
The Effects of Integrated Single- and Dual-Task Training on Automaticity
and Attention Allocation in Parkinson’s Disease: A Secondary Analysis

From a Randomized Trial

Niklas Löfgren and David Conradsson
Karolinska Institutet and Karolinska University Hospital,

Stockholm, Sweden

Linda Rennie
Sunnaas Rehabilitation Hospital, Oslo, Norway

Rolf Moe-Nilssen
University of Bergen

Erika Franzén
Karolinska Institutet and Karolinska University Hospital,

Stockholm, Sweden

Objective: People with Parkinson’s disease (PwPD) demonstrate impaired automaticity of motor and
cognitive tasks, with unclear prioritization strategies when exposed to dual-task situations. However, no
randomized trials have investigated the effects of training on automaticity and prioritization strategies in
this population. The purpose of this study was to investigate the effects of training on the automaticity
of gait and cognitive processing in PwPD and the allocation of attention between gait and a cognitive
task. Method: One-hundred PwPD were randomized to 10 weeks of challenging gait and balance
training (including single and dual-task conditions) or to a control group (care as usual). Outcome
measure was the absolute dual-task interference (difference between single- and dual-tasks) for gait and
cognitive parameters. Differences between baseline and follow-up were compared between the groups.
The Mann–Whitney U test was used to assess potential differences. Significance level was set to p � .05.
The direction and magnitude of nonparametric effect sizes were used to investigate attention allocation.
Results: No significant between-groups differences were found regarding any gait parameter. The
training group significantly improved the dual-task interference of the cognitive task. The direction of
between-groups effect sizes indicated that the training group primarily allocated attention to the cognitive
task, whereas the control group appeared to prioritize gait. Conclusions: The results indicate that
challenging training can improve automaticity of cognitive processing during walking. This may have a
beneficiary effect on the ability to ambulate safely in the community, thereby improving independence
and the quality of life in this population.

General Scientific Summary
This study provides the first findings regarding how challenging training entailing the simultaneous
performance of walking and cognitive tasks affect people with Parkinson’s disease and suggests that
the training improved the performance on a cognitive task rather than gait. This implies that the
training enabled people with Parkinson’s disease to pay attention to the surrounding environment
while walking, thereby reducing the risk of fall accidents when walking in the community.
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People with Parkinson’s disease (PwPD) have demonstrated
impaired automatic processing during both motor and cognitive
tasks (Clark, 2015; Dirnberger & Jahanshahi, 2013; Salazar et al.,
2017; Wu, Hallett, & Chan, 2015). This has been related to the
gradual loss of dopamine-producing cells in this population and is
considered a contributing factor to the increased fall frequency
among PwPD (Dirnberger & Jahanshahi, 2013; Gilat et al., 2017).
Indeed, while tasks performed through automatic processing re-
quire minimal attention and rely on the basal ganglia; tasks requir-
ing controlled processing rely more on cortical areas, making such
tasks attention-demanding and capacity limited, which results in
more interference with other tasks (Dirnberger & Jahanshahi,
2013; Schneider & Chein, 2003). This may indicate that an in-
creased dependency on controlled processing, for example during
walking, may impair the ability to detect potential hazards in the
surrounding environment, hence increase the risk of falling. There-
fore, it is vital to investigate if automatic processing can be
improved among PwPD.

The dual-task paradigm entails the simultaneous performance of
two tasks with different objectives (McIsaac, Lamberg, & Mura-
tori, 2015) and an important aspect of this paradigm refers to the
allocation of attention between the two tasks, that is, which task is
prioritized (Karatekin, Couperus, & Marcus, 2004). In gait re-
search, dual-task abilities are often assessed without taking the sole
performance (single-task) of either task into account, despite the
fact that the level of automaticity only can be indicated by com-
paring the performance of a given task during both single-task and
dual-task conditions (Clark, 2015). The decrements during the
dual-task condition, here termed dual-task interference, may then
be used as a proxy for the level of automaticity (Clark, 2015; Wu
et al., 2015).

In the rehabilitation setting, dual-task abilities are often inves-
tigated with one motor task (e.g., walking) and one cognitive task.
However, within this field of research, the motor task has generally
been considered the primary task whereas the performance of the
cognitive task has often been overlooked (Plummer & Eskes,
2015; Salazar et al., 2017). This is particularly problematic be-
cause both cognition and impaired gait are established risk factors
for falls in older people, including PwPD (Fasano, Canning, Haus-
dorff, Lord, & Rochester, 2017; Fasano, Plotnik, Bove, & Be-
rardelli, 2012).

