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Introduction: Our previous studies identified a paradoxical implicit motor learning
curve in schizophrenia (SZ) and bipolar disorder (BD) patients. This study aimed
to verify whether those previously observed deficits may be captured by a new
version of the ambidextrous serial reaction time task (SRTT), prepared for use in
the MRI.

Methods: This study involved 186 participants. A total of 97 participants (33 BD, 33
SZ, and 31 healthy controls, HCs) completed the original, unlimited time response
variant of SRTT. A total of 90 individuals (30 BD, 30 SZ, and 30 HCs) underwent a
newer, limited response time version of this procedure.

Results: There was no significant difference in terms of implicit motor learning
indices between both limited and unlimited response time SRTT. Compared
to HCs, SZ, and BD patients presented decreased indices of implicit motor
learning. Both clinical groups showed a paradoxical learning pattern that differed
significantly from the HCs. Moreover, in the SZ group, the pattern depended on
the hand performing SRTT.

Discussion: The limited response time SRTT variant allowed us to replicate
the findings of disrupted implicit motor learning in SZ and BD. The use of
this paradigm in further neuroimaging studies may help to determine the
neuronal underpinnings of this cognitive dysfunction in the abovementioned
clinical groups.

KEYWORDS

motor functions, movement disorders, cognition, cerebellum, procedural learning,
affective disorders, sequence learning
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1. Introduction

Throughout our lives, we acquire and retain motor skills
that are crucial for the structurization of our behavior. Typing,
riding a bike, or playing a musical instrument can be perfected
through the repetition of a serial pattern of movements. Those skills
can be acquired explicitly when the learner is aware of a motor
sequence that makes up the task or implicitly when there is no
conscious recollection of this pattern (1, 2). In neuropsychological
research, the effectiveness of implicit learning can be assessed
with the use of the serial reaction time task (SRTT) (3). During
this procedure, participants are asked to respond to a stimulus
presented on the screen by pressing a button corresponding to
a given stimulus (e.g., the number 1 button in response to the
same digit displayed on the screen). Unbeknownst to the subjects,
the numbers are presented in a repetitive pattern. During the
procedure, the participants implicitly learn the sequence, and their
learning progress is reflected in shortening their reaction times
(RT) with successive blocks of sequences. Then, after numerous
repetitions of the learned sequence, the participants are presented
with a block of randomly ordered numbers. This shift causes
an increase (rebound) of the RT. The gradual decrease of the
participants’ RT to successive repetitions of sequences and the
RT rebound associated with random stimulus presentation are
indicators of implicit motor sequence learning.

It has been shown that this type of learning may be impaired
in patients with mental disorders. Implicit motor learning deficits
in schizophrenia (SZ) have been described in multiple studies and
evaluated in the meta-analysis of Siegert et al. (4). Recently, we have
shown that those impairments are also present in bipolar disorder
(BD) patients (5). In this study, we have identified that SZ and BD
patients present peculiar implicit motor learning impairments (5,
6). Both clinical groups showed a paradoxical learning curve. While
healthy individuals presented the neurotypical learning process in
which RT gradually decreased with the repetition of the sequence
and increased with the presentation of random stimuli, the patients
revealed a somewhat opposite pattern. Their tapping speed became
slower in the last block with the sequence and then increased
when the random stimuli appeared (reversed rebound). Thus,
the execution of the SRTT exhibited the features of an inverted
learning curve. Moreover, in the group of SZ patients, the course
of implicit motor learning depended on the hand performing the
task. SZ individuals presented more severe deficits during SRTT
when performing with their left hand. We have hypothesized that
our findings could be associated with the structural and functional
dysfunctions of the cerebellum and its networks, as observed in SZ
and BD (5-7).

