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Abstract: Background and Aims. Most research on Parkinson's disease (PD) focuses on describing
symptoms and movement characteristics. Studies rarely focus on the early detection of PD and the
search for suitable markers of a prodromal stage. Early detection is important, so treatments that
may potentially change the course of the disease can be attempted early on. While gait disturbances
are less pronounced in the early stages of the disease, the prevalence, and severity increase with
disease progression. Therefore, postural instability and gait difficulties could be identified as sensi-
tive biomarkers. The aim was to evaluate the discriminatory power of the Trail-Walking Test
(Schott, 2015) as a potential diagnostic instrument to improve the predictive power of the clinical
evaluation concerning the severity of the disease and record the different aspects of walking.
Methods. 20 older healthy (M = 72.4 years, SD = 5.53) adults and 46 older adults with PD and the
motor phenotypes postural instability/gait difficulty (PIGD; M = 69.7 years, SD = 8.68) and tremor
dominant (TD; M = 68.2 years, SD = 8.94) participated in the study. The participants performed a
motor-cognitive dual task (DT) of increasing cognitive difficulty in which they had to walk a given
path (condition 1), walk to numbers in ascending order (condition 2), and walk to numbers and
letters alternately and in ascending order (condition 3). Results. With an increase in the cognitive
load, the time to complete the tasks (seconds) become longer in all groups, F(1.23, 73.5) =121, p <
.001, n% = .670. PD-PIGD shows the longest times in all conditions of the TWT, F(2, 60) = 8.15, p <
.001, 5% = .214. Mutual interferences in the cognitive and motor domain can be observed. However,
clear group-specific patterns cannot be identified. A differentiation between the motor phenotypes
of PD is especially feasible with the purely motor condition (TWT-M; AUC =. 685, p = 0.44). Con-
clusions. PD patients with PIGD must be identified by valid, well-evaluated clinical tests that allow
a precise assessment of the disease's individual fall risk, the severity of the disease, and the progno-
sis of progression. The TWT covers various aspects of mobility, examines the relationship between
cognitive functions and walking, and enables differentiation of the motor phenotypes of PD.

Keywords: dual-task; Trail-Walking Test; gait disorder; diagnosis; motor-cognitive interference;
Parkinson's disease

1. Introduction

In addition to the motor symptoms, various aspects of cognitive impairment in Park-
inson's disease (PD) patients can have a negative impact on the ability to balance in static
and dynamic situations [1,2]. The extent of the cognitive impairment is heterogeneous in
those affected and worsens in the course of the disease parallel to the motor symptoms
[3]. The prevalence of comorbid dementia is estimated at 26-44% [4,5], with main deficits
being found in the executive/attentional, memory, and visuospatial domains [4], which
can magnify their gait problems. In particular, walking with additional motor or cognitive
tasks to be performed in parallel seems difficult for those affected [6-8]. This is particularly
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significant because walking in the real world - usually under dual task (DT) conditions -
requires attention to various changing environmental features to avoid tripping and slip-
ping and to recover quickly from unavoidable postural disturbances. Therefore, it is not
surprising that deficits in attention and executive functioning (EF) are independently as-
sociated with risk for postural instability, impairments in activities of daily living (ADL),
and future falls [9-11]. Individuals with PD who have cognitive decline appear to be more
susceptible to gait impairments due to their inability to use cognitive resources required
to plan and control movements, especially when the automaticity of well-learned move-
ments (gait) is compromised and where increased conscious control is required [12].

Although the diversity of DTs found in the literature makes a comparison between
studies difficult, the gait of individuals with PD is more influenced during the perfor-
mance of more complex secondary tasks [13]. A meta-analysis by Ruffegeau and col-
leagues [14] demonstrated sufficient evidence to conclude that DT conditions involving
EF skills significantly hinder walking in people with PD, despite variation between study
paradigms. Also, DT paradigms with additional cognitive tasks can be helpful to parse
apart the tremor dominant (TD) patients that will progress slower from those that are
assigned to the phenotype postural instability/gait difficulty (PIGD) and will progress
faster [15]. However, there is some controversy in this regard. While some studies report
that the TD phenotype has a better prognosis and a lower rate of disease progression com-
pared to the PIGD phenotype, others claim that there is no difference in long-term out-
comes [16-19].

While most studies with the DT paradigm use relatively simple straight walking as
a locomotion task — and also the guidelines of the Canadian Consortium on Neurodegen-
eration in Aging (CCNA) only address recommendations for straight walking [20] — com-
plex locomotion tasks in which the walking speed is adjusted and the walking direction
change seem to be particularly demanding and sensitive for PD patients to produce dual-
task costs (DTC). While simple information processing processes can solve straightfor-
ward walking, cognitive flexibility and the ability to change tasks explain the speed of
cornering [21] and walking with direction changes [22]. During complex walking situa-
tions (walking with direction changes), the increased cognitive and sensory processing
required to plan gait modifications may strongly impact the walking performance [23].
Difficulties in turning around the body axis are one of the most common complaints
among people with PD, may cause extreme gait slowness and loss of balance and may
result from an overloaded or inefficient cognitive system in PD when planning complex
gait adjustments. For this reason, and since walking performance is most affected by in-
ternal disturbances [24,25], a mobile version of the Trail-Making Test (TMT) is used in this
study (Trail-Walking Test; [26]) as a motor-cognitive DT that demands EF with varying
degrees of difficulty.

Research usually focuses on the early detection of PD and the search for suitable
markers of a prodromal stage [27]. So far, there is no gold standard for the operationali-
zation of gait disorders in PD. The walking test (Item 29) integrated into the motor part of
the Unified Parkinson's Disease Rating Scale (UPDRS; Movement Disorder Society Task
Force on Rating Scales for Parkinson's Disease, [28]) is frequently used in clinical settings.
However, the PIGD score does not include the classification of freezing of gait, does not
capture the performance of tandem gait, and lacks details about the range of postural def-
icits [29]. In order to improve the predictive power of the clinical examination concerning
the risk of falling or to differentiate between the PD motor phenotypes, it appears neces-
sary to record not only reactive and supportive aspects of balance control but also antici-
patory, arbitrary, and cognitive aspects of locomotion.

The aim was to compare single task (ST) and DT conditions concerning a possible
detection of PD-PIGD and whether it is possible to differentiate the groups based on the
TWT, what might be important for the timing and duration of therapy initiation and may
help to assist with the prognosis and the tailoring of treatment. Based on the difficulties
in the mentioned motor and cognitive domains in PD patients, we hypothesized that over-
all, individuals with PD-PIGD perform more poorly than the control group and the PD-
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TD group in all conditions of the TWT. We also assume that individuals with PD-PIGD
exhibit proportionally greater DTC under more complex, attention-demanding motor-
cognitive DTs (TWT conditions) relative to PD-TD patients or healthy older adults (see
also [30] in people with mild cognitive impairment, MCI).