Furthermore, the concept of attention allocation has been pro-
moted as an important factor for safe ambulation, particularly
among PwPD where a link between neurophysiological mecha-
nisms and impaired attention allocation has been suggested
(Dubois & Pillon, 1997). This concept relates to the theory that
when the demands of either task are too high and thereby requiring
cortical processing, attention will primarily be allocated to one of
the tasks at the expense of the other task (Kahneman, 1973). In gait
research, attention allocation is commonly assessed by investigat-
ing if the performance of one task has improved but the perfor-
mance of the other task is unaffected or has deteriorated, in which
case it is interpreted that attention has primarily been allocated to
the improved task (Plummer & Eskes, 2015). In addition, it has
been suggested that attention is generally allocated to the task
considered most difficult (or most important) at the time when the
tasks are undertaken (Kahneman, 1973). In Parkinson’s disease
research, the common comprehension has for a long time been that

the adequate strategy is to allocate attention to the motor task
rather than the cognitive task, that is, to use a “posture-first”
strategy (Bloem, Grimbergen, van Dijk, & Munneke, 2006).

PwPD have been suggested to rely on controlled processing
even for basic single tasks that are predominantly automatic in
healthy people (Wu et al., 2015). Based on this, dual-task training
among PwPD were initially controversial and earlier guidelines for
physical therapy even advised against it due to its associated risks
(Keus et al., 2007), such as an increased risk of falls or festinations
while walking (i.e., freezing of gait). However, an increasing
number of studies show promising results, indicating that absolute
dual-task performance may be improved among PwPD (Brauer &
Morris, 2010; N. E. Fritz, Cheek, & Nichols-Larsen, 2015; Ginis et
al., 2016; Strouwen et al., 2015; Strouwen et al., 2017). While this
is encouraging, the majority of these studies have been conducted
with small sample sizes or without a control group. Criticism has
also been raised that this research field have tended to underreport
the performance of the cognitive task despite the interdependence
of both tasks during this kind of assessment (Plummer & Eskes,
2015). There is also a general lack of randomized trials specifically
investigating the effects of training on dual-task interference, mak-
ing it difficult to interpret if dual-task training can improve auto-
matic processing among PwPD. In addition, it has previously been
suggested that PwPD use the supposedly inadequate “posture
second” strategy (Bloem et al., 2006), meaning that they tend to
allocate attention to the cognitive task at the expense of gait and
balance during dual-task conditions. However, this view has been
challenged due to more recent findings indicating an opposite
pattern (Wild et al., 2013). Nevertheless, it is yet to be investigated
if attention allocation may be affected in PwPD following an
exercise intervention emphasizing dual-tasking.

We have previously shown that highly challenging gait and
balance training improved balance performance, gait speed, and
step length during single-tasking, but not during dual-tasking
(Conradsson et al., 2015). However, gait is multidimensional and
different parameters may contain information representing differ-
ent underlying constructs (Hollman, McDade, & Petersen, 2011;
Lord, Galna, & Rochester, 2013). Therefore, the aim of this study
was to, through a preplanned secondary analysis, investigate the
effects of training on the automaticity of different gait domains and
cognitive processing in PwPD and the allocation of attention
between gait and a cognitive task.

Method

Design

This study is the secondary analysis of a randomized trial
comparing the effects of challenging gait and balance training with
a control group (care as usual) on dual-task interference in PwPD
(trial registration: NCT01417598). The protocol and training pro-
gram for this trial has been detailed elsewhere (Conradsson, Löf-
gren, Ståhle, Hagströmer, & Franzén, 2012). Data were collected
between January 2012 and May 2013. The Regional Ethical Board
in Stockholm, Sweden, approved this study. All participants gave
written informed consent before data collection began.

PwPD were recruited via newspaper advertisements and outpa-
tient clinics. Inclusion criteria were a clinical diagnosis of idio-
pathic Parkinson’s disease according to the Queens Square Brain
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Bank criteria (Hughes, Daniel, Kilford, & Lees, 1992), Hoehn and
Yahr Stage 2 or 3 (Hoehn & Yahr, 1967), �60 years of age, the
ability to independently ambulate indoors without a walking aid,
and �3weeks of stable anti-Parkinsonian medication. To increase
the ecological validity, we included individuals considered likely
to be assigned to rehabilitation in clinical practice, that is, PwPD
with gait or balance impairments (e.g., instability during postural
transfers). Exclusion criteria consisted of cognitive impair-
ments defined by a Mini-Mental State Examination score
of �24 (Folstein, Folstein, & McHugh, 1975) and other medical
conditions that might substantially influence gait and balance
performance.

The data collection consisted of a structured interview, as well
as the assessment of disease severity and gait performance in a
movement laboratory. Data regarding demographics, Parkinson’s
disease duration, previous falls and dopaminergic medication dos-
age (Tomlinson et al., 2010) were collected during the interview.
We used the Unified Parkinson’s disease Rating Scale, Part III, to
assess the severity of motor symptoms (Martinez-Martin et al.,
1994).

