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GENERAL BACKGROUND

Motor symptoms in schizophrenia

Schizophrenia is a severe mental disorder with a worldwide prevalence of
0.3-1%. It is characterized by multiple symptom clusters, including
psychotic or positive symptoms (such as delusions, hallucinations, formal
thought disorders and disorganized behavior), more persistent negative
symptoms (such as a diminished facial expression, emotions, speech and/or
social interest) and mood symptoms (such as depression). Additionally,
patients with schizophrenia often exhibit a cognitive decline and motor
symptoms. 2

Cognitive symptoms, dating back to their initial description in the late 1800s
when schizophrenia was initially termed 'dementia praecox,' signifying
premature dementia, have consistently stood as a defining characteristic of
this disorder. They include impairments in working memory, attention,
executive functioning (planning, organizing, and decision making),
reasoning, abstract thinking, problem solving, processing speed, visual and
verbal learning.3 These symptoms are most closely related to problems
with daily functioning as they can make it hard for people with
schizophrenia to live independently in society.

Schizophrenia is also characterized by various motor symptom clusters?,
including neurological soft signs (subtle deficits in sensory integration,
motor coordination, and sequencing of complex motor acts), abnormal
involuntary movements (such as dyskinesias), psychomotor slowing
(reduced movement speed in planning, initiation and execution of fine
motor tasks), catatonia (such as immobility/stupor, mutism, catalepsy,
grimacing, echopraxia, stereotypy, mannerisms) and extrapyramidal
symptoms (EPS, such as Parkinsonism, akathisia, acute dystonic reactions
and tardive dyskinesia).>-7 Some clusters, such as psychomotor poverty and
neurological soft signs, seem to co-exist independently from each others.

Like the cognitive symptoms, motor abnormalities in schizophrenia were
already described in the pre-neuroleptic era by Kraepelin.> The focus
changed in the 1950s towards the positive symptoms which gave rise to the
development of antipsychotics. Antipsychotics are often prescribed for the
treatment of positive symptoms but may worsen EPS5. However, EPS seem
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to be intrinsic to the illness as the frequency of motor symptoms in patients
with schizophrenia who never took antipsychotics is estimated to be
around 50-65% (compared to 5% in healthy controls).?1011 Until today,
there is no effective targeted treatment available for the motor symptoms.

The clinical importance of motor symptoms in schizophrenia is twofold.
Firstly, they may serve as prodromal warning signs, as retrospective studies
suggest that they often precede a first psychosis and delayed psychomotor
development in young age is a known risk factor for later occurrence of
psychosis.>12 Secondly, motor symptoms could predict the prognosis of the
illness as they have been linked to daily functioning, psychological
wellbeing, quality of life, and the clinical course and recovery of
schizophrenia.’3-17 For instance, a reduced working pace has been
identified as a causative factor leading to the termination of employment
for some patients. Motor symptoms have been correlated with worse
cognitive>1819 and positive symptoms20. Moreover, patients with motor
symptoms tend to experience more side-effects of antipsychotics and long-
term follow-up studies suggest a relationship between neurological soft
signs and more negative symptoms in schizophrenia.> These arguments
prompt research into the question whether inadequate motor functioning
can be ameliorated by targeted medication or training interventions.

A second reason for the study of motor learning in schizophrenia is that it
can provide insight into the complex pathophysiology of the disorder as
motor symptoms can be measured more objectively than some positive or
negative symptoms.'* Motor learning is a well explored area in
neurophysiology and neuroscience for many years. Much is known, for
example, about the neural basis of the two major long-standing learning
paradigms i.e.,, sequence learning and adaptation.?! As in the cognitive
domain, separate abnormalities have been detected within the motor
(learning) cluster. For example, there has been made a clear distinction
between aberrances in movement planning, action planning and
psychomotor speed in psychomotor slowing22. Some motor dysfunctions
seem to be specific for schizophrenia as a study of 304 patients showed that
a combination of three different motor tests made it possible to clearly
distinguish between schizophrenia and other psychotic disorders.2? In a
recent review of neuroscientific studies examining sensorimotor behavior
in schizophrenia, Hirjak?* emphasized the involvement of prefrontal and
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orbital brain regions, as well as (pre- and supplementary) motor areas,
basal ganglia, midbrain, and cerebellum in the pathophysiology of
schizophrenia. While these studies presented a mixed picture, they
suggested ‘the presence of dysfunction within the cerebello-thalamo-
cortico-cerebellar (CTCC) network as a contributing factor to abnormal
sensorimotor behavior in schizophrenia’. Similarly, it has been proposed
that ‘the basal ganglia and cortico-motor circuits play also a role in
psychosis’?>-27 and that ‘cerebellar-thalamic circuits are of crucial
importance in the pathophysiology of schizophrenia’2>. Northoff et al.28
emphasized the significance of affective and cognitive processes associated
with psychomotor symptoms, highlighting the "psycho" aspect of
psychomotor symptoms, rather than just the motor component. In this
context, they proposed various psychomotor mechanisms and the
biochemical modulation underlying them. However, their viewpoint
received criticism for not including CTCC circuits??, leading to the
subsequent inclusion of the CTCC circuit as another important psychomotor
target underlying psychomotor symptoms in schizophrenia3?. Nevertheless,
the dominant mechanism or circuit responsible for these symptoms in
schizophrenia remains unclear. Motor learning in schizophrenia also needs
to be investigated as learning deficits have repeatedly been demonstrated
in schizophrenia in the cognitive domain but less in the motor domain.
Verbal and visual learning are included in the MATRICS (Measurement and
Treatment Research to Improve Cognition in Schizophrenia)-NIHM
consensus cognitive battery33132. [n general, motor symptoms, and
psychomotor slowing in particular3? are, despite their clinical importance,
still poorly understood in schizophrenia34. Luckily, there has been a
renewed focus on the study of motor functioning in this disorder.37.151627.35
In 2019, motor learning research has gained worldwide recognition with
the addition of the ‘sensorimotor systems domain’ to the RDoC (Research
Domain Criteria) framework of the NIMH (National Institute of Mental
Health)!2, This domain encompasses various constructs, including 'motor
actions,” which involves action planning and different sensorimotor
dynamics. It also encompasses the modulation and refinement of actions
during development and learning. This doctoral thesis not only investigated
psychomotor slowing but also extended its focus to assess the learning of
various motor paradigms, aligning with the goals of the RDoC initiative.



Background on motor learning

Learning is the process of acquiring new knowledge, skills, behaviors,
values, or attitudes through experience, study, or education. It is also
characterized by a progressive improvement and by a retention of what
was learned before. Learning can be intentional or unintentional, and can
occur through various mechanisms such as observation, repetition,
feedback, or reflection. It arises from the complex interaction between
many different brain regions and circuits. Two types of learning are
generally distinguished: declarative and procedural learning.

Declarative learning - During declarative learning one is conscious of what
has been learned. The acquired knowledge can be explicitly stated or
‘declared’. It involves learning facts, the meaning of words (i.e., semantic
memory), personal memories (i.e., episodic memory) and other types of
information that can be put into words. Declarative learning can occur
through a variety of methods, such as reading, listening, watching, or
experiencing something firsthand. The process of declarative learning
typically involves encoding information into memory, storing that
information, and then retrieving it when needed. In declarative learning,
the ‘higher’ cognitive regions, such as the prefrontal cortex, and medial
temporal lobe (such as the hippocampus), play an important role. This form
of learning is examined by neuropsychologic test such as a word memory
task such as the ‘California Verbal Learning Test’ (CVLT). Next to verbal
memory tasks other conscious processes can be studied too, such as spatial
tasks where the active motor reproduction of spatial figures or sequences
has been studied (e.g., an explicit pattern learning task, EPLT). Both
declarative learning tasks are studied in this doctoral thesis.

Procedural learning - Where declarative learning relates to knowing ‘what’
has been learned, procedural learning relates to knowing ‘how’ something
has been learned. Procedural learning refers to the implicit (unconscious,
unintentional) acquisition of skills, habits and behavior through repeated
practice. This type of learning occurs continuously and automatically. The
implicit skills are difficultly explained verbally but are demonstrated by a
gradual improvement without being aware of it. Examples include mainly
motor skills such as riding a bike, writing or tying laces, but also more
cognitive skills such reading. It can occur through a variety of methods, but
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it typically involves feedback, either from the environment or from an
instructor. Procedural learning often works in tandem with declarative
learning. The acquisition of procedural knowledge by repetition can result
in declarative knowledge of a task. Vice versa, declarative knowledge may
help accelerate procedural knowledge3¢. Brain regions and circuits involved
in motor learning (Figure 1) are the primary motor cortex (involved in
evoking localized movements in different body parts), premotor cortex
(associated with the planning, initiation, anticipation of specific
movements), (pre)supplementary motor cortex, the cingulate cortex (a
necessary interface between cognition and motor control), the inferior
parietal cortex, the basal ganglia (involved in motor control, habit
formation, and reinforcement learning; as people repeat an action, the basal
ganglia gradually build up a representation of that action and make it easier
and more automatic to perform), hippocampus (associated mainly with
declarative learning but it is also involved in procedural learning; the more
explicit components are needed, the more the hippocampi are activated),
thalamus, and cerebellum (involved in various roles of voluntary movement
control, equilibrium, coordination, adaptation but also higher-order
functions).> Abnormalities in these brain structures are found in
schizophrenia and in ageing.
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Figure 1. The involvement of various brain regions in motor learning. Abbreviations
include PFC (prefrontal cortex), SMA (supplementary motor area), pre-SMA
(presupplementary motor area), PMd (dorsal premotor cortex), PMv (ventral premotor
cortex), M1 (primary motor cortex), S1 (primary somatosensory cortex), PPC (posterior
parietal cortex), hippocampus, cerebellum, and basal ganglia. Source: Motor learning.
Krakauer 201937,

Motor learning tasks - In the standard taxonomy for procedural learning,
motor learning has a prominent place.3® Motor learning is examined by
neuropsychological tasks where new skills are learned. For example, one is
taught to follow a moving target along a predictable path or along an
arbitrary visuospatial sequence.

Motor learning involves numerous components. A proficient motor action,
such as a tennis serve, preparing a cup of tea, or writing a digit, comprises a
structured sequence of movements. Each movement within this sequence
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must be executed with increasing precision, necessitating the optimization
of timing, force, and trajectory. Often, these actions must be adapted to
moving objects and adjusted to changing environmental conditions.

In motor learning research, these various aspects are typically studied in
distinct paradigms. Recently, researchers have proposed six categories of
motor learning tasks3?: ‘sequence learning’, ‘adaptation’, ‘tracking’,
‘precision and motor speed improvement’, ‘coordination’, and ‘applied
tasks’ (refer to Table 1).

Despite the shared underlying processes in these tasks, which encompass
'goal selection’, 'action selection’, and 'action execution' along the motor
planning pathway, different task paradigms are associated with distinct
brain regions. For example, sequence learning is connected to the
supplementary motor area (SMA) and presupplementary motor area (pre-
SMA), while adaptation predominantly relies on cerebellar activity for
predictive mechanisms.*”

Table 1. Definition of motor learning task categories after Ranganathan et al. 2021.

Task

categories Motor learning processes involved

Sequence Production of a sequence of several movement responses

Adaptation Responding to perturbations of typically well-learned movements
Tracking Production of a desired spatiotemporal pattern that is 'time varying'
Motor speed

and acuity Production of a ‘steady state’ task performance level over time or trials

Production of spatiotemporal pattern involving more than a single
Coordination  degree of freedom (limbs, joints, muscles)

Production of movement responses in 'real-world' situations that may
Applied involve a combination of processes




AIMS

Motor symptoms are prominent features of schizophrenia and are crucial
predictors of the functional outcome?” as they affect the proper execution of
many everyday motor skills. Due to their clinical importance, further
investigation into the precise underlying mechanisms of these symptoms is
warranted.

The first objective of this thesis was to measure and compare specific
domains of motor learning and performance in schizophrenia. While
research on motor learning in schizophrenia is yet rather limited, motor
learning as investigated by a great variety of experimental tasks, is a well-
explored area in neurophysiology and neuroscience. For instance, much is
known about the neural basis of motor sequence learning and motor
adaptation3749-42, These two learning paradigms involve different brain
mechanisms and learning deficits in one task were not found to correlate
with deficits in the other task in healthy individuals38. We included these
well-studied tasks in our large test battery.

The second objective of this thesis was to compare implicit with explicit
processes in motor learning and performance. This comes from the fact that
learning deficits in schizophrenia have repeatedly been found in the
cognitive domains in the past twenty years as verbal and visual learning
have already been included in the MATRICS-NIHM consensus cognitive
battery in 2004.32 The literature on implicit learning in schizophrenia is
smaller3 and the results of these studies show more variability, ranging
from moderate impairment#4-46 to ‘intact’ or ‘comparable’ to controls47:48, In
these studies, a variety of tasks were used and no proper testing of the role
of emerging awareness during (e.g., implicit sequence) learning was done.
Moreover, explicit (or declarative/cognitive) processes seem to play a role
in sequence learning and adaptation2149, which makes it plausible that
cognitive learning deficits might also hinder patients with schizophrenia in
their motor skill learning. Therefore, we separately assessed the role of
explicit (cognitive) knowledge in the implicit motor learning tasks, for
instance by adding explicit instructions3750. Additionally, we compared
performance on these implicit motor tasks with performance on explicit
motor task variants and added a verbal learning task.
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Third, this thesis investigated the similarities and differences in motor and
cognitive functioning between schizophrenia and normal ageing. This
comparison was made to determine if schizophrenia can be conceptualized
as a syndrome of accelerated ageing (‘dementia praecox’) or
neurodegeneration. On a clinical level, both patients with schizophrenia and
and elderly individuals show a decline in motor and cognitive functioning.
Recent research supports the theory that schizophrenia might be a
neurodegenerative disorder with genetic, functional-organic, and
neuroanatomical features of accelerated ageing,>152 sharing similarities
with elderly individuals. Despite a wealth of literature on explicit learning
deficits in senescence, the status of implicit motor learning remains quite
unclear, like in schizophrenia®¥-55. In general, overall motor learning
abilities tend to be maintained in old age, while there is a decline in the
ability to learn fine motor tasks and acquire more complex motor tasks.>¢
Sensorimotor adaptation is found to occur at a slower rate in the elderly>7-
60, Although the comparison is difficult to make, we aimed to provide a
comparative image of the severity of sensorimotor decrease in
schizophrenia and normal aging. If the pattern of decline in sensorimotor
learning was found to be similar in both groups, it would support the idea
that schizophrenia is a syndrome of accelerated aging. However, if
differences were observed in the learning deficits between the two groups,
it would provide valuable insight into the distinct mechanisms underlying
these deficits.

Given the significant diversity of motor symptoms observed in
schizophrenia, a fourth objective was to explore the degree to which
specific motor behavior deficits are linked to both positive and negative
symptoms in this disorder.

In conclusion, this non-interventional study aimed to investigate motor
learning in schizophrenia and elderly individuals by utilizing a wide array
of learning tests. Both explicit and implicit sequence learning and adaptation
were tested. In addition, the broadening of motor learning phenomena has
been advocated?’3° and in this light, tracking tasks were included using
Circle and Figure Pursuit tasks and improvement of motor speed and acuity
was examined using a simple aiming task. These sensorimotor learning
tasks were complimented with a few cognitive tests and with one of the
most sensitive sensorimotor speed tests in schizophrenia, i.e., the Symbol

14



Digit Coding task (SDST), in which the learning of symbol-digit
combinations was measured. To facilitate the comparison of these learning
tasks, all tasks were executed with the same output apparatus, namely a
pen on a digitizing tablet moved by the dominant hand. The basic design of
most of the tasks were similar, where individuals were required to make a
fast execution of a pen movement to a target out of an array of possible
targets. In addition, all participants performed each task.

By comparing our findings with previous hypotheses about the complex
psychopathology in schizophrenia, we aspire that our research may
contribute to a deeper elucidation of the still poorly understood etiology of
the illness. Expanding our knowledge in the psychomotor domain might
offer valuable information for targeting the proper brain areas and circuits
affected in schizophrenia. This can give direction to subsequent imaging
studies and future treatment options in schizophrenia such as targeted
medication and rehabilitation programs.



OUTLINE OF THIS THESIS

Each Chapter within this doctoral thesis reflects a specific motor learning
paradigm that might be disrupted in schizophrenia. The results of Chapter
[II-VII have been published in peer reviewed journals. This thesis has been
based on the three publications mentioned in Chapter IV - VI. To provide
the reader with a complete picture of our entire study on psychomotor
learning in schizophrenia and elderly, the results mentioned in Chapter III
(De Picker et al. 2014)¢! and in Chapter VII (Hulstijn et al. 2024)¢2, are also
included in this thesis.

The initial chapter (Chapter I) serves as an introduction to motor learning
in schizophrenia and offers background information on motor learning in a
broader context. This chapter also provides the objectives of this thesis and
an overview of the thesis structure.

Chapter II delineates the methodology employed in this thesis, offering
detailed insights into the study population, the overall task design,
descriptions of the various neuropsychological tests, the kinematic data,
and the statistical analysis conducted in this investigation.