2. Materials and Methods
2.1. Participants

A total of 20 healthy older adults and 46 older adults with PD voluntarily participated
in the study. Based on the Unified Parkinson Disease Rating Scale - Part 3; UPDRS; [31]
two motor phenotypes of PD patients were distinguished: The tremor dominant (TD) and
the postural instability (PIGD) motor phenotype (classification according to Jankovic et
al. [32]; see Table 1). Participants were invited in writing or orally (by telephone) to the
Sun Life Financial Research and Rehabilitation Centre for Movement Disorders (MDRC)
at Wilfrid Laurier University in Waterloo, Canada. The subjects with PD were asked to
postpone their medication intake by 12 hours before visiting the clinic to participate in the
study without medication ("off-state") to minimize the confounding effect of dopaminer-
gic medication on cognitive and motor performance, especially gait speed [33,34]. Con-
cerning inclusion criteria, participants reported normal vision and hearing without visual
or auditory defects (corrected visual or auditory defects were also included), independent
walking ability (freezing of gait was included), and the ability to follow the instructions
of the test administrator. Participants with orthopedic complaints were excluded as they
can have a negative impact on gait and balance.

2.2. Instruments

2.2.1. Sociodemographic information, cognitive performance, and fall-associated self-
efficacy

Demographic information, medical history, physical activity, and the number of falls
in the last year were collected using questionnaires. In addition, the height and weight of
the participants were measured, and the body mass index (BMI, kg/m2) was calculated.

Since cognitive status influences strategies for allocating attentional resources [35,36]
and Johansson et al. [37] have shown in a recently published study that PD patients with
MCI use a posture-first strategy and had larger DTCs on gait than PD non-MCI patients,
itis important to consider the cognitive status. Although it is recommended to use a com-
prehensive cognitive assessment battery rather than individual global cognitive measures
to assess the cognitive state, we used the well-established Montreal Cognitive Assessment
(MoCA,; score range: 0-30; [38]) to test general cognitive performance. This instrument ap-
pears to be sensitive to slight cognitive loss (mild cognitive impairment; MCI) in cogni-
tively intact older adults [39,40].

The paper-pencil-based Trail-Making Test [41] comprises 25 circles to be connected
(913mm), which are numbers (Part A; visuomotor skills, visual processing speed) and
numbers or letters (Part B; working memory, cognitive flexibility, executive functions, and
visuo-spatial skills). The aim is to connect the numbers in ascending order from 1 to 25
(Part A) and the numbers in ascending order from 1 to 13 alternately with the letters in
alphabetical order from A to L (Part B) in the shortest possible time without error. In ad-
dition, we introduced a motor speed condition with the task of following a predefined
path connecting 25 circles [42] with a) the idea of calculating the purely cognitive perfor-
mance of the task of connecting numbers or numbers and letters without the influence of
motor performance (moving the stylus; which can be difficult, especially for people with
PD-TD) and b) to calculate the cognitive DTC.

The Activities Specific Balance Confidence (ABC) Scale [43] assessed fall-associated
self-efficacy. On a scale of 0-100%, the participants should estimate their confidence to
carry out 16 activities without becoming unbalanced. High percentages stand for a high
fall-associated self-efficacy.
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2.2.2. Rating scale for Parkinson's disease

The UPDRS [31] is divided into the areas of (1) cognitive functions, behavior and
mood, (2) activities of daily living (ADL), (3) motor examination, and (4) complications of
treatment. The motor dimension of UPDRS was used to determine PD cardinal symptoms
of tremor, rigor, bradykinesia, and postural instability. Based on the evaluation and the
classification algorithm according to Jankovic et al. [32], this scale allows a classification
of the mentioned PD motor phenotypes: Tremor dominant type (PD-TD = mean value of
points for tremor / mean value of points for PIGD < 1.5) and motor phenotype with pos-
tural instability and gait disorder (PD-PIGD = mean value of points for tremor / mean
value of points for PIGD > 1.0). The following items were used to evaluate the two motor
phenotypes:

Table 1. Items of the UPDRS to classify the motor subtypes Tremor Dominant (TD) and Postural
Instability (PIGD) in PD patients.

UPDRS

N . N Postural Instability and Gait
Items Tremor-Dominant (TD) Items Difficulty (PIGD)
Part 2 — Activities of daily living (ADL)

2.13 Falling (independent of

1 2.16 Tremor 3 usidity) , ,
2.14 Freezing during walking
2.15 Walking
Part 3 - Motor examination
3.20 Rest Tremor, F
3.20 Rest Tremor , RH
3.20 Rest Tremor , LH
3.20 Rest Tremor , RF .
7 3.0 Rest Tremor, LF p  O2Calt .
. 3.30 Postural Stability*
3.21 Action or posture tremor of
the hands, L

3.21 Action or posture tremor of
the hands, R
Note. F = face; RH = right hand; LH = left hand; RF = right foot; LF = left foot; R = right; L = left;
*Reaction to sudden rearward displacement by pulling on the patient's shoulders; standing straight
with eyes open and feet slightly apart (the patient is prepared). The ratio of the mean TD scores (8
items) to the mean PIGD scores (5 items) was used to classify the motor subtypes: PD-TD (ratio <
1.5), PD-PIGD (ratio 2 1).

2.2.3. Trail-Walking Test

The TWT [26] was used to assess motor-cognitive interference under change of direc-
tion walk conditions. In this approach, cones with flags are placed randomly at 15 posi-
tions in a 16 m2 area (4 x4 m). A circle of 30 cm diameter was drawn around each cone.
The TWT consists of three different conditions. In the first condition (TWT-M, ST), the
participants were asked to follow a line connecting the 15 circles (pure motor task). In
condition 2 (TWT-A, DT), participants had to step on numbered targets in sequential and
ascending order (1-2-3-...-15). Finally, in condition 3 (TWT-B, DT), the participants were
asked to step on targets with an ascending alternating number-letter sequence (1-A-2-B-
...-8) (see Supplementary Materials: Figure S1). The participants were instructed to per-
form the task as quickly but accurately as possible in all conditions. However, no priority
was given to one domain or the other. In addition to stopping the time per trial using a
stopwatch to the nearest 0.01 s, motor errors (e.g., knocking over a cone or not stepping
on the circle) as well as sequencing and shifting errors (e.g., walking to the wrong num-
ber/letter; [44] were recorded. Sequential and shifting errors were corrected immediately
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by the examiner instructing the participant to return to the last correct circle. Errors are
reported and accounted for in the required times, as correcting errors takes additional
time [42]. Each condition was performed three times.

2.3. Procedure

The participants were informed about the objectives and contents of the planned
study and the test procedure, test duration, and possible risks of data collection. Before
the data collection was carried out, a written declaration of consent was obtained. The
methods used in these studies are in accordance with the ethical principles of the Helsinki
Declaration [45], national legislation and relevant international norms and standards. The
implementation of the procedures was randomized to avoid possible sequence effects. All
tests were performed in a quiet environment to avoid distractions and to exclude possible
interfering variables in the experimental situation. The majority of the participants could
be tested within the planned 90 minutes. In order to keep the effect of fatigue to a mini-
mum, a rest time of 1-3 min between the conditions and trials was made. Previously
trained test administrators carried out the data collection. The research project received
ethical approval (REB # 4791 Project, "Motor-cognitive interference in dual tasks: alloca-
tion of resources in Parkinson's Disease patients” REB Clearance Issued: February 19,
2016).

