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Abstract.
BACKGROUND: People with Parkinson disease (PD) have difficulty initiating internally generated movements. We have
shown that computer-based cognitive training can improve movement initiation. However, little is known about the optimal
duration of training.
OBJECTIVES: To determine the optimal training duration for computer-based neurorehabilitation of internally represented
movement initiation in people with PD.
METHODS: Nineteen PD and twenty-one age-matched control participants, ages 50–85 years, were included in analysis
of pre- and post-training evaluation and 30 training sessions. Computer training consisted of cued and un-cued movement
trials. The presentation of a cue (a combination of numbers on either the right, left or both sides of the screen) indicated
that participants should respond by typing the numbers. Successful cued trials were followed by un-cued trials consisting of
a green filled circle. Participants re-enter the cued sequence, thus producing an internally represented (IR) movement. The
training was adaptive. Outcome measures were reaction time and error rate, and cumulative sum (CUSUM) analysis was
used to identify peak training improvement.
RESULTS: Participants with PD were divided into impaired (IPD) and unimpaired (UPD) groups, based on mean control
group pre-training performance. All three groups showed improved RT and error rates for IR trials; however, the IPD group
demonstrated significantly greater improvement in reaction time. Training was most effective in participants with greater
disease severity and duration. Peak day of training improvement for the IPD group was 8 days.
CONCLUSION: Optimal training duration was relatively short and the IPD group demonstrated the most gain, indicating
that cognitive training should be tailored to individual needs.
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1. Introduction

The timely production of a movement involves
motor planning and movement initiation (Haith et al.,
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7184; E-mail: edisbr@lsuhsc.edu.

2016), both of which are impaired in Parkinson dis-
ease (PD; Siegert et al., 2002). Akinesia is a classic
sign of PD which includes impaired movement prepa-
ration and initiation (Hallett, 1990) ranging from
delayed reaction time to freezing (Spay et al. 2019).
Slowness of movement impacts a wide range of
functions including reach and grasp (Amano et al.,
2015; Castiello et al., 2000), gait (e.g. Morris et al.,
1994), physical activity level (Lana et al., 2015) and
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activities of daily living (Candan and Ozcan, 2019)
in people with PD.

1.1. Movement initiation deficits

Deficits in movement initiation have been well
described in Parkinson disease (PD). Specifically,
internally represented movements are impaired while
externally cued movements are relatively spared
(Glickstein and Stein, 1991; Martin et al., 1994;
Jahanshahi et al., 1995; Siegert et al., 2002). For
example, Martin and colleagues (1994) measured
the ability of people with PD to draw shapes while
varying the level of visual input available. Reducing
visual cues resulted in movements that were less sta-
ble and accompanied by signs of hypokinesia. The
authors attributed the performance deficits to prob-
lems with internal cuing in people with PD. Similarly,
Siegert and colleagues (2002) tested the hypothesis
that people with PD initiated externally cued move-
ments faster than self-initiated ones. PD and control
subjects were given a two-button computer task sim-
ulating a traffic scenario to measure their reaction
time with varying external cueing. Results showed
that while controls had faster reaction times when
self-initiating a button press, PD subjects had slower
reaction time during self-initiated trials. The authors
attributed slower reaction time during self-initiation
trials and trials without a visual cue to deficits in
movement initiation and planning, respectively, in
PD.

1.2. Cognitive training

Cognitive neurorehabilitation is a growing field
(Alzahrani and Venneri 2018) and in recent years,
cognitive training has been shown to improve perfor-
mance in elderly and PD populations (see Leung et
al., 2015; Shah et al., 2017 and Walton et al., 2017
for reviews). In PD, training programs have targeted
planning, switching, processing speed, attention and
working memory. For example, Angelluci and col-
leagues (2015) reported improved planning ability
related to cognitive training. For twelve 45-minute
sessions over one month, seven PD participants in
the experimental group were given adaptive cogni-
tive training designed to improve set shifting ability.
The training evaluation had two phases, an unstruc-
tured navigation task with minimal instruction and a
similar task with specific sequence instructions. Fol-
lowing set shifting training, PD participants were able
to perform the unstructured task with fewer errors.