The first interventional study (Chapter III) encompasses ‘simple’ motor
skill learning comparing the performance of patients with schizophrenia,
healthy controls and elderly on two tracking tasks (Circle and Figure
Pursuit). In the Circle Pursuit task, a target circle, rotating with increasing
speed along a predictable circular path on the computer screen, had to be
followed by a cursor controlled by the pen on a writing tablet. In the eight-
trial Figure Pursuit task, participants learned to draw a complex figure by
pursuing the target circle that moved along an invisible trajectory between
and around several goals. The details of these tasks and the group
performances have been published in De Picker et al. (2014).61

In Chapter IV, processing speed and cognitive learning of symbol-digit
associations was measured and compared between patients with
schizophrenia, healthy controls and elderly by the Symbol Digit
Substitution Test (SDST), an applied coding task requiring participants to
write, in 90 seconds, digits under rows of 9 different symbols, according to
a key of symbol-digit pairs (which was presented on top of the task sheet).
The task was administered on a digitizing tablet, allowing precise
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measurements of the time taken to write each digit (writing time) and the
time to decode symbols into their corresponding digits (matching time).
Details and results of this task have been reported in Cornelis et al. (2014)63

In Chapter V, implicit motor sequence learning was measured and
compared between patients with schizophrenia, healthy controls and
elderly. Motor sequence learning was studied earlier by the Figure Pursuit
(see Chapter 2) but more extensively in this chapter by the Implicit Pattern
Learning Task (IPLT). In the IPLT the cursor had to be moved as quickly as
possible from a starting position to a target. The order of the targets on a
large part of the trials was fixed and could be learned. This learning was
mainly implicit since no learning instructions were given and participants
were not informed about the repeated sequence. Fixed sequence trials were
intermixed with random trials, and sequence learning was assessed by
subtraction of the response time in fixed sequence trials from random
trials. Separate analyses of response times and movement accuracy (i.e.,
directional errors) were performed. Explicit sequence knowledge was
assessed using three different awareness tasks. The task and the results

obtained with it have been described more elaborately in Cornelis et al.
(2016)64,

Chapter VI aimed at investigating motor adaptation in patients with
schizophrenia, healthy controls and elderly. Adaptation learning was
measured by the rotation and gain adaptation task and the (more explicit)
vertical reversal task. In the rotation and gain adaptation tasks, again,
participants made fast pen/hand movements from a starting circle towards
one of three possible targets. Participants were instructed to move as fast
as possible with one simple straight ‘shooting’ movement. The important
difference with the previous tasks was that here, after normal baseline
trials, without informing the participants, two perturbations were
introduced to which one had to adapt. In the rotation adaptation task,
adaptation trials consisted of a 30° clockwise rotation around the start
position of the cursor relative to the direction of their hand movement. This
caused directional errors with the subject finishing next to the target in the
direction of the rotation. In the gain adaptation task movement feedback
was reduced by a factor of 0.7, which caused undershooting and required
participants to make a much larger (1/0.7) movement to reach the target.
These adaptation trials were immediately followed (again without
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informing the participants) by 24 ‘post-adaptation’ trials where the
perturbation was completely removed. In the vertical reversal (mirror) task,
the cursor had to be moved as fast as possible towards one out of three
possible targets. The perturbation consisted of the visual feedback of the
cursor movement being reversed along the vertical axis, creating a ‘flipped’
image as if drawing in a mirror. Participants were fully informed about the
onset and offset of the mirroring change in visual feedback. The tasks and
the group performances on this task have been reported fully in Cornelis et
al. (2021).65

Chapter VII provides measures for declarative learning using a verbal
learning test and an explicit motor sequence task. Improvement of motor
speed and acuity was examined using a single aiming task. In order to
contrast the above-mentioned procedural (motor) learning tasks with a
standard declarative (verbal) learning task, we used the California Verbal
Learning Test (CVLT). The CVLT is a neuropsychological test measuring
episodic verbal learning and memory using a list of 16 words that read out
to the participants five times. Participants are asked after different intervals
to recite the words they could recollect and to identify the 16 words in a
larger word list. In order to measure explicit motor sequence learning, we
utilized the Explicit Pattern Learning Task (EPLT). This task was very
similar to the Implicit Pattern/Sequence Learning Task (IPLT) but differed
in one important aspect. In the implicit task the next target was always
indicated (by a blue color of one the possible target circles) and the
participants were not given any instructions about the possibility that a
fixed sequence was presented which could be learned. In the explicit
version of this task on the other hand instructions were given that the
targets are presented in a fixed order which had to be learned. Therefore,
the next target was never signaled by a color, but the right target (still an
open circle) had to be discovered by trial and error. The Single Aiming Task
provides a simple measure of psychomotor speed. Single straight lines,
differing in orientation, had to be copied as fast as possible with an inking
pen on a sheet of paper placed on a digitizing tablet. The task results have
been reported in Hulstijn et al. (2024).62
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Chapter VIII provides a comparative review of the findings elucidated in
the preceding Chapters. Moreover, this Chapter delves into the correlations
between positive and negative symptoms and the measures of motor
learning and performance within the schizophrenia group. A dedicated
section is allocated to scrutinizing the cognitive and motor components
implicated in motor learning in schizophrenia. Subsequently, the pivotal
results are synthesized and discussed in the context of contemporary motor
learning theories, with an exploration of the clinical relevance of our
findings and directions for future investigations. Finally, the limitations
inherent to this thesis are described.

The final parts of this thesis provide a summary in an English (Chapter IX)
and a Dutch (Chapter X) version.
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PARTICIPANTS

Thirty individuals with schizophrenia, 30 healthy controls and 30 elderly
volunteers participated in the study (see Table 1). At the time of testing,
individuals with schizophrenia were judged to be in a stable clinical
condition. The evaluation was done by a trained clinician through subject
interview and medical history review. All patients were treated with
antipsychotic medication for at least 6 weeks, with no more than two
different antipsychotic drugs used at the same time. Patients receiving
treatment with benzodiazepines and anticholinergics (including tricyclic
antidepressant drugs) were excluded from participating in the study
because of their documented negative effects on cognition and sedative
effects. Additional inclusion and exclusion criteria for the three participant
groups are described in detail in our previously published papers where the
same groups of participants were studied (De Picker et al. 2014; Cornelis et
al. 2015). Symptom severity of patients was rated by a trained psychology
assistant using the scale for the assessment of negative symptoms and
positive symptoms (SANS-SAPS)6667, All candidates provided written
informed consent. This study was reviewed and approved by the University
Hospital of Duffel’s Ethics Committee and is registered at ClinicalTrials.gov:
NCT01788436. Individuals with schizophrenia were compared with same
age controls on several sensorimotor learning tasks. Deficits in
schizophrenia were expected particularly on explicit motor learning and on
explicit and implicit adaptation tasks. In addition, a group of elderly healthy
subjects was included to test if the expected learning deficits in
schizophrenia was like the expected deficits in sensorimotor learning of
elderly participants.

Table 1. Group characteristics (mean and SD) for all groups and average SANS and SAPS
scores in the schizophrenia group.

Schizophrenia  Elderly Control S-C E-C
N 30 30 30
Sex (female - male) 10-20 10-20 10-20
Age (yrs) 36.4 (7.8) 68.7 (5.4) 36.8 (8.6)
SANS score 26.2 (18.0)
SAPS score 12.0 (18.5)
Education years 12.2 (2.4) 14.5 (3.4) 15.1 (2.6) p<.0001 ns
Adult Reading Test 102.5 (8.0) 111.7 (6.4) 109.8 (4.9) P=.0001 ns




TASK DESIGN

The investigation of motor learning in this thesis encompassed five out of
the six motor learning categories according to Ranganathan et al.3? (see
Table 1, Chapter 1; Table 3 Chapter 2). All five task categories were
executed using the same output apparatus—a pen manipulated by the
dominant hand on a digitizing writing tablet. While each task was designed
to simulate separate learning paradigms, most shared a fundamental design
element: participants were required to execute rapid pen movements
toward a target from an array of possible targets. This standardized setup
allowed for the comparison of various motor learning types. The
measurement of coordination typically involves recording at least two
distinct movements, which was not feasible in the hospital setting of this
investigation, where single pen movement recordings were employed. All
participants were screened up to 21 days prior to the first testing session.
This screening session involved questionnaires about the in- and exclusion
criteria, and the Adult Reading Test (ART), the Wisconsin Card Sorting Test
(WCST), and the Letter-Number Sequencing test (LNS; from the WAIS-IV).
Following this, there were three testing sessions (each lasting about one
hour) which were carried out on day 1, day 2 and day 7. The tasks in the
first session were slightly different from those in the second and third
sessions (see Table 2 for a timeline of the tasks). All the tasks tested in this
thesis are listed in Table 2. All the tasks tested in this thesis are listed in
Table 2.

Table 2. Timeline and duration of all experimental learning tasks.

Task Time to complete (min)

Day 1 Day 2 Day 7
Digit Symbol Substitution Test (DSST) 2 2 2
Single-Aiming task 3-5 3-4 3
Implicit Pattern Learning Task (IPLT) 8-13 7-8 5-7
Vertical Reversal Task (Mirror drawing) 5-9 4-8 3-5
Pause 10 10 10
California Verbal Learning Test (CVLT) 10 5 5
Explicit Pattern Learning Task (EPLT) 6-7 3-4 3-4
Rotation/Gain Adaptation Task 6-9 5-7
Circle and Figure pursuit 4-6 4-5 4-5
CVLT Delayed Recall and Recognition Test 5
Total Time including instructions and pauses 61 (55-67) 54 (52-65) 52 (49-65)




Table 3: Learning tasks fitted in the learning categories according to Ranganathan et al.

Motor Learning Category  Instruction Task
Improving acuity Single-Aiming Task SAT
Sequence learning Implicit Implicit Pattern Learning Task IPLT
Explicit Explicit Pattern Learning Task EPLT
Adaptation Rotation Adaptation Task AdapR
Gain Adaptation Task AdapG
Explicit Vertical Reversal Task VRT
Tracking Circle Pursuit Task PursuitC
+ sequence Figure Pursuit Task PursuitF
Applied (writing) Symbol Digit Substitution Task SDST writing
Cognitive Learning
Symbol-digit associations Symbol Digit Substitution Task SDST matching
Verbal learning Explicit California Verbal Learning Task CVLT

NEUROPSYCHOLOGICAL TESTS

A comprehensive description of the respective tasks can be found in the
following chapters, but a brief description is provided below.

Screening tests

Adult Reading Test - In this task participants had to read aloud a list of
words that have atypical grapheme to phoneme translations. Correct
pronunciation allows one to measure previous learning of these words. The
number of correctly pronounced words were converted to an estimate of
pre-morbid IQ.

Wisconsin Card Sorting Test - This task is a neuropsychological test of "set-
shifting". Cards varying in shape, number and color had to be sorted by
rules that must be learned by trial and error. Once learned the rule is
shifted. The number of rules or ‘categories’ completed is a measure of
learning speed.

Letter-Number Sequencing test (LNS; from the WAIS-1V) - The LNS was
included to gauge working memory. Clusters of letters combined with
numbers (e.g., b5n3) were presented auditorily. This had to be repeated in
a sequence starting with the numbers in ascending order followed by the
letters in alphabetical order.

Line-Copying Task - This task provides a measure of psychomotor speed.
Single straight lines, differing in orientation, had to be copied as fast as
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possible with an inking pen on a sheet of paper placed on a digitized writing
tablet. A more elaborate description of these neuropsychological tests and
the obtained group results have been published in De Picker et al.%8.

Verbal learning task

California Verbal Learning Test (CVLT) - The CVLT is a neuropsychological
test measuring episodic verbal learning and memory. A list of 16 words is
read out to participants five times. Participants are asked immediately
following each presentation to recite the words they could recollect
(immediate recall; IR). Following an interval of 20-25 minutes (delayed
recall; DR) they are again asked to reproduce as many words as possible
from the list. After the DR condition, a list of 32 words is read out to them
from which they are asked to identify the 16 words of the test list (word
recognition; RC). In the second and third session the test list was not
presented so there was no immediate recall test; only delayed recall and
word recognition were tested.

Sensorimotor learning tasks

In all sensorimotor tasks listed below the same digitizing writing tablet
(WACOM 1218RE) was used. For these tasks participants manipulated a
non-inking pen to control a cursor visible on a vertical computer screen at
the rear of the tablet.

Single-Aiming task (SAT) - To become familiar with the equipment and with
the design of the tasks, participants practiced with a single-aiming task.
Four possible targets were displayed on the screen as open circles. In each
trial a cursor (a turquoise dot 4 mm in diameter) was presented at the
previous target location which was marked by a filled yellow circle.
Participants were instructed to move the cursor as quickly as possible to
the next target, which was indicated by a dark blue circle. A visible square
border limited the possible targets to three circles. The trial ended when
the cursor was held in that target circle for 100ms, signaled by a short beep
and a color change of the target circle to yellow. The order of the targets
was random. Task difficulty was manipulated by changing the distance
between the circles and circle sizes.

Implicit Pattern Learning Task (IPLT) - As in the SAT, in the IPLT
participants were required to move a cursor as quickly as possible from a
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starting position to a dark blue target. Again, almost immediately after
reaching the target, this circle turned into a turquoise starting position for
the next trial. In this task there were 16 possible targets circles positioned
in a rhombus of four-by-four circles with equal distances from each other.
The targets in baseline and test trials were presented in a random order.
Importantly, in this task the order of the targets on a large part of the trials
were fixed and could be learned. All intermediate trials were presented in
learning blocks, consisting of first eight random targets followed by a fixed
12-target sequence. No learning instructions were given, and participants
were not informed about the repeated sequence, therefore learning was
implicit. The task with the results obtained have been described more
elaborately in Cornelis et al.®4.

Explicit Pattern Learning Task (EPLT) - The EPLT was like the IPLT,
however in the explicit version of the task, clear instructions were given to
the participants that the targets were presented in a fixed order which had
to be learned. The following target was never signaled by a colored circle,
rather the correct target had to be discovered by trial and error. As soon as
the target was hit, it turned turquoise. After 100ms it changed to yellow
signaling that the next target had to be discovered. Target sizes and
distances were the same as in the IPLT, but to minimize transfer from the
implicit version of the task, the layout of the task and the colors of the
target circles were changed. On each trial a square border limited the
possible target to three circles. The lines of these square border became
thinner after ultimately disappeared. As in the implicit task, the sequence
that had to be learned consisted of 12 targets.

Rotation and gain adaptation task - In the adaptation tasks, participants
made fast pen/hand movements from a yellow starting circle towards a
blue target which was 10 cm away. The starting position was always the
same. There were three possible targets (of 25mm diameter) positioned
either directly above the starting circle, 45° to the left or 45° to the right of
the starting circle. Participants were instructed not to react as quickly as
possible but rather to move as fast as possible with one simple straight
'shooting' movement. Following 36 baseline trials, 48 adaptation trials were
presented in which visual feedback of the movement was unexpectedly
perturbed (rotated or shortened). Participants were not informed of this
and had to adapt to these perturbations. In the rotation adaptation task, the
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perturbation consisted of a 30° clockwise rotation around the start position
of the cursor position on the screen. As a result, to reach the target, pen
movements had to be made in a 30° counterclockwise direction.
Particularly in the first trials, pen movements started in the wrong
direction. Movement time and initial direction errors were the main
dependent variables. In the gain adaptation task, the movement of the
cursor was reduced by a factor of 0.7, which caused undershooting and
required participants to make a much larger (1/0.7) movement to reach the
target. These adaptation trials were immediately followed (again without
informing the participants) by 24 ‘post-adaptation’ trials where the
perturbation was completely removed. A more complete description of
these tasks, as well as the results of how well groups adapted to these
perturbations can be found in Cornelis et al.é>.

Vertical reversal task (Mirror drawing) - In this task, which might be viewed
as an explicit adaptation task, participants had to move a cursor as fast as
possible towards a red target circle (10 mm in diameter). Targets were
positioned in one of the corners of a 20mm-sided square. The task began
with 36 baseline trials. These were followed by 96 perturbation trials in
which the visual feedback of the cursor movement was reversed along the
vertical axis, creating a ‘flipped’ image as if drawing in a mirror. The task
ended with an additional 60 unperturbed trials. Participants were fully
informed about the onset and offset of the mirroring change in visual
feedback. The task and the group performances on this task have been
reported fully in Cornelis et al.é>.

Circle and Figure pursuit tasks - These two rotary pursuit tasks differed
from all previously described sensorimotor tasks. In these tasks,
participants had to pursue a continuously moving target by a cursor
controlled by the pen on the writing tablet. In the circle pursuit task, a
target circle rotated with increasing speed along a predictable circular path
on the computer screen. In the eight-trial figure pursuit task, participants
learned to draw a complex figure by pursuing the target circle that moved
along an invisible trajectory between and around several goals. Details of
these tasks and group performances have been published in De Picker et
al.e1,



Symbol-Digit Substitution Test (SDST) - The SDST - a reversed version of the
classical DSST - is a coding task measuring speed of processing, in which
participants are given 90 s to write as many digits as possible under rows of
9 different symbols, following a key of symbol-digit pairs presented at the
top of the task sheet (see Figure 1). The task was administered on a
digitizing tablet (WACOM 1218RE), allowing precise measurements of the
time taken to write each digit (writing time) and the time to decode
symbols into their corresponding digits (matching time). Details and results
of this task have been reported in Cornelis et al.®3
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Figure 1. Upper part of the SDST coding sheet.

KINEMATIC DATA

Pen movements were recorded at 200Hz and 0.2mm spatial accuracy.
Analysis software was written in MATLAB 7.8.0. Movement Time (MT) was
the main dependent variable. It was defined as the time between the
crossing of the border of the starting circle and crossing the border of the
target circle (see also Figure 1, right panel). On each trial, movements had
to end in the target circle in order to start the next trial. Therefore, wrong
or inefficient trajectories resulted in a prolonged movement duration. An
error was scored when the wrong target was hit. Peaks and valleys in
absolute velocity over time were used to segment the entire movement of a
trial into a primary movement and any additional submovements. The first
minimum in absolute pen velocity after the maximal peak velocity was used
as the end of the primary movement (see Figure 1, right panel).
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STATISTICAL ANALYSIS

Due to technical errors, the data of a very few participants (n < 4) are
missing in some tasks. All data were analysed in SPSS version 27 with
repeated-measures ANOVA’s (GLM) on trial blocks as the within-subject
factor and groups as the between-subject factor. Group differences with the
control group were tested with planned simple contrasts. Bonferroni post
hoc analysis was used to compare the schizophrenia with the elderly group.
Alpha was set at 0.05.
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CHAPTER III - SIMPLE MOTOR SKILL
LEARNING

Stable schizophrenia patients learn equally well as
age-matched controls and better than elderly controls
in two sensorimotor rotary pursuit tasks.

This chapter has been published as:

De Picker, L. ]., Cornelis, C., Hulstijn, W., Dumont, G., Fransen, E., Timmers,
M., Janssens L., Morrens M., Sabbe, B. G. C. (2014). Stable schizophrenia
patients learn equally well as age-matched controls and better than elderly
controls in two sensorimotor rotary pursuit tasks. Frontiers in Psychiatry,
5, 165. https://doi.org/10.3389 /fpsyt.2014.00165
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Stable schizophrenia patients learn equally well as
age-matched controls and better than elderly controls
in two sensorimotor rotary pursuit tasks.

ABSTRACT

Objective: To compare sensorimotor performance and learning in stable
schizophrenia patients, healthy age- and sex-matched controls and elderly
controls on two variations of the rotary pursuit: circle pursuit (true motor
learning) and figure pursuit (motor and sequence learning).

Method: In the circle pursuit, a target circle, rotating with increasing speed
along a predictable circular path on the computer screen, must be followed
by a cursor controlled by a pen on a writing tablet. In the eight-trial figure
pursuit, subjects learn to draw a complex figure by pursuing the target
circle that moves along an invisible trajectory between and around several
goals. Tasks were administered thrice (day 1, day 2, day 7) to 30 patients
with stable schizophrenia (S), 30 healthy age- and sex-matched controls (C),
and 30 elderly participants (>65 years; E) and recorded with a digitizing
tablet and pressure-sensitive pen. The outcome measure accuracy (% of
time that cursor is within the target) was used to assess performance.