2.4. Data analysis

All statistics were performed with SPSS v.27 (SPSS, Chicago, IL). For the sample char-
acteristics, possible group differences for continuous variables (e.g., age, height, weight,
BM]I, physical activity) were calculated using ANOVAs; partial eta? was calculated as an
effect strength measure (Conventions of Cohen, [46]: 0.01 small effect; 0.06 medium effect;
0.14 strong effect). In addition, categorical demographic variables (e.g. sex) were tested
with a Chi2 test.

To test the effect of different cognitive conditions and difficulty levels, a 3 (group:
Control, PD-TD, PD-PIGD) x 3 (condition: TWT-M, TWT-A, TWT-B) ANOVA was per-
formed with repeated measurements for the times in the TWT. The between-subject factor
is group, and the within-subject factor is condition (TWT-M, TWT-A, TWT-B). Group dif-
ferences within a condition (e.g., TWT-M) were calculated with ANOVA. For the calcula-
tion of the dual-task costs (DTC), a 3 (group: Control, PD-TD, PD-PIGD) x 2 (condition:
TWT-M, TWT-A, TWT-B) x 2 (interferences: motor vs. cognitive) ANOVA with repeated
measurements was performed for the TWT. With significant results, post-hoc tests (Bon-
ferroni correction) were used to check which factor levels differ significantly. An alpha
value of 0.05 was used for all statistical tests (also for post-hoc analyses; [47]). In addition
to the significance value (p <.05, *significant; p <.01; **highly significant; p <.001, **highly
significant), the effect sizes for all ANOVAs were indicated using the partial eta2.

The times in the conditions of the TWT were measured using a stopwatch and ex-
pressed as 0.01 seconds. For the times in the TWT conditions (TWT-M; TWT-A, and TWT-
B), the mean values (X) of the three runs were used:

< 1 . X1+X2+X3
X=-Jl Xi=—"— (1

When calculating the DTC, the performance in each task under the DT condition is
related to the respective performance under the ST condition. Since higher values stand
for worse performances (times in the TWT), a negative sign was inserted. Negative DTC
indicates a deterioration compared to ST conditions [48]. Therefore, the motor and cogni-
tive DTCs for the TWT are calculated as follows:

Performance in DT—Performance in ST
DTC = ¥ 100 )

Performance in ST
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TWT

o/ _ —(TWTA-TWTM)
motorDTC for TWTA (%) = TWIM * 100 3)
motorDTC for TWTB (%) = ——— o TWD , 109 @)

TWTM

. o/ _ —(TWTA—(TMTA-TMTM)
cognitiveDTC for A (%) = TMTA_TMTM) * 100 (5)
cognitiveDTC for B (%) = — o (CMTBTMIM) 45 (6)

(TMTB-TMTM)

The Trail-Making Test [41] was used to evaluate cognitive ST performance. Due to
the different lengths of the conditions in the TMT (TMT-M: 185.4cm; TMT-A: 185.4cm and
TMT-B: 243.8cm) [49], the velocities in all conditions are first calculated as follows:

. . Length of th diti
Velocity TMT condition (ﬂ) =82 o8 )
s Time for TMT condition
The velocity was normalized to the length of 200cm (required time for 200cm):
. iy 200
Time for TMT condition (s) = : — )
Velocity TMT condition

In addition, a "two-way" intra-class correlation coefficient (ICC) was calculated to
quantify the consistency within the three trials of each TWT condition and the groups [50].
The test-retest reliability was assessed using the Standard Error of the Measurement [SEM
= (SD xV(1-ICC))]. and the Minimum Detectable Change with a confidence interval of 95%
[MDC95 = (1.96 x SEM x ¥ (2))] [51]. In order to be able to compare both measures, these
were additionally expressed as percentages (SEM% and MDC95%; [52]).

ROC (Receiver Operating Characteristic) analyses were performed to determine the
diagnostic quality of the TWT, where sensitivity, specificity, and area under the curve
(AUC) were considered (for the interpretation of the values, see [53]). The Youden index
was used to determine which threshold was best suited to differentiate the groups [54].

3. Results
3.1. Characteristics of the study population

Seventeen PD patients with dominant tremor (PD-TD, M = 68.2 years, SD = 8.94), 27
PD patients with postural instability and gait difficulty (PD-PIGD, M = 69.7 years, SD =
8.68) and 20 healthy older adults (control, M = 72.4 years, SD = 5.53) participated in this
study. In the MoCA, no differences between the groups can be observed. Compared to
PD-TD and the control group, an increased frequency of falls can be observed in persons
with PD-PIGD. Accordingly, fall-associated self-efficacy is significantly lower in PD-
PIGD. The proportion of mild to moderate depression is also higher in PD-PIGD than in
both other groups (see Table 2).
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Table 2. Characteristics of PD patients differentiated into motor phenotypes PD-TD and PD-PIGD,
including mean values (standard deviation) and test values of UPDRS-IIL

Control PD-TD PD-PIGD stat. analyses
ratio < 1.5 ratio > 1.0 ’ y
(n=20) (n=16) (n=27)
7 men, 11 men, 23 men, CHI2(2) =
Sex 13 women 5 women 4 women 14.2**
age (years) 72.4 (5.53) 68.2 (8.94)  69.7 (8.68) F(2,60)=132,
n% =.042
BMI (kg/m?2) 27.9 27.4 F(2,57) =
24.2 (4.40)¢
Under-, Normal-, Obesity (4.73); 5 6( 6 Ol)t' (4.07); 3.79%,
(n) 0,6,6,5 T 0,8,12,5 n%p=.117
UPDRS-III t(41) = .646,
- 2253 (7.47) 23.7(7.97
(Score; max = 108) ( ) (7.97) d=.147
Duration of the disease t(41) = .388,
- .19 (4.92 493 (4.37
(years) 6.19(4.92) 93 (4:37) d=.275
F(2,59) =
95.3 (3.77 79.3
ABC-Scale (%) (3.77) 89.7 (8.24) (19.9)¢ 8.05%%,
) n%p=.214
Fall experience last year 3 peros ons 4 persoons ? peros ons F(2,14)=1.68,
(n persons; n in %, n falls) (15%); (26.7%); (33%); 2, =.222
p ! o 3 falls 6 falls 31 falls Te=-
F2 =.854
MoCA 27.9 (1.48) 26.9 (3.23)  27.6(1.95) (2/60) =854,

lZzp =.028

Note. *** p <.001; ** p <.01; * p < .05; t significant difference to control group (p <.05).

3.2. Reliability of measurement repetition in the TWT
The relative and absolute reliability measures (ICC, SEM, MDC95) are shown in Ta-

ble 3. The reliability between the trials is medium to excellent for all conditions and
groups, with ICC values between 0.87 and 0.98. The reliability of the trials is between 0.87
and 0.98. In total, the SEM is between 0.22-3.20s. The SEM% is low in all conditions and
groups (0.51-4.05%). In 100% of the observations, a SEM% < 10% can be found. The SEM
varies between 0.26-2.68s for the control group, 0.22-3.20s for PD-TD, and 0.43-2.18s for
PD-PIGD. In total, the MDC95 is between 0.62-88.8s with respect to the absolute times in
the TWT. The MDC95% fluctuated between 1.41-11.5% for the whole sample and is thus
below < 30%.
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Table 3. Results of intra-class correlation (ICC) and absolute inter-trial reliability (SEM) for all three
conditions of the TWT.