Assessments were performed by physiotherapists with clinical
experience in neurological rehabilitation. To synchronize the in-
structions and rating of the assessments between the testers, prac-
tice sessions took place prior to data collection. All participants
were tested during the ON-medication state, at the same time of the
day at baseline and follow-up.

Included participants were allocated into two different geo-
graphical cohorts (north and south) to minimize travel time for
those randomized to the training group. Within each cohort, ran-
domization to the training or control group was performed in
blocks of four. During the baseline-assessments, both testers and
participants were blinded to group allocation, however because
some testers also served as trainers, blinding to group allocation
was not possible to maintain at follow-up. To decrease bias, testers
that had served as trainers in one of the cohorts never assessed
participants from that same cohort at the follow-up assessments.

The participants who were randomized to the training group
undertook 10 weeks of highly challenging balance training. The
participants in the control group received care as usual during the
study period and were encouraged to maintain their usual level of
physical activity. They were not restricted from participation in
ongoing rehabilitation programs. After the intervention’s closure,
the participants in the control group were offered to participate in
the balance training program.

Training was performed at two similar hospitals by physiother-
apists with experience in neurologic rehabilitation. The training
concept relied upon the continuous progression and adaptation of
exercises with regards to the participants’ abilities. This was pri-
marily performed during the planning of the training that occurred
between each training session; however, minor adjustments were
performed during the sessions in order to optimize the challenge
level for each participant. Because this required skilled and edu-
cated trainers, the trainers had been educated in detail about the
program’s underlying theories and its practical applications during
a 2-day workshop. Also, the trainers documented the contents of
each training session and were supported in the practical aspects of
the training upon request.

Intervention

This training intervention was performed in accordance with the
HiBalance program, which is a highly challenging gait and balance
training program, specifically developed for PwPD (Conradsson,
Löfgren, Ståhle, & Franzén, 2014; Conradsson et al., 2012). This
program entails three 60-min training sessions per week for 10
weeks. Two short breaks were included during each session and
took place between the changes of exercises. In addition, individ-
ual participants were allowed to rest as needed. The training was
performed in groups of four to seven participants, with two phys-
iotherapists supervising each session. The HiBalance program
follows a structured scheme to ensure the continuous progression
of the challenge level of the participants, and gradually integrate
dual-task exercises into the training. We defined highly challeng-
ing gait and balance training as “exercises inducing intermittent
reactive postural adjustments,” for example, having to take a
reactive step to regain balance during walking on a narrow balance
foam, following a sudden stop/turn, or while catching a balance
ball.

The program consists of four training components specific to
gait and balance impairments in PwPD: (a) Sensory integration
(walking tasks on varying surfaces with or without visual con-
straints), (b) anticipatory postural adjustments (voluntary arm/leg/
trunk movements, postural transitions, and multidirectional step-
ping, emphasizing movement velocity and amplitude), (c) motor
agility (interlimb coordination under varying gait conditions and
quick shifts of movement characteristic during predictable and
unpredictable conditions), and (d) stability limits (controlled lean-
ing tasks performed while standing with varied base of support,
stimulating weight shifts in multiple directions).

The training period was divided into three blocks (A, B, and C).
In Block A (Weeks 1–2), participants were introduced to the
single-task exercises of each training component separately, to
emphasize the movement quality and exercise objectives. In Block
B (Weeks 3–6), dual-task exercises were gradually introduced and
the difficulty level for each training component was increased. In
Block C (Weeks 7–10), the difficulty level and the variation was
increased further by using exercises combining the different train-
ing components, for example by stepping over obstacles on an
unstable surface. Each session consisted of 50–70% gait exercises
and the total ratio of single-task/dual-task exercises was approxi-
mately 50:50 in order to enable an equal emphasis on single-task
and dual-task exercises.

The dual-task exercises used in this program were integrated
into the training by adding concurrent cognitive and/or motor tasks
to the exercises. The aim was to induce continuous attentional
processing demands while walking under varying circumstances.
Examples included (a) continuous counting of each step taken; (b)
interactive tasks, such as walking with a companion while ex-
changing words, where new words were to begin with the last
letter of the previous word uttered by their companion; or (c)
throwing and catching balls with a companion. Such tasks required
the participants to continuously pay attention to their companion’s
performance to produce an adequate response, whether cognitive
or manual. To ensure an adequate difficulty level of the dual-task
exercises, they were to induce consistent interference of the par-
ticipants’ gait and balance performance when compared to the
single-task performance (e.g., interfering with speed, movements’
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fluency or step to step fluctuations). In addition, the program
generally incorporated attention-demanding situations even during
the single-task training (e.g., switching between tasks during gait
in varied obstacle courses, spatial awareness in relation to obsta-
cles, and collaborative tasks between participants). During train-
ing, the dual-task exercises were never the same as during the
assessments (i.e., any task resembling alphabet reciting was pro-
hibited).