Results: We observed significant group differences in accuracy, both in
circle and figure pursuit tasks (E<S<C, p<0.01). Strong learning effects were
found in each group. Learning curves were similar in circle pursuit but
differed between groups in figure pursuit. When corrected for group
differences in starting level, the learning gains over the three sessions of
schizophrenia patients and age-matched controls were equal and both were
larger than those of the elderly controls.

Conclusion: Despite the reduced sensorimotor performance that was found
in the schizophrenia patients, their sensorimotor learning seems to be
preserved. The relevance of this finding for the evaluation of procedural
learning in schizophrenia is discussed. The better performance and learning
rate of the patients compared to the elderly controls was unexpected and
deserves further study.
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INTRODUCTION

The functional outcome of schizophrenia patients is highly impacted by the
severity of their cognitive symptoms and their capacity to learn new skills®°.
Two variants of learning are generally distinguished: declarative and
procedural learning, the latter referring to skill, habit, or knowledge
acquisition that occurs in an implicit manner, i.e., automatically and outside
of conscious awareness’0. Sensorimotor learning, the incremental spatial
and temporal accuracy of movements with repetition, represents a form of
procedural learning involving different corticostriatal circuits from those in
other forms, such as probabilistic classification?.

Designed as a tool to evaluate motor learning, the rotor pursuit task has
been first used in 194772. It measures the ability to keep a stylus on a
rotating target, requiring motor control over the proximal upper limb
(including shoulder-elbow control and postural control), as well as the
ability to continuously process and adapt to sensory (visual and
proprioceptive) feedback. Rotor pursuit performance is known to be
altered in several pathologies involving the basal ganglia; impaired
performance has been demonstrated in Huntington’s and Parkinson’s
disease and enhanced performance in the early trials of the task is seen in
patients with obsessive-compulsive disorder’3. The key substrate of the
basal ganglia’s involvement in sensorimotor performance and learning is
represented by their extensive reciprocal connections to motor and
premotor areas of the frontal lobe, implicated in planning and execution of
movements’4 Besides the role of the striatal- cortical circuitry, which is
considered particularly important in learning operated through the implicit
mode, tracts involving the (pre)motor cortex, the supplementary motor
area, and the cerebellum are also implicated in the generation of precise
forces and spatial knowledge required for learning new motor skills7s.

In contrast to declarative tasks, in which schizophrenia patients have
consistently shown impaired performance and learning compared to
healthy controls, procedural learning has been less well studied. Both
corticofrontal and striatal involvement are presumed in the
pathophysiology of schizophrenia, and abnormal dopamine regulation
within the basal ganglia is thought to contribute to the psychotic symptoms
of the disease. However, studies examining patients with schizophrenia on
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the pursuit rotor motor-skill learning task have so far produced mixed
results when comparing both general performance and learning rate of
patients to healthy controls (see Table 1)47.76-82, Reasons for the conflicting
results may reflect methodological differences including in
instrumentation, in equating for initial performance, in number of trials
administered, or influences of intrinsic moderating variables, such as
general intellectual capacity and declarative memory, as well as the effect of
psychotropic drugs. It is also debated whether any impaired performance
on the rotor pursuit may be related more to underlying psychomotor
deficits or to general cognitive decline, both features of schizophrenia®:.

Considering the outcomes of previous studies using the rotor pursuit task
in schizophrenia, we hypothesized that true sensorimotor learning would
be preserved in schizophrenia patients47.787981.84 However, many tasks that
measure procedural learning also include a cognitive aspect, e.g., in the
form of an implicit sequence to be learned. It has been postulated that
motor and cognitive aspects of procedural tasks are governed by different
brain processes; motor or skill learning aspects have been associated with a
corticostriatal motor circuit involving the putamen, whereas aspects of
cognitive or habit learning are suggested to operate the dorsolateral
prefrontal cortex circuit involving the caudate84. Previous studies that have
tried to compare performance on these two aspects have been using
combinations of methodologically distinct tasks (e.g., rotor pursuit and a
probabilistic classification task, such as the weather prediction task),
complicating the direct comparison of their relative outcomes84. In this
thesis, we aim to assess the cognitive and motor aspects involved in
sensorimotor skill learning in the same pursuit task set up, by using two
separate task variations, one of which incorporates also a sequence
component. Furthermore, a longitudinal set up with repeated sessions over
several days offers the added value of distinguishing between early
(encoding and acquisition) and late (retention/consolidation) phases of
sensorimotor learning, as distinguished in literature?>. This topic has not
been explored in detail.

An age-related decline in sensorimotor performance and learning on the
rotor pursuit has been described®>. Besides the schizophrenia patients and
age-matched controls, we, therefore, also included a group of elderly
healthy participants to investigate whether the sensorimotor deficits in
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schizophrenia patients are comparable to those associated with advanced
age. We expected both schizophrenia subjects and elderly participants to
perform poorer than young control subjects in the sensorimotor rotary
pursuit tasks.
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Table 1. Summary of sensorimotor skill studies with Pursuit Rotor task in schizophrenia

patients.
Huston Clare Kern
and Goldber Granholm etal Schwartz et al Weickert Gomar
Author Shakow g et al etal (1993)! etal (1997)! et al et al
(year) (1949)7 (1993)8  (1993)° 0 (1996)11 2 (2002)13 (2011)4
version contact contact photoelectri - not o contact photoelectri - not o digital
specified c specified
)2( Elecks )3( Elasks )6( Elecks 5 blocks x 6 blocks x 6 blocks x 6 blocks x
design S trials x5 trials x 4 trials x 6 trials x 4 trials x 4 trials x 6 blocks 4 trials x
20sec 20sec 20sec 20sec
10sec 20 sec 20sec
days d1l d1l d1 d1-d8 d1l d1 dl d1-d8
24 SZ 40
N S7.122 :ﬁordang sz11 Sz 11 feigh Lo SZ18 L35 S743
c60 normal MZ c11 c12 elilarl, 20 C15 C35 C22
twin pairs young)
7 age YSZ 33.1
> n g 31 284 42.7 (26-40) 36,7 not 46.9
(range) (17-44) ' (21-70) ESZ 63.2 ’ specified (24-64)
& (55-70)
SZ sex M:F 1410  11:0 7:5 38:2 18:0 not 34:9
specified
ESZ 40.50
30 and EC 48.75 S7.37.2 not not
RPM 60 60 45 30 YSZ 47.25 C62.7 specified specified
YC 56.25
Trial 1 I n n I not
matched? © ° ° ° yes yes specified yes
1Q yes yes
” no no no no no no (subsampl (subsample
matched? e n=14) n=22)
Absolute SZ<C; SZ<C;
performanc | SZ<C SZ=C SZ=C SZ<C SZ<C SZ=C IQmatched  IQmatche
e difference SZ=C d SZ=C
Learning not not
rate ified ified SZ=C SZ=C SZ<C SZ=C SZ=C SZ=C
difference specifie specifie

SZ = schizophrenia patients; C = controls; ESZ = elderly schizophrenia patients; EC =
elderly controls; YSZ = young schizophrenia patients; YC = young controls; RPM =
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MATERIALS AND METHODS
Study design

For all subjects enrolled, the study consisted of an eligibility screening
examination (up to 21 days prior) and three cognitive assessment days. The
screening examination included baseline assessments of executive
functioning (Wisconsin Card Sorting Test; WCST), premorbid IQ (Dutch
Adult Reading Test/Nederlandse Leestest voor Volwassenen; NLV), and
psychomotor speed (measured with a line-copying task on a digitizing
tablet; LCT).

Cognitive assessments were made in two subsequent sessions (days 1 and
2), which were separated by overnight sleep. An additional third session
was performed on day 7. The pursuit task was part of a cognitive test
battery of approximately 90 min that was administered to all subjects in the
same way and will be reported elsewhere. The time of day for completion of
the cognitive test batteries was comparable on all test days for each subject,
but not identical for all subjects.

The study was conducted in accordance with the ethical principles that
have their origin in the Declaration of Helsinki and that are consistent with
Good Clinical Practices, applicable regulatory requirements, and in
compliance with the study protocol. The study protocol was reviewed and
approved by the Institutional Ethics Committee.

Participants

After giving written informed consent, subjects were screened to ascertain
their eligibility for the study according to the in- and exclusion criteria
specific for the population enrolled. The patient sample consisted of 30
outpatients aged 18-55 with a known history of schizophrenia or schizo-
affective disorder (based on DSM-IV criteria) of at least 12 months, as
confirmed by the referring psychiatrist. Exclusion criteria were current use
of drugs with anticholinergic properties (including tricyclic
antidepressants) and benzodiazepines, or comorbid DSM-IV diagnosis of
substance dependence within 3 months prior to screening evaluation
(except for caffeine and nicotine dependence); patients with a positive drug
screen at screening could be included provided they did not meet DSM-IV
diagnosis of substance dependence and consented to abstain from illegal
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drugs at any time during the study. An alcohol breath test and urine drug
screening were performed at each of the cognitive assay days. All patients
were stably treated with antipsychotic medication for at least 6 weeks, with
no more than two different antipsychotic drugs used concurrently. Patients
were judged to be in stable clinical condition at the time of testing through
subject interview and medical history review by a trained clinician.
Symptom severity of patients was rated at screening by a trained
psychology assistant using the scale for the assessment of negative
symptoms and positive symptoms (SANS-SAPS)¢7.

Thirty age- and gender-matched control participants, as well as 30 gender-
matched elderly participants (>65 years of age) were recruited from the
local community. They met the same exclusion criteria as the patients. They
were also interviewed by a clinician to verify that they had no personal
history of psychiatric disorders nor first-degree relatives with psychotic
disorders and that they were not using any psychotropic medication.

Pursuit task setup

Based on the classical rotary pursuit task86, our pursuit rotor (PR)
continuous sensorimotor tasks required subjects to follow the movements
of a target circle (12mm in diameter) on the computer screen with a cursor
they could control by manipulating a pressure-sensitive pen on a digitizing
writing tablet (WACOM1218RE), recording at 200 Hz frequency and 0.2mm
spatial accuracy.

In the circle pursuit (CPR) task, the target circle rotates along a predictable
circular path with a radius of 7.5 cm (see Figure 1). This task consisted of
two trials of 30 s duration with six rotations each. The speed of the target
was gradually increased from10 s per 360° rotation (6 RPM) to 3 s per full
rotation (20 RPM).

The CPR was directly followed by the figure pursuit (FPR) task in which
subjects had to follow a trajectory between and around several on-screen
goals (see Figure 2). This task can be perceived as learning to draw a
complex figure in a so-called “pursuit” condition in which a person is asked
to keep the pen cursor on a target circle that moves along the (invisible)
trajectory that had to be learned. The start and end positions of the
sequence are marked by white and black circles, signaling with a high and
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low beep, respectively, when the cursor reaches them. This task consisted
of eight identical trials of 10 s duration.

Both during circle and figure pursuit, subjects were able to follow their
level of performance throughout the task, with vertical score bars
appearing on the right side of the screen after each trial, indicating their
relative level of target contact (see Figures 1and 2). The dependent variable
in both task variations was accuracy (% of time that the cursor is within the
target circle, higher numbers indicating better performance). The total time
of the PR tasks was approximately 3 min.

LEREN

Figure 1: Circle pursuit task on-screen, gray line indicating pursuit trajectory, not seen
by participants. On the right-hand side, performance barsappeared as feedback after
each trial.

37



Figure 2: Figure pursuit task on-screen, gray line indicating pursuit trajectory, not seen
by participants. On the right-hand side, performance bars appeared as feedback after
each trial.

Statistical analysis

We performed all statistical analyses in IBM SPSS Statistics for Windows,
Version 22.0 (Armonk, NY, USA). Demographic features and baseline
assessment results were analyzed using independent samples T-tests to
evaluate significant group differences. There were some missing data for
the Y group on the LCT (n =3) and for the E group on the WCST (n =2) and
the LNS (n =1). WCST outcome was defined as the number of categories
completed. The movement time (MT) on the LCT was chosen as the relevant
outcome measure for psychomotor speed.

The PR performance was quantified by the variable accuracy and measured
in three groups (schizophrenia patients=S, young controls=C, elderly
participants=E). We tested everyone repeatedly in three sessions (day 1,
day 2, day 7). Within each session, several identical trials were performed
(two trials in CPR, eight trials in FPR). There were no missing data on the
PR tasks. To provide a measure for learning over sessions, we computed
two learning measures for each session: the mean and the cumulative
learning gain, the latter correcting for the participant’s starting level
(performance on the first trial in the first session). In the figure pursuit, the
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cumulative learning gain was calculated as
(T1+T2+T3+T4+T5+T6+T7+T8)/8-S1T1. In circle pursuit, this was
(T1+T2)/2-S1T1.

We analyzed the PR data using a general linear model (GLM) with repeated
measures. Because the time variable is accounted for by two separate
variables in our study design, we first conducted an overall analysis with
two within-subjects factors (Session Number, Trial Number) and one
between-subjects factor (Group, three levels). A post hoc analysis was used
to contrast the three study groups, using Bonferroni correction to adjust for
multiple comparisons (Analyses 1 and 2). In the second step, we applied
separate GLM repeated measures analyses to compare the learning over
trials of groups Y-S and Y-E within the first session, which we expected to
express the greatest learning effect. Subsequently, we compared the
between-subjects effects of group in this analysis to the effects of group in a
second analysis accounting for a covariate variable that was expected to
influence the between-group differences (Analyses 3 and 4).

This procedure was repeated for three different covariates: LCT movement
time (LCT_MT, an estimate of motor speed), WCST categories completed
(WCST_cat, a measure of executive functioning), and education years. In the
third step, we used the computed learning measures (mean and cumulative
learning gain) in separate GLM repeated measures analyses to evaluate the
learning across sessions between groups Y-S and Y-E (Analyses 5 and 6).
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RESULTS

Demographics and baseline assessments

Demographic features, baseline assessment results and group differences

are summarized in Table 2. Schizophrenia patients (S) had a significantly
lower level of education and premorbid IQ compared to the young controls
(Y), whereas the young controls and elderly participants (E) did not differ
significantly for this parameter. The Y group significantly outperformed
both E and S groups on the LCT and WCST measures (see Table 2).
Composite symptom scores for schizophrenia patients were 25.67+17.39
on the SANS scale and 14.24+19.68 on the SAPS scale.

A summary of the use of antipsychotic drugs in schizophrenia patients

included in the study is provided in Table 3.

Table 2: Demographic and baseline assessment results

Schizophrenia Young Controls Elderly T-test T-test
Patients (S) (Y) Participants (E) S-Y E-Y
N 30 30 30 Matched Matched
Age; mean (range) i i i t(58) = 0.16 t(58) = 18.99
36.4 (23-53) 37.3 (18-52) 69.2 (65-79) p =875 p < .001%*
Sex M:F 20:10 20:10 20:10 Matched  Matched
Education years;
t(58) =4.50 t(58)=0.74
D - - -
mean (SD) 12.2 (+/-2.4) 15.1 (+/-2.6) 14.5 (+/-3.4) p <.001% p = 465
NLV  Premorbid ((58) =396  t(58) = 1.01
1Q; SD ) -10. . -6. . -6. e o
Q; mean (SD) 101.30 (+/-10.29)  110.07 (+/-6.39) 111.73 (+/-6.43) p < .001%* p =318
LCT movement
S t(55)=2.40 ¢t(55) = 3.65
time; mean (SD) 0.36 (+/-0.15) 0.27 (+/-0.12) 0.40 (+/-0.13) p(= .())20* p(= .())01**
WCST categories
) t(58)=2.60 t(56)=3.35
completed; 3(0-5) > (0-5) 3(0-6) P(= .())12* p(= .())01**

median (range)

NLV (Dutch Adult Reading Test/Nederlandse Leestest voor Volwassenen); LCT (Line
Copying-Task); WCST (Wisconsin Card Sorting Test); T-test differences are reported as
t(df) and p-values (* significant at the 0.05 level; ** significant at the 0.01 level).
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Table 3: Antipsychotic drug prescriptions in schizophrenia patients

Antipsychotic drug name Number of Dose range
prescriptions
Clozapine 8 50-700 mg/d
Amisulpiride 7 200-800 mg/d
Haloperidol decanoate 7 75-200 mg/m
Quetiapine 6 50-600 mg/d
Olanzapine 3 5-20 mg/d
Paliperidone 3 3-6 mg/d
Paliperidone depot 3 75-200 mg/m
Aripiprazole 2 10-30 mg/d
Olanzapine depot 2 210-405 mg/m
Risperidone depot 2 50 mg/m
Clotiapine 1 40 mg/d
Flupentixol 1 1 mg/d
Bromperidol decanoate 1 125 mg/m
Zuclopentixol depot 1 200 mg/m
Risperidone 1 4 mg/d

Analyses of circle and figure pursuit
Learning the PR tasks over all trials and sessions

In Analysis 1, independent of groups, learning effects were demonstrated
by significant main effects of TrialNumber and SessionNumber and a
significant interaction TrialNumber* SessionNumber both in the CPR task
and the FPR task, indicating that the learning curves over trials for each
session were different [see Table 4A].

Upon addition of Group as between-subjects factor in analysis 2, in both PR
tasks, a significant main effect of Group was found [see Table 4A]. Post hoc
analysis with Bonferroni correction demonstrated that the performance of
schizophrenia patients and elderly participants was significantly poorer
than the young control subjects at all stages of the task (p <0.001), and that
the elderly participants were the worst performing group (E-S CPR mean
difference -13.62, SE 3.11, p <0.001; E-S FPR mean difference -14.42, SE
2.97,p <0.001).
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In contrast, the interaction of TrialNumber*SessionNumber*Group was
only significant in FPR, indicating that the learning curves of the groups also
followed different slopes (with significant linear, quadratic, and cubic
components). In CPR, the slopes were similar for the three groups [see
Table 4A; Figures 3 and 4].
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Figure 3: Figure pursuit accuracy over three sessions and eight trials.
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Figure 4: Circle pursuit accuracy over three sessions and two trials.

Learning the PR tasks over trials within session 1

In Analysis 3, comparisons of groups Y-S and Y-E on the FPR session 1
showed both a difference in performance, indicated by the significant
between-subjects effect of the Group variable, as well as a different learning
slope over trials, indicated by the significant TrialNumber*Group
interaction. However, the significant Y-S group effect was reduced to a non-
significant value when accounting for significant covariates: LCT_MT,
WCST_cat, and education years in Analysis 4 [see Table 4B]. Combination of
two individually significant covariates (LCT_MT plus WCST_cat and LCT_MT
plus education years) further reduced the FPR Group effect.