Control PD-TD PD-PIGD

ICC SEM/ MDC95 ICC SEM/ MDC95 ICC SEM/  MDC95
95% SEM  /MDC9 (95% SEM /MDC9  (95% SEM /MDC9

CI %) 5% Cn (%) 5% CIn (%) 5%
0.974 026/ 0.76/ 0.987 022/ 0.62/ 0.959 0.43/ 1.18/
TWT-M  (0.95- 0.68  1.89 (0.97- 0.51 1.41 (0.92- 0.74 2.05
0.99) : : 0.99) : : 0.98) : :
TWTA ?0‘879; 1.15/  3.19/ (00'99509 0.72/  1.99/ ?698389 1.03/  2.86/
YT 231 ) . ) R 4.54
0.96) 3 639 %) 33 368 97) 63 5
TWI-B ?687720 268/  7.43/ (00'87846 320/ 8.88/ %98148 218/  6.02/
Ty, 11.21 T 414 114 A 7.17
0.94) 05 0.96) 8 0.96) 5

Note. To calculate the reliability measures, 3 runs (observation times) were included; CI = confi-
dence interval; SEM = standard error of measurement; MDC = minimal detectable change.

3.3. Times as performance measure in the TWT

The times in TWT-M and TWT-A are normally distributed in all groups (p <.05). The
times in the TWT-B tend to be normally distributed (p =.069). Age (r =215, p = .043) corre-
lates significantly with the times in TWT-B. Sex tends to have a significant influence on
performance in TWT-B (p = .093), with higher times observed for women (women: M =
79.4, SE = 3.74; men: M = 68.7, SE = 5.02). A 3 (condition: TWT-M, TWT-A, TWT-B) x 3
(group: Control, PD-TD, PD-PIGD) ANOVA with repeated measurement of times for the
TWT shows significant main effect for condition, F(1.23, 73.5) =121, p <.001, % = .670, and
group, F(2, 60) = 8.15, p <.001, 2% = .214. The post-hoc analysis shows that times are sig-
nificantly higher in TWT-B (M = 73.5, SE = 2.92) than in TWT-A (M =55.6, SE = 1.41) or in
the purely motor condition (TWT-M: M = 43.7, SE = 1.29) (p < .001) for all subjects. PD-
PIGD (M = 65.9, SE = 2.51) differ significant from PD-TD (M = 56.2, SE = 3.26; p = .67) and
more significantly from the control group (M =50.7, SE =2.92; p <.01). PD-TD patients are
not significantly different from the control group (p = .630). A significant interaction of
condition x group does not exist, F(2.45, 73.5) = 1.74, p = .175, y% = .055). This shows that
all groups walk slower with increasing cognitive load and therefore need longer (see Fig-
ure 1). A difference in the times in the TWT can thus be observed in particular between
PD-PIGD and the control group.
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Figure 1. Mean and standard deviation of groups (PD-PIGD, PD-TD & control) and conditions of
TWT (TWT-M, TWT-A & TWT-B) based on times (***p <.001, ** p <.01, * p <.05).

3.4. Motor-related cognitive costs and cognitive-related motor costs in the TWT

Table 4 shows the mean values and standard deviations of the calculated DTC for the
TWT.

Table 4. Mean values and standard deviation of DTC in the TWT divided into the PD phenotypes
and healthy controls.

PD{)IGD PD_-TD COI_ItI‘Ol Statistical analysis
(n=27) (n=16) (n=20)
M;;‘\’;r]_f € 09084 297(187) -266(17.6) F(2’60)’Z=2};2=2%0};= 805,
Mitv‘:,rT]_)];r € 543319 754(431) -58.1(268) F(2’33);Z=2p1;1,6(;3][)7= 220
C°g¥i£¥_" f TC  1a3) as0@17) 317 (284) F(2,33),z=21;zi4%1;; o
C°g¥ivt\i,‘;f]? TC 12622  -118(126)  -103(908) F(2,33)}Z=2p2;3%7;; -0

Note. DTC = dual-task costs; the empirical mean values and standard deviations are shown; PD-
PIGD: Parkinson-Postural Instability and Gait Difficulty; PD-TD: Parkinson-Tremor Dominant; Con-
trol: older adults without Parkinson diagnosis

Regarding the proportional DTC a 3 (group: Control, PD-TD, PD-PIGD) x 2 (condi-
tion: TWT-A, TWT-B) x 2 (interference: cognitive, motor domain) ANOVA with repeated
measurement for the times in TWT was calculated. The results show significant major
effects for condition, F(1, 60) =19.5, p < .001, n% = .245, and interference, F(1, 60) =44.6, p <
.001, % = .426. A significant interaction effect can be observed for condition x interference,
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F(1, 60) =32.9, p <.001, % = .354. Post-hoc analysis shows that with low cognitive load the
performance losses are greater than with high cognitive load (p <.001).

Figure 2 shows the distribution of motor and cognitive interference in TWT-A in in-
dividuals with PD (PIGD & TD) and healthy controls. Most participants show mutual
interferences with performance losses, especially in the cognitive task. Interferences in the
motor task are low across all groups. The level of motor and cognitive interference and
the range is comparable in all groups. Some participants show minor interference in the
motor task but improvements in the cognitive task performance. However, group-specific
patterns cannot be identified. In the condition with a high additional cognitive load (TWT-
B, Figure 3), the cognitive interferences are lower than in the TWT-A. Mutual interference
can also be observed in TWT-B across groups. A few participants show low or positive
interferences in the cognitive but deterioration in the motor task performance (cognitive-
motor interference or cognitive task prioritization). However, clear group-specific pat-
terns also can not be identified.
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Figure 2. Pattern of motor-cognitive interference in TWT-A based on times in PD-PIGD, PD-TD, and
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Figure 3. Pattern of motor-cognitive interference in TWT-B based on times in PD-PIGD, PD-TD, and
control
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Based on the calculated velocities, the TWT conditions allow an appropriate differ-
entiation between the motor phenotype PD-PIGD and the control group (AUC > .8; see
Table 5; grey marked cells). The TWT-A allows a good differentiation (AUC = .831; sensi-
tivity = .852; specificity = .800). However, differentiation between phenotypes, PD-PIGD
and PD-TD, is not satisfactory by any TWT conditions (AUC < .7). Only the TWT-M con-
dition shows a significant result here as evidence of the accuracy of the test procedure (see
Table 5; value in bold). The TWT-A tends to be significant (see Table 5; value in bold).
Also, a distinction between PD-TD and the control group is not sufficiently precise with
any of the TWT conditions (AUC <.7).

Table 5. Statistics and receiver operating characteristic curve thresholds for the TWT (velocities in
the TWT; motor DTC) to differentiate between PD-PIGD, PD-TD, and the control group.

