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ABSTRACT: Background: To investigate the relative contributions of cerebral cortex and basal ganglia to movement stopping, we
tested the optimum combination Stop Signal Reaction Time (0cSSRT) and median visual reaction time (RT) in patients with Alzheimer’s
disease (AD) and Parkinson’s disease (PD) and compared values with data from healthy controls. Methods: Thirty-five PD patients, 22
AD patients, and 29 healthy controls were recruited to this study. RT and ocSSRT were measured using a hand-held battery-operated
electronic box through a stop signal paradigm. Result: The mean ocSSRT was found to be 309 ms, 368 ms, and 265 ms in AD, PD, and
healthy controls, respectively, and significantly prolonged in PD compared to healthy controls (p = 0.001). The ocSSRT but not RT could
separate AD from PD patients (p =0.022). Conclusion: Our data suggest that subcortical networks encompassing dopaminergic
pathways in the basal ganglia play a more important role than cortical networks in movement-stopping. Combining ocSSRT with other
putative indices or biomarkers of AD (and other dementias) could increase the accuracy of early diagnosis.

RESUME : Comparaison entre les temps de réaction 2 un signal d’interruption d’un mouvement dans des cas de patients atteints de la maladie
d’Alzheimer et de Parkinson. Contexte : Afin de nous pencher sur le rdle respectif du cortex cérébral et des ganglions de la base dans ’interruption d’un
mouvement, nous avons procédé a des tests visant a mesurer les temps de réaction a un signal d’interruption d’un mouvement (TRSIM ou optimum
combination stop signal reaction time) et les temps de réaction visuelle médians (TRVM ou median visual reaction time) chez des patients atteints de la
maladie d’Alzheimer (MA) et de la maladie de Parkinson (MP). Nous avons ensuite comparé nos résultats a des données se rapportant a des témoins en
santé. Méthodes : Au total, 35 patients atteint de la MP, 22 atteints de la MA et 29 témoins en santé ont été inclus dans le cadre de cette étude. Les TRSIM
et les TRVM ont ét€ mesurés a 1’aide d’un botitier €lectronique manuel fonctionnant sur batterie et en fonction d’'un modele comportant I’émission d’un
signal d’interruption. Résultats : Le TRSIM moyen a été respectivement de 309, de 368 et de 265 ms chez les patients atteints de la MA, de la MP et chez
les témoins en santé, la différence entre les deuxiemes et les troisiemes étant notable (p = 0,001). Ajoutons aussi que les TRSIM, mais non les TRVM, ont
permis de distinguer les patients atteints de la MA de ceux atteints de 1a MP (p = 0,022). Conclusion : En ce qui concerne I’interruption de mouvements,
nos données suggerent donc que les réseaux sous-corticaux englobant les voies dopaminergiques dans les ganglions de la base jouent un rdle plus
important que les réseaux corticaux. Le fait de combiner des tests de TRSIM a d’autres indices ou biomarqueurs putatifs de la MA pourrait ainsi accroitre
la précision des diagnostics établis de maniere précoce.
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INTRODUCTION for this stopping process is yet to be precisely defined, cortical
structures including the inferior frontal gyrus (IFG), pre-
supplementary motor area (pre-SMA) and supplementary
motor area (SMA),*” and components of the basal ganglia
circuitry, particularly the direct and cortico-subthalamic
hyper-direct pathways®®? have all been implicated.
Inhibitory executive processes can be captured by a range of
standard assessments, including the Wisconsin Card Sorting Test,

Response inhibition is the ability to stop an action that has
already been initiated and is thus an important component of
executive control."* A successful goal-directed activity is
often performed through suppression of ongoing but unneces-
sary movements in the ever-changing environment. Conver-
sely, impaired inhibition affects the ability of individuals to
maneuver through everyday tasks.” While the neural substrate
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Stroop Task, Go/No-Go Task, Stop Signal Task, and Flanker
Task. However, unlike the simple reaction time (RT), which can
be measured straightforwardly as the latency of response to a Go
signal, quantifying response inhibition is more complex. One
approach is to measure the Stop Signal Reaction Time (SSRT)
through the Stop Signal Task, originally proposed by Logan and
Cowan.'® Subjects respond to a Go cue; on some trials, the Go
cue is followed by a Stop cue, and subjects must inhibit their
response. The outcome of the Stop trial is modeled as a race
between a Go process and a Stop process within the nervous
system. If the Go process finishes first, the response is executed,
but if the Stop wins the race then the response is inhibited.'® The
mathematical approach is to use the distribution of Go RTs and
the fraction of inappropriate responses on Stop trials to calculate
SSRT.'""'> We have recently developed and validated a refine-
ment of the SSRT, the optimum combination SSRT (ocSSRT),
which uses Bayesian statistics to give more reliable estimates for
individual subjects.13 In the same year, Verbruggen et al. pub-
lished a consensus guideline to capture the ability to inhibit
actions and impulsive behaviors in the stop signal task.'?

Response inhibition can be altered in various perturbed
physiological states and pathological conditions. In a recent study
in 20 young healthy individuals, SSRT was significantly pro-
longed after 24 h of sleep deprivation and deficits in inhibition-
related activations in areas involved in response inhibition,
especially the inferior frontal gyri bilaterally, the left subthalamic
nucleus and left lingual gyrus, were observed on functional brain
imaging.'* SSRT has been used in patients (children and adults)
with a range of neurological and neuropsychiatric conditions to
elucidate further the neuroanatomical, neurophysiological, and
neuropharmacological basis of response inhibition. These studies
have included disorders such as attention-deficit hyperactivity
disorder (ADHD), substance abuse disorder, bipolar disorder,
obsessive compulsive disorder (OCD), Huntington’s disease,
focal dystonia, and Parkinson’s disease (PD). For example, SSRT
was found to be comparable in PD patients with or without
impulse control disorder.'” By contrast, in PD patients with motor
impulsivity and involuntary movements, SSRT was delayed,'® as
has also been observed in patients with ADHD and OCD."”