Outcome Measures

The gait outcomes used in this study derives from a recent
model that was developed for older adults (Lord, Galna, Verghese,
et al., 2013) that has been validated for PwPD (Lord et al., 2013).
This model entails five independent domains: pace (step velocity,
step length and swing time variability), rhythm (step time, swing
time and stance time), variability (step velocity variability, step
length variability, step time variability and stance time variability),
asymmetry (swing time asymmetry, step time asymmetry and
stance time asymmetry), and postural control (step length asym-
metry, step width and step width variability). The GAITRite sys-
tem (Active Zone: 8.3 m, CIR Systems, Inc., Havertown, PA) was
used to assess gait performance. For gait during both single-task
and dual-task, participants walked back and forth on the mat at
self-selected speed until six valid trials of each condition had been
captured. Acceleration and deceleration distances of three meters
was given on each side of the mat to ensure steady state walking
upon the mat (Lindemann et al., 2008).

The cognitive task used in this study entailed the reciting of
alternate letters of the Swedish alphabet at self-selected speed.
This task has previously been found to predict falls in elderly
people (Brandler, Oh-Park, Wang, Holtzer, & Verghese, 2012;
Verghese et al., 2002) and was performed as a cognitive single-
task while seated and as a dual-task while walking. The partici-
pants were instructed to pay equal attention to both tasks during
the dual-task conditions, and standardized practice trials of both
gait and the cognitive task during single-task and dual-task con-
ditions were held before the commencement of the assessment. To
minimize practice bias, the participants received different starting
letters following a standardized scheme shortly before each trial
(Brandler et al., 2012).

For the cognitive single-task, the participants performed three
trials that lasted for 15 s each. The letters recited between 5 s and
15 s were recorded, in order to resemble the cognitive dual-task
condition. Regarding the cognitive dual-task, the participants were
instructed to start reciting as soon as they started to walk, however
only the letters recited while the participants walked upon the
walkway were recorded. Dual-task gait and the cognitive dual-task
were recorded simultaneously.

The cognitive parameters used were cognitive performance (i.e.,
mean performance) and cognitive variability (i.e., the variability of
the mean performance), where the latter is considered a measure of
cognitive processing robustness (Li, Huxhold, & Schmiedek,
2004).

Data Analysis

The power analysis (80%, � � 0.05) for this study was based on
the dual-task interference of gait velocity, where 54 (27 per group)

participants were required to obtain a large effect size (�0.80)
between the groups (Conradsson et al., 2012). We aimed to include
100 participants to allow for drop-outs. Dual-task interference was
calculated as the absolute difference between the dual-task and
single-task conditions: dual-task interference � dual-task perfor-
mance – single-task performance (Rochester, Galna, Lord, &
Burn, 2014). This was performed for all gait parameters, as well as
for two cognitive parameters.

For the gait parameters, the mean and variance of the right and
left steps were calculated separately. Subsequently, the mean pa-
rameters were calculated as the mean of the right and left steps, the
variability parameters were calculated as the square root of the
mean variance of the right and left steps (i.e., the standard devia-
tion) and the asymmetry parameters were calculated as the abso-
lute difference between the right and left steps (Lord et al., 2013;
Rochester et al., 2014). For the cognitive parameters, cognitive
performance was calculated as each participant’s mean percentage of
errors across trials � number of errors

number of letters recited per trial�, and cognitive variabil-
ity (i.e., the intraindividual variability of the cognitive performance)
was calculated as the standard deviation of cognitive performance
across trials (Burton, Strauss, Hultsch, Moll, & Hunter, 2006).

STATISTICA Version 13 (Statsoft, Tulsa, OK) was used for the
statistical analyses in this study. The Kolmogorov–Smirnov test
was used to test for data normality, combined with visual inspec-
tions. Due to a general lack of normal distributions, the Mann–
Whitney U test was applied to analyze between-groups differences
regarding change in dual-task interference following training (cal-
culated as baseline minus follow-up) In the case of significant
between-group differences, the Wilcoxon signed-ranks test was
used to analyze within-group differences. The level of significance
was set to p � .05.

Effect sizes, unlike the p value, provide information regarding
the magnitude and direction of potential between group effects
(C. O. Fritz, Morris, & Richler, 2012). In order to enable the
investigation of attention allocation, nonparametric effect sizes
were therefore calculated based on the z values obtained from the
Mann–Whitney U tests according to the following formula: r �
z/�n. The nonparametric effect sizes were categorized as follows:
small effect � 0.1, medium effect � 0.3, and large effect � 0.5
(C. O. Fritz et al., 2012). We used the direction of effect sizes for
gait and cognitive parameters as an indication of differences in
attention allocation between the training group and the control
group.