In CPR session 1, again there was only a significant between subjects’ effect
of Group without TrialNumber*Group interaction. Furthermore, only the
WCST_cat covariate reached a level of significance in the between-groups
effect in this task, reducing also the Group difference between Y and S to a
non-significant level [see Table 4B].
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Interestingly, when these same covariates were added to the Y-E
comparison, in both PR tasks the between-subjects Group effect remained
significant [see Table 4B].

None of the analyses with covariates demonstrated a significant
TrialNumber*Covariate or Group*Covariate interaction, suggesting the
main effects of the covariates on the Accuracy variable can be interpreted
independently of Group or Trial number.

Learning the PR tasks over sessions

The mean accuracy over trials was compared across sessions 1- 3 in
Analysis 5. In both PR tasks, a difference in performance between Y-S and
Y-E groups was observed (i.e., significant main between-subjects effect of
Group), but the Session Number*Group interaction was only significant for
Y-E comparison, suggesting that schizophrenia patients showed a similar
learning pattern across sessions as did young controls, but elderly
participants did not [see Table 4C; Figures 5 and 6].

In Analysis 6, the same analyses were repeated with the learning measure
cumulative learning gain, which corrects the mean for the participant’s
starting level performance on the first trial in session 1. Here, when Y and S
groups were compared, neither the Session Number*Group interaction nor
the between-subjects effect of Group was significant in either of the PR
tasks. In the comparison of Y and E groups, a significant interaction of
Session Number*Group was maintained for both PR tasks, but the main
effect of Group was only significant for FPR [see Table 4C; Figures 3 and 4].
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Table 4. Results of the GLM repeated measures analyses

Table 4a

Figure Pursuit

Circle Pursuit

F  (hypothesis

F  (hypothesis

Y, S and E groups df, error df)° p df, error df)° D
SessionNumber! 285.76 (2, 88) <.001** 173.36 (2, 88) <.001**
TrialNumber?! 179.77 (7, 83) <.001** 140.82 (1, 89) <.001**
SessionNumber*TrialNumber?! 4.17 (14,76) <.001** 13.34 (2, 88) <.001**
Group? 31.59 <.001** 30.80 <.001**
. * : *
IS)czesswnNumber TrialNumber*Grou 197 (28,148)  .005** 0.54 (4,172) 710
Table 4b Figure Pursuit Circle Pursuit
Session 1, Y group - S group F (hypothesis F (hypothesis
df, error df)° D df, error df)° D
TrialNumber*Group? 2.80(7,52) .015* 0.07 (1, 58) .799
Group?® 7.80 .007** 6.51 013*
With Covariate
WCST_cat Covariate* 19.42 <.001** 9.35 .003**
Group* 4.57 114 2.54 117
LCT MT Covariate* 7.32 .009** 3.15 .082
Group* 2.98 .090 3.03 .087
Education years Covariate* 4.97 .030* 2.18 146
Group* 1.82 .183 1.84 .181
WCST(1) + Covariatel* 16.33 < .001**
LCT_MT(2) Covariate2+* 5.84 .010**
Group* 0.67 418
Education years(1) Covariatel4 5.48 .023*
+ LCT_MT(2) Covariate2+ 8.86 .004**
Group* 0.17 .685
. _ F  (hypothesis F  (hypothesis
Session 1, Y group - E group df, error df)° p df, error df)° p
TrialNumber*Group®  3.42 (7, 52) .004** 0.08 (1, 58) 775
Group? 85.77 <.001** 43.63 <.001**
With Covariate
WCST _cat Covariate* 9.01 .004** 6.84 .011*
Group* 61.35 <.001** 27.38 <.001**
LCT MT Covariate* 5.24 .024* 0.61 439
Group* 52.51 <.001** 27.55 < .001**




Table 4c

Figure Pursuit

Circle Pursuit

Learning Measure over sessions

F (hypothesis df,

F  (hypothesis

error df)° p error df)° p
Y, S and E groups
SessionNumber*Group> 2.51(4,172) .043* 1.59 (4,172) 179
Group® 31.59 <.001** 30.80 <.001**
Y group -S group
Mean SessionNumber*Group? 0.10 (2,57) .905 0.87 (2,57) 424
Group?® 9.16 .004** 11.74 .001**
Y group - E group
SessionNumber*Group> 3.42 (2,57) .039* 3.19 (2,57) .049*
Group® 83.78 <.001** 70.26 <.001**
Cumu- Y, S and E groups
lative SessionNumber*Group® 2.51 (4,172) .043* 1.59 (4,172) 179
Lear- Group® 7.81 .001** 1.54 220
ning Y group - S group
Gain SessionNumber*Group® 0.0 (2, 57) 905 0.87 (2,57) 424
Group® 1.04 312 1.50 225
Y group - E group
SessionNumber*Group® 3.42 (2,57) .039* 3.19 (2,57) .049*
Group® 16.23 <.001** 0.269 107

Wilk’s Lambda F for multivariate analysis results; * significant at the 0.05 level; **
significant at the 0.01 level

Lanalysis 1: within-subjects factors SessionNumber(3) and TrialNumber (8 FPR; 2 CPR);
Zanalysis 2: within-subjects factors SessionNumber(3) and TrialNumber (8 FPR; 2 CPR)
and between-subjects factor Group (3)

3 analysis 3: within-subjects factor TrialNumber (8 FPR; 2 CPR) and between-subjects
factor Group (2);

4 analysis 4: within-subjects factor TrialNumber (8 FPR; 2 CPR), between-subjects factor
Group (2) and covariate;

5 analysis 5: within-subjects factor SessionNumber(3), between-subjects factor Group (3
or 2), variable Mean

6 analysis 6: within-subjects factor SessionNumber(3), between-subjects factor Group (3
or 2), variable Cumulative learning gain
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Figure 5: Figure pursuit mean accuracy and cumulative learning gain over three sessions
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Figure 6: Circle pursuit mean accuracy and cumulative learning gain over three sessions.
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DISCUSSION
Key results

General performance - Our results demonstrate poorer performance both in
schizophrenia patients and in elderly participants compared to young
controls, thereby matching findings of previous rotary pursuit
studies*77679.808285 This finding was observed in both pursuit tasks, and
both on a within- and across-session level.

In FPR session 1, the poorer performance in patients was found to be
attributable to differences in other functional parameters, such as
psychomotor speed (LCT_MT), executive functioning (WCST categories
completed), and years of education, with an additive effect. This implies
that patients performing worse than healthy controls on the FPR task also
perform worse on one or several of these baseline measures. One could
thus hypothesize that the impaired FPR performance of patients is caused
by reduced psychomotor speed and/or executive functioning or a lower
level of education. Alternatively, it could also point out the existence of a
separate subgroup of schizophrenia patients exhibiting impairments on all
these domains.

In contrast, the difference in FPR performance between elderly participants
and young controls could not be accounted for by differences in
psychomotor speed nor executive functioning, indicating a performance
gap between these groups that is independent of other functional
parameters.

In CPR, contrasting to what was expected, psychomotor speed did not have
a significant effect on the performance in session 1. Only executive
functioning level appeared to account significantly for the difference
between schizophrenia patients and controls in this task.

After the mean performance per session was corrected for the initial
starting level, there was no longer a significant difference in performance
across sessions between patients and controls. This finding suggests that
the lower mean performance of patients is caused by a significantly lower
starting level, which is not recovered by additional practice. However, in
two other recent PR studies, an individual equation of the target speed was
applied to account for participants’ starting level performance; yet the
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general performance in schizophrenia patients was found to be impaired
nonetheless8%87, Thus, adjusting the difficulty of the task does not seem to
solve the performance gap. Further study is needed to understand these
seemingly contradictory findings.

Regarding the elderly participants, their poorer mean level of performance
was amended in the CPR but remained in the FPR after correction for their
significantly lower starting level by the cumulative learning gain measure.

Skill learning rate - We have established that all groups learned the new
FPR and CPR sensorimotor skills over trials and sessions, but whereas the
overall learning rate of schizophrenia patients and elderly participants was
preserved in CPR, it differed between the three groups in FPR.

The early phase of learning the FPR skill was characterized by a
significantly different learning curve of the schizophrenia patients and the
elderly participants compared to young controls, who reached their peak
performance earlier, as illustrated in Figure 3.

The CPR consisted of only two trials in the first session, and therefore by
definition the learning rate was marked by a linear increase, of which the
slopes did not differ between the three groups (see Figure 4). In the later
phase of learning of both PR tasks, schizophrenia patients and control
subjects showed comparable learning gains over sessions, but elderly
participants learned significantly less.

Study limitations

By using two variations of the PR task, we have attempted to distinguish
motor and sequence learning components, yet it remains difficult to single
out and evaluate separately the processes involved in sensorimotor
learning and performance. We cannot rule out the impact of declarative and
spatial memory, attention capacity, and motor coordination on our PR skill
performance and learning results.

Also, while our CPR task was similar to the classical rotary pursuit task, we
used a different methodology regarding the number of trials and rotation
speed (see Table 1), which complicates the comparison of our results in the
CPR to those of previous PR studies. It is possible that the number of trials
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per session in our CPR was too limited to establish within- session learning
differences, which were found in FPR but not in CPR.

This study included only schizophrenia outpatients who were able to
complete the test batteries and results can, therefore, not necessarily be
generalized to the whole population of patients with schizophrenia.
However, the mean SAPS and SANS composite scores in our sample
concurred with scores found by van Erp et al. in a sample of 205
schizophrenia patients: mean composite SAPS 16.8+14.2 compared to
14.2+19.7 in our sample and mean composite SANS 23.0+14.6 compared to
25.7£17.4 in our sample®8, Qur patient population can, therefore, not be
presumed to differ significantly in terms of symptom severity from other
schizophrenia patient samples.

A large within-group heterogeneity in performance existed, particularly in
the starting performance level of schizophrenia patients and the final
performance level of elderly subjects. The relatively higher performance
heterogeneity of the patients and elderly participants compared to the
young controls may imply performance on the PR tasks in these groups was
influenced by other variables than those accounted for in our study design.

Problems with the evaluation of cognition of schizophrenia patients include
lack of motivation and attention problems caused by negative
symptomatology. Patients were instructed to complete the tasks to the best
of their ability and our experience during test procedures was that being
able to follow the feedback of their performance live on-screen provided an
additional stimulus for performance optimization to subjects in all groups.

Other variables that may affect task performance include general cognitive
functioning and medication use. We did not evaluate the study groups for
their current IQ scores, and the schizophrenia patients had a significantly
lower premorbid 1Q score compared to young and elderly controls. In
previous studies, comparing 1Q- matched subgroups reduced or abolished
differences in the overall level of performance between schizophrenic
patients and control subjects on the rotor pursuit and other tasks of
procedural learning#7.82. However, IQ matching may also introduce a bias,
considering research of general intelligence in schizophrenia has shown
that only about a quarter of schizophrenia patients have a preserved IQ
compared to the general population®. Moreover, correlations between

50



motor and cognitive functioning in schizophrenia patients have been
repeatedly demonstrated®?!, and matching for cognitive parameters in
studies of motor learning may, therefore, greatly influence the primary
outcome measure.

It is often argued that cognitive impairments in schizophrenia, and
specifically psychomotor ones, are caused by psychotropic substances in
general and antipsychotic medication. All patients in our study had been
stably treated with antipsychotic medication at the time of testing, and 16
patients were using more than one antipsychotic drug concomitantly (see
Table 3). The reduced performance on PR tasks combined with a normal
learning rate in patients may be hypothesized to be due to the use of
antipsychotic drugs, known to affect psychomotor functioning®2.

Implications for future research and clinical perspectives

Our study provides important caveats toward future research on
procedural learning in schizophrenia. Researchers should be aware that
motor tasks including a sequence component should be distinguished from
true motor learning tasks.

As shown in this study, small variations applied to commonly used
procedural tasks may allow to distinguish between operationally different
components that may be important to further elucidate the nature of the
deficits in schizophrenia. Particularly, the combination of different
sensorimotor learning tasks with imaging techniques can be valuable to
evaluate structural and functional brain alterations in the motor system.

Furthermore, a longitudinal design should be a key feature of any study
design interested in aspects of learning and memory, with differentiation of
early and late learning phases.

Cognitive functioning, and specifically also executive functioning as
measured with the Wisconsin card sorting test, has been shown to be a
major predictor of functional outcome in schizophrenia®. Motor learning in
schizophrenia has been less studied, and its relation to functional outcome
is currently unknown. However, evidence that motor performance is not
only related to cognitive and executive functioning but also a predictor of
cognitive deficits in schizophrenia patients at 1-year follow-up?® suggests



an association between motor performance or learning capacity, and
functional outcome may exist meriting further investigation.

An age-related decline in sensorimotor learning has been previously
recognized®>?, and in our study indeed the elderly participants
demonstrated both poorer performance and lower learning gains in both
PR tasks. Unexpectedly, the schizophrenia patients even outperformed the
elderly healthy participants. Although this finding needs to be confirmed, it
governs a more optimistic message about the functioning of patients than
has hitherto been assumed. However, it is uncertain whether this pattern is
maintained throughout different cognitive domains. Findings of our
research group®, suggest that in other cognitive domains, elderly
participants may outperform schizophrenia patients. It might be interesting
for future studies to include both elderly and non-elderly schizophrenia and
control participants to differentiate between the mechanisms of cognitive
impairment related to ageing and schizophrenia.

A generally lower level of performance in schizophrenia (starting and
ending the learning phase at a lower level than control subjects) has been a
frequent finding in PR studies’?8082, Some authors have interpreted this
phenomenon as reflecting impaired procedural learning in schizophrenia
patients. However, since this reduced overall level of performance is usually
accompanied with a normal learning rate, the mechanisms that underlie
these two aspects of task performance are likely to differ to some extent.
Because of this difficulty to differentiate between y-intercept (absolute
performance) and slope (learning rate), and because of the high degree of
within-group heterogeneity on performance level, many studies have not
been able to conclude as to the actual capacity for sensorimotor skill
learning of schizophrenia patients. Based on our results, it seems that
schizophrenia patients have a mostly preserved capacity to learn
sensorimotor skills, with any deficit related more to the early learning
phase of sequence-holding skills and depending largely on the starting level
performance of patients. This knowledge may prove important to the
development and evaluation of therapies to improve such deficits in
schizophrenia, in which the rotary pursuit, a well- established, easy and
quick to administer task, may be used for the initial and follow-up
evaluation of motor learning capacity and performance in patients.



Because the late-phase learning of patients was preserved, it can be
suspected that with an extended number of trials, the patients could
eventually reach the same performance level as the final level in young
controls. Thus, schizophrenia patients maintain the ability to acquire new
skills, of vital importance to everyday functioning, given extra room for
rehearsal.

On the other hand, since more complex skills often also require additional
cognitive components related to planning and organization, it is unclear
whether this finding may be translated to all real-life skills.

CONCLUSION

Both in circle pursuit (motor task) and figure pursuit (motor plus sequence
task), learning was evident in all groups, with equal learning gains of
schizophrenia patients compared to age-matched controls, but reduced
learning in elderly participants. In terms of general performance, the
schizophrenia patients fell between the young controls and the elderly
participants, differing significantly from both. Our results suggest that the
lower performance of schizophrenia patients compared to age-matched
controls can be accounted for by impaired speed of movement and
executive functioning.
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Preserved learning during the symbol-digit
substitution test in patients with schizophrenia, age-
matched controls and elderly.

ABSTRACT

Objective: Speed of processing, one of the main cognitive deficits in
schizophrenia is most frequently measured with a digit-symbol-coding test.
Performance on this test is additionally affected by writing speed and the
rate at which symbol-digit relationships are learned, two factors that may
be impaired in schizophrenia. This study aims to investigate the effects of
sensorimotor speed, short-term learning, and long-term learning on task
performance in schizophrenia. In addition, the study aims to explore
differences in learning effects between patients with schizophrenia and
elderly individuals.

Methods: Patients with schizophrenia (N=30) were compared with age-
matched healthy controls (N=30) and healthy elderly volunteers (N=30)
during the Symbol-Digit-Substitution Test (SDST). The task was
administered on a digitizing tablet, allowing precise measurements of the
time taken to write each digit (writing time) and the time to decode
symbols into their corresponding digits (matching time). The SDST was
administered on three separate days (day 1, day 2, day 7). Symbol-digit
repetitions during the task represented short-term learning and repeating
the task on different days represented long-term learning.

Results: The repetition of the same symbol-digit combinations within one
test and the repetition of the test over days resulted in significant decreases
in matching time. Interestingly, these short-term and long-term learning
effects were about equal among the three groups. Individual participants
showed a large variation in the rate of short-term learning. In general,
patients with schizophrenia had the longest matching time whereas the
elderly had the longest writing time. Writing time remained the same over
repeated testing.

Conclusion: The rate of learning and sensorimotor speed was found to have
a substantial influence on the SDST score. However, a large individual
variation in learning rate should be considered in the interpretation of task
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scores for processing speed. Equal learning rates among the three groups
suggest that unintentional learning in schizophrenia and in the elderly is
preserved. These findings are important for the design of rehabilitation
programs for schizophrenia.



INTRODUCTION

Schizophrenia is a psychiatric disorder, characterized by positive symptoms
(e.g., hallucinations and delusions), negative symptoms (e.g., avolition and
reduced emotional expressivity), and severe cognitive disabilities. Since
cognitive deficits in schizophrenia are significantly correlated to poor
functional outcomes®® and quality of life%5, the development of
pharmacological and remediation techniques addressing these
impairments could be highly beneficial to the clinical outcome.

Cognition is not a single entity but can be divided into several domains. In
schizophrenia research, the areas of primary interest are processing speed,
attention/vigilance, working memory, verbal learning, visual learning,
executive functioning and social cognition32. The combination of these
domains may contribute differently to the overall clinical picture of
cognitive decline in schizophrenia. Experimental tasks that focus on
isolating the relative influence of these specific cognitive domains are
needed to specify which deficits are most pronounced in order to provide a
targeted treatment.

Processing speed has been shown to be a very distinguishing and reliable
factor to characterize cognitive deficits in schizophrenia®. This parameter
reflects the speed with which different cognitive and sensorimotor
functions are executed?0. Viewed from a traditional experimental
psychology perspective, processing speed can be conceived as the total sum
of three different stages of information processing, namely perceptual
analysis, response selection, and response execution3197. Although there are
several neuropsychological tests for measuring reduced processing speed, a
recent meta-analysis®® has demonstrated that a digit-symbol-coding task is
the most sensitive test to apply to patients with schizophrenia. Moreover,
this meta- analysis identified processing speed impairment as the largest
single deficit in the cognitive abilities of schizophrenia?89°.