Recently, Di Caprio et al. demonstrated that reactive inhibi-
tion is lost in PD patients in early stages of disease, whereas,
proactive inhibition is spared.'® The role of the basal ganglia in
response inhibition could be studied using SSRT/ocSSRT in
patients with PD. However, coexisting cognitive impairment,
which can be severe and thus fulfill diagnostic criteria for PD
dementia or dementia with Lewy bodies (DLB),'” might con-
found interpretation. Dissecting out the relative contribution of
basal ganglia and cortical degenerative processes to any changes
in experimental measures of response inhibition, such as
ocSSRT, is therefore important.

To explore the underlying physiology of response inhibition
further, we compared the ocSSRT and simple RT in PD patients
with and without cognitive impairment, in patients with Alzhei-
mer’s disease (AD) but without overt motor impairment, and
healthy participants. Patients with AD are characteristically
impaired in multiple cognitive domains, including memory,
language, visuospatial, and executive function. Any increase in
0ocSSRT in AD patients would imply a role for cortical networks
in response inhibition. By contrast, we have shown previously
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that ocSSRT is increased in patients with PD without clinical
evidence of cognitive impairment and normalizes with L-DO-
PA'" or subthalamic nucleus (STN)-DBS.?° It is still unclear how
the severity of cognitive impairment is associated with SSRT/
ocSSRT. Using Montreal Cognitive Assessment (MoCA) scores,
we estimated the cognitive status of the participants and explored
the correlation between MoCA RT and ocSSRT. We show that
ocSSRT is significantly prolonged in PD patients compared to
healthy controls, but not in AD patients. We also show that
ocSSRT but not RT can differentiate AD and PD patients with
mild cognitive impairment (MCI), suggesting that ocSSRT might
have a role in screening and diagnosis in patients with dementia,
particularly those presenting with mild symptoms in the early
stages of the disease process.

MATERIAL AND METHODS

The study was performed between two regional/tertiary neu-
rology centers, one in India and one in Bangladesh. The study
was approved by the Institutional Ethics Committees of both
institutes (INK/SSRT_ADPD/2020 dated 5 March 2020; ERC-
NINS letter number 51' dated 18 February 2019). Written
informed consent was obtained from all participants in accor-
dance with the Declaration of Helsinki.

Patients were recruited from specialist clinics at both centers
by senior neurologists. PD patients were diagnosed according to
the UK Brain Bank criteria.”' The Unified Parkinson’s Disease
Rating Scale motor section (UPDRS-III).22 and Hoehn and Yahr
(H&Y) stage™ were used to assess disease severity and disease
stage, respectively, in each patient. AD patients were diagnosed
according to the DSM-IV criteria. Healthy controls were recruited
from among the carers or family (but not blood relatives) accom-
panying the patient to hospital. We excluded patients with a history
of other previous or current neurological illness or injury. Other
major exclusion criteria included a history of alcohol or drug
abuse, or significant visual impairment. MoCA was performed in
all subjects. AD patients with a MoCA score of less than 24 were
invited to participate in the study. A MoCA score between 18 and
24 was considered consistent with mild AD and a score <18 was
regarded as moderate-severe AD.

The Task

The method used to measure SSRT in this study was the
optimum combination SSRT (ocSSRT), validated by our previ-
ous work.'® Figure 1 provides a schematic representation of our
version of the Stop Signal Task to measure ocSSRT. Subjects sat
comfortably in a semi-illuminated room, where they were pro-
vided with a battery-operated handheld electronic SSRT box as
described previously.'? In brief, the front panel of the box
contains one red and one green light-emitting diode (LED;
5 mm diameter), a large central low compliance push button,
and a liquid crystal display (LCD). Contained within the box is a
dsPIC30F6012A microcontroller (Microchip Inc.), programmed
with custom firmware to control the task sequence, and measure
RTs (to 1 ms precision) and response probabilities. At the end of
the test, the box computes final results (median RT and ocSSRT)
and displays them on the LCD. Each trial is initiated by depress-
ing and holding down the central push button. One of two trial
types then occur at random:
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Trial type Relative Green Red Correct response
distribution LED LED
Go 75% Q Release button
Stop O . Hold button
Stop O . Hold button
25%
Stop O . Hold button
Stop “ Hold button

T T T T
5 65 130 195

Stop Signal Delay (ms)

Figure 1: Schematic description of Stop Signal Task. Stop signals
(illumination of red LED at one of four interstimulus intervals) occur
in a pseudorandom order, comprising 25% of trials; the remaining 75%
of trials have a Go cue only (illumination of green LED). Participants
were instructed to release the button in response to Go trials but to keep
pressing the button if the Go signal was followed by a Stop signal. (This
figure has been adapted and modified from Roy et al.> published by the
same group after obtaining the necessary permission).

1. A Go trial (75% of trials), where only the green LED is
illuminated, instructing the participant to release the central
button as quickly as possible;

2. A Stop trial (25% of trials), where the green LED is
illuminated followed by the red LED at an interval of
5 ms, 65 ms, 130 ms, or 195 ms (stop signal delays; order
selected at random). This instructs the participant not to
release the central button.

For Stop trials, if the button was not released for 0.7 s after the
green LED was activated, this was considered a successful trial.
Trials were separated by a 1-2.64 s delay (chosen at random).

Trials were presented in blocks of 32, with 24 Go trials and 8
Stop trials (2 for each stop signal delay) within a block. After 2
blocks of 32 trials, testing was paused for 60 s to allow the subject
to rest. Subjects could also rest at any point by releasing the
button, as the next trial did not start until the central button was
again depressed. Data were collected for three sets of 64 trials,
giving a total of 192 trials.

We recorded the ocSSRT and median RT. While RT is a
commonly used measure of the time taken by a participant to
respond to a stimulus in each trial, ocSSRT is a novel measure
that uses Bayesian statistics to incorporate the accuracy of
individual estimates made from different stop signal delays into
a single measure. A detailed mathematical description of ocSSRT
has been published previously.'?

Statistical Analysis

Where appropriate, results were reported as means (+ SD).
The normality of data was tested using the Shapiro—Wilk test.
Based on the distribution of the data parametric or non-parametric
statistical tests were used.