Youden Sensitiv- Specific- Thresh-

Condition Groups n . . AUC P
Index ity ity old
PD-PIGD vs. PD-TD  27/16 326 .889 438 1.05 .685 .044
TWT-M PD-PIGD vs. Control  27/20 .530 .630 .900 .891 791 <.001
PD-TD vs. Control ~ 16/20 .288 436 .850 914 .553 .588
PD-PIGD vs PD-TD  27/16 .352 .852 .500 .778 .662 .079
TWT-A PD-PIGD vs. Control  27/20 .652 .852 .800 776 .831 <.001
PD-TD vs. Control ~ 16/20 400 .500 .900 711 .638 161
PD-PIGD vs. PD-TD  27/16 303 741 563 .593 .623 183
TWT-B PD-PIGD vs. Control  27/20 541 741 .800 567 .783 <.001
PD-TD vs. Control ~ 16/20 325 375 950 .503 613 252
PD-PIGD vs. PD-TD  27/16 234 296 938 -16.52 .588 .340
Motor DTC
TWT-A PD-PIGD vs. Control  27/20 .356 .556 .800 -37.81 .659 .064
PD-TD vs. Control ~ 16/20 .300 500 .800 -38.13 597 324
PD-PIGD vs. PD-TD  27/16 -.093 407 500 -241.1 479 821
Motor DTC
TWT-B PD-PIGD vs. Control  27/20 -.089 A11 .800 -133.7 513 .880
PD-TD vs. Control ~ 16/20 .188 938 250 -378.7 541 679
PD-PIGD vs. PD-TD  27/16 264 .889 625 -823.6 528 763
Cognitive
PD-PIGD vs. Control  27/20 -219 481 .300 -493.3 431 426
DTC TWT-A
PD-TD vs. Control ~ 16/20 -.375 625 .000 -786.5 413 373
PD-PIGD vs. PD-TD  27/16 215 778 438 -35.53 567 466
Cognitve
PD-PIGD vs. Control  27/20 344 444 .900 2.65 615 182
DTC TWT-B
PD-TD vs. Control ~ 16/20 225 375 .850 -3.94 544 .656

Note. n = number of cases; p = significance value; PD = Parsinson Disease; PIGD = Postural Instability/ Gait Difficulty; TD = Tremor
Dominant; DTC = dual-task costs; TWT = Trail-Walking Test; AUC (AUROC) = Area Under the Receiver Operating Characteristic
Curve; For continuous variables, limit values were determined from the optimal combination of sensitivity and specificity using the
Youden index; the relevant data mentioned in the text are highlighted in the table by the grey cells and in boldface.

On the other hand, the motor and cognitive DTC do not allow the groups to be dif-
ferentiated. Sensitivity and specificity are insufficient to distinguish the groups from each
other. As a result, the areas under the curve of the ROC analyses as a measure of accuracy
are too small.

4. Discussion

This study aimed to evaluate the TWT as a potential method for quantifying postural
instability and gait disturbances in PD patients and distinguishing between PD motor
phenotypes. As expected, all participants in the study were slower under DT conditions
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[55]. The effect was greater in PD-PIGD patients than in the control and PD-TD groups.
The greater the cognitive load, the greater the influence on walking performance. How-
ever, the difference between the groups became smaller with increasing cognitive load.
The largest differences between the groups were found in the TWT-M (purely motor con-
dition).

The TWT performance differs both overall and within the three groups as expected.
Times increase with increasing cognitive load and is in line with the studies by Spildooren
et al. [56], Wild et al. [57], and Kelly et al. [58]. They demonstrated increased difficulties
and balance problems with locomotion tasks under DT conditions in PD (cf. the meta-
analysis by Raffegeau et al. [14]). In particular, walking speed is significantly influenced
in these studies. A significant difference between the two PD phenotypes can only be ob-
served in the TWT-M and the task with low cognitive load (TWT-A). A distinction be-
tween PD-PIGD and the control group becomes significant in all conditions. The differ-
ence between PD-TD and the control group does not become significant in any condition.
This can be explained by the fact that the TWT primarily claims aspects of mobility [26].
In the condition of high cognitive load, the control group also shows problems with the
automatic execution of walking and increase walking times, so the group differences be-
come smaller. Based on the calculated AUC values, a good discriminatory power is
demonstrated to distinguish PD-PIGD from individuals without PD (control group), with
only TWT-A showing sufficient sensitivity (85.2%) and specificity (80%). Only moderate
to poor AUC values can be found to differentiate between the two PD groups. These re-
sults suggest that one of the underlying mechanisms for gait dysfunction is cognition, and
slowed walking in complex situations may result from an overloaded or inefficient cog-
nitive system in PD-PIGD.

Regarding the motor and cognitive DTC, differences between the conditions of the
TWT (TWT-A & TWT-B) can be observed. Higher motor DTCs (-66.3 %) can be observed
in condition TWT-B compared to-28.7 % for TWT-A (p <.001). The magnitude of the motor
DTC is larger than the studies summarized in the overview article by Kelly et al. [8]. In
the studies by Kelly and colleagues, a range between -1% to -59% motor DTC is reported.
This indicates that the TWT is significantly more demanding and requires more cognitive
resources than walking straight ahead [59,60] or walking with a 180-degree turn [61,56].
In contrast, higher cognitive DTC can be observed in the TWT-A condition with -392 %
compared to -94.1 % for TWT-B (p < .001). In comparison to the few studies that also cal-
culate DTC for the cognitive task (Galletly & Brauer, [62], with +31 % and +72 %, points to
an improvement and prioritization of the cognitive task; O'Shea, Morris & lansek, [63],
with -5%; Yogev et al. [13], with -42%), in the present study cognitive DTCs can also be
found, which are many times larger. With -392 % (TWT-A) and -28.7 % (TWT-B) cognitive
DTG, high cognitive performance decrements can be observed, especially under low cog-
nitive load. Also, there is a difference between the conditions of TWT in motor and cogni-
tive DTC. All groups in the condition with high cognitive load (TWT-B) show greater mo-
tor-related cognitive DTCs compared to cognitive-related motor DTCs (p < .001). In the
condition with low cognitive load (TWT-A), larger motor-related cognitive DTCs can be
observed across all groups (p <.001). One possible explanation for the large cognitive DTC
in TWT-A is that the relatively simple counting in ascending order is possible despite re-
source allocation toward the motor task, and the task can still be accomplished. In the
TWT-B, on the other hand, the cognitive task (numbers and letters running alternately
and in ascending order) requires more cognitive resources, which means that the limited
attention resources [64] must be shifted in the direction of the cognitive task in order to
complete TWT-B. Thus, a strategic allocation of attention resources is necessary to com-
plete the TWT as successfully as possible. Contrary to theoretical expectations, no group-
specific patterns of this allocation can be observed in this study. PD patients and the con-
trol group appear to have similar motor-cognitive interference patterns in complex loco-
motor tasks. Both PD groups and the control group show a risky allocation of resources
towards cognitive tasks ("posture second" strategy) in DTs with high cognitive load (TWT-
B) [35]. In the DT with lower cognitive load (TWT-A), on the other hand, an allocation of
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resources towards motor tasks with high cognitive DTC can be observed ("posture first"
strategy) (see [57]).