A growing body of evidence shows that SZ and BD patients may
share common neurodevelopmental and genetic abnormalities,
that may result in an overlap of neuropsychological and motor
function deficits and their neurobiological substrates (8). There
is scarce research on neuronal underpinnings of implicit motor
learning deficits in the abovementioned clinical groups. Only three
fMRI studies evaluated SRTT performance in SZ patients (9-11).
All of them failed to replicate previous findings of implicit motor
learning impairments in this group. These discordances were
linked with the differences between SRTT procedures used in the

Frontiersin Psychiatry

10.3389/fpsyt.2023.1238473

behavioral and MRI studies discussed thoroughly in (12). Only one
study performed a neuroimaging evaluation of implicit learning in
BD patients (13). Unfortunately, the repetitive sequence used in the
SRTT in that study was relatively simple, and most of the subjects
were able to notice when it changed. Thus, participants developed
explicit knowledge during the task of what significantly hinders the
evaluation of implicit motor learning (5, 13). Noteworthy, none of
the abovementioned studies evaluated whether SRTT performance
is associated with the hand performing the task.

The current research aimed to adapt the ambidextrous SRTT
procedure that we have used in our previous studies to be used
in fMRI. In our original SRTT procedure, the participants had
unlimited time to respond, which is impossible to maintain the
settings of a functional MRI experiment. To adapt our procedure
to the temporal requirements of fMRI methods, we restricted the
subjects’ response time to standardize the duration of the task for
each participant. The goal of our current study was to replicate our
previous findings of implicit motor learning deficits in SZ and BD
patients in the context of response time constraints.

2. Methods
2.1. Participants

This study involved 186 participants. A total of 90 subjects
performed limited-time response SRTT. They were 30 BD patients
(12 Bipolar T and 18 Bipolar II patients), 30 SZ patients, and
30 healthy controls (HCs). The group of 97 participants who
completed unlimited time response SRTT was described in our
previous study (6). It consisted of 33 BD patients (15 Bipolar I and
18 Bipolar II patients), 33 SZ patients, and 31 HCs. Participants
performing limited time response SRTT were recruited according
to the methodology of (6) the study to directly compare their
implicit motor learning performance with the unlimited time
response group. The diagnosis and clinical assessment of the
participants were done by an experienced psychiatrist according
to ICD-10 and DSM-5 criteria. The inclusion criteria for SZ and
BD groups were the state of symptomatic remission [three or
fewer on all PANSS items, and in the case of BD patients—the
state of euthymia defined as <11 points in the Montgomery-
Asberg Depression Rating Scale (14) and <5 points in the Young
Mania Rating Scale (15)] and treatment with the antipsychotic
drugs from the group of dibenzoxazepine (clozapine, olanzapine,
or quetiapine). The selection of the atypical antipsychotics from
this group provided a relative pharmacological homogeneity across
BD and SZ patients and minimized the treatment effect on patients’
motor performance. Individuals treated with lithium were excluded
as the treatment with this drug may have an impact on cerebellar
functions (16). Additional treatment with the use of valproic acid
and lamotrigine was accepted. In order to increase the clinical
homogeneity of studied groups, the following exclusion criteria
were implemented for the patients: (a) history of drug or alcohol
abuse according to the substance use disorder of DSM-5; (b)
acute, severe, or chronic somatic and neurological diseases; (c)
severe personality disorders; and (d) treatment other than listed in
the inclusion criteria. HCs were recruited via the author’s social
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network. They were interviewed by an experienced psychiatrist.
All HCs reported negative history of mental and neurological

displayed on the screen with the suitable button on the response
pad. When the response was correct, the number disappeared
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from the screen (response triggered offset) and the next one
was presented after 500 ms. The duration of the procedure was

dependent solely on the time of reaction of the subjects. The task
took an average of 1 h 32 min in the SZ group, 1 h 17 min in the BD
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FIGURE 1
Serial reaction time task procedure.

the task first with their right hand and the rest with their = the next one was presented after the pseudorandomized time
left hand. When the number was displayed on the screen, (400, 500, or 600ms). The duration of the whole task was
participants had 1.5s to respond with an adequate number, and 34 min.
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TABLE 2 Results of the three-way ANOVA analysis evaluating the effects of serial reaction time task (SRTT) variants (limited vs. unlimited response time),
studied group (schizophrenia, bipolar disorder, and healthy controls), and hand (left vs. right) on the indices of implicit motor learning and normalized

medians of reaction times (MRT%) in blocks 2-5.