The one-way Anova test was used to compare ocSSRT
between the three groups and post hoc Tukey’s test was used
for pairwise comparison. The Kruskal-Wallis test was used to
compare age and RT between the three groups. The post hoc
Dunn’s test was used for pairwise comparison. Benjamini—-Hoch-
berg adjustment was performed to adjust for multiple
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Table 1: Demographic and clinical profile of study partici-
pants (all values are given as Mean + SD)

Alzheimer’s Parkinson’s Healthy
disease disease participants
Number of 22 35 29
participants
Male: Female 16:6 21:14 15:14
Age in years 67+8 61+ 10 55+10

Severity scale 17.5 +4.3 (MoCA)| 28.5 +8 (UPDRS III) {29.7 +0.5 (MoCA)
2.5+0.8 (H&Y)

24.9+2.7 (MoCA)

comparison. We also computed the Bayes factor for pairwise
comparison in case of ocSSRT and RT. The predefined cutoffs
were as follows: — BF ;o> 100: extreme evidence for H;; BF,
between 30 and 100: very strong evidence for Hy; BF,( between
10 and 30: strong evidence for H;; BF;, between 3 and 10:
moderate evidence for H;; BF;o between 1 and 3: anecdotal
evidence for Hy; BFo = 1 is equal evidence for H; and Hy; BF;q
between 0.3 and 1: anecdotal evidence for Hy.>* For comparison
of categorical variables between groups, we applied Fisher’s
exact test. As our populations were not strictly age-matched,
multivariate analysis of covariance (MANCOVA) was used to
explore whether age had any influence on both RT and ocSSRT.
Pearson’s and Spearman’s correlation coefficient were used to
test the potential relationships between ocSSRT and UPDRS or
H&Y, and between RT and UPDRS or H&Y in the PD group. We
also used the same test to explore potential relationships between
MoCA and ocSSRT and RT, respectively. Cumulative distribu-
tion plots of ocSSRT across subjects were plotted, and from these
receiver operating characteristic (ROC) curves were constructed
to investigate the diagnostic utility of ocSSRT. ROC curves were
summarized by computing the area under the curve (AUC). An
AUC of 0.5 indicates an identical distribution of the measure of
interest in patients and controls; an AUC of 1.0 occurs if the
distributions are entirely non-overlapping. AUC values were
tested for significant differences from 0.5 using a Monte Carlo
shuffling procedure. Data were analyzed using IBM SPSS 21
software (Armonk, NY, USA), JASP v. 14 (University of
Amsterdam, Netherlands) and custom analysis code written in
MATLAB version 2020 (Mathwork, Massachusetts, USA).

RESULTS

The study cohort comprised 35 PD patients (21 male), 22 AD
patients (16 male), and 29 healthy controls (15 male). There was
no significant difference in male to female ratios between groups
(p =0.37). While the age of participants was unbalanced between
groups (p <0.001), there was no significant difference in age
between AD (67 +8 years) and PD patients (61 + 10 years;
p=0.07); the mean age of the healthy control group (55 + 10
years) was significantly lower than that of the PD (p 0.01) and AD
(» <0.0001) groups. Demographic and clinical details are de-
scribed in Table 1. (The behavioral data are attached as a
Supplementary Table.)

RT and MoCA were found not to be normally distributed,
whereas ocSSRT and UPDRS III were consistent with a
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Figure 2: Optimum combination Start Stop Reaction Times (ocSSRTs) for each experimental group (AD
patients, PD patients, and controls) are plotted in A. Median reaction times (RTs) for each experimental
group are summarized in B. The ocSSRT (A) was significantly prolonged in the PD group compared to both
healthy controls and the AD group (one-way ANOVA with post hoc Tukey’s test; adjusted for multiple
comparisons using Benjamini—-Hochberg correction). The RT (B) was significantly prolonged in both AD
and PD groups compared to healthy controls (Kruskal-Wallis ANOVA with Dunn’s post hoc test; adjusted
for multiple comparisons using Benjamini—-Hochberg correction). Mean and standard error of the mean
are plotted for each group. Correlation analysis comparing ocSSRT, RT, UPDRS III, and MoCA across all
groups is summarized in (C—F). There was also no correlation between ocSSRT (C) or RT (D) and UPDRS
1Il. While, as shown in (E), there was a negative linear correlation between MoCA and ocSSRT
(p=-0.531, p=0.01; Spearman’s rank correlation coefficient), there was no significant correlation
between MoCA and RT (F). A p-value <0.05 (*) was considered significant for all statistical tests.
(Abbreviations: AD — Alzheimer’s disease; PD — Parkinson’s disease; ocSSRT — optimum combination
Stop Signal Reaction Time; Med RT — median reaction time].

normal distribution; statistical tests were selected accordingly. controls, 570 + 133 ms in AD patients, and 577 + 105 ms in
The mean ocSSRT was 265+ 66 ms in healthy controls, PD patients (Figure 2B). RT was significantly prolonged in

309 +93 ms in AD patients, and 368 + 76 ms in PD patients both the PD (p =0.009, adjusted p =0.027, BF,( 6.49) and AD
(Figure 2A), whereas mean RT was 489 + 124 ms in healthy (p =0.01, adjusted p =0.015, BF,( 1.508) cohorts compared
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Figure 3: The cumulative probability and receiver operating characteristic (ROC) curves for
ocSSRT in healthy controls and patients with Alzheimer’s disease (AD) and Parkinson’s disease
(PD). (A) Cumulative probability distributions of ocSSRT in patients with AD, PD, and healthy
controls. (B, C, and D) ROC plots derived from the cumulative probability distributions in
(A) confirming that ocSSRT can effectively separate healthy controls from AD and PD patients and
AD from PD patients. Dotted diagonal line indicates expected result if ocSSRT were not able to

discriminate between the groups.

to healthy controls (chi square 9.121, df 2). The ocSSRT was
also prolonged in the PD cohort compared to healthy controls
(p <0.001, adjusted p < 0.001, BF;( 459.06), but there was no
significant difference in ocSSRT between AD patients and
healthy controls (p =0.121, adjusted p =0.121, chi square
9.121, df 2, BFq 0.844).