There are some limitations in this study that need to be mentioned. The study is cross-
sectional. With longitudinal studies, changes over time can be mapped, and the prognosis
can be improved. The duration of the disease was not taken into account, although cogni-
tive impairment increases with the progression of the disease [1,65]. However, we do not
oberserve any differences between groups in the cognitive performance (MoCA score).
An explanation of the insufficient differentiation between the groups is that the classifica-
tion into the mentioned motor phenotypes by the classification algorithm according to
Jankovic et al. (1990) only reflects the relationship between the cardinal symptoms (tremor
and postural instability). For example, PD-TD with strong tremors also showed significant
constraints in balance control. If the UPDRS is used to classify motor phenotypes, the scale
(especially the UPDRS III; motor analysis) is fundamental. While some neurologists and
researchers advocate the scale, others consider the scale to be a less representative snap-
shot of the current physical condition of PD patients. The test is based on subjective as-
sessment by a neurologist and is highly dependent on the examiner's expertise. In addi-
tion, the DTC was calculated based on the required times. Probably other measures are
needed to show differences between the two PD motor phenotypes [66]. Gait parameters
and their changes under DTs could allow a more differentiated conclusion of the motor
differences between these phenotypes [67,27] and improve the prognosis in the progres-
sion of PIGD.

5. Conclusions

PD therapy is primarily based on early detection and treatment of symptoms. The
aim is to maintain the independence of those affected by the disease as long as possible to
preserve the quality of life. Thus, patients with gait disorders must be identified by valid,
well-evaluated clinical tests that precisely assess the individual fall risk and severity of
the disease. Unfortunately, there is currently no gold standard for assessing postural in-
stability and gait disorders that address all aspects of PD’s cognitive and physical charac-
teristics [68]. The TWT covers various aspects of mobility and examines the relationship
between cognitive functions and walking [26]. Especially the pure motor condition shows
high ICC values and a SEM% below 1. Based on the results and concerning the sensitivity
and specificity of the procedure, a differentiation into PD motor subtypes can be made as
expected, especially with the purely motor condition of the TWT (TWT-M) and based on
times. In future studies, it would be interesting to examine whether walking with direc-
tional changes (TWT) and an additional motor task (e.g., box-checking task; analogous to
the studies by Heinzel, Maechtel, Hasmann, Hobert, Heger, Berg & Maetzler, [69]) gener-
ates more apparent differences in the DTCs between PD and a control group.

Supplementary Materials: Figure S1.

Author Contributions: Conceptualization, Nadja Schott and Quincy ]. Almeida; Data curation,
Nadja Schott; Formal analysis, Thomas J. Klotzbier and Nadja Schott; Investigation, Thomas J. Klot-
zbier, Nadja Schott and Quincy J. Almeida; Methodology, Thomas J. Klotzbier, Nadja Schott and
Quincy J. Almeida; Supervision, Quincy J. Almeida; Visualization, Thomas ]. Klotzbier and Nadja
Schott; Writing — original draft, Thomas J. Klotzbier and Nadja Schott; Writing — review & editing,
Quincy J. Almeida.

Funding: This research received no external funding.

Institutional Review Board Statement: All participants were informed of the nature and aim of the
study and signed a consent form. All procedures followed the Declaration of Helsinki with ethical
standards, legal requirements, and international norms. We have ethics approval from the Wilfried
Laurier University, Waterloo, Canada, for using this protocol (REB # 4791 Project, “Motor-cognitive
interference in dual tasks: allocation of resources in Parkinson's Disease patients” REB Clearance
Issued: February 19, 2016).


https://doi.org/10.20944/preprints202207.0319.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 July 2022 doi:10.20944/preprints202207.0319.v1

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

Data Availability Statement: All relevant data are within the study, and raw data are available on
request.

Acknowledgments: The authors thank the volunteers who participated in the study.

Conflicts of Interest: The authors have no financial or personal relationships with any other person
or organization that could improperly influence or otherwise influence their work in this study. The
authors declare no conflicts of interest.

References

1.  Aarsland, D., Bronnick, K., Williams-Gray, C., Weintraub, D., Marder, K., Kulisevsky, J., ... & Santangelo, G. (2010). Mild
cognitive impairment in Parkinson disease: a multicenter pooled analysis. Neurology, 75(12), 1062-1069.

2. Watson, G. S., & Leverenz, J. B. (2010). Profile of cognitive impairment in Parkinson's disease. Brain Pathology, 20(3), 640-
645.

3. Kehagia, A. A, Barker, R. A., & Robbins, T. W. (2010). Neuropsychological and clinical heterogeneity of cognitive impair-
ment and dementia in patients with Parkinson's disease. The Lancet Neurology, 9(12), 1200-1213.

4. Aarsland, D., Andersen, K., Larsen, J. P., & Lolk, A. (2003). Prevalence and characteristics of dementia in Parkinson disease:
an 8-year prospective study. Archives of Neurology, 60(3), 387-392.

5. Hobson, P., & Meara, J. (1999). The detection of dementia and cognitive impairment in a community population of elderly
people with Parkinson's disease by use of the CAMCOG neuropsychological test. Age and Ageing, 28(1), 39-43.

6.  Amboni, M., Barone, P., Iuppariello, L., Lista, I., Tranfaglia, R., Fasano, A., ... & lavarone, A. (2012). Gait patterns in Parkin-
sonian patients with or without mild cognitive impairment. Movement Disorders, 27(12), 1536-1543.

7. Marchese, R, Bove, M., & Abbruzzese, G. (2003). Effect of cognitive and motor tasks on postural stability in Parkinson's
disease: a posturographic study. Movement Disorders, 18(6), 652-658.

8.  Kelly, V. E,, Eusterbrock, A.]J., & Shumway-Cook, A. (2012). A review of dual-task walking deficits in people with Parkin-
son's disease: motor and cognitive contributions, mechanisms, and clinical implications. Parkinson’s Disease, 2012(918719),
1-14.

9.  Pelicioni, P. H., Menant, J. C., Henderson, E. J., Latt, M. D., Brodie, M. A., & Lord, S. R. (2021). Mild and marked executive
dysfunction and falls in people with Parkinson’s disease. Brazilian Journal of Physical Therapy, 25(4), 437-443.

10. Mak, M. K, Wong, A., & Pang, M. Y. (2014). Impaired executive function can predict recurrent falls in Parkinson's disease.
Archives of Physical Medicine and Rehabilitation, 95(12), 2390-2395.

11. Foster, E. R., & Hershey, T. (2011). Everyday executive function is associated with activity participation in Parkinson disease
without dementia. OTJR: Occupation, Participation and Health, 31(1_suppl), S16-522.

12. Poldrack, R. A., Sabb, F. W., Foerde, K., Tom, S. M., Asarnow, R. F., Bookheimer, S. Y., & Knowlton, B.]J. (2005). The neural
correlates of motor skill automaticity. Journal of Neuroscience, 25(22), 5356-5364.