Main effect for the SRTT variant

F(1, 181) Effect size

Main effect for the hand
F(1, 181)

Main effect for the diagnosis

F(2, 181) Effect size Effect size

Indices of implicit motor learning

Difference between mRT2% and 1.231 0.004 15.108*** 0.09 6.941** 0.015
mRT4%

Rebound 1.457 0.004 37.996™ 0.182 1.509 0.004
Normalized medians of reaction times in blocks 2-5

mRT2% 8.940* 0.027 2.594 0.016 3215 0.008
mRT3% 1.376 0.004 7.097* 0.04 0.340 <0.001
mRT4% 1.448 0.005 12.208*+* 0.073 0.587 0.001
mRT5% 0.083 0.000276 2414 0.016 0.112 <0.001

Effect size (generalized eta squared) lower than 0.01 was counted as negligible, 0.01-0.06 as small, 0.06-0.14 as medium, and for >0.14 as large.

*p < 0.05, % p < 0.01, **p < 0.001.

2.3. Data analysis

A data analysis strategy was adopted from (18) and was used in
our previous studies (5-7). RT was calculated as the time between
the appearance of a number on the screen and the first button
press. The median of RT (mRT) was calculated for each of the five
blocks. In order to normalize participants’ baseline performance,
mRT from blocks 2-4 was divided by the mRT from block 1 and
multiplied by 100% (mRT as a percent of the mRT of block number
1, mRT%). This conversion allowed us to compare differences
in the learning dynamic despite the discrepancies in RT between
subject groups. Two major indices were chosen to reflect implicit
motor learning tasks. The first is the decrease of mRT% across
the first and the last block containing the sequence (difference
between mRT% of blocks no. 2 and 4). The second one, rebound,
reflects the difference in mRT% between the last block consisting
of the sequence and the final block comprising numbers in the
random order (mRT% in block 5—mRT% in block 4). The rebound
indicates that the mRT% decrease across the blocks is associated
with the presence of the sequence (7).

Statistical analyses were made in R software (19). Demographic
characteristics were compared with the use of one-way ANOVA
and y? tests as appropriate. The Levene test was used to evaluate the
homogeneity of variance. Three-way ANOVA, followed by effect
size calculation (eta-squared), was used to evaluate the effect of
the SRTT variant (limited or unlimited response time), group (SZ,
BD, or HC) and hand (left or right) on the indices of implicit
motor learning (the difference between mRT% of blocks 2 and
4 and the rebound) and mRT% of block 1-5. Two-way ANOVA
was used to evaluate the effect of the group and the hand on the
indices of implicit motor learning (the difference between mRT%
of blocks no. 2 and 4 and the rebound) and mRT% of blocks 1-5
during the limited response time SRTT variant. The daily dosage
of antipsychotics was converted to the equivalent of olanzapine
according to Leucht et al. (20). Associations between demographic
and clinical variables (age, years, education, equivalent of the
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daily dose of olanzapine, and the duration of treatment) and the
indices of implicit motor learning were calculated by a series of
simple linear regression analyses. ANOVA, effect size, and post-
hoc comparison were performed using the rstatix package. For
other analyses, functions from the stats package were used. For the
visualization of the results, ggplot2 and ggpubr packages were used.

3. Results

There was no significant effect of the SRTT variant (limited
vs. unlimited time to respond) on the indices of implicit motor
learning. The SRTT variant was related only to the mRT% of block
2. Diagnosis (SZ, BD, and HC) was associated with the indices
of implicit motor learning as well as mRT% of blocks 3 and 4.
Additionally, the difference between mRT% of blocks 4 and 2 was
dependent on the hand performing the task. Table 2 presents the
details of this analysis. Comparison of mRT% across blocks 2-5
of two SRTT variants for SZ, BD, and HC groups is presented in
Figure 2. Comparison of rebound values is illustrated in Figure 3.