For the RT, there was no significant difference between the
AD and PD groups (p=0.73, adjusted p=0.73, BF,o 0.30),
whereas the ocSSRT was significantly prolonged in the PD
cohort compared to AD patients (p =0.019, adjusted p =0.03,
BF;y 3.27). Adjusting for age as a covariate in a multivariate
analysis, MANCOVA, we found that the ‘group’ (AD/PD/
healthy) remained a significant factor for determining ocSSRT
(p <0.001). Age just failed to reach the significance threshold to
qualify as an independent factor controlling ocSSRT (p = 0.051).
Similarly, for RT, the ‘group’ (AD/PD/healthy) remained the
only significant factor (p = 0.02), with age having no significant
effect (p =0.90).

Within the PD group, we found no significant correlation
between ocSSRT and UPDRS (Spearman’s p = 0.147; p = 0.400;
Pearson’s r=0.163; p =0.348; Figure 2C) or between RT and
UPDRS (Spearman’s p=0.234; p=0.176; Pearson’s r=0.151;
p =0.387; Figure 2D). In the AD group, ocSSRT was negatively
correlated with MoCA score (Spearman’s p=-0.531; p=0.011;
Pearson’s r =-0.464; p = 0.029; Figure 2E), whereas RT showed
no correlation with MoCA (Spearman’s p =-0.281; p =0.206;
Pearson’s r=-0.252, p=0.258, Figure 2F). The ocSSRT
was significantly prolonged in moderate-severe AD patients
compared to milder cases (274 +89 ms vs. 370 £ 67 ms;
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p=0.013). Notably, there was no correlation between RT
and ocSSRT in either PD (p=0.371) or AD patients
(»=0.759).

While our statistical analysis showed differences between
measurements at the population level, it is perhaps more mean-
ingful to determine how reliably ocSSRT and RT can differenti-
ate between individuals in the groups. We therefore tested this by
plotting cumulative probability distributions, and computing
ROC (Figures 3 and 4. This analysis confirmed that ocSSRT
could distinguish healthy controls from PD and AD patients
(ROC AUC 0.81 and 0.65, respectively; both p=0.001 and
p =0.02; Figure 3B and C and PD patients from AD patients
(ROC AUC 0.63; p=0.03; Figure 3D). However, although RT
could also differentiate PD and AD patients from healthy controls
(ROC AUC 0.67 and 0.71, respectively; p = 0.005 and p = 0.002;
Figure 4B and D it could not differentiate between PD and AD
patient groups (ROC AUC 0.56; p =0.22, Figure 4D).

Figure 5 illustrates the relationship between MCI, as
defined by the MoCA, and RT/ocSSRT for patients with AD
(red) and PD (black). RT and ocSSRT were clearly increased
in PD patients with MCI (gray shaded box; Figure 5SA and B)
relative to healthy controls (blue lines; mean and SEM).
However, unlike ocSSRT, RT could not differentiate PD MCI
patients with higher MoCA scores from controls. By contrast,
there was no significant difference in RT or ocSSRT between
controls and AD patients with MoCA scores within the MCI
range (pink shaded boxes; Figure 5A and B). Differences in
RT/0cSSRT only became significant in the most cognitively
impaired AD patients.
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Figure 4: The cumulative probability and receiver operating characteristic (ROC) curves for RT in healthy
controls and patients with Alzheimer’s disease (AD) and Parkinson’s disease (PD). (A) Cumulative
probability distributions of RT in patients with AD, PD, and healthy controls. (B, C, and D) ROC plots
derived from the cumulative probability distributions in (A) confirming that RT can effectively separate
healthy controls from AD and PD patients but cannot separate AD and PD patients. Dashed diagonal line
indicates the expected result for a non-discriminatory test.

Figure 5C and D presents the results of ROC analysis, again
with AD and PD patients separated by MoCA score. For PD
patients with MoCA scores within the MCI range, RT and
0ocSSRT achieved significant separation from healthy controls
(Figure 5C and D, whereas AD patients were only separated
significantly from controls for MoCA values below the MCI
range (pink shading).

Figure 5 is a post hoc analysis of the available data, and hence
different numbers of subjects contributed to each range of MoCA
scores, as shown in Figure SE and F. Reassuringly, the numbers
of patients (AD and PD) were highest for the range of MoCA
scores encompassing PD and AD MCI. The failure to find
significant separation for AD patients with MCI from healthy
controls is thus unlikely to be due to low power — there were
actually more patients for the points which failed to reach
significance than for those which showed significant differences.
This gives confidence that the results shown in Figure 5 reflect
genuine properties of these measures.

Discussion

In this study, we observed that both ocSSRT and RT are
prolonged in patients with PD compared to healthy controls,
confirming our previous report.'* By contrast, ocSSRT was not
significantly prolonged in AD patients compared to healthy
controls. These differences were not just seen at the population
level; ocSSRT could also distinguish individuals with AD from
those with PD. By contrast, RT was prolonged in both AD and
PD and could not be used to separate the groups. There were no
significant associations between ocSSRT or RT and measures of
disease severity in PD patients, but ocSSRT was inversely
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correlated with cognitive impairment in AD patients. Age was
an independent factor determining ocSSRT in the patient groups
but did not influence RT. However, in our study, controls were
not age-matched and there were differences in disease duration,
thus limiting to some extent the interpretation of our results.

The Neural Substrate of Response Inhibition/Movement
Stopping

Various cortical and subcortical loci have been implicated
in the control of response inhibition. While pre-frontal cortex
(PFC) undoubtedly plays a pivotal role in mediating response
inhibition,zs_zg other cortical areas, including pre-SMA;30’31,
premotor corte:x,32’33 ventrolateral PFC, insula,34’35 dorsal
anterior cingulate cortex,’® and anterior cingulate gyrus®’—*°
also appear to participate. Studies in patients have served to
confirm the importance of PFC to human response inhibition.
For example, in one fMRI study in adolescents with substance
abuse disorder, hypo-activity was found within PFC, specifically
in orbitofrontal cortex (OFC), during response inhibition.*!