While akinesia is not well controlled with
dopamine replacement therapy (Favre et al., 2013;
Fox, 2013), there is accumulating evidence that
links akinesia to executive dysfunction (see Spay
et al., 2019 for review). For example, Heremans
and colleagues (2013) reviewed behavioral and neu-
roimaging studies of the link between cognitive
function and akinesia (freezing of gait), and con-
cluded that cognition is an important contributing
factor. Furthermore, they identified the develop-
ment of adequate rehabilitation strategies as an
important target for future research. In fact, we
have shown that computer-based neurorehabilitation
can improve movement initiation (Disbrow et al.,
2012). PD and control subjects participated in a
10-day computer-based neurorehabilitation program
targeting internally represented button press num-
ber sequences. We found that training significantly
reduced error rate and reaction time for sequence ini-
tiation. Furthermore, Walton and colleagues (2018)
evaluated the impact of cognitive training on freez-
ing of gait. Participants in the experimental condition
received training targeting inhibitory control, set
shifting, working memory, processing speed and
visuospatial skills. The authors argued that execu-
tive dysfunction is a pathophysiological mechanism
of freezing of gait. They found that cognitive train-
ing reduced freezing time during the Timed Up and
Go task performed on dopamine replacement therapy.
Thus, cognitive training can positively impact perfor-
mance in PD, however optimal training parameters
have not yet been identified.

1.3. Duration of cognitive training

Duration of training is an important factor that
must be optimized to ensure efficiency. However,
cognitive training duration varies widely across stud-
ies. For example, in a relatively short intervention
Burki and colleagues (2014) used a 10-session pro-
tocol over the span of 2–4 weeks to evaluate working
memory training with latent growth curve modeling
(LGCM) in young and older adults. They examined
63 younger (average age = 24.85 years) and 65 older
(average age = 67.98 years) adults who were assigned
to one of three groups (working memory training,
implicit sequence training, or no-contact control),
and reported that both the younger and older groups
exhibited improvement after training. In contrast,
using a longer training period of 24 weeks, totaling
72 sessions, Klusmann and colleagues (2010) ran-
domized two hundred and fifty-nine older female
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participants (70–93 years old) into one of three
groups: computer training, exercise training, or no-
contact controls (Klusmann et al., 2010). Participants
in the computer training group showed improved
delayed story recall and maintained their perfor-
mance level for delayed word recall, whereas the
control group showed declining performance. While
Burki et al., 2014 trained participants for 10 ses-
sions over 2–4 weeks, Dahlin et al., 2008 trained
participants for 15 sessions over 5 weeks, Cerasa et
al., 2014 trained participants for 12 sessions over 6
weeks, Smith et al., 2009 trained participants for 40
sessions over 8 weeks, and Klusmann et al., 2010
trained participants for 72 sessions over 24 weeks,
positive results are consistently reported. In fact, a
recent review of cognitive training in PD (Alzahrani
and Venneri 2018) lists a range of training dura-
tion from 3 weeks to 6 months, with the number of
sessions varying from 4 to 180. In addition, the fre-
quency of training sessions varied from once a day to
once a week. Thus, cognitive neurorehabilitation in
PD has been quite effective irrespective of the type
of intervention (Alzahrani and Venneri 2018), how-
ever data on the optimization of training duration is
sparse. Optimizing duration is important for maxi-
mizing returns, reducing fatigue and limiting patient
burden, thereby potentially improving compliance.
Furthermore, streamlining training administration
could simplify distribution and improve cost effec-
tiveness. Thus, we have evaluated gains in cognitive
training over a 30-session bimanual computer-based
training program for improving internally repre-
sented movement initiation in people with PD to
identify peak improvement time.

2. Methods

2.1. Participants

Twenty subjects with PD (12 males, 8 females)
and twenty-one controls (13 males, 8 females) were
recruited from the VA Northern California Health
Care System, Martinez, CA and Overton Brooks
VA Medical Center in Shreveport, LA. This study
was also registered with ClinicalTrials.gov, Identifier:
NCT01085968. Participants were between the ages
of 50–85. Participants with PD had a clinical diagno-
sis of PD and a history of good clinical response to
levodopa and/or dopamine agonist treatment. Exclu-
sion criteria were traumatic head or spine injury, brain
tumor, stroke, history of drug abuse, significant symp-

toms of depression (Geriatric Depression Scale >20,
to exclude possible “severe depression”) and Mini-
Mental State Exam score <20, to exclude possible
“moderate dementia”. In addition, participants with
PD were given the Unified Parkinson’s Disease Rat-
ing Scale (UPDRS) and the Hoehn and Yahr Rating
Scale (H&Y). All participants with PD were treated
using dopamine replacement therapy including lev-
odopa with carbidopa, dopamine agonists, and/or
COMT inhibitors. All participants provided written,
informed consent prior to eligibility screening and the
study was approved by an institutional review board.