The limited response time SRTT variant showed significant
differences between the studied Groups. In comparison to HCs,
SZ, and BD patients showed decreased measures of both implicit
motor learning indices (rebound and the difference between mRT%
in blocks 2 and 4) as well as increased mRT% in blocks 3
and 4. Moreover, BD patients presented more severe implicit
motor learning deficits than the SZ group in terms of lower
values of rebound and the difference between mRT% in blocks
2 and 4. In the SZ group, SRTT results differed depending
on the hand performing the task. Patients revealed significantly
lower rebound values when they were using the left hand.
Detailed results of a two-way ANOVA analysis are presented in
Table 3.

Regression analyses showed no significant associations between
age, years of education, duration of treatment, the daily dose
of olanzapine equivalent, and implicit motor learning indices
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FIGURE 2

Median reaction time (RT) in consecutive blocks of unlimited and limited response time variants of SRTT. RT has been expressed as % of RT in block
1. HCs, healthy controls; BD, bipolar disorder; SZ, schizophrenia; L, left; R, right.

within groups evaluated with the use of limited response
time SRTT. Detailed results of those analyses are presented
in Table 4.

A detailed description of the results obtained from the analyses
of the unlimited response time SRTT variant has been described in
our previous studies (5-7).

4. Discussion

To the best of our knowledge, this is the largest study of implicit
motor learning abnormalities in BD and SZ. We have shown
that BD and SZ patients present implicit learning deficits in both

Frontiersin Psychiatry

unlimited and limited response time variants of the ambidextrous
SRTT. The use of the limited response time SRTT replicated our
previous findings showing a paradoxical learning curve in both
disorders as well as in unilateral deficits of this cognitive function
in SZ.

This is the first study comparing different variants of SRTT
in SZ and BD. We have shown no significant impact of
the SRTT variant on the indices of implicit motor learning
in the studied groups. Both methods enabled the observation
of the typical learning curve in the HC group, expressed by
positive values of rebound and the difference between mRT4%
and mRT2% parameters. The only parameter influenced by the
SRTT variant was mRT2%; however, despite this association,
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FIGURE 3

schizophrenia; L, left; R, right. *p < 0.05, **p < 0.01, ***p < 0.001.

Comparison of the RT rebound between groups performing limited and unlimited response time variants of the serial reaction time task. Positive
rebound values are the indicators of implicit motor learning in this paradigm. Asterisk denotes the statistical significance of two-way ANOVA
post-hoc tests (Tukey or Games-Howell tests according to the homogeneity of variance). HCs, healthy controls; BD, bipolar disorder; SZ,

HC BD SZ

Group

there was no difference between both methods in terms
of implicit motor learning indices. Our results indicate that
both types of SRTT can be used interchangeably to assess
impairment of this cognitive function. The ambidextrous, limited
time response SRTT variant described in our study may be
useful in future research in which the duration of the task
must be equal for all of the participants, notably in the
fMRI studies.

In his critical review of the literature, Remillard (12)
comprehensively analyzed studies evaluating implicit motor
learning in SZ with the use of SRTT. The author found that every
study that used response-triggered offset, where a response to the
onset of the target immediately leads to its offset, found impaired
sequence learning in the SZ patient group. On the contrary, every
study that has used a time-triggered offset, where the offset of the
target occurs after a fixed amount of time has elapsed since its onset,
did not find the difference between SZ and HC groups. All fMRI
studies evaluating implicit motor learning with the use of SRTT
in this clinical group used the latter version of this task, indicating
normal sequence learning in SZ (9-11). In our study, both limited
and unlimited response time SRTT variants had response-triggered
offset, which revealed significant deficits of this cognitive function
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in SZ and BD patients’ groups. Thus, we recommend that future
studies that aim to analyze implicit motor learning deficits in
those clinical groups should use response-triggered offset variants
of SRTT.