Results

Out of 145 PwPD screened for enrollment, 100 were included in
this study. Eighty-seven participants completed all assessments at
baseline and follow-up and were included in the analysis. The
flowchart for this study, including the reasons for dropout, is
presented in Figure 1. Data regarding participant demographics
and absolute gait and cognitive measures are presented in Tables 1
and 2, respectively.

Dual-Task Interference of the Gait Domains

As shown in Table 3, there were no statistically significant
differences between the groups for change in dual-task interfer-
ence of any gait parameter following training (p � .084).
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Dual-Task Interference of Cognitive Performance and
Cognitive Variability

There were significant between-groups differences regarding
change in dual-task interference following training, for both cog-
nitive performance (p � .018) and cognitive variability (p � .038).
This was due to significant improvements in the training group
(p � .038 and p � .032), whereas the control group remained
unchanged (p � .114 and p � .378; see Table 3).

Attention Allocation Following the Intervention

As illustrated in Figure 2, the direction of effect sizes for all
investigated parameters showed the training group to primarily
allocate attention to the cognitive task at follow-up, whereas the
control group appeared to allocate attention to gait. Indeed, while
the control group showed improvements at a small effect size for
parameters related to all gait domains but the rhythm domain, the
training group showed the largest improvements for the cognitive
domains.

Discussion

This was the first randomized trial to investigate the effects of
training on dual-task interference in PwPD. The main finding of

this study was that the training- and the control groups showed
opposite patterns regarding attention allocation. The training group
significantly reduced dual-task interference of cognitive perfor-
mance and variability in comparison to the control group. In
contrast, when compared to the training group, the control
group generally showed nonsignificant improvements at small
effect sizes for the dual-task interference of gait parameters (see
Figure 2).

These results may suggest that the training group prioritized the
cognitive task during the dual-task condition at follow-up, whereas
the control group appeared to allocate attention toward the gait
performance. However, as previous studies mostly have shown
improvements for dual-task gait in PwPD, but rarely for cognitive
dual-tasking or single-task gait (N. E. Fritz et al., 2015; Strouwen
et al., 2015), we expected this intervention to primarily improve
the dual-task interference of gait. While interpreting these find-
ings, it is important to bear in mind that we have previously shown
improved single-task gait speed and step length as well as dynamic
balance in the training group (Conradsson et al., 2015). These
results are in accordance with a recent model of task prioritization
during dual-task (Yogev-Seligmann, Hausdorff, & Giladi, 2012).
This model suggests individuals with sufficient postural reserves
to allocate their attention to the added task during dual-task con-
ditions if the postural threat is considered to be low. Indeed, the

Figure 1. An illustration of the flow of participants through the study.
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training group had participated in 10 weeks of highly challenging
gait and balance training, with frequent exposure to single-task and
dual-task walking tasks such as negotiating obstacles, turning and
walking on unstable surfaces. Therefore, it is possible that they,
unlike the control group, perceived the walking conditions
(straight walking at comfortable speed on a level surface) to be of
low threat (McIsaac et al., 2015), while likely also having in-

creased their postural reserves and may therefore have allocated
their attention more toward the cognitive task. It is possible that
more challenging walking conditions (e.g., obstacle clearance)
during the dual-task assessments would have yielded different
results.

Alternative explanations for the results found in this study may
be attributed to specific characteristics of the dual-task training,

Table 1
Participant Characteristics

Demographic

Training group (n � 45) Control group (n � 42)

n M SD Range 95% CI n M SD Range 95% CI

Hoehn and Yahr
Stage 2 19 18
Stage 3 26 24

Gender
Male 27 21
Female 18 21

Age (y) 72.5 5.8 61–87 [70.8, 74.3] 73.5 5.6 65–87 [71.7, 75.3]
Height (cm) 171.7 9.6 149.5–190.0 [168.8, 174.6] 171.5 8.6 148.5–187.0 [168.8, 174.2]
Weight (kg) 75.8 14.4 48.0–102.0 [71.5, 80.1] 76.2 13.8 45.2–100.1 [71.9, 80.5]
UPDRS, IIIa (0–108) 32 12 12–75 [28.7, 35.7] 33 12 16–76 [29.1, 36.8]
Time since diagnosis (y) 5.8 5.3 1–25 [4.2, 7.4] 5.4 4.7 1–21 [4.0, 6.7]
Levodopa equivalency dose 591.8 287.1 100–1,487 [505.5, 678.0] 639.5 422.2 0–2,666 [507.9, 771.1]
Geriatric Depression Scalea (0–20) 4.3 3.1 0–14 [3.5, 5.2] 3.5 2.7 0–10 [2.7, 4.3]

Note. M � Mean; CI � Confidence interval of the mean; UPDRS, III � Unified Parkinson’s Disease Rating Scale, severity of motor symptoms.
a Higher score signifies worse symptoms.