2.2. Instruments

Subjects performed tests in a private room and
testing lasted about an hour. The test battery was
presented in a pseudorandomized order across par-
ticipants. Each participant was evaluated twice: first
during the initial visit (pre-training) and again during
the return visit (post-training). Participants with PD
were tested during their best ON medication state, for
instance after taking their morning dose of medica-
tion. Best ON medication state was determined based
on patient self-report.

Descriptive measures

• Hoehn and Yahr scale (H&Y; Hoehn & Yahr,
1967): A measure of PD severity.

• Mini-Mental State Examination (MMSE; Fol-
stein, Folstein & McHugh, 1975): Estimates
general cognitive function from orientation, reg-
istration, attention and calculation, recall, and
language.

• National Adult Reading Test, Revised (NART-
R; Blair & Spreen, 1989): The participant is
asked to pronounce a series of 61 irregularly
spelled words, and the tallied score estimates
premorbid intellectual function.

• Geriatric Depression Scale (GDS; Yesavage et
al., 1982): A measure of depressive symptoms
in the form of a 30-item self-report.

• The Unified Parkinson’s Disease Rating Scale
(UPDRS; Fahn et al., 1987): A clinical scale used
to evaluate PD severity in multiple domains.
A nurse practitioner trained in the use of the
UPDRS administered the UPDRS interview and
evaluation.
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2.3. Computer-based training

Training was performed in-home, on a study-
provided desktop computer with a QWERTY
keyboard as the input device. Target input was limited
to the following eight keys: A, S, D, F, J, K, L and:.
For both hands, the index fingers, middle fingers, ring
fingers, and little fingers corresponded to the numbers
1, 2, 3, and 4, respectively (Fig. 1). Training stimuli
were presented on the computer monitor and perfor-
mance was recorded using Neurobehavioral Systems,
Inc. Presentation software.

The training program incorporated bimanual input
into the training program previously described by
Disbrow and colleagues in 2012. Each finger corre-
sponded to a number from 1 to 4 (Fig. 1A). Subjects
viewed a blank screen divided down the middle

(Fig. 1B). A cue appeared consisting of numbers on
the right, left or both sides of the screen (Fig. 1C-D).
Participants typed the cue number combination. An
externally cued (EC) response trial was followed by
an internally generated (IG) response trial consisting
of a green dot (Fig. 1E), signaling the participant to
re-enter the cue number combination. The training
component of this program was adaptive, beginning
with easier (shorter) combinations followed by longer
combinations based on performance. Training was
adapted to maintain 87% accuracy rate.

Participants were evaluated with a non-adaptive
version of the computer program before and after
training. Performance was measured as reaction time
from presentation of stimulus to sequence initiation
(first button press) for correct response trials as well
as error percentage. Incorrect response trials were not

Fig. 1. Computer-based cognitive training on-screen display. A. Graphical representation of the finger digit-keyboard relationship, posted
under the computer screen at all times. B. Inter-trial interval display. C. Example of single sided 1-digit stimulus. D. Example of bimanual
4 digit stimulus. E. Circle (green filled during training), representing stimulus for internally represented trial.
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included in reaction time calculations. For the pre-
and post-tests of the computer program, error per-
centage rate for each trial type was measured as the
number of correct responses for that trial type divided
by the sum of the number of errors plus the num-
ber of correct responses for that trial type. Reaction
times and error rates were recorded for each trial of
the pre- and post-tests. As in our previous work, a
subset of the PD group performed similarly to the
healthy control group. The control group’s reaction
times for the bimanual IR 4-digit trials were aver-
aged and used as the value to differentiate the PD
participants into either the impaired PD group (IPD)
of the unimpaired PD group (UPD; Disbrow et al.,
2012). This procedure, which was designed a priori,
was the reason for collecting data from a healthy con-
trol group. We identified 11 IPD participants, and 9
UPD participants.