Analysis of the limited response time SRTT showed that both
SZ and BD patients groups present implicit motor learning deficits
compared to HCs. With the use of this paradigm, we have replicated
the results of our previous studies, indicating the presence of the
paradoxical learning curve in both clinical groups and the more
pronounced motor learning deficits when the task was performed
with the left hand in the SZ patient group. However, in our
previous study, this unilateral deficit was reflected by the lack of
the RT decrease between blocks 2 and 4, while in limited time
response SRT'T, this impairment concerned the rebound. Moreover,
a limited response time SRTT variant showed more severe implicit
motor learning in BD compared to the SZ patients group. Our
previous study showed that while BD patients show no signs of
implicit sequence learning, SZ patients exhibit some features of
motor learning when using the right hand, reflected by a gradual
decrease in RT across all of the SRIT blocks. Both disorders
share structural and functional impairments of the brain areas
involved in SRTT (2), such as the prefrontal cortex (21, 22),
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z primary motor cortex (23-25), supplementary motor area (26—
b - -« ol ol ol g 28), cerebellum (29, 30), and striatum (11, 31, 32). Moreover,
N 8 3 g s 8 8|¢ ; ; : ; ;
= s 2 2 S| s| 8| 3|5 SZ and BD patients share motor function deficits associated with
g = 2 the abovementioned structures impairments, such as neurological
= © g and cerebellar soft signs (33-35), eyeblink conditioning (cerebellar
< [}
s = - - ol ol ol ] & learning paradigm) (36, 37), or oculomotor deficits (8, 38, 39).
E § S § € g E g Further studies with the use of ambidextrous response triggered
3 g offset SRTT are needed to establish differences between SZ
:g', § and BD in terms of implicit motor learning deficits and their
€ z neuronal underpinnings.
:_g._ : ! v ! Hi We are aware of several limitations of our study. While
E g this is the largest implicit motor learning study in SZ and BD,
g g p g Y
° £ the number of subjects in analyzed subgroups was relatively
Q =
2 9 & low. Patients were not drug-naive, and we have not measured
£ ! 3 (R - potential antipsychotic-induced movement disorders in these
o 7 . . .
2 A = groups. However, as in our previous studies, we have observed
3 2 no significant associations between antipsychotic drug dose and
3 E g psy g
£ 2 implicit motor learning indices. Moreover, we have found no
%’ | . o | ;/\’ effect of confounding factors such as duration of treatment,
:", 5 age, gender, and years of education on SRTT performance.
g E An important limitation factor in the case of comparison of
§ 2 g limited and unlimited response time SRTT is the fact that the
z 2 ?;» tasks were performed by the different subject groups. However,
i 2 z = £ g S| &3 this limitation is unavoidable because once the participants
- Q d
O © ° Sivielelz completed the task, they are assessed on whether they consciously
|
;‘ § :5 § recognized the presence of the sequence. Without this evaluation,
TS Ry =) it would not be possible to verify whether the motor learnin
0 x = E P 8
0w Q 2 5 . .. .
N N 5 3 § L['\’» g2 process was implicit. Presumably, repeating the task by the
3 ag’ g “ “ [ Bl R participant that previously completed one of the SRTT variants
4 g z would have an impact on subsequent measures with the use
§§ - o < of this paradigm as the subject already learned the sequence
E g S S 5 and gained proficiency in handling response buttons. Moreover,
= i g p Y g resp
i =] S | | -
< b s I ] SRTT variants compared in this study differed not only in terms
G g = of the response time restriction but also in the presence of
2= B E! pseudorandomization of the pauses between the presentations of
" — — — =}
S S ; 3 - e stimuli, counterbalancin e effect of hand with whic! e
5 g g lvzl“ the stimul terbal g the effect of hand with which th
o ] g .. > . i
% ] v v i v z procedure was started and the participants’ position (sitting vs.
o a 3 .
; 3 < lying on the back). Nevertheless, our results showed a lack of
§ £ = differences in terms of implicit motor learning indices between
S3 = = L3 g . . . .
g = = g 8 z evaluated SRTT variants. A comprehensive discussion of other
— (=1 (=3 | =1 = | -
by v Vs v 8 potential effects of medication as well as cognitive and behavioral
€T ) il bl B 2 . .
=] o~ g dysfunctions on SRTT performance has been presented in our
© 35 (%] &
,—3 % - § = previous study (6).
S 3 e g In conclusion, our study provides further evidence of implicit
2 n =
24 £ g motor learning impairments in BD and SZ. Both disorders present
S, ) © o Q@ ol el nln|lES . . .
&< MN< =t Py =/ 8 2 g8/=FVv a paradoxical learning curve reflected by the negative rebound
N - S S E S/s 3 S|E~ P & Y &
33 o = e values. Moreover, in the group of SZ, those impairments differ
(=4 O =
Z é 3 § '% T3 depending on the hand performing SRTT. There is no significant
>0 5 2V . . . .. T
o~ R 2l . . 0 . § A difference in terms of implicit motor learning indices between both
: 1] = | i il il E S *, o o .