Table 2
Absolute Single and Dual-Task Performance for Gait and Cognitive Parameters, at Baseline and Follow-Up

Domain

Baseline, Mdn (IQR) Follow-up, Mdn (IQR)

Training Control Training Control

Single task Dual task Single task Dual task Single task Dual task Single task Dual task

Pace
Step velocity (m/s) 1.21 (.28) 1.03 (.29) 1.18 (.28) .93 (.41) 1.28 (.25) 1.08 (.27) 1.18 (.27) 1.03 (.38)
Step length (m) .64 (.14) .59 (.13) .62 (.09) .57 (.10) .66 (.09) .60 (.13) .64 (.10) .60 (.09)
Swing time variability (ms) 14.2 (5.4) 22.8 (12.6) 16.0 (5.8) 28.0 (29.6) 13.5 (4.5) 21.1 (13.5) 15.0 (8.9) 24.5 (23.2)

Rhythm
Step time (ms) 534.3 (54.4) 580.0 (67.0) 532.6 (4.6) 593.6 (162.8) 521.4 (62.0) 558.5 (100.0) 532.7 (38.4) 572.1 (111.3)
Swing time (ms) 382.6 (39.0) 399.2 (61.0) 384.5 (46.4) 403.8 (104.6) 381.5 (45.5) 393.3 (95.5) 380.8 (34.1) 406.4 (81.5)
Stance time (ms) 684.5 (68.4) 750.8 (151.7) 675.5 (75.0) 773.6 (255.0) 670.4 (77.8) 732.8 (162.6) 683.2 (65.0) 757.3 (167.3)

Variability
Step velocity variability (m/s) .05 (.02) .07 (.03) .06 (.02) .08 (.03) .05 (.01) .07 (.03) .05 (.02) .07 (.03)
Step length variability (m) .02 (.01) .03 (.02) .02 (.01) .03 (.02) .02 (.01) .03 (.02) .03 (.01) .03 (.02)
Step time variability (ms) 15.3 (7.4) 31.6 (20.8) 17.8 (6.2) 33.1 (40.1) 14.5 (5.2) 23.8 (20.8) 16.6 (8.8) 33.3 (28.7)
Stance time variability (ms) 17.7 (8.7) 41.8 (32.1) 20.0 (8.7) 43.2 (8.5) 16.8 (4.6) 28.0 (33.0) 19.0 (8.5) 41.0 (50.2)

Asymmetry
Swing time asymmetry (ms) 8.8 (12.9) 11.8 (18.1) 9.7 (12.7) 12.9 (27.4) 7.2 (11.0) 12.0 (18.1) 8.7 (13.3) 13.0 (21.5)
Step time asymmetry (ms) 14.0 (16.7) 16.9 (22.6) 13.5 (18.0) 22.6 (37.3) 10.3 (14.1) 13.2 (21.4) 12.9 (19.3) 20.7 (29.5)
Stance time asymmetry (ms) 10.2 (12.0) 13.0 (22.7) 10.7 (11.6) 16.6 (25.6) 11.4 (13.2) 16.1 (17.3) 9.0 (13.4) 12.5 (25.8)

Postural control
Step length asymmetry (m) .03 (.03) .03 (.03) .03 (.02) .02 (.04) .03 (.04) .03 (.03) .03 (.03) .03 (.04)
Step width (m) .09 (.03) .10 (.04) .08 (.04) .09 (.05) .09 (.04) .10 (.04) .08 (.04) .09 (.04)
Step width variability (m) .02 (.01) .02 (.01) .02 (.01) .02 (.01) .02 (.01) .02 (.01) .02 (.01) .02 (.01)

Cognitive task
Letters recited per trial 6.0 (1.7) 5.8 (2.5) 5.8 (3.3) 5.8 (2.3) 6.7 (2.0) 5.7 (2.8) 5.0 (2.7) 5.7 (1.8)
Cognitive error % 11.1 (20.6) 24.1 (13.1) 16.4 (28.6) 18.9 (30.2) 9.5 (20.0) 15.6 (20.3) 12.1 (30.6) 23.7 (23.3)
Cognitive variability error % 6.0 (10.4) 8.1 (5.9) 8.3 (10.4) 7.9 (7.1) 6.4 (12.5) 5.0 (6.0) 7.0 (10.0) 7.0 (5.0)