Participants trained for 30 sessions over a 6-week
period and training time was about 40 minutes per
day. Participants were instructed to train 5 days a
week, at the same time each day, and date and time
of training was recorded as part of the output file.
All subjects completed the training program, how-
ever data from 1 PD subject was excluded because he
completed multiple additional training sessions on a
single day on multiple days. Participants were pro-
vided with a lab cell phone number to call if they
experienced technical difficulties. Technical difficul-
ties were minimal as the study computer displayed
only 2 icons, one for the training program and one
for the non-adaptive pre- and post-test. A few par-
ticipants called to ask about which icon was which.
The most common problem was that participants
unplugged the computer, for example to vacuum or
plug in a lamp, and then forgot to plug the computer
back in. In these instances, an investigator went back
to the home to clarify or troubleshoot. No adverse
effects related to the training were reported through-
out the study period.

2.4. Data analysis

Between groups analysis was performed using
SPSS (SPSS version 23; http://www.ibm.com/
analytics/us/en/technology/spss/). Between groups
comparisons were made using Multivariate Anal-
ysis of Variance (MANOVA). Repeated measures
ANOVA was used to determine within group interac-
tions for pre- and post-training reactions times.

Cumulative sum charts were used to monitor the
small gains in performance for the 4-digit bimanual

trials for each day throughout the 30 days of train-
ing (Noyez 2009). For the cumulative sum (CUSUM)
analysis, the number of sessions was equal to the
number of days of training (30 days), therefore the
x-axis units are in days. The CUSUM equation used
was as follows:

CUSUM = RTPrevious day + (RTCurrent day

−RTAverage (30 days))

Using this equation, we determined the progress
made on each day relative to the average perfor-
mance over the span of 30 days. The maximum
cumulative sum value was taken as the change point,
corresponding to the training day with the greatest
change in performance and thus the peak of train-
ing improvement. We completed a CUSUM chart for
each study participant, then averaged the CUSUM
values of each day for all participants in a given
group to generate the group-based CUSUM values.
The resulting CUSUM chart provided group spe-
cific analysis of training progress. For verification of
CUSUM analysis results we used a bootstrap analy-
sis with n = 100,000 samples. This analysis generated
samples which randomly reordered the observed data
in order to determine the likelihood that our data
occurred at random (Chatterjee and Qiu 2009). For
this analysis we used estimators of magnitude change
(SDiff ) calculated from the difference of the minimum
CUSUM value from the maximum CUSUM value.
Confidence levels were reported as percentages, with
greater percentage indicating higher likelihood that
the original data set did not occur at random.

3. Results

Our training program consisted of a cue/target
button-press task. First, subjects responded to exter-
nally cued (EC) trials comprised of digit sequences
displayed on a computer screen. Subjects typed the
sequences left-handed, right-handed, or with both
hands sequentially. Digit sequences ranged from 1
to 4 digits and were identical on both sides for
bimanual trials. Second, subjects were prompted by
a green circle to produce the same sequence with-
out the visual representation of the number sequence
on the computer screen (internally represented trials;
IR). PD subjects were differentiated into two groups,
impaired (IPD) versus unimpaired (UPD), based on
pre-training reaction time on the 4-digit bimanual IR
trials. Outcome variables were reaction time and error

http://www.ibm.com/analytics/us/en/technology/spss/
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rate before and after training as well as day-to-day
reaction time during the training program.