Digit-symbol-coding tasks have been carried out in two different ways. In
one version, the Digit-Symbol Substitution Test (DSST), symbols must be
drawn under their corresponding digits according to a key of digit-symbol
combinations, provided at the top of the sheet. The second version is the
symbol-coding subtest of the Brief Assessment of Cognition in



Schizophrenia included in the MATRICS Final Battery331. This task does not
require the drawing of symbols but rather the numerals (1-9) must be
written as quickly as possible under the corresponding symbols, which are
presented in rows on the response sheet. This version of the coding task
has been called the Symbol-Digit Substitution Test (SDST). In the present
study, as in our previous studies20190, we have used the SDST in order to
avoid drawing unfamiliar graphic symbols, which requires a time-
consuming process of motor planning.

In the measurement of processing speed using a digit-symbol coding task,
at least two factors might play a considerable role. First, digit-symbol
coding tasks have a strong sensorimotor component (i.e., fine motor writing
skills of the symbols or the digits). A reduction in sensorimotor speed,
characterized by a longer initiation and/or execution of graphic
movements, might indeed contribute substantially to low coding task
performance. Previous research by Morrens et al. has demonstrated that
schizophrenia patients display both sensorimotor and cognitive slowing
and that these two processes are unrelated to each other00,

In addition to a possible sensorimotor component, a second possible factor,
which may influence the measurement of processing speed is het effect of
(implicit) learning of the specific symbol-digit combinations. Learning is a
well-known impairment in schizophrenia”29.101.102 jpn addition to processing
speed. Once the symbol-digit relationships are learned, it is no longer
necessary to rely on visual scanning of the key on top of the administration
sheet, rather working or episodic memory can be used instead for the right
response. This strategy might reduce the time in finding the right response,
resulting in an increased score on the test. There may be large individual
differences in the speed of learning these symbol-digit relations and in
their memory capacity. Similarly, Bachman et al.13 and Joy et al.104
proposed that a reduced cognitive processing speed in schizophrenia might
be partially due to a mnemonic deficit. Other studies on this topic
concluded that the contribution of memory to symbol-digit coding
performance might be relatively small but relevant!%4. However, many of
these previous studies have used regression- based approaches in which
coding performance was correlated with additional neuropsychological
tests103. In an older version of the Wechsler Adult Intelligence Scale (WAIS-
[1I), the Digit- Symbol-coding test was even followed by an implicit learning
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test to assess the recall of the symbol-digit relations0>. Bachman et al.
rightly argued for a complementary experimental approach in which the
symbol-coding task is manipulated to determine the role that several sub-
processes might play in coding tasks. However, a disadvantage of this latter
approach is that changing the task might have consequences for the relative
contribution of these subprocesses.

In this experimental study, the subjects’ pen movements were recorded on
a writing tablet under the test sheet in order to precisely measure the time
taken to write each digit (writing time) as well as the preceding time
necessary to decode a symbol into its corresponding digit (matching time).
The task requires to write the digits as quickly as possible; therefore, the
writing time provides an estimate of sensorimotor speed whereas matching
time reflects the duration of the cognitive processes that are needed to find
or recall the digit that corresponds to the stimulus symbol.

Because matching time and writing time were registered for every single
digit, its decrease per symbol-digit combination offers an estimate of both
the rate and the amount of learning within one (90s) test administration. In
addition, by administering the same test on three separate days, we were
able to assess the amount of long-term learning of the symbol-digit
relations.

Schizophrenia has been previously hypothesized as a generalized syndrome
of accelerated ageing!9¢. Since the earliest descriptions by Emil Kraepelin,
schizophrenia has been referred to as “dementia praecox,” literally meaning
“a cognitive decline in young age.” Several studies have also shown that
processing speed as measured by the SDST is a fundamental mediator of
age-related cognitive declinel97.108, Therefore, comparing the performance
of schizophrenia patients to elderly individuals could offer secondary, but
valuable information as to what extent and in which domains the cognitive
decline in schizophrenia resembles age-related cognitive impairment,
referred to as “mild cognitive impairment”. To our knowledge, a direct
comparison of performance on the SDST between schizophrenic and elderly
individuals has never been conducted.

In summary, the present study was set up to investigate the relative
contribution of learning and sensorimotor speed during SDST performance.
Patients with schizophrenia, age-matched healthy controls, and elderly
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volunteers were tested in order to assess different effects of these factors in
the different groups. The first hypothesis was that processing speed would
be lower in schizophrenia patients compared with age-matched healthy
controls. In addition, it was expected that this study would replicate the
well-known findings of reduced writing speed in schizophrenia. As visual
and verbal learning and memory have been frequently found to be impaired
in patients with schizophrenia3?l, it was further hypothesized that the rate
and amount of the learning of the symbol-digit relations would be reduced
in the schizophrenia patients. The comparison of schizophrenic and elderly
individuals was exploratory.
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MATERIALS AND METHODS

Study design

Our study group consisted of 30 patients with stable schizophrenia, 30 age-
and sex-matched control participants, and 30 sex-matched elderly
volunteers (aged 65-85 years). The SDST was administered three times on
three separate assessment days.

The test was conducted in accordance with the ethical principles that have
their origin in the Declaration of Helsinki and that are consistent with Good
Clinical Practices, applicable regulatory requirements, and in compliance
with the study protocol. This study was held at the University Psychiatric
Hospital Duffel, Belgium, and the study protocol was reviewed and
approved by the institute’s Ethics Committee.

Participants

The previously mentioned test subjects were recruited from the local
community. Prior to the start of the study, they all provided a written
informed consent and their eligibility for this study was assessed according
to some inclusion and exclusion criteria. The inclusion criteria for patients
were: (1) being an in- or outpatient with schizophrenia or schizoaffective
disorder (DSM-1V), (2) having a known history of schizophrenia for at least
12 months confirmed by the treating psychiatrist and (3) receiving stable
antipsychotic drug therapy (maximally 2) for at least 6 weeks prior to
screening. The inclusion criteria for all participants were: (1) being a man
or woman between 18 and 55 years old (schizophrenia patients and young
controls) or between 65 and 85 years old (elderly volunteers) and (2) being
medically stable. The exclusion criteria applicable to all participants were
(1) having a DSM-IV diagnosis of substance dependence or abuse within 3
months prior to screening evaluation (only caffeine dependence was not
exclusionary), (2) use of benzodiazepines, tricyclic antidepressants, or
anticholinergic medication, (3) having a positive urine screen for drug
abuse or a positive alcohol breath test at screening and on one of the test
days, (4) having a clinically significant acute illness within 7 days prior to
screening. Since the use of alcohol and drugs could potentially influence the
study data, an alcohol breath test and a urine drug screen were performed
before the start of each assessment day.
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Symbol-digit substitution test

The task was performed on two subsequent sessions (day 1 and day 2) and
a third time (day 7). The SDST was the first task to be performed on every
assessment day in a larger series of cognitive tests, which will be published
elsewhere. In order to avoid influences of the circadian rhythm, also the
time on which the test was administered was comparable for each subject.
The coding task required to translate 9 different symbols into the digits 1-9
on five rows each consisting of 25 symbols, according to a key of symbol-
digit pairs, which was presented on top of the task sheet. The same symbol-
digit combinations were repeated over the three session days. In line with
our previous studies1020100 we used the reversed version of the classical
DSST where the digits had to be written under the symbols, denoted by
SDST. We chose for this design in order to exclude the complication of
processes of motor planning by the drawing of complex graphic symbols on
SDST performance. The nine different symbols were presented in blocks.
The sequence in which they were presented within each block was
randomized.

A quiet environment was chosen to perform this task. The participants
were asked to decode the list of symbols one by one as fast as possible
within a preset 90s limit, based on the key above, writing the correct digit
under the corresponding symbol on a sheet of paper placed on a digitizing
tablet (WACOM1218RE) with a special pressure-sensitive normal-looking
ballpoint pen. Pen position was recorded at 200 Hz and with 0.2mm spatial
accuracy and stored on a standard personal computer. The signals were
subsequently filtered by means of a fast-Fourier analysis. These digitized
recordings allowed the computation of separate matching- and writing
times.

Identical instructions were repeated each day, before the start of the task.
Feedback was not provided at the end of the session. All subjects had to
undergo a practice trial on the first assessment day, consisting of filling in
the last 10 symbol-digit pairs, allowing them to get familiar with the
experiment.
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Statistical analysis

All data were analyzed using a general linear model (GLM) repeated
measures in IBM®SPSS® Version 22. First, we analyzed the Session effect
(long-term learning) with Group (three levels) as the between-subjects
variable and Session (or days, with three levels) as the within-subjects
variable. A second analysis used Block (five levels, short-term learning) and
Session (three levels) as the within-subject variables and Group (three
levels) as the between-subject variable. We performed separate analyses
for (1) the number of correct digits, (2) the mean matching time per digit,
and (3) the mean writing time per digit. Wilk’s Lambda was used in the
tests of the within-variable effects. A p-value of <0.05 was considered
significant.

The number of blocks that could be analyzed depended on the lowest test
score (number correct) obtained by the participants. Matching and writing
time were analyzed over five blocks (i.e., number correct is 45 or higher).
This score was gained in all three sessions by 25 patients with
schizophrenia, 28 elderly volunteers, and 28 controls. Including more
participants in the analysis would result in too many missing values in the
fourth and fifth block whereas analyzing more than five blocks would result
in an unrepresentative low number of participants. Per block, the median
matching time and median writing time were calculated. Only correct digits
were analyzed, and the first digit of a row was eliminated from analysis
because the transport distance to this location was more than 20 cm
instead of the normal 0.8 cm. In session 3, the data of one patient were
missing.
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RESULTS

The main objective of the present study was to evaluate the role of learning
processes during SDST performance. Firstly, demographics will be
described (see Demographics) followed by the general test scores on the
SDST [see Test score (Number of correct digits)]. Matching time and writing
time of test scores were separately calculated (see Long-Term Learning
Matching and Writing Time and Short-Term Matching and Writing Time
Over Blocks Per session), and the added effects of long-term learning
(section Long-Term Learning Matching and Writing Time) and short-term
learning (see Short-Term Learning Matching and Writing Time Over Blocks
Per session) were assessed. In a final section (see Estimating the Effect of
Short-Term Learning on the SDST Score), the relative contribution of short-
term learning on the overall SDST score was calculated.

Demographics

The demographic features of the three study groups are shown in Table 1.
All patients used antipsychotic medication at the time of testing. Sixteen
schizophrenia patients were using more than one antipsychotic drug. The
distribution of the different antipsychotic drugs and range of daily doses
are summarized elsewhere®. Seven young controls, two schizophrenia
patients, and no elderly individuals were left-handed. A GLM repeated
measures analysis was conducted on the performance of the SDST (number
correct) for the young control group with “Session” as within- subject
variable and “Handedness” as between-subject variable. “Handedness” did
not have a significant influence on the overall test score. The schizophrenia
group had a lower mean premorbid IQ, as measured by the Adult Reading
Test/ART (Dutch version: Nederlandse Leestest voor Volwassenen/NLV),
than the control group (t =3.96, p =0.0002) and the elderly group (t =4.71,
p<0.0001).
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Table 1: Demographics

Schizophrenia Elderly Control
n 30 30 30
AGE Mean (SD) 36.43 (7.83) 69.33 (3.89) 36.77 (8.55)
Range 23-53 65-79 18-52
1Q (ART) Mean (SD) 101.3 (10.30) 111.7 (6.43) 110.1 (6.39)
Range 66-115 100-124 98-130
SEX male: female | 2:1 2:1 2:1
RACE Asian 0 0 1
Maghreb 1 0 0
White 29 30 29

Test score (number of correct digits)

The mean number of correct digits per session is displayed in Figure 1 for
each group. This figure clearly shows an increase in task performance
(long-term learning effect) over the three sessions, which was significant [F
(2,85) =36.21, p <0.001]. This learning effect was about equal in the three
groups (Session*Group interaction p =0.119). On average, the three groups
differed significantly in their over-all score [F (2,86) =21.69, p <0.001]. Both
schizophrenia patients and the elderly volunteers achieved a lower test
score than the controls (p <0.001). Figure 1 gives the impression that the
schizophrenia group performed even worse than the elderly, but the
difference between these groups was not significant (p =0.07) but this was
only true during the first session (p =0.028). After incorporating IQ as a
covariate in the analysis, the group difference between schizophrenia
patients and controls remained significant [F(1,56)=23.61, p <0.0001], but
the difference between schizophrenia and the elderly on session 1 was
reduced to non-significance [F(1,57)=0.60, p =0.443].



90

80
/ —A— SDST score
70

Schizophrenia
/ —a— SDST score Elderly
60
—&— SDST score Control
50 ;/
40 ‘
1 2 3

Figure 1: Means (and SE) of the number of correct digits per session for schizophrenia
patients (S), elderly volunteers (E) and young controls (C).

Long term learning matching and writing time

Mean matching time per digit and mean writing time per digit are
presented in Figure 2 for each session and each group.

Mean matching time per session - Figure 2 demonstrates that the matching
times mirror the SDST performance of Figure 1. A clear learning effect over
sessions was found [F (2,85) =32.46, p <0.0001], which was equal for the
three groups [Group*Session interaction: F (2,85) =1.49, p =0.206].
Averaged over all sessions, the matching times in each group differed
significantly from each other [F (2,86) =13.39, p <0.001]. Planned contrasts
show a significant difference between patients and controls (p <0.0001),
between patients and elderly (p =0.002 after Bonferroni correction), but
not between the elderly and the controls (p =0.167).1Q (ART) as a covariate
was significant [F (1,85) =14.50, p =0.0003]. IQ did not influence the
difference between patients and controls (p =0.001) but reduced the
difference between elderly and schizophrenic participants to non-
significance (p =0.282).
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Mean writing time per session - The writing times as displayed in Figure 2
do not show much variation over the test sessions, and the session effect
was not significant [F (2,85) =1.36, p =0.262]. Therefore, we may conclude
that there was no evident learning in the writing of the digits. Neither was
the Group*Session interaction significant [F (4,170) =0.45, p =0.771]. On
the other hand, the differences between the groups were relatively large
and significant [F (2,86) =26.37, p <0.0001]. The elderly wrote significantly
slower than the patients (p =0.0003) and the patients wrote significantly
slower than the controls (p =0.001).
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Figure 2: Means and SE for matching and writing time per session for schizophrenia

patients (S), elderly volunteers (E) and young controls (C)
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Short-term learning matching and writing times (over blocks per
session)

Within-session learning effects are shown in Figure 3, which displays mean
matching and writing times per digit for each of the five blocks in the three
sessions.

Mean matching time per block - Figure 3 illustrates a decrease in matching
time over the blocks and over sessions. A GLM repeated measures analysis
confirmed that matching time decreased significantly over blocks [short-
term learning; F (4,75) =21.66, p <0.0001] and over sessions [long-term
learning; F (4,75) =21.66, p <0.0001]. The decrease over blocks was about
equal in the three sessions [F (8,71) =1.74, p =0.105] and seemed to be
similar in the three groups [F (8,150) =1.709, p =0.101], but the highest
order interaction (session*block*group) was significant [F (16,142) =1.79,
p =0.038]. Therefore, separate analyses were run per session. In these
analyses, only the linear block effect was tested (i.e., a linear decrement of
matching time over blocks; see the dashed lines in Figure 3). In session 1,
this linear block effect was significant [F (1,78) =31.04, p <0.0001],
denoting a significant short-term learning effect (decrement over blocks),
but this learning effect was similar for the three groups [block*group
Linear: F (2,78) =0.03, p =0.597]. In the second and third sessions, more
participants reached the minimum criterion of 45 correct digits, but the
analyses of the Linear trends yielded similar results [session 2: block: F
(1,83) =29.08, p <0.0001; block*group Linear: F (2,83) =2.75, p =0.070;
session 3: block: F (1,83) =25.20, p <0.0001; block*group Linear: F (2,83)
=1.95, p =0.148]. Therefore, these results suggest that the rate and amount
of short-term learning (repetition over blocks) was similar in the three
sessions and about equal among the three groups.

Mean writing time per block - Writing time in Figure 3 shows that there is
not much variation over blocks and sessions. The only noteworthy result is
the relatively long writing time of the elderly participants. An analysis of
writing time with session and block as the within-subject variables and
group as the between-subject variable showed that the effect of session was
not significant, but the block effect was [F (4,75) =5.60, p =0.0003]. None of
the interactions were significant either. In the first session, the linear block
effect was not significant (p =0.216), but the linear block*group inter-
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action was significant [F (2,78) =3.55, p =0.033]. This is probably due to a
slight decrement of writing time by the elderly but not by the other two
groups. In the second and third session, the linear block effect and the
linear block*group interactions were not significant, indicating that writing
time remained stable in these sessions.
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Figure 3: Means and SE for writing and matching time per block and per session for

schizophrenia patients (S), elderly volunteers (E) and young controls (C).
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Estimating the effect of short-term learning on the SDST score

To estimate the contribution of the linear decrease in matching time to the
SDST score, we estimated the score that would have been obtained if the
matching time (mt) and writing time (wt) of the first block (i.e., mtl and
wtl) had been maintained over all blocks in the 90 s of the test [i.e.,
estimated score = 90/(mtl+wtl)]. We did the same for block five. The
result of this estimation for session 1, i.e., for the standard test
administration, was that the score of all participants had improved, more
specifically from 50 to 56 for patients with schizophrenia, from 52 to 64 for
the elderly and from 66 to 72 for the controls. These are increases of 12, 23,
and 9%, respectively. It should, however, be stipulated that not all
participants showed a decrease in matching time over blocks. Slopes
ranged considerably, with the largest range found in the group of
schizophrenia patients (from +78 ms/block to =301 ms/block; mean=-37
ms/block) compared to the ranges of the young controls (from+50
ms/block to -284 ms/block; mean=-39 ms/block) and the elderly
volunteers (from+38 ms/block to -236 ms/block; mean=-55 ms/block).
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DISCUSSION

Summary of results

The main purpose of this study was to assess to what extent difference in
symbol-digit learning influences the performance on the SDST. The present
findings demonstrate that the repetition of symbol-digit pairs during one
test administration (short-term learning), and the repetition of the same
test over several days (long-term learning), resulted in significant
decreases of matching time. Interestingly, these learning effects on
matching time were about equal for patients, age-matched controls, and
elderly participants, while the overall test score differed among the groups.
In contrast, writing time, reflecting sensorimotor speed, remained about
equal over symbol-digit repetitions. Patients had the lowest overall score
and the longest matching time; however, the difference between patients
with schizophrenia and elderly was no longer significant after controlling
for the lower IQ of the patients.