9 % c o 2| % E 8 g 5 'é- z limited and unlimited response time SRTT. Both methods capture
E £ 3 IS ¢ § R 53 correct learning curves in the HC group. The ambidextrous SRTT
s o = s E . . . . .

5 5 L 9 38 variant with response-triggered offset and limited response time
£79 .g 8 _E 3z g described in our study is valid to evaluate implicit motor learning
3 3 9 . . . . . . .
5 = s I 22 impairments in SZ and BD patients. The use of this paradigm in

S R N 2 2 p p p g

"2 S 554 2 gl g8 g/ g|l4¢ further neuroimaging studies may help to determine the neuronal

'g 2 g— % £ é <Z3 % % EE [c;a 3 g underpinnings of this cognitive dysfunction in the abovementioned
Q S - { 9

g E N g2 clinical groups.
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TABLE 4 Associations between demographic and clinical variables and indices of implicit motor learning measured by limited response time serial
reaction time task variant.

Indices of implicit motor learning Group
Age Difference between mRT2% and mRT4% HC L 0.004 0
R 0.147 0.044
BD L —0.142 0.029
R 0.145 0.052
SZ L 0.035 0.004
R 0.045 0.004
Rebound HC L —0.005 0.0002
R 0.083 0.011
BD L —0.07 0.009
R 0.077 0.015
SZ L 0.049 0.011
R —0.074 0.01
Years of education Difference between mRT2% and mRT4% HC L 0.015 0
R 0.855 0.049
BD L 0.495 0.018
R 0.333 0.014
SZ L 0.549 0.046
R 0.797 0.063
Rebound HC L —0.139 0.005
R 0.837 0.039
BD L 0.647 0.04
R —0.361 0.016
SZ L —0.079 0.001
R —0.012 0
Duration of treatment Difference between mRT2% and mRT4% BD L —0.002 0
R —0.052 0.002
SZ L —0.068 0.004
R 0.048 0.001
Rebound BD L —0.028 0.0005
R 0.098 0.008
SZ L 0.066 0.006
R —0.237 0.03
Daily dose of olanzapine equivalent Difference between mRT2% and mRT4% BD L 0.389 0.051
R —0.052 0.001
SZ L —0.166 0.022
R 0.03 0
Rebound BD L 0.396 0.07
R —0.076 0.003
SZ L —0.21 0.047
R 0.362 0.058

BD, bipolar disorder; SZ, schizophrenia; HCs, healthy controls; mRT%, normalized medians of reaction times; R, right; L, left. All associations were not statistically significant.
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