Note. Mdn � Median; IQR � interquartile range; Cognitive error % � mean error percentage of the cognitive task; Cognitive variability error % �
Variability of error percentage of the cognitive task.
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which primarily focused on tasks requiring the continuous empha-
sis on the added task (e.g., the counting of each step during a
couple of minutes). Moreover, because motivation is important
both for training adherence and cognitive effort (Ennis, Hess, &
Smith, 2013; Slovinec D’Angelo, Pelletier, Reid, & Huta, 2014),
the participants were repeatedly instructed regarding the purpose
of this type of training, while also receiving repeated encourage-
ments and effort-related feed-back during the training sessions.
This may have contributed to the improved dual-task interference
of cognitive variability, a measure related to mental fatigue (Lorist,
Boksem, & Ridderinkhof, 2005). Another important aspect of the
dual-task training was that the participants were always instructed
to walk at comfortable speed, with equal attention to both tasks.
Although this may have been beneficial with regards to the added
task, it may not have encouraged the participants to emphasize the
gait performance enough. Indeed, one study that found improved
dual-task gait abilities following training (although cognitive dual-
task abilities were unaffected) instructed the participants to explic-
itly prioritize gait or cognition, respectively, during different
phases of the training sessions (Yogev-Seligmann, Giladi,
Brozgol, & Hausdorff, 2012). On the other hand, a recent random-
ized trial (Strouwen et al., 2017) comparing integrated dual-task
training with consecutive training of both tasks among PwPD,
found similar benefits for both approaches, both with regards to
gait and cognitive performance. However, these results concern
results regarding absolute dual-task performance rather than dual-
task interference following training; therefore, further research on
training interventions to reduce dual-task interference is needed to

enable further conclusions regarding the potential to improve the
level of automaticity among PwPD.

The cognitive task used in this study consisted of reciting
alternate letters of the alphabet, and may be argued to be related to
aspects of executive functions such as working memory, inhibition
and verbal fluency (Rabinovici, Stephens, & Possin, 2015). Be-
cause different subdomains of executive functioning have been
found to represent a common construct (McCabe, Roediger, Mc-
Daniel, Balota, & Hambrick, 2010), this task may be considered an
adequate measure of executive functioning. In addition, it appears
reasonable that the difficulty of the added task may impact the
performance of gait and/or the added task during dual-tasking. The
difficulty of this type of task has been reported to be highly
challenging (McIsaac et al., 2015), indicating the requirement of
higher order cognitive resources. The supervisory attention system
model (Norman & Shallice, 1986) suggests that basic tasks can be
performed simultaneously without interference whereas challeng-
ing tasks need to be actively supervised. Hence, it could be argued
that the task used in this study might have been too difficult to
enable automaticity. Rather, this model seemingly suggests the use
of less demanding tasks when investigating automaticity. On the
other hand, it may be argued that the training group possibly
improved automaticity during gait because they improved the
performance of the cognitive task while maintaining the gait
performance at similar levels as during the baseline assessments.
Nevertheless, future research needs to investigate which kind of
added task, and at what difficulty level, most appropriately reflects
automaticity in PwPD.

Table 3
Absolute Dual-Task Interference for Gait and Cognitive Parameters at Baseline and Follow-Up

Domain

Training group (n � 45),
Mdn (IQR)

Control group (n � 42),
Mdn (IQR)

p Value between
groupsaBaseline Follow-up Diff Baseline Follow-up Diff

Pace
Step velocity (m/s) �.173 (.221) �.180 (.250) �.001 (.218) �.184 (.310) �.167 (.217) �.028 (.218) .290
Step length (m) �.047 (.070) �.035 (.080) �.006 (.056) �.044 (.076) �.036 (.052) �.018 (.058) .298
Swing time variability (ms) 7.8 (11.7) 6.7 (11.4) �.9 (10.8) 10.0 (29.1) 8.9 (19.0) 2.9 (16.1) .084

Rhythm
Step time (ms) 36.1 (65.5) 38.2 (65.7) 6.5 (49.4) 55.1 (114.1) 47.8 (108.8) 9.3 (64.2) .662
Swing time (ms) 13.2 (36.2) 16.9 (43.9) 4.5 (40.8) 12.8 (59.1) 17.7 (61.6) .9 (39.2) .842
Stance time (ms) 72.9 (109.6) 64.9 (95.8) 3.2 (69.9) 96.0 (171.9) 75.4 (168.0) 9.9 (117.3) .731

Variability
Step velocity variability (m/s) .026 (.029) .018 (.030) .002 (.040) .017 (.028) .022 (.031) .00 (.027) .802
Step length variability (m) .008 (.016) .007 (.011) �.000 (.016) .008 (.011) .008 (.014) .00 (.018) .246
Step time variability (ms) 13.2 (19.3) 8.7 (16.7) .9 (18.9) 12.8 (33.1) 12.9 (28.3) 3.6 (22.8) .352
Stance time variability (ms) 18.2 (29.2) 11.4(21.9) 3.2 (69.9) 21.1 (43.9) 16.7 (43.0) 9.9 (117.3) .731