Sensorimotor speed had a smaller impact on the overall test performance,
but there were significant differences between the three groups with the
elderly clearly being the slowest writers.

Rationale for the chosen methodological approach

In an experimental approach of the coding task, like the one adopted by
Bachman et al. (15), single symbol-digit pairs are presented trial by trial
and on each trial the participant must quickly decide whether the presented
combination is identical to one of the digit-symbol pairs in the reference
code that is simultaneously presented on the PC screen. In the more
common paper-and- pencil version of the task, the participant can work at
his own pace and might (learn to) combine the activities of both writing a
digit and searching for the next digit that matches the next symbol in
parallel. We opted to incorporate an experimental approach into the
continuous paper-and-pencil version, because recording of the pen
movements enables the separate measurement of reaction time (now
denoted by “matching” time) and response execution time (“writing” time).
In addition, to allow an unbiased estimate of learning we adapted the
presentation of the symbols that had to be coded. In standard symbol-
coding tests, not all nine symbols are already shown in the first block, but
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they are introduced gradually to promote the learning of the symbol-digit
relations. For our SDST version, however, we preferred to present all nine
symbols with the same frequency right from the start. As a result, a
repetition of the same symbol-digit pair was separated by an average of
eight other pairs. Yet, considerable learning did occur as evidenced by the
linear decrease in matching time over nine-symbol blocks.

Influence of learning processes on the SDST score

Comparing the size of the learning effects with the SDST scores showed that
the influence of learning processes on the SDST score in schizophrenia, the
elderly and younger controls varies greatly from person to person. The
average learning effects found in the present study of about 12% in the
schizophrenia group and 23% in the elderly can be classified as rather
substantial. This is in line with the conclusions drawn by Bachman et al.103
and Joy104, It deviates from Salthouse’s1%? interpretation in which memory
factors are assigned only “a very small role in contributing to the age
decline in digit-symbol performance.”

Identification of learning processes

Repetition of the same task results in learning. Therefore, the decrease in
matching time over blocks within one session as well as over more sessions
must be the result of a learning process. But what exactly is learned during
the repetitions of symbol- digit pairs is less clear. Two critical processes are
known to be involved in the search for the matching digit: visual
scanning!1® and relational memory%4. First, visual scanning, refers to the
early detection and identification of visual stimuli, either alone or in the
presence of competing stimuli. The role of visual scanning is emphasized
when participants consult the code key frequently during test
administration. Possibly, visual scanning might improve by learning the
position of the symbols in the key. Second, relational memory, refers in this
context to the memory for associations in the SDST3101, Learning the
relations between symbols and digits will reduce the necessity for
searching, which automatically results in a decreased matching time. A
third process that might be involved in the reduction of matching time over
repetitions is a change in the strategy to perform the task. An impairment in
response selection11112 j e, the process of mapping stimuli to specific
responses and decision making could possibly cause a considerable amount
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of the lower performance observed in schizophrenia. Most participants will
start with performing matching and writing strictly after each other, while
some participants might learn to do part of the writing and scanning in
parallel. In that case, the search for the next digit has already started during
the automatic writing of the current number.

Overall, various learning processes might contribute to a decreased
matching time, but their relative contribution could not be deduced from
the present study. To find more detailed answers, experimental changes of
the task, like the manipulations tested by Bachman et al., are needed. For
now, we can only conclude that these learning processes occurred
unintentionally, and therefore, should be denoted by the term “implicit
learning.” An important outcome of this study is that the rate of this implicit
learning was not significantly different among the three groups.

Sensorimotor speed

The second aim of our investigation was to evaluate the effect of differences
in writing speed on the SDST score. Group differences in writing speed
were highly significant but smaller than the group differences in matching
time. Schizophrenia patients wrote significantly slower than same-aged
controls and the elderly had the lowest writing speed. The effects of
reduced writing speed in schizophrenia and the elderly on the total test
score were smaller than the estimated effects of learning (for
schizophrenia, learning+12%, writing speed+4%; for the elderly,
learning+23%, writing speed+13%).This leads us to the conclusion that the
usual determination of the symbol-coding test score results in
underestimation of the speed of information processing, particularly for the
elderly.

Schizophrenia and the elderly compared

Healthy elderly persons were included in this study in order to compare the
reduction in the speed of information processing of the schizophrenia
patients with normal, age-related cognitive decline. By correcting for
sensorimotor speed and only taking the matching time as an index of
processing speed, patients performed worse compared to the elderly
volunteers (aged 65- 85 years). However, when an estimate of premorbid
intelligence (the Adult Reading Test) was considered, the differences in
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matching time were no longer statistically significant, while the difference
between patients and same-aged controls remained significant. Although
the similarity between the elderly and the patients with schizophrenia on
matching time is striking, we cannot deduce from these data whether
schizophrenia should be seen as “dementia praecox.” In addition, it should
be acknowledged that the elderly had a small but significantly lower
sensorimotor speed. Only sensorimotor speed differentiated all three
groups.

Study limitations

Due to patient selection, a bias might exist since only patients who were
able to complete the test batteries were included in this study. The
neurocognitive abilities of the selected patients may therefore be higher
than the group of schizophrenia at large. Thus, the results of this study may
not be generalized to the whole population of patients with schizophrenia.
However, the mean SANS score for schizophrenia patients of 25.7 (SD
17.39) that was measured on screening visit is comparable with the mean
SANS score of 23.0 (SD 14.6) found in a large heterogeneous sample of
schizophrenia patients!13, Additionally, only 4.2% of our study sample was
excluded after screening visit, suggesting that the internal validity of our
study is high.

Implications for future research and clinical practice

There is a wide variation in the administration of symbol-digit coding tasks
ranging from a classical pen-and-paper writing task to a purely
computerized test, which simply requires pressing a button when the
correct symbol-digit combination appears. These different methods may
ask for different cognitive sub-processes in the total test score. As an
example of this, the present study clearly showed that the time taken by the
motor part of the test must be considered in interpreting symbol-digit
coding test scores as measures of the speed of information processing.

The large variation between individual participants in the rate of short-
term learning could argue for the need of additional memory test
information to assess to what extent the (possibly) low SDST score has
been the result of a learning failure. Some healthy volunteers mentioned
spontaneously at the end of a session that they had remembered the
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symbol-digit combinations but we did not give a questionnaire to draw
further conclusions toward awareness differences among the groups.
Therefore, we suggest that the addition of a self-rater or observer-rater
questionnaire might be valuable to address the possibility of different
explicit and implicit learning strategies.

Although schizophrenia is often characterized by a reduced speed of
information processing, the present study showed a similarity with the
control group and the elderly as far as the rate and amount of both short-
term and long-term implicit learning was involved. This was found despite
the general finding of impaired working memory and a lower rate of
explicit verbal and visual learning in schizophrenia. Because we speculate
that improving processing speed may be predictive for the functional
outcome, we recommend that more attention should be paid to implicit
learning in future schizophrenia research and in the design of specific
rehabilitation programs.

CONCLUSION

We can conclude that the two factors that were studied both influenced the
estimation of processing speed with the Symbol-Digit Substitution Test.
The average effect of learning the symbol-digit relation on the SDST score
was substantial and the large individual differences in the amount of
learning deserves more attention. The effects of sensorimotor speed on the
total test score were shown to be smaller than the learning effects but
cannot be neglected because they lead to an underestimation of the speed
of information processing, particularly for the elderly. The finding of equal
unintentional learning effects in patients, their age-matched controls and
elderly participants lead us to the conclusion that implicit learning might be
preserved in schizophrenia. This finding has important consequences for
the design of specific rehabilitation programs for schizophrenia patients.



CHAPTER V - SEQUENCE LEARNING

Implicit motor sequence learning in schizophrenia and
in old age: reduced performance only in the third
session
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Implicit motor sequence learning in schizophrenia and
in old age: reduced performance only in the third
session

ABSTRACT

Although there still is conflicting evidence whether schizophrenia is a
neurodegenerative disease, cognitive changes in schizophrenia resemble
those observed during normal ageing. In contrast to extensively
demonstrated deficits in explicit learning, it remains unclear whether
implicit sequence learning is impaired in schizophrenia and normal ageing.

Implicit sequence learning was investigated using a computerized drawing
task, the ‘implicit pattern learning task’ (IPLT) in 30 stable patients with
schizophrenia, 30 age-matched controls and 30 elderly subjects on two
consecutive days and after 1 week (sessions 1, 2 and 3). Fixed sequence
trials were intermixed with random trials, and sequence learning was
assessed by subtraction of the response time in fixed sequence trials from
random trials. Separate analyses of response times and movement accuracy
(i.e., directional errors) were performed. Explicit sequence knowledge was
assessed using three different awareness tasks.

All groups learned equally during sessions 1 and 2. In session 3, control
subjects showed significantly larger learning scores than patients with
schizophrenia (p=.012) and elderly subjects (p= .021). This group
difference is mainly expressed in movement time and directional errors.
Patients with schizophrenia demonstrated less subjective sequence
awareness, and both patients with schizophrenia and elderly subjects had
less explicit sequence recall. Explicit recall was positively correlated with
task performance in all groups. After a short 24 h interval, all subjects
showed similar improvements in implicit sequence learning. However, no
benefit of prior task exposure 1 week later was observed in patients with
schizophrenia and elderly subjects compared to controls.

As patients with schizophrenia and elderly both display less explicit
sequence recall, the control group superiority after 1 week could be
explained by an explicit learning component. The few patients with
schizophrenia and elderly subjects who had some sequence recall could
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possibly utilize this explicit knowledge to improve their task performance
but did this by distinct mechanisms.

INTRODUCTION

The functional outcome of schizophrenia is substantially correlated with
the severity of the cognitive symptoms!l4. The fast and progressive
cognitive decline led initially to the conceptualization of schizophrenia as a
disorder of chronic brain deterioration (Kraepelin 1971). Although the
neurodegenerative nature of schizophrenia is currently under debate, there
is evidence supporting the hypothesis that schizophrenia is associated with
accelerated ageing at a genetic and neuroanatomical levell15. On a clinical
level, both patients with schizophrenia and normal ageing subjects show a
decline in cognitive functioning. However, patients with schizophrenia
experience the greatest cognitive decline over a shorter period (mainly
during the premorbid and prodromal stage of the illness)!1® compared to
normal ageing-associated changes. For this reason, Kirkpatrick et al.>2
argued that the early stage of schizophrenia can be considered as a period
of ‘compressed ageing.” Importantly, there is a strong overlap between the
cognitive domains that are affected in schizophrenia and those that are also
vulnerable to decline in normal ageing with processing speed, high-load
information processing and explicit learning being the cognitive domains
that are most consistently demonstrated to be affected!!’. Even though both
groups seem to display similar deficits on identical neurocognitive tasks, to
our knowledge, the performance between healthy elderly volunteers and
patients with schizophrenia has never been directly compared on the same
tasks.

While deficits in explicit learning have been extensively demonstrated++118,
the literature is still inconclusive whether implicit learning is impaired in
both schizophrenia*34¢ and normal ageing119.129,

Implicit learning refers to the automatic and unconscious learning of
information in contrast to explicit learning which involves the deliberate
purpose to learn and requires conscious awareness191, Implicit learning is a
complex cognitive domain covering different learning paradigms121 which
can be separately investigated by distinct neuropsychological tasks. While
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probabilistic classification, rotor pursuit, artificial grammar learning and
word-stem completion tasks have been typically found to be preserved in
schizophrenial®1122 implicit sequence learning (ISL), which refers to
unconscious incremental acquisition of sequential information, has been
reported to be impaired*>#6, ISL involves primarily the dorsolateral
striatum, the primary (pre)motor cortex and cerebellum?23124 and is
unrelated and fundamentally different from explicit sequence learning,
which involves the anterior striatum and the prefrontal cortex2s.

The serial reaction time task (SRTT)!26 has proven to be a relevant
instrument to study motor sequence learning in many human populations.
In the implicit SRTT version, unknown to the participants, a fixed sequence
of visual targets is usually presented repeatedly on a computer screen.
Participants are instructed to react as fast as possible to these targets by
pressing on a spatially corresponding button on a keyboard. Two main
implicit learning components contribute to test results, namely sequence-
specific learning and task-specific learning. Participants learn the sequence
based upon the order in which the fixed targets appear on the screen (a
form of visuospatial learning) and upon the order in which associated
movements (such as key presses) are made (a form of sensorimotor
learning). These two sequence learning mechanisms derive from distinct
brain areas and circuits!?’. Task-specific learning (a form of procedural
learning) encompasses all task-related information such as feedback
signals, timing and location of stimulus presentation, or the position of the
hand and fingers.

Up until to date, it remains unclear whether ISL as measured by the SRTT is
impaired in schizophrenia*3128 and during ageing!19120129 These
inconsistent findings may be explained by methodological limitations in
previous SRTT studies in both populations.

Firstly, studies used small numbers of sequence repetitions (5-10 fixed
sequence repetitions and only one session)130, However, it has been shown
that the amount of online ISL depends on the number of sequence
repetitions per session!3l. In addition, as few longitudinal studies are
available, there is no clear understanding about retention and offline
consolidation effects132.
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Secondly, most SRTT studies use little visuospatial variation in their tasks
and might be too simple to detect visuospatial deficits. However, it has also
been shown that there are specific visuospatial deficits in schizophrenia?33-
135 and ageing13¢ that influence implicit learning. For example, studies using
non-visuospatial versions of the SRTT in schizophrenia found only accuracy
(i.e., error-related) deficits, whereas a visuospatial version demonstrated
larger impairments on both accuracy and response times!?5. Using the
implicit pattern learning task (IPLT), a task with more visuospatial
demands, learning deficits which were not detected by the SRTT were
found in patients with mild cognitive impairment, Parkinson’s diseasel3”
and Korsakoff’'s syndrome!38; however, this task has not been used in
schizophrenia.

Finally, explicit learning is well known to be impaired in schizophrenia and
normal ageing, but its presence in an implicit learning task cannot be
excluded?39.

In order to further investigate implicit learning in schizophrenia and
elderly, it is essential to overcome these methodological limitations. This
paper is part of a larger study that aims to compare the performance of
patients with schizophrenia, elderly volunteers and healthy controls on a
battery of different explicit and implicit psychomotor learning tasks.

The aim of the current study is to understand better whether implicit
sequence learning, a skill that is indispensable in performing elementary
activities such as tying shoes, is impaired in patients with schizophrenia
and healthy ageing. Given the arguments for a visuospatial deficit in
schizophrenia and ageing, the IPLT was used, in which pen movements
toward a larger number of possible targets are recorded on a digital writing
tablet. Multiple test repetitions over several days allowed a detection of
possible learning deficits on later learning phases. The hypothesis of the
study was that patients with schizophrenia and older subjects would show
less ISL improvement across sessions than controls since it has been
demonstrated that both groups display deficits in motor sequence memory
consolidation®7129, Lastly, the presence and role of an explicit learning
component was explored using three different awareness tasks, which were
compared with each other and related to the task performance: a non-
suggestive oral questionnaire, a sequence recognition task and an explicit
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recall task. It was expected that both patients with schizophrenia and
elderly would demonstrate explicit learning deficits44118,
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METHODS

Participants

Our study group consisted of 30 stably treated patients with schizophrenia
(aged 18-55 years) who had not experienced a psychotic relapse in the past
2 months, 30 age- and gender-matched control participants, and 30 gender-
matched elderly volunteers (aged 65-85 years). The patients were
recruited from psychiatric hospitals in the area of Antwerp, Belgium and
the healthy controls were recruited from the local community. All
candidates provided a written informed consent. Participants receiving
treatment with benzodiazepines and anticholinergics (including tricyclic
antidepressant drugs) were excluded from participating in the study
because of their documented negative effects on cognition. The inclusion
and exclusion criteria for the three groups are described in detail in our
previously published papers where the same groups of participants were
studied®3%8. The test was conducted in accordance with the ethical
principles that have their origin in the Declaration of Helsinki and that are
consistent with Good Clinical Practices, applicable regulatory requirements,
and in compliance with the study protocol. This study was conducted at the
University Psychiatric Hospital Duffel, Belgium, and the study protocol was
reviewed and approved by the institute’s Ethics Committee. The study is
registered at ClinicalTrials.gov: NCT01788436.

Implicit pattern learning task (IPLT)

Participants were seated in front of a laptop computer and performed the
IPLT writing task on a sheet of plastic that was fixed on a digitizing
(WACOM) writing tablet. In order to control the cursor movements to
different targets on the computer screen, subjects used a normal-looking,
non-inking pen to move across the plastic sheet. The position of the pen tip
was recorded on and up to 5 mm above the tablet. Sixteen 10-mm-diameter
target circles were continuously displayed on the computer screen,
positioned in a rhombus of four-by-four targets on equal distances from
each other (see Fig. 1).

82



140

120+

100

80

’ Directional error ‘

15
B0} ’ Directional error /

40 1 1 1 I 1 1 1

Figure 1. The target display on the computer screen during the IPLT. Turquoise circle:
starting position, i.e., the previous target after being hit by the cursor. Dark blue target:
the next target. Dark blue trajectory: the trajectory of the twelve consecutive fixed
sequence targets starting from target 11: 15, 14, 10, 13,9, 10, 5, 6, 1, 5, 2, and 7. Black
bold trajectory: an example of pen movements on the fixed sequence targets. Black
trajectory: possible pen movements on eight random targets. A target error is shown on
the pen trajectory on fixed trial 6 and five movement errors in which the movement
started in the wrong direction (directional errors, DE) are marked. The display seen by
the participants consisted solely of the turquoise pen cursor, the sixteen circles (without
the numbers), the turquoise starting position and one target circle being filled dark blue.

Each trial consisted of one target turning dark blue. Participants were
instructed to move the cursor (a turquoise dot with 4 mm diameter) toward
the dark blue target as quickly as possible by moving the non-inking pen on
the digitizing tablet. The cursor had to be held inside that target circle for
100 ms. A correct hit (and stay of 100 ms) of the target circle by the cursor
was indicated by a beep and a color change of that target circle to turquoise.
From the moment the beep sounded, there was a short intertrial interval
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lasting for 100-108 ms, which was needed to write the data of the previous
trial away. After this, the next trial started with a new, adjacent target
turning dark blue. The turquoise starting position remained visible until the
dark blue target was reached. The trials were presented either in learning
blocks, consisting of repetitions of a fixed 12-target sequence, or in pseudo-
random blocks, consisting of eight random targets which did not contain a
fixed sequence. The total duration of one IPLT session took on average 15
min.