13. Yogev, G., Giladi, N., Peretz, C., Springer, S., Simon, E. S., & Hausdorff, J. M. (2005). Dual tasking, gait rhythmicity, and
Parkinson's disease: which aspects of gait are attention-demanding?. European Journal of Neuroscience, 22(5), 1248-1256.

14. Raffegeau, T. E., Krehbiel, L. M., Kang, N., Thijs, F. J., Altmann, L. J., Cauraugh, J. H.,, & Hass, C. J. (2019). A meta-analysis:
Parkinson's disease and dual-task walking. Parkinsonism & Related Disorders, 62, 28-35.

15. Aleksovski, D., Miljkovic, D., Bravi, D., & Antonini, A. (2018). Disease progression in Parkinson subtypes: the PPMI dataset.
Neurological Sciences, 39(11), 1971-1976.

16. Eggers, C., Pedrosa, D.]., Kahraman, D., Maier, F., Lewis, C. J., Fink, G. R,, ... & Timmermann, L. (2012). Parkinson Subtypes
Progress Differently in Clinical Course and Imaging Pattern. PLoS ONE, 7(10), e46813-e46813..

17. Ba, F., Obaid, M., Wieler, M., Camicioli, R., & Martin, W. W. (2016). Parkinson disease: the relationship between non-motor
symptoms and motor phenotype. Canadian Journal of Neurological Sciences, 43(2), 261-267.

18. Huang, X., Ng, S. E., Chia, N. Y., Setiawan, F., Tay, K. Y., Au, W. L., ... & Tan, L. S. (2019). Non-motor symptoms in early
Parkinson's disease with different motor subtypes and their associations with quality of life. European Journal of Neurology,
26(3), 400-406.

19. Ren, ], Hua, P, Pan, C, Li, Y., Zhang, L., Zhang, W., ... & Liu, W. (2020). Non-motor symptoms of the postural instability
and gait difficulty subtype in de novo Parkinson’s disease patients: a cross-sectional study in a single center. Neuropsychi-
atric Disease and Treatment, 16, 2605.

20. Cullen, S., Montero-Odasso, M., Bherer, L., Almeida, Q., Fraser, S., Muir-Hunter, S., ... & Network, C. (2018). Guidelines for
gait assessments in the Canadian Consortium on Neurodegeneration in Aging (CCNA). Canadian Geriatrics Journal, 21(2),
157.

21. Lowry, K. A, Brach, . S., Nebes, R. D., Studenski, S. A., & VanSwearingen, ]. M. (2012). Contributions of cognitive function
to straight-and curved-path walking in older adults. Archives of Physical Medicine and Rehabilitation, 93(5), 802-807.

22. Mazaheri, M., Roerdink, M., Bood, R.]., Duysens, J., Beek, P. J., & Peper, C. L. E. (2014). Attentional costs of visually guided

walking: effects of age, executive function, and stepping-task demands. Gait & Posture, 40(1), 182-186. doi: 10.1016/j.gait-
post.2014.03.183


https://doi.org/10.20944/preprints202207.0319.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 July 2022 doi:10.20944/preprints202207.0319.v1

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Schott, N. & Klotzbier, T., & (2018). The motor—cognitive connection: Indicator of future developmental success in children
and adolescents?. In Physical Activity and Educational Achievement (pp. 133-151). Routledge.

Beurskens, R., & Bock, O. (2012a). Age-related decline of peripheral visual processing: the role of eye movements. Experi-
mental Brain Research, 217(1), 117-124.

Al-Yahya, E., Dawes, H., Smith, L., Dennis, A., Howells, K., & Cockburn, ]J. (2011). Cognitive motor interference while
walking: a systematic review and meta-analysis. Neuroscience & Biobehavioral Reviews, 35(3), 715-728.

Schott, N. (2015). Trail walking test for assessment of motor cognitive interference in older adults: Development and eval-
uation of the psychometric properties of the procedure. Zeitschrift fuer Gerontologie und Geriatrie, 48(8), 722-733. doi:
10.1007/s00391-015-0866-3

Belghali, M., Chastan, N., Cignetti, F., Davenne, D., & Decker, L. M. (2017). Loss of gait control assessed by cognitive-motor
dual-tasks: pros and cons in detecting people at risk of developing Alzheimer’s and Parkinson’s diseases. GeroScience, 39(3),
305-329.

Movement Disorder Society Task Force on Rating Scales for Parkinson's Disease. (2003). The unified Parkinson's disease
rating scale (UPDRS): status and recommendations. Movement Disorders, 18(7), 738-750.

Bloem, B. R., Marinus, J., Almeida, Q., Dibble, L., Nieuwboer, A., Post, B., ... & Movement Disorders Society Rating Scales
Committee. (2016). M easurement instruments to assess posture, gait, and balance in Parkinson's disease: Critique and
recommendations. Movement Disorders, 31(9), 1342-1355.

Klotzbier, T. J., & Schott, N. (2017). Cognitive-motor interference during walking in older adults with probable mild cogni-
tive impairment. Frontiers in Aging Neuroscience, 9, 350.

Goetz, C. G, Fahn, S., Martinez-Martin, P., Poewe, W., Sampaio, C., Stebbins, G. T., ... & Holloway, R. (2007). Movement
Disorder Society-sponsored revision of the Unified Parkinson's Disease Rating Scale (MDS-UPDRS): process, format, and
clinimetric testing plan. Movement Disorders, 22(1), 41-47.

Jankovic, J., McDermott, M., Carter, J., Gauthier, S., Goetz, C., Golbe, L., ... & Stern, M. (1990). Variable expression of Park-
inson's disease A base-line analysis of the DAT ATOP cohort. Neurology, 40(10), 1529-1529.

Blin, O., Ferrandez, A. M., Pailhous, J., & Serratrice, G. (1991). Dopa-sensitive and dopa-resistant gait parameters in Park-
inson's disease. Journal of the Neurological Sciences, 103(1), 51-54.

Morris, M. E., Huxham, F., McGinley, J., Dodd, K., & Iansek, R. (2001). The biomechanics and motor control of gait in
Parkinson disease. Clinical Biomechanics, 16(6), 459-470.

Bloem, B. R., Grimbergen, Y. A., van Dijk, J. G., & Munneke, M. (2006). The “posture second” strategy: a review of wrong
priorities in Parkinson's disease. Journal of the Neurological Sciences, 248(1-2), 196-204.

Yogev-Seligmann, G., Hausdorff, J. M., & Giladi, N. (2012). Do we always prioritize balance when walking? Towards an
integrated model of task prioritization. Movement Disorders, 27(6), 765-770. doi: 10.1002/mds.24963

Johansson, H., Ekman, U., Rennie, L., Peterson, D. S., Leavy, B., & Franzén, E. (2021). Dual-Task Effects During a Motor-
Cognitive Task in Parkinson’s Disease: Patterns of Prioritization and the Influence of Cognitive Status. Neurorehabilitation
and Neural Repair, 35(4), 356-366.

Nasreddine, Z. S., Phillips, N. A., Bedirian, V., Charbonneau, S., Whitehead, V., Collin, I, . . . Chertkow, H. (2005). The
Montreal Cognitive Assessment, MoCA: A brief screening tool for mild cognitive impairment. Journal of the American Geri-
atrics Society, 53, 695-699.