Asymmetry
Swing time asymmetry (ms) 1.4 (9.3) 1.9 (12.5) �2.5 (11.3) 3.6 (16.8) 3.5 (17.5) .3 (12.3) .093
Step time asymmetry (ms) 3.5 (16.5) 3.5 (13.8) 3.4 (16.6) 5.4 (26.4) 4.8 (21.4) 1.2 (19.9) .462
Stance time asymmetry (ms) 3.2 (12.7) 2.6 (11.4) �.5 (11.8) 8.1 (19.5) 3.0 (18.0) 3.6 (19.6) .104

Postural control
Step length asymmetry (m) .002 (.025) .001 (.024) .007 (.027) .000 (.027) �.001 (.029) .003 (.021) .422
Step width (m) .009 (.012) .009 (.015) �.001 (.013) .012 (.015) .009 (.010) .002 (.014) .138
Step width variability (m) .001 (.006) .002 (.007) �.001 (.008) .000 (.005) .001 (.006) �.000 (.005) .473

Cognitive task
Cognitive error % 8.8 (18.5) 4.4 (16.2) 5.1 (29.0) 5.9 (28.2) 7.5 (25.3) �3.6 (25.6) .018
Cognitive variability error % 1.9 (9.2) �1.6 (10.7) 3.3 (11.0) 1.3 (12.6) 1.4 (8.5) �.6 (12.9) .038

Note. Mdn � Median; IQR � interquartile range; Diff � difference; Cognitive error % � mean error percentage of the cognitive task; Cognitive
variability error % � variability of error percentage of the cognitive task. Boldface indicates statistical significance (p � .05).
a Mann–Whitney U test to determine between-group differences (i.e., computed as the difference between follow-up and baseline performance).
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Given the previous uncertainty regarding the adequacy of ex-
posing PwPD to dual-task training, it is encouraging that a pro-
gram incorporating single-task and dual-task gait as well as bal-
ance exercises was able to improve certain aspects of dual-task
interference. This, in combination with the previously mentioned
findings by Strouwen et al. (2017), supports the potential benefits
of including dual-task training into interventions aimed at improv-
ing gait and balance abilities and reduce the risk of falling among
PwPD. Nevertheless, whereas this research field has mainly fo-
cused on the effects of dual-task gait, less is known about the
impact of the added task (Plummer & Eskes, 2015). For example,
what might the consequences for PwPD be when trying to nego-
tiate in a crowded area, such as a busy train station, if the cognitive
processing is too impaired to detect stressed, fast moving people
approaching unexpectedly? It appears that research investigating
other aspects of dual-tasking, such as divided attention during
driving, are more concerned with the decrements of cognitive
processing, such as reaction time, than on motor performance
(Haque & Washington, 2014). Because dual-task gait is inevitably
intertwined with the added task, more research is warranted in
order to investigate (a) if gait automaticity is possible to improve
in PwPD, (b) the importance of the added task, and (c) if different
training modalities target either the motor or the cognitive task
more efficiently.

Limitations

This study included PwPD mild to moderate disease severity
interested in participating in 10-weeks of gait and balance training.
Therefore, these results can only be generalized to this specific
population. Another limitation was that we were unable to blind

the test assessors to group allocation at follow-up for practical
reasons. Moreover, although we analyzed 87 participants, the
variability in the sample indicated that future studies need to
include more participants. Also, we did not evaluate the effects of
dual-task training on different domains of cognitive functioning.
Finally, the outcome cognitive variability used in this study is rare
in dual-task gait studies. Nevertheless, it is a potentially important
measure of cognitive processing robustness that is established in
cognitive research, and have been found more sensitive than cog-
nitive performance in predicting executive dysfunction (Lorist et
al., 2005; Lövdén, Li, Shing, & Lindenberger, 2007). Indeed,
findings from a recent study showed that during dual-task condi-
tions, increased cognitive variability rather than gait variability
occurred in PwPD, when compared to healthy controls (Salazar et
al., 2017). Therefore, this outcome may be considered in future
interventions to enable an improved understanding of the cognitive
aspects of dual-tasking in PwPD.

Conclusions

In conclusion, these results indicate that highly challenging gait
and balance training including both single-task and dual-task con-
ditions can improve the dual-task interference of cognitive perfor-
mance as well as cognitive performance variability in PwPD. On
the other hand, training did not affect the automaticity of gait
performance; instead, training appeared to induce the allocation of
attention to the cognitive task. These results may indicate that
training led to improved automaticity of cognitive processing
during walking, which may have a beneficiary effect on the ability
to ambulate safely in the community, thereby improving indepen-
dence. Future studies are needed in order to investigate whether

Figure 2. An illustration of between-groups effect sizes for gait and cognitive parameters. The bars pointing
to the left indicate more prominent improvements in the control group in comparison to the training group, and
the bars pointing to the right indicate more prominent improvements in the training group in comparison to the
control group. The dotted lines illustrate small (0.1) and medium (0.3) magnitudes of differences between the
groups.
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dual-task interventions should target gait, cognitive abilities, or
both.
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