3.1. Pre-training group differences

Multivariate ANOVA was used to evaluate differ-
ences in pre-training data for demographic variables
across the three groups (IPD, UPD, and Control;
Table 1). Before training, the IPD, UPD, and con-
trol groups were similar for descriptive measures
of age (F(2,37) = 1.149, p = 0.328), years of edu-
cation (F(2,37) = 0.937, p = 0.401), mental status
(MMSE; F(2,37) = 0.499, p = 0.611), and pre-morbid
IQ (NART-R; F(2,37) = 0.612, p = 0.547). Gender
distribution was evaluated via Chi-Square analy-
sis and revealed no significant differences between
groups (X(2) = 0.189, p = 0.910). PD participants were
on dopamine replacement therapy (dopamine equiv-
alents; Table 1). The IPD group had greater disease
severity and longer disease duration than the UPD
group according to the UPDRS Total score (UPDRS,
F(1,17) = 5.241, p = 0.035) and participant reported
disease duration (F(1,17) = 6.938, p = 0.017). Addi-
tionally, the median H&Y score for the IPD group
was 2.5 while the median H&Y score for the UPD
group was 1.0 (Table 2). A significant main effect
was also found for a measurement of depression
(GDS; F(2,37) = 6.380, p = 0.004). Tukey’s honestly
significant difference (HSD) post-hoc pairwise com-
parisons indicated no difference between the Control
group and the UPD group for depression (GDS;
p = 0.940). However, the IPD group had significantly
higher depression scores (IPD vs Control p = 0.006,
IPD vs UPD p = 0.016; Table 2).

A one-way ANOVA was used to evaluate dif-
ference in pre-training data for IR reaction time
across groups. We identified a significant main
effect of group for 4-digit bimanual IR reaction
time, F(2,37) = 13.143, p < 0.001. Tukey’s HSD post-
hoc pairwise comparisons indicated no difference
between the Control group and the UPD group for 4-
digit IR reaction time (p = 0.401). However, the IPD
group had significantly longer reaction times than
the Control group (p < 0.001) and the UPD group
(p < 0.001; Fig. 2). A one-way ANOVA was also
used to evaluate differences in pre-training 4-digit
bimanual IR error rates across groups. We found
a significant main effect for group, F(2,37) = 4.541,
p = 0.017. Tukey’s HSD post-hoc pairwise compar-
isons indicated no difference between the Control
group and the UPD group (p = 0.732) as well as no
difference between the IPD group and UPD group
(p = 0.206). However, results showed that the IPD
group had significantly higher error rates than the
Control group (p = 0.013).

3.2. Pre- versus post-training differences

We used a repeated measures ANOVA to evalu-
ate group differences in pre- versus post- training
reaction times and error rates for the 4-digit biman-
ual IR response trials. We identified a significant
main effect of training (decreased response time;
F(2,37) = 12.157, p < 0.001). Tukey’s HSD post-hoc
pairwise comparisons revealed that the IPD group
showed greater improvement in the 4-digit bilateral
internally represented response trials as a result of the
training compared to the Control group (p < 0.001)
and the UPD group (p = 0.001). There was no

Table 1
Demographic Measures

N Age Education Dopamine
(years) (years) equivalent (mg)

Control 21 (F = 8) 65.38 (7.10) 15.71 (3.48) –
IPD 11 (F = 5) 68.91 (5.05) 14.91 (3.67) 598.41 (333.62)
UPD 8 (F = 3) 66.50 (6.63) 17.00 (1.85) 416.06 (405.24)

Table 2
Descriptive and PD specific measures

NART-R MMSE GDS*† Disease duration UPDRS Total H&Y
(years)† score† (median)

Control 114.21 (7.74) 29.00 (1.00) 3.86 (4.25) – – –
IPD 114.26 (8.34) 28.73 (2.24) 9.18 (5.19) 8.36 (3.98) 43.82 (17.81) 2
UPD 117.56 (6.12) 29.37 (0.52) 3.25 (3.24) 4.25 (2.19) 27.44 (11.08) 1.00

*IPD vs CO, p < 0.05. †IPD vs UPD, p < 0.05.
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Fig. 2. Average reaction times for the control, IPD and UPD
groups for the 4-digit bimanual internally generated response tri-
als, before and after training. *Reaction time before vs after by
group; p < 0.05. †CO vs IPD Repeated Measures ANOVA; p < 0.05.
‡IPD Vs UPD Repeated Measures ANOVA; p < 0.05. Error bars
represent standard error.

significant difference between the Control group
and the UPD group (p = 0.799) (Fig. 2). We iden-
tified improvement over time for all groups 4-digit
IR error rates, F(1,37) = 17.017, p < 0.001, indicat-
ing improvement post- versus pre-training for all 3
groups. However, there was no significant interac-
tion for Training x Group, F(2,37) = 0.332, p = 0.720
(Fig. 3).

