elderly neurological patients. Gait
Posture. 2019;70:33-8.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1016/j.jml.2012.11.001
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1016/j.apmr.2013.08.002

	In Parkinson’s disease, dual-tasking reduces gait smoothness during the straight-walking and turning-while-walking phases of the Timed Up and Go test
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 
	Trial registration 

	Background
	Materials and methods
	Participants
	Clinical, motor and neuropsychological assessment
	Signal analysis
	Statistics

	Results
	Spatiotemporal parameters of the walking and turning phases of the TUG test completed in single and dual task modality
	Changes in gait speed and gait smoothness induced by dual-tasking: TUG test walking phase
	SPARC​
	LDLJlinear
	LDLJangular

	Changes in gait speed and gait smoothness induced by dual-tasking: TUG test turning phase
	SPARC​
	LDLJlinear
	LDLJangular

	Independence of the dual-task induced gait smoothness decrement from gait speed and step number
	SPARC​
	LDLJlinear
	LDLJangular

	Relationship between gait smoothness and executive functions in Parkinson’s disease

	Discussion
	Why study gait smoothness?
	Why study dual-task in walking?
	Dual-tasking, Gait smoothness and executive functioning
	Why administer the TUG test if interested in gait?
	Which smoothness metric? LDLJ, SPARC or both?
	Limits and future developments of the study

	Conclusions
	Acknowledgements
	References