Experimental studies in patients have also helped to define the
contribution of subcortical structures to response inhibition,
specifically fronto-basal interactions in ADHD*' and the role of
the STN in patients with PD.*** Evidence from these studies
suggests that the connection between SMA/IFG and STN*47 js
crucial in controlling response inhibition.**~>* Studies specifical-
ly investigating SSRT in patients with circumscribed cortical
lesions (involving the frontal lobes) or lesions to the basal ganglia
revealed prolonged SSRTs compared to a non-neurological
control patient group.54 These findings are supported by our
previous observations that ocSSRT is impaired in PD patientsl3
and improves with STN deep brain stimulation,?® and results
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Figure 5: Comparison of RT and ocSSRT as a function of MoCA score in PD and AD patients. Plot of RT
versus MoCA (A) and ocSSRT versus MoCA (B). RT/ocSSRT scores for AD patients are plotted in red, while
scores for PD patients are plotted in black. The horizontal blue solid lines show the mean scores for healthy
controls and the blue dashed lines the standard error of the mean (SEM). Each data point is a sliding mean
(MoCA + 2) and thus a point plotted at 20 used RT/ocSSRT scores from patients with MoCA scores between
18 and 22. Filled circles with asterisk in (A) and (B) indicate data points that were significantly different
from healthy controls (t-test; p < 0.05), whereas unfilled circles showed no significant difference. (C and D)
The area under the receiver operating curve (AUC) at each MoCA score for AD and PD patients versus
controls using RT (C) and ocSSRT (D) as the discriminatory test, filled circles with asterisk on top represent the
significant values. (E and F) Summary plots indicating the number of patients (N) contributing at each MoCA
score to the results summarized in (A-D) for RT (E) and ocSSRT (F). Pink shaded boxes show the range of
MoCA scores defined as MCI in AD and shaded gray boxes the range for MCI in PD. (Key: red circles = AD

group, black circles = PD group, pink shaded region = AD MCI, gray shaded region = PD MCI].

from others that identified deficits in response inhibition in PD
patients compared to healthy controls.**>-° The observation
that there was no correlation between RT and ocSSRT provides
further evidence that delayed response inhibition in PD is not
merely due to bradykinesia but is a specific consequence of
abnormal movement stopping.

While a limited number of studies have measured SSRT in
AD, the Stroop Colour-Word Test (SCWT5 7), a measure of
cognitive rather than motor response inhibition, has been widely
used. The SCWT consists of three parts and participants are
requested rapidly to: (i) ‘read the names of colors’; (ii) ‘name the
color of ink patches’ (congruent test); and (iii) ‘name the color of
ink in which the name of a different color is written’ (incongruent
test). The incongruent test is in essence a measure of response
inhibition because it captures the efficiency of participants to
suppress the natural tendency to read written words. In one study,
AD patients performed worse in both congruent and incongruent
sections compared to healthy age-matched controls,”® consistent
with several other studies which suggested that AD patients in the
early stages of disease also suffer from psychomotor slowing.5 9.60
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In another study using a RT-based version of the SCWT, a failure
of inhibition was identified in normal aging, which was acceler-
ated in patients with AD.®" On the other hand, Amieva and
colleagues,®” despite finding significant increases in response
latency to Go trials compared to healthy controls, found only
limited impairment in a Stop Signal Task, suggesting that, in the
early stages of AD, inhibitory mechanisms are not as impaired as
other aspects of executive function.®®> Our results, showing that
RT was significantly prolonged in AD patients compared with
healthy controls, are therefore in broad agreement with the
literature. Moreover, the significant correlation we observed
between increasing disease severity and ocSSRT in AD patients
is also not unexpected; that this is not observed in the PD group
would suggest it is a consequence of cortical degeneration.

The 0cSSRT as a Diagnostic Test in Patients with MCI

MCI is a syndrome that not only encompasses healthy aging
but also those displaying the early manifestations of dementia.
Identifying and distinguishing those with MCI who will progress
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to AD and DLB and other forms of dementia is essential if
clinical trials of disease-modifying therapies in these diseases are
to be successful. There are several accepted tools for measuring
MCI, one of which is the MoCA. Several studies®>** recommend
a MoCA score of 18-25 out of a total score of 30 to define MCI in
AD patients. The Movement Disorders Society (MDS) has
proposed criteria for diagnosing MCI in PD. However, a recent
study by Kim and colleagues® suggested that a MoCA score of
24-26 should be indicative of MCI in PD patients. While it is not
very difficult to differentiate between AD and DLB in the later
stages of disease because of the characteristic motor features of
PD/DLB that are absent in AD, this is not always true of the early
stages of disease when patients present with MCL

Our observation that mean RT was comparable between both
PD and AD groups but that ocSSRT was significantly different
raises the possibility that ocSSRT might be used to distinguish
patients with MCI who will subsequently develop AD from those
who will progress to one of the dementias associated with Lewy
body pathology. The area under the ROC curves demonstrated
some ability of ocSSRT to discriminate between groups (see
Figure 3D), whereas RT performed only at chance levels
(Figure 4D). Moreover, our results (see Figure 5) show that
ocSSRT can clearly distinguish between PD patients and healthy
controls regardless of the MoCA, whereas there appears to be no
difference between AD patients and healthy controls at higher
MoCA scores, with differences only becoming evident with
severe cognitive impairment in AD. The ocSSRT is thus partic-
ularly sensitive to basal ganglia degeneration but can also be
affected by late stages of cortical degeneration; ideal attributes for
a test that might thus be applied to patients with MCI to
distinguish patients with early DLB. This is particularly relevant
to resource poor settings, where neurological/imaging expertise
might not be available. However, this hypothesis would need to
be tested in a future study. Moreover, the measured AUC (0.63)
does not suggest sufficient specificity to allow ocSSRT to be
applied alone as a diagnostic discriminator of AD and DLB.
Brain perfusion SPECT studies are known to show variable
sensitivity in identifying DLB and AD. Hanyu and colleagues®®
showed an improved AUC value of 0.93 by combining the results
of SPECT and the mini-mental state examination. Colloby and
colleagues(’7 found that '**I-FP-CIT could distinguish between
DLB and AD with an AUC value of 0.83. Similarly, we suggest
that applying ocSSRT with other measures (clinical indicators,
neuroimaging data, laboratory biomarkers, etc.) might boost the
diagnostic utility sufficiently to provide a tool for differentiating
early DLBs from other causes. ocSSRT is especially attractive in
this regard, as it can be measured simply and at minimal cost.