The IPLT task was assessed in three sessions, conducted on two
consecutive days (sessions 1 and 2) and 7 days later (session 3). In session
1, a first 60-trial pseudo-random block (R1) was followed by five 100-trial
learning blocks (L1-L5), where the eight random targets followed by the
12-target fixed sequence were repeated five times. The five learning blocks
were followed by a seventh pseudo-random block (R2) of 60 trials at the
end of the session. Sessions 2 and 3 were largely similar to session 1 but
consisted of only three learning blocks (L1-L3) instead of the original five.
In between the blocks, participants were given a short self-timed break of
about 20 s to reduce fatigue. All participants were examined individually.

On each session, the IPLT was performed as the third task during a larger
120-min neuropsychological test battery, after having performed a symbol
digit substitution task, of which the results have been published
elsewhere®3. Before every IPLT session, a practice exercise was performed
in order to get familiar with the use of a digital writing tablet, the non-
inking pen and the coordination between pen movements and cursor
movements on the computer screen.

Awareness tasks

The participants were not informed about the repeated sequence. Yet, by
debriefing following each IPLT assessment a subjective awareness test was
performed. After this debriefing on session 3, participants were informed
about the fixed sequence, after which two additional more objective tests,
one recognition test and one recall test, were performed.

Subjective awareness test

After each IPLT session, participants were asked if they had noticed
anything with respect to the task to probe whether they had become aware
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about the tasks’ fixed sequence. Because the participants needed to remain
naive about the fixed sequence until the end of the session 3, this question
was asked in a sensitive, non-suggestive fashion. A degree of explicit
awareness was scored when participants were able to verbalize that there
seemed to be a repeating pattern in the task or found the middle (learning)
blocks went smoother.

Recognition test

Four blocks each consisting of twenty trials were performed with the third
block containing the fixed sequence and the other three blocks being
entirely different from the fixed sequence. The participant was asked to
estimate how likely it was that this sequence appeared during the IPLT by
scoring each block on a scale of 0-100 % with 0 % meaning absolute
certainty that the sequence did not appear in the [PLT and 100 % indicating
that the subject was entirely certain that the presented sequence was
identical to the fixed sequence in the IPLT.

Recall test

Participants were asked to try to actively regenerate the pattern on two
identical test blocks, consisting of the twelve sequence targets. The next
target was not signaled automatically anymore, and as soon as the right
circle was hit, a beep sounded and this circle turned turquoise as in the
normal IPLT, after which the next target could be searched for.

Analysis

We considered the general decrease in response time and errors across
learning block L1 to L5 to depend on the combination of task- and
sequence-specific learning. The difference in response time on sequence
trials from random block R2 to the preceding learning block L5 or L3 was
regarded as a measure of sequence learning and the decrease across
random trials to be caused by task-related learning.

The averaged differences in response time between the fixed and random
trials and their increase over consecutive learning blocks provide an
estimate of the learning rate within one session.



The mean total response time per target (TT) was separated into the time
needed to initiate a movement (mean reaction time, RT) and the time
needed to cross the distance between the two circles (mean movement
time, MT). The RT is measured as the time between the onset of stimulus
presentation and the time at which the pen left the starting circle and
crossed its 0.4-cm periphery (total diameter 3.4 cm). The MT is the time
taken to cross the distance between the start-circle’s periphery and the
periphery of the target circle. The spatial nature of the writing task allowed
an analysis of detailed pen movements in different correct and wrong
directions. The increase of the number of directional errors (DEs) from L5
to R2 was used as a measurement of accuracy and enabled a detection of
potential learning strategies. DEs were movements that left the starting
circle at the wrong angle, i.e., deviations of >22.5° from the most optimal
angle. This movement toward a wrong target in the first stage of the
movement could still be corrected during the later stages of the movement,
in contrast to a target error where a wrong (blank) target had been hit after
making a DE.

All data were analyzed with ANOVA (GLM) repeated measures in IBM SPSS
version 22. The schizophrenia group was compared with the control group,
and the elderly group was compared with the same control group for the
measures of significance (planned comparisons). Bonferroni post hoc
analysis was used to compare the schizophrenia with the elderly group.
Alpha was set at 0.05 through- out the study analyses.
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RESULTS

The demographic features of the three study groups and the distribution
and daily doses of the antipsychotic drugs in patients with schizophrenia
are summarized elsewhere (De Picker et al. 2014). As the data of one
schizophrenia patient were missing due to a computer error, the
performance levels of 29 patients with schizophrenia, 30 healthy controls,
and 30 elderly patients were analyzed.

To assess the effect of antipsychotic medication on the amount of ISL in
patients with schizophrenia, the mean doses of antipsychotics were
converted to chlorpromazine equivalents (Ceq). Six patients taking a depot
variant of paliperidone, olanzapine and bromperidol were excluded as it
was not possible to find reliable Ceq values for these three depot
antipsychotic agents. The amount of sequence learning of the remaining 23
patients did not significantly correlate with the Ceq values (Spearman’s p:
session 1 p =0.20; session 2 p =-0.34; session 3 p =0.07). The median
dosage (400 Ceq) and the Belgian Center for Pharmacotherapeutic
Information (2016) were used to divide all 29 patients into two categories
of a relatively high or a relatively low dosage. Analyses of variance (GLM)
on the TT values of the random and on the fixed sequence trials did not
reveal any significant difference (p > 0.20) between the high- and the low-
dose groups in any of the three sessions.

The main outcome measure of the IPLT is the TT needed to reach a target.
Group means over sessions and trial blocks within sessions are presented
in Fig. 2. The figure shows two lines per group: one for the eight random
targets and one for the twelve targets that were presented in a fixed
sequence during the learning blocks (L1-L5) and in a random order during
blocks R1 and R2.

Before analyzing the data on sequence learning, we will first describe the
sensorimotor learning results as shown by the responses to random
targets.

Sensorimotor learning

Figure 2 shows that in general the control group (C) was much faster than
the schizophrenia (S) and the elderly (E) group. ANOVA (GLM) showed on
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the TT means of the eight random targets with session (3) and block (5;
only the first five blocks in session 1) as within-subject factors and group
(3) as between-subject variable a significant group effect (F (2,86) =26.99, p
<.0001). Contrasts of group C (423ms) with group S (531ms) and with
group E (541ms) were significant (both p<.0001), whereas groups S and E
were not different (p =.564).

Implicit pattern learning task
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Figure 2. Mean total time to reach random (filled markers) or fixed sequence targets
(open markers) per block and session for the three groups. R1 and R2 are the two
Random blocks and L1, L2, L3, L4 and L5 are the five Learning blocks on session 1, 2 and
3.

ANOVA also showed considerable sensorimotor learning (TT reduction)
over the three sessions (F (2,85) = 157.42, p <.0001) and over the blocks
within the sessions (F (4,83) =50.88, p <.0001). In addition, group
differences in sensorimotor learning rate were found, as shown in the block
by group interaction (F (8,166) =5.25, p <.0001) and the session by group
interaction (F(4,170) = 4.04, p = .004), while the highest order interaction
(session by block by group) was not significant (p =.416). The block by
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group interaction is due to a larger TT decrease from block R1 to block L3
in the elderly (C: 31ms, S: 38ms and E: 75ms; Group S vs E, block x group: F
(4,54) =7.52, p <.0001). This must have been the result of the relatively
large TT of group E in the random trials of block R1, because an analysis
only over blocks L1 till L3 did not produce a significant block by group
interaction anymore (F (3,55) =2.09, p =.112). Elderly persons seemed to
have had much more problems with the very first trials of the task, at least
in sessions 1 and 2 (see Fig. 2).

The elderly also differed in the amount of learning over sessions from the
other groups. The significant session by group interaction is caused by the
larger decrease in TT of the elderly (sessions 1-3: 592-532-499ms)
compared to the session reductions of group S (567-527-499ms) and
group C (453-416-399ms). Even when only four blocks were averaged
(omitting R1) and when only groups S and E were compared, the decrease
over sessions was larger in the elderly (F (2,56) =3.57, p =.035). In Fig. 2,
this is shown by the larger TT of group E compared to group S in the
random targets on session 1 (particularly on blocks L2-L4) and the
disappearance of this difference in sessions 2 and 3.

Sequence learning per session

The amount of sequence learning can be determined by comparing targets
in a fixed sequence with a control condition in which the order of targets is
random. In the present study, this was done first in the traditional way by
calculating for each session the difference in mean TT of random block R2
and the preceding learning block (L5 in session 1 and L3 in sessions 2 and
3). Figure 2 shows marked increases in TT from the last learning block to
the subsequent random block (R2) for all groups in all sessions. ANOVA
(GLM) on session (3 levels) and block (2 levels: last learning block vs. R2)
as within-subject variables and group (3 levels) as between-subject factor
showed a strong effect of sequence learning (block: F (1,86) =313.08, p
<.0001). In this analysis, the effect of session was also significant (F (2,85)
=75.99, p <.0001) as well as the block by session interaction (F (2,85) =8.84,
p=.0003).

To illustrate the amount of learning in the three sessions, the differences in
TT between the final random blocks and the preceding learning blocks are
displayed in Fig. 3 (left panel). The figure shows that in session 1 the degree
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of sequence learning was substantial (F (1,86) =159.64, p <.0001) and equal
for the three groups (F (2,86) =0.28, p =.754). Session 2, compared to
session 1, showed a higher degree of sequence learning in the three groups
(F (1,86) =8.42, p =.005). The lack of an interaction between session
(sessions 1 and 2) and group (F (2,86) =0.20, p =.816) demonstrates that
this increase was about equal for the three groups. However, in session 3
the learning score of the control group improved again, while the other two
groups remained on the same level as in session 2. The group by session (3
levels) interaction showed a significant linear contrast (F (2,86) =3.61, p
=.031) and simple contrasts on TT differences in session 3 yielded
significant group differences between the control group and the other two
groups (C-S: p =.012; C-E: p=.021).

More information on this control group superiority in the third session is
gained by inspection of the RT and MT components of the TT (see Fig. 3).
The shortening of RT with sequence learning was substantial (F (1,86)
=246.38, p <.0001), but did not improve over sessions (F (2,85) =0.24, p
=.784). It was equal for the three groups (F (2,86) =1.53, p =.224) and did
not show any group by session interaction (F (4,170) =1.10, p =.360).
However, MT offered a different picture. Like RT, the overall reduction in
MT as a result of learning the sequence was large (F (1,86) =82.56, p
<.0001), but now the effects of session (F (2,85) =12.51, p <.0001) and
group by session (F (4,170) =5.30, p =.0005) were significant. These effects
were mainly caused by the control group. A reduction in MT can be
obtained by increasing movement speed, but the main factor was probably
avoiding the detours caused by starting the movement in the wrong
direction. The fourth panel of Fig. 3 shows that the difference in percentage
of DEs between blocks R2 and L5/L3 shows a similar picture as the
differences in MT (group x session: F (4,170) =3.20, p =.015). On random
trials, the percentage of DEs increased over blocks within each session from
15 to 28 % (averaged over groups; not displayed in Fig. 3). This is possibly
due to an increase in the tendency to start before the proper target has
been identified. On fixed sequence targets, however, DEs decrease over
learning blocks (in session 2 from 21 to 18% and in session 3 from 20
to16%). When the fixed sequence turns into a random order, in the R2
blocks, large increases in percentage of DEs occur (shown in Fig. 3) which
result in higher numbers of corrected trajectories with large detours from a
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straight path. This effect proved to be stronger for the control group in
session 3 (simple contrasts C-S: p =.015; C-E: p =.021).
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Figure 3. Amount of learning at the end of the three sessions revealed by the differences between the final
random block (R2) and the preceding learning block (L5 in session 1 or L3 in sessions 2 and 3).

Sequence learning per block

The design of the present study, by including random trials in the learning
blocks with fixed sequence trials, made it possible to test whether the
groups differed in their learning speed already in the first learning blocks
and not only at the final block in a session. However, as can be seen in Fig. 2,
the TT to move to the 8 random targets was higher in block R1 than the TT
to the 12 future fixed sequence targets (535 vs. 514ms, F (1,86) =53.81, p
<.0001). Therefore, to test whether the measure of learning, i.e., the
difference between random and fixed trials, is larger in blocks L2 till L5
compared with the first learning block, the differences at L1 were
subtracted from the differences at L2, L3, L4 and L5. The resulting group
means are displayed in Fig. 4. ANOVA on these data showed no group effect
(F (2,86) =0.11, p =.89), the block effect was significant (F (3,84) =11.85, p
<.0001), the significant block by group interaction (F (6,168) =2.16, p
=.049) was only caused by a cubic contrast (p =.007), and the linear and
quadratic contrasts (p =.293 and p =.793) were not significant. Figure 4 also
shows that sequence learning could be observed already in block L2. An
analysis on these corrected L2 differences demonstrated a substantial
improvement in L2 (F (1,86) =42.06, p <.0001), which was equal for the
three groups (F (2,86) =1.04, p =.359). This means that significant sequence
learning appeared already after 5 repetitions of the 12-target sequence (in
L1) in all three groups alike.

91



~
o

o)
o

T
o

total time difference (ms)
w S
o o

—-Elderly

A —&— Schizophrenia

—@- Control

N
o

=
o

o

11 12 13 L4 LS R2-L5
Blocks in session 1

Figure 4. Difference in total time per group between random and fixed sequence trials per block (L1 to L5)
in session 1 corrected for differences in L1. For comparison the R2-L5 TT differences of session 1
(presented earlier in Figure 3) are also shown.

Awareness

The three different awareness tasks are significantly different from each
other, but these tasks also correlated with each other. The subjective
awareness task differed significantly from the recognition task (x2 =8.45, p
=.004) and from the recall task (x2 =4.93, p =.026), and the recognition task
differed significantly from the recall task (x2 =8.99, p =.003). The subjective
awareness task correlated significantly with the recognition task (r =.30, p
=.004) and with the recall task (r= .23, p=.026) and the recognition task
correlated significantly with the recall task (r =.31, p =.003).

The degree to which explicit knowledge had developed over the ISL task
was assessed after each session by a subjective awareness questionnaire
and — only after session 3 — by a recognition test and a recall test.

In order to split the data of the three awareness tasks into the dichotomous
categories ‘explicit knowledge’ and ‘no explicit knowledge,” the participants
that scored higher than a criterion were counted. This criterion was set to a
positive answer to the first question for subjective awareness and to the
median score over all 89 participants for the recognition and recall tests.
The percentage of participants who scored higher than these criteria is
presented in Table 1. Knowledge in the schizophrenia group, as compared
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to the control group, was significantly lower on subjective awareness in
session 1 (x2 =4.39, p (2-sided) =.036) and session 3 (1) (x2 =7.04, p =.008)
and on the recall test (x2 =8.96, p =.003). The elderly group was
significantly higher than the schizophrenia group on subjective awareness
in session 3 (x2(1) =5.15, p =.023) and on the recognition test (x2(1) =4.88,
p=.027). It differed significantly from the control group only in the recall
test (x2(1) =6.70, p=.010)

The relation between explicit knowledge and the amount of sequence
learning (assessed by the TT difference between blocks R2 and L5/L3) was
explored by calculating correlations (Spearman’s p and for recall Pearson
r). These correlations are presented in Table 1. Correlations higher than or
equal to 0.31 are significant (without correcting for multiple testing). The
first and most striking result is that subjective awareness correlated
significantly with amount of sequence learning only in the elderly and
control groups. For the schizophrenia group, this correlation was even close
to zero at the first session. This agrees with the finding that the amount of
sequence learning of the 12 patients with schizophrenia without subjective
awareness was equal to that of the 17 patients with schizophrenia who
expressed some amount of subjective awareness (TT difference R2-L5: 50
vs. 51ms; t (27) = -0.07, p =.949).

The second finding that emerges from these correlations is that the
Recognition test scores had no significant relation with sequence learning
in contrast with the Recall test scores. On this latter test, the median score
amounted to eight of the twelve targets that were pointed out without any
error. This seems to suggest a substantial amount of explicit knowledge, but
it must be recognized that it took a considerable amount of time to express
this knowledge. The mean TT in the recall test was 1793ms (2197, 1958
and 1223ms for groups E, S and C), while the mean TT in block L3 of session
3 was more than four times faster, i.e.,, 392ms (424, 436 and 316ms for
groups E, S and C).

The recall task shows that in patients with schizophrenia and in elderly
there is a different contribution of explicit knowledge. In Table 2 is
demonstrated that there is a significant correlation between awareness on
recall and the performance on RTs in patients with schizophrenia. In the
elderly, on the contrary, there is a significant correlation between the recall
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task and RTs and MTs and especially the amount of DEs. The elderly
persons with awareness on recall (37%) had significantly better MTs and
DEs, while the aware persons in the control group (68%) and schizophrenia
group (32%) showed the same performance levels on MT and DE.

The elderly might have profited from their explicit knowledge by making
less DE. Importantly, while in patients with schizophrenia and the elderly
the better performance levels can be partly attributed to explicit learning,
this is not the case for the controls.

Table 1. Degree of explicit sequence knowledge and its relationship with sequence

learning.
Session
1 2 3 3 3
Subjective Subjective Subjective Recognition Recall
Awareness Awareness Awareness Test test

Percentage of participants scoring above the criterion score

Elderly 70 83 90 67 37
Schizophrenia 59 76 66 38 32
Control 83 90 93 57 68

Correlation coefficients with sequence learning

Elderly 0.48* 0.76** 0.52* .28 .54*
Schizophrenia 0.03 0.25 0.17 21 43*
Control 0.52* 0.53* 0.31* -.05 .34*

Percentage of participants per group scoring above the criterion score on Subjective
Awareness in sessions 1, 2 and 3, and on the Recognition and Recall tests in session 3.

Correlation coefficients between the final measure for sequence learning (TT difference
of R2 - L5 or L3) and awareness scores on Subjective Awareness in session 1, 2 and 3,
and on the Recognition and Recall tests in session 3. Correlations higher than or equal to
0.3 are significant and marked by an asterisk (*). Correlations higher than 0.6 are
marked by a double asterisk (**).
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Table 2. Correlation coefficients of recall with the amount of sequence learning in
session 3.

Correlation Recall - amount of sequence learning

TT RT MT DE
Elderly 54* 0.35* 0.45* 0.66**
Schizophrenia 43* 0.61** 0.03 0.03
Control 34* 0.27 0.22 0.27

Correlation coefficients between the amount of learning by the difference in TT (total
time), RT (reaction time), MT (movement time) and amount of DE (directional errors) of
the last random block (R2) and the preceding learning block (L3) and the Recall task in
session 3. Correlations higher than or equal to 0.3 are significant and marked by an
asterisk (*). Correlations higher than 0.6 are marked by a double asterisk (**).