3.3. Cumulative sum analysis

We used a Cumulative Sum (CUSUM) analysis,
which is typically used to detect small changes in
performance over time, to determine the time to peak
improvement. The Control group attained maximum
training improvement in 10 days. The IPD group
attained peak training improvement in 8 days. The
UPD group attained peak training improvement in
9 days (Fig. 4). To verify these results, we per-
formed a bootstrapping analysis, which showed the
confidence level to be 100%, 100% and 99.81% for
the control, IPD and UPD groups, respectively. The
resulting confidence levels obtained from the boot-
strap analysis demonstrate that our CUSUM analysis
results were statistically significant and did not occur
at random.

Fig. 3. Error percentage for the control, IPD and UPD groups for
the 4-digit bimanual internally generated response trials before and
after training. Conventions as in previous figures. *Error percent-
age before vs after training by group; p < 0.05.

Fig. 4. Cumulative sum chart of the 4-digit bimanual internally
generated response trials. Error bars represent standard error. Max-
imum points in the curve indicate the peak day of training. For the
IPD, UPD, and control groups, the peak days of training are 8, 9,
and 10 days, respectively.

4. Discussion

The purpose of our study was to determine the
optimal training duration for computer-based cogni-
tive rehabilitation of movement initiation in people
with PD. First, we showed that our cognitive training
resulted in performance improvement in participants
with movement initiation deficits prior to training.
Though subject groups were similar for most demo-
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graphic variables, the impaired group, which showed
the greatest training improvement, had significantly
greater disease severity and longer disease duration.
Second, we used CUSUM analysis to determine the
optimal training duration for this task. The CUSUM
chart revealed that the peak training day of improve-
ment for the control, IPD and UPD groups were 10,
8, and 9 days, respectively.

4.1. Training effectiveness

As in our previous work (Disbrow et al., 2012)
we found that improvements in reaction time were
greater in PD participants with pre-training deficits.
Previously we studied 30 PD subjects and 21 healthy
controls who participated in a 10-day computer-
based neurorehabilitation program. The program
consisted of an adaptive externally cued and inter-
nally represented button press paradigm. As in the
current study, PD participants were classified as
“impaired” or “unimpaired” based on performance
on the pre-training assessment. Results showed that
after training, PD and control groups showed similar
improvement for sequence initiation and sequence
completion for the externally cued trials. However,
PD subjects with impairment before training dis-
played significantly greater improvement in error rate
and reaction time for sequence initiation for the inter-
nally represented trials compared to age-matched
controls and PD participants who were not impaired
before training (Disbrow et al., 2012). Similarly, Wal-
ton and colleagues (2018) showed freezing of gate
improvement after training in a group of PD partic-
ipants who were impaired on the outcome measure
before training. This group consisted of participants
who were severely impaired enough to show freezing
of gait in the lab during evaluation. We divided par-
ticipants into two groups, one showing impairment
and one performing close to control level, because
there is likely a performance ceiling limiting fur-
ther improvement in the group performing at or near
control levels. Furthermore, the interaction between
training and group demonstrates that within the PD
population, there are subgroups that are more likely
to respond to training that can be identified based on
pre-training deficits.

Deficit specific improvements may also explain
discrepancies in the literature about the effectiveness
of cognitive training. For example, Tusch and col-
leagues (2016) used event-related potentials (ERP) to
measure brain activity and performance of subjects
who had undergone adaptive computerized cogni-

tive training of working memory function (n = 17) 5
days per week for 40 minutes per day for 5 weeks
compared to subjects who received active control
non-adaptive training. While results revealed dif-
ferences between the adaptive training group and
the control group for brain activity associated with
attention and categorization, there was no appar-
ent association between training and performance
improvement for the task. However, the sample did
not clearly show impaired performance on any of the
cognitive measures before training, underscoring the
importance of matching training to existing deficits.