Additional Information

Part of the study was submitted as a poster for the conference
organized by International Association of Parkinsonism and
Related Disorders 2020. The conference was canceled due to
the COVID-19 pandemic, but the abstract was published in their
official journal- Parkinsonism & Related Disorders.

ACKNOWLEDGEMENTS

The authors would like to thank Prof. R.P. Sengupta, MD,
FRCS, OBE, for his support throughout the study and all the

Volume 49, No. 5 — September 2022

https://doi.org/10.1017/cjn.2021.184 Published online by Cambridge University Press

LE JOURNAL CANADIEN DES SCIENCES NEUROLOGIQUES

patients and healthy volunteers who kindly participated in the
current study.

SUPPLEMENTARY MATERIAL

To view supplementary material for this article, please visit
https://doi.org/10.1017/cjn.2021.184.

FunbpING

HK received institutional support from the Institute of Neu-
rosciences Kolkata, India. The study was also supported by grants
awarded by the UK MRC (MC/PC/17168 and MR/P012922/1)
to SNB.

CONFLICT OF INTEREST

The authors have no conflicts of interest to disclose.

STATEMENT OF AUTHORSHIP

SR, US: Study concept and design, acquisition of data,
analysis and interpretation, first draft of the manuscript, critical
revision of the manuscript for important intellectual content. NI,
AR: Data analysis and interpretation, critical revision of the
manuscript for important intellectual content. PB, SSA, MAI,
MSS, AN, MTIC, and MSJHC: Acquisition of data, critical
revision of the manuscript for important intellectual content.
JPT: Critical revision of the manuscript for important intellectual
content. SC, MRB, and SNB: Study concept and design, Analysis
and interpretation, critical revision of the manuscript for impor-
tant intellectual content. HK: Study concept and design, critical
revision of the manuscript for important intellectual content and
study supervision.

REFERENCES

1. Bjorklund DF, Harnishfeger KK. The evolution of inhibition
mechanisms and their role in human cognition and behavior.
In: Dempster FN, Brainerd CJ, editors. Interference and
inhibition in cognition. San Diego, CA: Academic Press;
1995, pp. 141-73.

2. Zacks RT, Hasher L. Directed ignoring: inhibitory regulation of
working memory. In: Dagenbach D, Carr TH, editors. Inhibitory
processes in attention, memory, and language. Cambridge, MA:
Academic Press; 1994, pp. 241-64.

3. Okonkwo OC, Wadley VG, Griffith HR, Ball K, Marson DC.
Cognitive correlates of financial abilities in mild cognitive im-
pairment. J Am Geriatr Soc. 2006;54:1745-50.

4. Aron AR, Fletcher PC, Bullmore ET, Sahakian BJ, Robbins TW.
Stop-signal inhibition disrupted by damage to right inferior
frontal gyrus in humans. Nat Neurosci. 2003;6:115-6.

5. Chao HH, Luo X, Chang JL, Chiang-Shan RL. Activation of the
pre-supplementary motor area but not inferior prefrontal cortex in
association with short stop signal reaction time — an intra-subject
analysis. BMC Neurosci. 2009;10:75.

6. Jahfari S, Waldorp L, van den Wildenberg WP, Scholte HS,
Ridderinkhof KR, Forstmann BU. Effective connectivity reveals
important roles for both the hyperdirect (fronto-subthalamic) and
the indirect (fronto-striatal-pallidal) fronto-basal ganglia pathways
during response inhibition. J Neurosci. 2011;31:6891-9.

7. Zhang S, Li CSR. Functional networks for cognitive control in a
stop signal task: independent component analysis. Hum Brain
Mapp. 2012;33:89-104.

669


https://doi.org/10.1017/cjn.2021.184
https://doi.org/10.1017/cjn.2021.184

THE CANADIAN JOURNAL OF NEUROLOGICAL SCIENCES

8. Hammond C, Bergman H, Brown P. Pathological synchronization in
Parkinson’s disease: networks, models and treatments. Trends
Neurosci. 2007;30:357-64.

9. Obeso JA, Marin C, Rodriguez-Oroz C, et al. The basal ganglia in
Parkinson’s disease: current concepts and unexplained observa-
tions. Ann Neurol. 2008;64:S30-46.

10. Logan GD, Cowan WB. On the ability to inhibit thought and action:
a theory of an act of control. Psychol Rev. 1984;91:295.

11. Logan GD. On the ability to inhibit thought and action: a users’
guide to the stop signal paradigm. In: Dagenbach D, Carr TH,
editors. Inhibitory processes in attention, memory, and language.
Cambridge, MA: Academic Press; 1994, pp. 189-239.

12. Verbruggen F, Aron AR, Band GP, et al. A consensus guide to
capturing the ability to inhibit actions and impulsive behaviors in
the stop-signal task. Elife. 2019;8:e46323.

13. Choudhury S, Roy A, Mondal B, et al. Slowed movement stopping
in Parkinson’s disease and focal dystonia is improved by standard
treatment. Sci Rep. 2019;9:1-9.

14. Zhao R, Zhang X, Fei N, et al. Decreased cortical and subcortical
response to inhibition control after sleep deprivation. Brain
Imaging Behav. 2019;13:638-50.

15. Claassen DO, van den Wildenberg WP, Harrison MB, et al. Profi-
cient motor impulse control in Parkinson disease patients with
impulsive and compulsive behaviors. Pharmacol Biochem Behav.
2015;129:19-25.

16. Cerasa A, Donzuso G, Morelli M, et al. The motor inhibition system
in Parkinson’s disease with levodopa-induced dyskinesias. Mov
Disord. 2015;30:1912-20.