Duffin, J. T., Collins, D. R., Coughlan, T., O'Neill, D., Roche, R. A., & Commins, S. (2012). Subtle memory and attentional
deficits revealed in an Irish stroke patient sample using domain-specific cognitive tasks. Journal of Clinical and Experimental
Neuropsychology, 34(8), 864-875.

Kenny, R. A., Coen, R. F.,, Frewen, ]., Donoghue, O. A., Cronin, H., & Savva, G. M. (2013). Normative values of cognitive
and physical function in older adults: findings from the Irish Longitudinal Study on Ageing. Journal of the American Geriat-
rics Society, 61, 5279-5290.

Reitan, R. (1958). Validity of TMT as an indication of organic brain damage. Perceptual and Motor Skills, 8, 271-276.

Schott, N., El-Rajab, I., & Klotzbier, T. (2016). Cognitive-motor interference during fine and gross motor tasks in children
with Developmental Coordination Disorder (DCD). Research in Developmental Disabilities, 57, 136-148.

Powell, L. E., & Myers, A. M. (1995). The activities-specific balance confidence (ABC) scale. The Journals of Gerontology Series
A: Biological Sciences and Medical Sciences, 50(1), M28-M34.

Klusman, L. E., Cripe, L. I, & Dodrill, C. B. (1989). Analysis of errors on the Trail Making Test. Perceptual and Motor
Skills, 68(3_suppl), 1199-1204.

World Medical Association. (2013). World Medical Association Declaration of Helsinki: ethical principles for medical re-
search involving human subjects. Jama, 310(20), 2191-2194.

Cohen, J. (1988). Statistical Power Analysis for the Behavioral Sciences. Hillsdale, NJ: Lawrence Earlbaum Associates.
Tabachnick, B. G., Fidell, L. S., & Ullman, ]. B. (2007). Using multivariate statistics (Vol. 5, pp. 481-498). Boston, MA: Pearson.
Plummer, P., & Eskes, G. (2015). Measuring treatment effects on dual-task performance: a framework for research and
clinical practice. Frontiers in Human Neuroscience, 9, 225. doi: 10.3389/fnhum.2015.00225

Gaudino, E. A., Geisler, M. W., & Squires, N. K. (1995). Construct validity in the Trail Making Test: what makes Part B
harder?. Journal of Clinical and Experimental Neuropsychology, 17(4), 529-535.

Fleiss, J. L. (1999) Reliability of Measurement, in The Design and Analysis of Clinical Experiments, John Wiley & Sons, Inc., Ho-
boken, NJ, USA. doi: 10.1002/9781118032923.ch1


https://doi.org/10.20944/preprints202207.0319.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 July 2022 doi:10.20944/preprints202207.0319.v1

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Weir, J. P. (2005). Quantifying test-retest reliability using the intraclass correlation coefficient and the SEM. The Journal of
Strength & Conditioning Research, 19(1), 231-240.

Atkinson, G., & Nevill, A. M. (1998). Statistical methods for assessing measurement error (reliability) in variables relevant
to sports medicine. Sports Medicine, 26(4), 217-238.

Swets, ]. A. (1988). Measuring the accuracy of diagnostic systems. Science, 240(4857), 1285-1293.

Hilden, J., & Glasziou, P. (1996). Regret graphs, diagnostic uncertainty and Youden's Index. Statistics in Medicine, 15(10),
969-986.

Lord, S., Rochester, L., Hetherington, V., Allcock, L. M., & Burn, D. (2010). Executive dysfunction and attention contribute
to gait interference in ‘off-state Parkinson's Disease. Gait & Posture, 31(2), 169-174. doi: 10.1016/j.gaitpost.2009.09.019
Spildooren, J., Vercruysse, S., Desloovere, K., Vandenberghe, W., Kerckhofs, E., & Nieuwboer, A. (2010). Freezing of gait
in Parkinson's disease: the impact of dual-tasking and turning. Movement Disorders, 25(15), 2563-2570.

Wild, L. B., de Lima, D. B., Balardin, J. B., Rizzi, L., Giacobbo, B. L., Oliveira, H. B., ... & Bromberg, E. (2013). Characterization
of cognitive and motor performance during dual-tasking in healthy older adults and patients with Parkinson’s disease.
Journal of Neurology, 260(2), 580-589.

Kelly, V. E., & Shumway-Cook, A. (2014). The ability of people with Parkinson’s disease to modify dual-task performance
in response to instructions during simple and complex walking tasks. Experimental Brain Research, 232(1), 263-271.
LaPointe, L. L., Stierwalt, J. A., & Maitland, C. G. (2010). Talking while walking: Cognitive loading and injurious falls in
Parkinson's disease. International Journal of Speech-Language Pathology, 12(5), 455-459.

Yogev, G., Plotnik, M., Peretz, C., Giladi, N., & Hausdorff, ]. M. (2007). Gait asymmetry in patients with Parkinson’s disease
and elderly fallers: when does the bilateral coordination of gait require attention?. Experimental Brain Research, 177(3), 336-
346.

Lord, S., Baker, K., Nieuwboer, A., Burn, D., & Rochester, L. (2011). Gait variability in Parkinson’s disease: an indicator of
non-dopaminergic contributors to gait dysfunction?. Journal of Neurology, 258(4), 566-572.

Galletly, R., & Brauer, S. G. (2005). Does the type of concurrent task affect preferred and cued gait in people with Parkinson's
disease?. Australian Journal of Physiotherapy, 51(3), 175-180.

O'Shea, S., Morris, M. E., & Iansek, R. (2002). Dual-task interference during gait in people with Parkinson disease: effects
of motor versus cognitive secondary tasks. Physical Therapy, 82(9), 888-897.

Tombu, M., & Jolicceur, P. (2003). A central capacity sharing model of dual-task performance. Journal of Experimental Psy-
chology: Human Perception and Performance, 29(1), 3-18.

Aarsland, D., & Kurz, M. W. (2010). The epidemiology of dementia associated with Parkinson disease. Journal of the Neuro-
logical Sciences, 289(1-2), 18-22.

Maetzler, W., & Hausdorff, ]. M. (2012). Motor signs in the prodromal phase of Parkinson's disease. Movement Disorders,
27(5), 627-633.

Mirelman, A., Ben Or Frank, M., Melamed, M., Granovsky, L., Nieuwboer, A., Rochester, L., ... & Hausdorff, J. M. (2021).
Detecting Sensitive Mobility Features for Parkinson's Disease Stages Via Machine Learning. Movement Disorders, 36(9),
2144-2155..

Bridenbaugh, S. A., & Kressig, R. W. (2015). Motor cognitive dual tasking. Zeitschrift fiir Gerontologie und Geriatrie, 48(1), 15-
21.

Heinzel, S., Maechtel, M., Hasmann, S. E., Hobert, M. A., Heger, T., Berg, D., & Maetzler, W. (2016). Motor dual-tasking
deficits predict falls in Parkinson's disease: a prospective study. Parkinsonism & Related Disorders, 26, 73-77.


https://doi.org/10.20944/preprints202207.0319.v1