4.2. Optimizing training duration

Optimizing training is key to efficient and effective
neurorehabilitation interventions, and several impor-
tant factors have been identified. First, we showed
that training is most effective when the cognitive
domain of the intervention is matched to the spe-
cific deficits of the trainee (Disbrow et al., 2012).
Our results also suggest that training is more effec-
tive in patients with moderate (H&Y 2.5), as opposed
to mild (H&Y 1.0) disease severity. In addition, Wal-
ton and colleagues (2017) reviewed cognitive training
in PD and suggested that training at the PDD stage
may not be effective. Furthermore, we identified the
optimal number of training sessions for movement
initiation in people with PD. The CUSUM chart has
been used previously to monitor proficiency levels
for trained skills (Song et al., 2018; Cho et al., 2014;
Waller and Connor 2009). For example, Song and
colleagues (2014) used CUSUM charts to measure
surgical skills proficiency by determining the number
of surgical procedures a surgeon needed to perform
in order to overcome the learning curve hurdle for
that procedure (Song et al., 2018). Similarly, Cho
and colleagues (2014) used CUSUM analyses to mea-
sure competence and trainee proficiency in retrograde
intrarenal stone surgery.

Our findings regarding training duration are con-
sistent with existing research. For example, In an
animal model Tennant and colleagues (2012) inves-
tigated training duration and cortical representation
reorganization in the motor cortex in mice. Mice
were randomly assigned to one of three training con-
ditions: reach training, pasta handling, or untrained
control. For each of these training conditions, there
were two training durations: short (daily for 2–4
weeks) and long (daily for 8 weeks). Intracortical
microstimulation mapping was used to identify hand
representation reorganization in the motor cortex.
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Eight-week training resulted in greater change than
2–4 week training, however, as in our study, perfor-
mance improvement was rapid in the first 10 days
and changed at a more gradual rate thereafter. Sim-
ilarly, Lampit and colleagues (2014) found that 36
cognitive training session over 3 months resulted in
improved performance on measures of processing
speed and memory compared to active control train-
ing in elderly with multiple dementia risk factors.
They found that the therapeutic effect of process-
ing speed training peaked at 9 sessions, as in our
study, and then declined after 36 sessions. In con-
trast, memory performance continued to improve
over the 36 sessions. The authors suggest that training
may work differently across cognitive domains, how-
ever it is also possible that memory training results
were related to the study population which was at
elevated risk for dementia. Lampit and colleagues
(2014) describe a 3 phases dose response based on
therapeutic effect. First, an initial 10 training session
period of rapid improvement is termed a “loading
dose,” followed by “titration” including diminished
returns and a period during which additional training
becomes ineffective, and third, the post training main-
tenance phase. Thus, multiple lines of training data,
including animal models of cortical reorganization
and therapeutic outcome in people at risk for demen-
tia are in agreement with our finding of 8–10 days
optimal training duration for movement initiation in
people with PD. In addition, Lampit and colleagues
(2014) report durable improvement in cognitive func-
tion for 3 months following cessation of training.
However, questions still remain about the timing and
effectiveness of interval training. Additional study
is needed to identify the optimal interval between
training sessions to maximize output and minimize
training demands.

4.3. Limitations

Our study has several limitations. First, our train-
ing program was not a classic cognitive training
paradigm. Other investigators (e.g. Lampit et al.,
2014; Walton et al., 2018) based their training on
commercially available tasks that included process-
ing speed and executive function elements. Our task
was designed to specifically target movement initia-
tion; therefore our results may not generalize to more
traditional cognitive training paradigms. Second, our
task had a working memory component. Because we
were measuring reaction time, we used an uninforma-
tive cue and the participant was required to produce

the number sequence from memory. Thus, it is possi-
ble that the improvements that we saw in performance
were based on improved working memory, though we
did designate a working memory deficit as an exclu-
sion criteria. Third, while the impaired PD group did
show significant improvement in task performance,
they did not reach control performance levels. Future
research is needed to determine if nine days of train-
ing results in a performance ceiling or if additional
sessions can drive further improvement. Furthermore,
optimal session interval remains to be determined.
Finally, we did not show that training on our move-
ment initiation task improved real world function.
However, in our previous work (Disbrow et al. 2019)
we did evaluate timed instrumental activities of daily
living and motor performance. We found that training
on a similar task was not associated with improved
performance of instrumental activities of daily liv-
ing. We found a trend for improvement on the Timed
Up and Go (F(2,48) = 3.24, p = 0.048 uncorrected).
Thus, real world application of this training should
be interpreted with caution.
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