17. Nigg JT. Is ADHD a disinhibitory disorder? Psychol Bull.
2001;127:571.

18. Di Caprio V, Modugno N, Mancini C, Olivola E, Mirabella G.
Early-stage Parkinson’s patients show selective impairment in
reactive but not proactive inhibition. Mov Disord. 2020;35:
409-18.

19. McKeith IG, Boeve BF, Dickson DW, et al. Diagnosis and man-
agement of dementia with Lewy bodies: fourth consensus report
of the DLB Consortium. Neurology. 2017;89:88-100.

20. Roy A, Choudhury S, Basu P, Baker MR, Baker SN, Kumar H. Stop
Signal Reaction Time measured with a portable device validates
optimum STN-DBS programming. Brain Stimul. 2020;13:
1609-11.

21. Daniel S, Lees A. Parkinson’s Disease Society Brain Bank, London:
overview and research. J Neural Transm Suppl. 1993;39:
165-72.

22. Fahn S, Elton R, Members of the UPDRS Development Committee.
Unified Parkinson's disease rating scale (UPDRS). In: Fahn S,
Marsden CD, Calne DB, Goldstein M, editors. Recent develop-
ments in Parkinson’s disease. Cambridge, MA: Academic Press;
1987, pp. 153-64.

23. Hoehn MM, Yahr MD. Parkinsonism: onset, progression, and
mortality. Neurology. 1967;17:427-42.

24. Stevens JR. Introduction to Bayes factors. 2019. Available at:
https://files.osf.io/v1/resources/h38sx/providers/osfstorage/Scd47
087f244ec001fe32012?action=download&version=1&displayNa
me=presentation-2019-05-09T18:25:11.530709%2B00:00.pdf&
direct

25. Brooks V. Posture and locomotion. The neural basis of motor
control. New York: Oxford University Press; 1986, pp. 140-50.

26. Fuster M. The prefrontal cortex: anatomy, physiology and neuro-
psychology of the frontal lobe. New York: Raven Press; 1980.

27. Norman DA, Shallice T. Attention to action. In: Davidson RJ,
Schwartz GE, Shapiro D, editors. Consciousness and self-
regulation. Boston, MA: Springer; 1986, pp. 1-18.

28. Robbins TW. Dissociating executive functions of the prefrontal
cortex. Philos Trans R Soc Lond B Biol Sci. 1996;351:
1463-71.

29. Stuss DT. Biological and psychological development of executive
functions. Brain Cogn. 1992;20:8-23.

30. Mostofsky SH, Schafer JG, Abrams MT, et al. fMRI evidence that
the neural basis of response inhibition is task-dependent. Cogn
Brain Res. 2003;17:419-30.

31. Simmonds DJ, Pekar JJ, Mostofsky SH. Meta-analysis of Go/No-go
tasks demonstrating that fMRI activation associated with

670

https://doi.org/10.1017/cjn.2021.184 Published online by Cambridge University Press

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

response inhibition is task-dependent. Neuropsychologia. 2008;
46:224-32.

Picton TW, Stuss DT, Alexander MP, Shallice T, Binns MA,
Gillingham S. Effects of focal frontal lesions on response inhibi-
tion. Cereb Cortex. 2007;17:826-38.

Watanabe J, Sugiura M, Sato K, et al. The human prefrontal and
parietal association cortices are involved in NO-GO performances:
an event-related fMRI study. Neuroimage. 2002;17:1207-16.

Boehler CN, Appelbaum LG, Krebs RM, Hopf J-M, Woldorff MG.
Pinning down response inhibition in the brain — conjunction analyses
of the stop-signal task. Neuroimage. 2010;52:1621-32.

Swick D, Ashley V, Turken U. Left inferior frontal gyrus is critical
for response inhibition. BMC Neurosci. 2008;9:1-11.

Manza P, Hu S, Chao HH, Zhang S, Leung H-C, Chiang-Shan RL.
A dual but asymmetric role of the dorsal anterior cingulate cortex
in response inhibition and switching from a non-salient to salient
action. Neuroimage. 2016;134:466-74.

Casey B, Trainor R, Giedd J, et al. The role of the anterior cingulate
in automatic and controlled processes: a developmental neuroan-
atomical study. Dev Psychobiol. 1997;30:61-9.

Garavan H, Ross T, Stein E. Right hemispheric dominance of
inhibitory control: an event-related functional MRI study. Proc
Natl Acad Sci. 1999;96:8301-6.

Kawashima R, Satoh K, Itoh H, et al. Functional anatomy of GO/
NO-GO discrimination and response selection — a PET study in
man. Brain Res. 1996;728:79-89.

Rubia K, Russell T, Overmeyer S, et al. Mapping motor inhibition:
conjunctive brain activations across different versions of go/no-
go and stop tasks. Neuroimage. 2001;13:250-61.

Whelan R, Conrod PJ, Poline J-B, et al. Adolescent impulsivity
phenotypes characterized by distinct brain networks. Nat Neu-
rosci. 2012;15:920.

Ballanger B, van Eimeren T, Moro E, et al. Stimulation of the
subthalamic nucleus and impulsivity: release your horses. Ann
Neurol. 2009;66:817-24.

Mirabella G, Iaconelli S, Romanelli P, et al. Deep brain stimulation
of subthalamic nuclei affects arm response inhibition in Parkin-
son’s patients. Cereb Cortex. 2012;22:1124-32.

Obeso I, Wilkinson L, Casabona E, et al. Deficits in inhibitory
control and conflict resolution on cognitive and motor tasks in
Parkinson’s disease. Exp Brain Res. 2011;212:371-84.

van den Wildenberg WP, van Boxtel GJ, van der Molen MW,
Bosch DA, Speelman JD, Brunia CH. Stimulation of the sub-
thalamic region facilitates the selection and inhibition of motor
responses in Parkinson’s disease. J Cogn Neurosci. 2006;18:
626-36.

Aron AR, Behrens TE, Smith S, Frank MJ, Poldrack RA. Triangu-
lating a cognitive control network using diffusion-weighted
magnetic resonance imaging (MRI) and functional MRI. J Neu-
rosci. 2007;27:3743-52.

Inase M, Tokuno H, Nambu A, Akazawa T, Takada M. Corti-
costriatal and corticosubthalamic input zones from the pre-
supplementary motor area in the macaque monkey: comparison
with the input zones from the supplementary motor area. Brain
Res. 1999;833:191-201.

Aron AR, Poldrack RA. Cortical and subcortical contributions to
stop signal response inhibition: role of the subthalamic nucleus.
J Neurosci. 2006;26:2424-33.

Forstmann BU, Keuken MC, Jahfari S, et al. Cortico-subthalamic
white matter tract strength predicts interindividual efficacy in
stopping a motor response. Neuroimage. 2012;60:370-5.

Frank MJ. Hold your horses: a dynamic computational role for the
subthalamic nucleus in decision making. Neural Netw. 2006;
19:1120-36.

Hikosaka O, Isoda M. Switching from automatic to controlled
behavior: cortico-basal ganglia mechanisms. Trends Cogn Sci.
2010;14:154-61.

Li C-SR, Yan P, Sinha R, Lee T-W. Subcortical processes of motor
response inhibition during a stop signal task. Neuroimage. 2008;
41:1352-63.

Munakata Y, Herd SA, Chatham CH, Depue BE, Banich MT,
O’Reilly RC. A unified framework for inhibitory control. Trends
Cogn Sci. 2011;15:453-9.


https://files.osf.io/v1/resources/h38sx/providers/osfstorage/5cd47087f244ec001fe32012?action=download&version=1&displayName=presentation-2019-05-09T18:25:11.530709%2B00:00.pdf&direct
https://files.osf.io/v1/resources/h38sx/providers/osfstorage/5cd47087f244ec001fe32012?action=download&version=1&displayName=presentation-2019-05-09T18:25:11.530709%2B00:00.pdf&direct
https://files.osf.io/v1/resources/h38sx/providers/osfstorage/5cd47087f244ec001fe32012?action=download&version=1&displayName=presentation-2019-05-09T18:25:11.530709%2B00:00.pdf&direct
https://files.osf.io/v1/resources/h38sx/providers/osfstorage/5cd47087f244ec001fe32012?action=download&version=1&displayName=presentation-2019-05-09T18:25:11.530709%2B00:00.pdf&direct
https://doi.org/10.1017/cjn.2021.184

54.

55.

56.

57.

58.

59.

60.

61.

Rieger M, Gauggel S, Burmeister K. Inhibition of ongoing
responses following frontal, nonfrontal, and basal ganglia lesions.
Neuropsychology. 2003;17:272.

Gauggel S, Rieger M, Feghoff T. Inhibition of ongoing responses in
patients with Parkinson’s disease. J Neurol Neurosurg Psychiatry.
2004;75:539-44.

Nombela C, Rittman T, Robbins TW, Rowe JB. Multiple modes of
impulsivity in Parkinson’s disease. PLoS One 2014;9:e85747.
Stroop JR. Studies of interference in serial verbal reactions. J Exp

Psychol. 1992;121:15.

Bondi MW, Serody AB, Chan AS, et al. Cognitive and neuropatho-
logic correlates of Stroop Color-Word Test performance in
Alzheimer’s disease. Neuropsychology. 2002;16:335.

Binetti G, Magni E, Padovani A, Cappa S, Bianchetti A, Trabucchi
M. Executive dysfunction in early Alzheimer’s disease. J Neurol
Neurosurg Psychiatry. 1996;60:91-3.

Fisher LM, Freed DM, Corkin S. Stroop Color-Word Test perfor-
mance in patients with Alzheimer’s disease. J Clin Exp Neurop-
sychol. 1990;12:745-58.

Spieler DH, Balota DA, Faust ME. Stroop performance in healthy
younger and older adults and in individuals with dementia of the
Alzheimer’s type. J Exp Psychol. 1996;22:461.

Volume 49, No. 5 — September 2022

https://doi.org/10.1017/cjn.2021.184 Published online by Cambridge University Press

LE JOURNAL CANADIEN DES SCIENCES NEUROLOGIQUES

62.

63.

64.

65.

66.

67.

Amieva H, Lafont S, Auriacombe S, et al. Inhibitory breakdown and
dementia of the Alzheimer type: a general phenomenon? J Clin
Exp Neuropsychol. 2002;24:503-16.

Davis DH, Creavin ST, Noel-Storr A, et al. Neuropsychological
tests for the diagnosis of Alzheimer’s disease dementia and other
dementias: a generic protocol for cross-sectional and delayed-
verification studies. Cochrane Database Syst Rev. 2013:
CD010079.

Milani SA, Marsiske M, Cottler LB, Chen X, Striley CW. Optimal
cutoffs for the Montreal Cognitive Assessment vary by race and
ethnicity. Alzheimer’s Dement. 2018;10:773-81.

Kim HM, Nazor C, Zabetian CP, et al. Prediction of cognitive
progression in Parkinson’s disease using three cognitive screen-
ing measures. Clin Park Relat Disord. 2019;1:91-7.

Hanyu H, Shimizu S, Hirao K, et al. Differentiation of dementia with
Lewy bodies from Alzheimer’s disease using Mini-Mental State
Examination and brain perfusion SPECT. J Neurol Sci.
2006;250:97-102.

Colloby SJ, Firbank MJ, Pakrasi S, et al. A comparison of 99m Tc-
exametazime and 123 I-FP-CIT SPECT imaging in the differen-
tial diagnosis of Alzheimer’s disease and dementia with Lewy
bodies. Int Psychogeriatr. 2008;20:1124—40.

671


https://doi.org/10.1017/cjn.2021.184

	Comparing Stop Signal Reaction Times in Alzheimer's and Parkinson's Disease
	Introduction
	Material and Methods
	The Task
	Statistical Analysis

	Results
	Discussion
	The Neural Substrate of Response Inhibition/Movement Stopping
	The ocSSRT as a Diagnostic Test in Patients with MCI
	Additional Information

	Acknowledgements
	Supplementary Material
	Funding
	Conflict of Interest
	Statement of Authorship
	References