DISCUSSION

This study investigated ISL in patients with schizophrenia, elderly subjects
and young healthy controls. The main findings of the study were that all
subjects showed an equally increasing amount of learning on two
consecutive test days. However, when retested after 1 week, no further
learning improvements were detected in patients with schizophrenia and
the elderly in contrast to the controls who showed an ongoing linear
improvement in their performance on the learning task. Explicit sequence
recall was correlated with sequence learning in all subjects, indicating that
the impaired performance in patients with schizophrenia and elderly
subjects after 1week might be related to explicit learning deficits.

In general, sensorimotor learning (on random trials) was found to be
preserved in the elderly and in patients with schizophrenia. The elderly
subjects were slower on the first random trials of each session, which might
indicate difficulties to initiate the task or a poorer between-session
sensorimotor skill consolidation in the elderly, although this group
difference disappeared in the following learning blocks. The elderly showed
more task-specific sensorimotor learning than patients with schizophrenia
and controls during sessions 1 and 2, which is in line with previous SRTT
findings in ageingl?°. This enhanced sensorimotor learning may be
explained as a compensational mechanism for the explicit learning deficits
in ageing!4% as compensatory increases in motor cortical and the cerebellar
activation has been observed in older individuals141.

The control group superiority on session 3 might be explained by the
combination of sequence-specific learning as their amount of DEs was only
reduced on fixed trials, indicating that they anticipated the next target and
moved the pen in the anticipated direction, and task-specific learning, as
there was a general increase in movement speed. The elderly had also a
lower amount of DEs only on fixed trials which might indicate that they
were able to orient their attention to the next stimulus and learn the
sequence, but they seemed not to benefit actively from this knowledge by
increasing movement speed. Patients with schizophrenia had less DEs on
both fixed and random trials, which suggests that their slower MTs enabled
them to wait more patiently until the next target appeared instead of
actively searching for the next target. This result is in line with previous
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findings that patients with schizophrenia demonstrate greater difficulty to
disengage their attention from attended stimuli*3 and show a delayed
anticipatory orienting toward subsequent stimulil42,

Although the elderly were found clinically healthy and free from disorders
that might impair task performance, factors such as arthritis, sarcopenia,
atrophy of the basal ganglia and a declining dopaminergic function which
might have contributed to the slowing of their hand movements!43 could
not be excluded. In schizophrenia, the slower MTs could be influenced by
psychomotor slowing that is inherent to the illness” and by extrapyramidal
symptoms due to dopaminergic antagonist action of most antipsychotic
drugs10144, A]l patients were stably treated with antipsychotic medication at
the time of testing; however, we found no dose-response relationship
between the used antipsychotic dosage (in chlorpromazine equivalents)
and sensorimotor performance on the IPLT.

The 12-target sequence was learned already after 5 repetitions on the first
learning block in all groups. This finding is like the findings of Nissen and
Bullemer (1987)126 who found that sequence learning of a 10-trial sequence
occurs after 6 sequence repetitions. The relatively fast learning of the
sequence may be explained by the spatial character of our task as studies
that used simpler but less spatial sequences reported that 25-40 sequence
repetitions were needed4.

As most of the participants noticed that the targets were not random and
the number of aware persons increased across sessions, it can be argued
that a variable amount of explicit sequence learning might have influenced
the IPLT results.

As expected, both patients with schizophrenia and elderly subjects
demonstrated less explicit learning, but the nature of this deficit probably
varied among both groups. Subjective awareness seemed to improve the
IPLT performance in the controls and the elderly, but not in patients with
schizophrenia. The recognition task did not correlate with the IPLT
performance in any group, and recall was positively correlated with the
IPLT performance in all groups. The apparently (but not significantly)
smaller correlation of recall with IPLT performance in controls is
counterintuitive but might be explained by the generally high score of recall
in the controls. The higher amount of sequence learning in the controls on
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session 3 might be explained by more subjective awareness and the
capacity to use this knowledge actively. The elderly showed a normal
subjective awareness but had an impaired capacity to move the pen quickly
in the anticipated direction, and the patients with schizophrenia
demonstrated already deficits in the subjective knowledge of a fixed
pattern. As the patients had a normal performance on session 1 and on this
session, there were no significant performance differences between aware
and unaware patients, this supports our conclusion that ISL is preserved in
schizophrenia. The few patients with schizophrenia who demonstrated
explicit recall on session 3 might have used this knowledge to predict the
next target’s location, while the elderly subjects used this knowledge
mainly to improve their movement time.

In a recent study, the existence of ISL was altogether questioned as the
authors found that only participants who did not learn the sequence
explicitly did also not learn it implicitly and vice versal4. In contrast, our
study demonstrates that the participants (2 controls, 3 elderly subjects and
10 patients with schizophrenia) without any awareness on session 3
nevertheless showed a significant amount of sequence learning (p = 0.003).

There are some limitations concerning the awareness tasks as the
interpretation largely depends on the sensitivity of the utilized task. Verbal
report by a subjective awareness questionnaire is the most frequently used
task, but it is often influenced by the patient’s cooperativeness and self-
confidence about the sequence. Subjects might be aware of parts of the
sequence that are not addressed by the questions, and, alternatively,
answering affirmatively might be the result of a positive response bias. To
maximize the detection of explicit knowledge, more objective, forced-
choice tasks have been developed!#t. In our study, recall had the largest
correlations with IPLT performance, but this task is not often used in other
studies, not consistently conducted and prone to contamination by implicit
sequence knowledge such as guessing based on a feeling of familiarity and
sensorimotor practice effects147,

Although it is difficult to rule out the effect of reduced motivation, we
conclude based on our observations during the IPLT and other
neurocognitive tasks that it was unlikely that a lack of motivation accounts
for the drop in performance on session 3. As only patients who were able to
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complete the test batteries were included, our results cannot be generalized
to the whole population of schizophrenic patients.

Finally, we remark that the positive correlation between the awareness and
IPLT performance does not automatically imply a causal relation: it remains
uncertain whether sequence awareness facilitates the performance on the
IPLT. It is possible that the IPLT score improved due to explicit knowledge
as our observation of DEs in controls shows that they must have moved the
pen anticipatorily. However, it is equally possible that participants who
learned better implicitly had a better awareness at the end due to active
searching based on an implicit feeling of familiarity. The next target might
also have appeared so quickly that participants did not have adequate time
to benefit from their explicit knowledge: TTs during recall were generally
fourfold higher than during the IPLT because here participants were
instructed to actively find the next stimulus instead of working as fast as
possible. It is most likely that both factors influenced each other.

The current study puts the cognitive capacities of patients with
schizophrenia and healthy ageing in an optimistic clinical perspective.
Patients with schizophrenia and elderly subjects had a similar task
performance in the first two sessions but seemed to utilize different
working strategies. As patients with schizophrenia showed less subjective
awareness and the elderly seemed to have rather problems in using this
knowledge actively, it might be interesting whether rehabilitation
programs focusing on increasing awareness and how to utilize it (e.g.,
improving the active verbalization of possible underlying task rules and
structures) provide benefiting results in both groups.
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CONCLUSION

On the short term, sequence learning is preserved in patients with
schizophrenia and elderly controls and there seems to be no effect of
awareness which endorses our hypothesis that implicit sequence learning
is preserved in patients with schizophrenia and elderly subjects. Although
our study methods do not allow us to conclude that the deficit which
becomes apparent on session 2 and especially on session 3 is the result of
crescent explicit sequence knowledge in the healthy controls, the
correlations of IPLT performance with the measures of awareness make
this assumption more plausible. Interestingly, both groups did utilize their
smaller but existent amount of explicit awareness in order to improve their
task performance, seemingly by employing different strategies.

The current study underlines that there continues to be a bias in the
interpretation of implicit sequence learning studies. Further research which
aims at disentangling the explicit learning component in these studies
might bring to the proof whether ISL performance deficits in schizophrenia
can be attributed to a deficit in explicit learning.
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CHAPTER VI - SENSORIMOTOR
ADAPTATION

Impaired Sensorimotor Adaption in Schizophrenia in
Comparison to Age-Matched and Elderly Controls

This chapter has been published as:

Cornelis C., De Picker L.J.,, Coppens V., Morsel A., Timmers M., Dumont G,
Sabbe B.G.C., Morrens M., Hulstijn W. (2022) Impaired Sensorimotor
Adaption in Schizophrenia in Comparison to Age-Matched and Elderly
Controls. Neuropsychobiology. 2022;81(2):127-140.
https://doi.org/10.1159/000518867.
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Impaired Sensorimotor Adaption in Schizophrenia in
Comparison to Age-Matched and Elderly Controls

ABSTRACT

Background: The “cognitive dysmetria hypothesis” of schizophrenia
proposes a disrupted communication between the cerebellum and cerebral
cortex, resulting in sensorimotor and cognitive symptoms. Sensorimotor
adaptation relies strongly on the function of the cerebellum.

Objectives: This study investigated whether sensorimotor adaptation is
reduced in schizophrenia compared with age- matched and elderly healthy
controls.

Methods: Twentynine stably treated patients with schizophrenia, 30 age-
matched, and 30 elderly controls were tested in three motor adaptation
tasks in which visual movement feedback was unexpectedly altered. In the
“rotation adaptation task” the perturbation consisted of a rotation (30°
clockwise), in the “gain adaptation task” the extent of the movement
feedback was reduced (by a factor of 0.7) and in the “vertical reversal task,”
up- and downward pen movements were reversed by 180°.

Results: Patients with schizophrenia adapted to the perturbations, but their
movement times and errors were substantially larger than controls.
Unexpectedly, the magnitude of adaptation was significantly smaller in
schizophrenia than elderly participants. The impairment already occurred
during the first adaptation trials, pointing to a decline in explicit strategy
use. Additionally, post-adaptation aftereffects provided strong evidence for
impaired implicit adaptation learning. Both negative and positive
schizophrenia symptom severities were correlated with indices of the
amount of adaptation and its aftereffects.

Conclusions: Both explicit and implicit components of sensorimotor
adaptation learning were reduced in patients with schizophrenia, adding to
the evidence for a role of the cerebellum in the pathophysiology of
schizophrenia. Elderly individuals outperformed schizophrenia patients in
the adaptation learning tasks.
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INTRODUCTION

Sensorimotor abnormalities are inherent symptoms of schizophrenia and
include coordination problems, neurological soft signs, psychomotor
retardation, dyskinesias, catatonia, and Parkinsonism>7. These
abnormalities often precede a first psychotic episode and can therefore
serve as prodromal warning signs. In addition, they are predictive of illness
prognosis, associated with worse antipsychotic side effects, cognitive
disturbances, and negative symptoms>1%148, As motor symptoms often do
not ameliorate with antipsychotic treatment, they are now increasingly
studied as biomarkers to aid the development of more appropriate
treatment options’23149, The importance of studying sensorimotor
symptoms is highlighted by the recent addition of a sensorimotor domain
as part of the Research Domain Criteria framework of the National Institute
of Mental Health150151 which aimed to further explore the complex
neurobiological mechanisms in disorders such as schizophrenia®1214152,153,

In the current study, we focused on sensorimotor adaptation, which refers
to the subject’s ability to adjust well-trained movements to (un)expected
environmental changes>4, such as playing tennis with strong side wind,
getting used to new spectacles or walking on cobblestones on high heels.
The study of sensorimotor adaptation in schizophrenia is clinically
interesting because these deficits have been linked to a reduced “sense of
agency,” that is, the ability to distinguish between self-caused sensations
and those due to external sources. This form of failure in self- or error
monitoring could in part explain some psychotic symptoms such as
paranoid hallucinations!®®, incoherent language, and formal thought
disorders in schizophrenialse.

On a neurobiological level, the cerebellum has been implicated in this form
of error-based sensorimotor learning as part of an integrated network
including the prefrontal cortex, premotor and primary motor cortices,
parietal cortex, thalamus, and basal ganglial>7-159, Evidence for the role of
the cerebellum in sensorimotor adaptation has been provided by functional
MRI investigations and neuropsychological studies where impaired
adaptation is demonstrated in individuals with cerebellar
degenerati0n150,151,160,161_
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In schizophrenia research, Andreasen proposed a cognitive dysmetria
model in which a disruption to the cortico-cerebellar-thalamic-cortical
circuit underlies a broad set of sensorimotor and cognitive dysfunction. In
this circuit, the cerebellum plays a primary coordinative role27.162-166_ A
meta-analysis of magnetic resonance spectroscopy studies in schizophrenia
has shown increased glutamate levels in the cerebellum!¢’. It has been
argued that cerebellar abnormalities in schizophrenia might be restricted to
sensorimotor symptoms rather than cognitive processes!®® but a recent
meta-analysis of functional neuroimaging studies demonstrated
dysfunctional cerebellar activation in schizophrenia both during cognitive
(e.g., working memory, language, emotion processing, and executive
function) and motor skill learning tasks!?25. Taken together, there is
evidence for cerebellum- related motor dysfunction in schizophrenia.

Surprisingly, sensorimotor adaptation has received relatively little
attention in schizophrenia research and the results are mixed. Reduced
saccadic adaptation was demonstrated by Picard et al.1¢° and Coesmans et
al.170, Knoblich et al.’>¢ found impairments in the detection of a
perturbation, but not in the ability to automatically compensate for it in a
gain task. Rowland et al.l’! and Bansal et al.l5® demonstrated intact
adaptation in reaching tasks and mirror drawing has been found to be
impaired, dependent of the type of antipsychotic drug used for
treatment!’2. In other words, sensorimotor adaptation in schizophrenia
needs further exploration.

Recent research supports the theory that schizophrenia might be a
neurodegenerative disorder with genetic, functional-organic, and
neuroanatomical features of accelerated ageing>152173, sharing similarities
with elderly individuals. A decline in sensorimotor adaptation in the elderly
has been well documented>7>?. Elderly individuals show mainly intact
implicit learning but impaired explicit learning in visuomotor adaptation
tasks®’.

The present study investigated adaptation of fast ballistic arm movements
during two variants of a reaching task. Following initial training, visual
feedback of the movement was unexpectedly altered (rotated or distorted).
Theoretically, immediately after the introduction of a perturbation, subjects
will generate an explicit (cognitive) strategy in order to compensate for an
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observed error. Subsequently, a more implicit learning process should lead
to further automatic recalibration of the movement40>8, When the
perturbation is removed, there is a post-adaptation phase where a negative
aftereffect (compensatory opposite movement) can provide a measure of
the amount of previous implicit adaptation learning. Earlier studies did not
incorporate such a post-adaptation phase.

Sensorimotor adaptation is a combination of explicit processes,
characterized by intentional movement control, and implicit mechanisms,
characterized by corrections based on sensory prediction errors. In order
to differentiate better between implicit and explicit processes during
sensorimotor adaptation, a mirror drawing task, the “vertical reversal task”
was also included. This is a more “explicit,” cognitive variant of a reaching
adaptation taskl’4. This task involves the acquisition of a new strategy
(reversing the writing direction by 180°) instead of recalibration of a
movement!’>. In addition, subjects were provided explicit information
about the nature of the distortion.

Patients with schizophrenia were compared with healthy controls and
healthy elderly individuals. Given the “cognitive dysmetria hypothesis” and
the perception of schizophrenia as an “agency disorder,” we hypothesized
that patients with schizophrenia would demonstrate deficits on
sensorimotor adaptation tasks. As deficits in explicit learning are well-
known in schizophrenia, we hypothesized that patients would demonstrate
more deficits on the explicit processes during sensorimotor adaptation.
Comparison with the elderly was made in order to explore whether illness-
related impairment of sensorimotor adaptation in schizophrenia is matched
by comparable age-related deficits.



METHODS

Participants

Twentynine patients with schizophrenia, 30 healthy age- matched and 30
elderly controls participated in the study (Table 1). All candidates provided
written informed consent. All patients were stably treated with
antipsychotic medication for at least 6 weeks, with no more than two
different antipsychotic drugs used at the same time. At the time of testing,
patients were judged to be in stable clinical condition through subject
interview and medical history review by a trained clinician. Symptom
severity of patients was rated at screening by a trained psychology assistant
using the Scale for the Assessment of Negative Symptoms and Positive
Symptoms (SANS- SAPS). This study was reviewed and approved by the
institute’s Ethics Committee and is registered at ClinicalTrials.gov:
NCT01788436.

Task Design

Participants used a non-inking pen on a digitizing writing tablet (WACOM
1218RE) which controlled a cursor (a green dot with 4 mm diameter) on a
computer screen above the tablet. They were required to make single
movements from a start position toward a target location.

Rotation and Gain Adaptation Task - The rotation and gain adaptation task
were based on the ones used by Schaefer et al. [44]. Participants were
required to make a fast pen/hand movement beginning at a yellow starting
circle toward a blue-filled circle over a distance of 10cm, and then return
the pen to the starting circle. The blue-filled circle was one of three possible
targets. Participants were instructed not to react as quickly as possible but
rather to move as fast as possible with one simple straight “shooting”
movement. The target circles were 25 mm in diameter positioned either
directly above the starting circle, 45° to the left or 45° to the right of the
starting circle. The three possible targets were presented in random order.
Each task began with three 12-trial “baseline” practice blocks (blocks B1-
B3) consisting of straightforward movement to the target. Following that
(without notice and interruption), four 12-trial “adaptation” blocks (blocks
A1-A4) were administered, where visual feedback was altered. These
adaptation trials were immediately followed (again without informing the
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participants) by two 12-trial “post-adaptation” blocks (blocks P1-P2)
where the perturbation was completely removed.

In the rotation adaptation task, adaptation trials consisted of a 30°
clockwise rotation around the start position of the cursor relative to the
direction of their hand movement. This caused directional errors with the
subject finishing next to the target in the direction of the rotation. In the
gain adaptation task, movement feedback was reduced by a factor of 0.7,
which caused undershooting and required participants to make a much
larger movement to reach the target.

In all normal conditions, a pen movement on the tablet of 100 mm was
displayed as a cursor movement on the screen of about the same size (i.e,
100 mm). During adaptation trials, a 100-mm pen displacement resulted in
a 70-mm cursor displacement on the screen. Participants therefore had to
make a larger (1/0.7) movement to the target: not of 100 mm but of 143
mm.

During the adaptation trials, returning to the starting point was
unperturbed. The cursor was masked until it reached the area of the
starting circle; whereby the screen turned green except for a small
rectangle around the starting point. Had there been visual feedback at this
stage, the unperturbed cursor position would have a sudden visible jump at
the start of the movement in order to get back to the start position.

Vertical Reversal Task - In the vertical reversal (mirror) task, like the
adaptation tasks, the cursor had to be moved as fast as possible toward a 10
mm-diameter circle. Four possible targets were displayed at the corners of
a 20-mm-sided square position in the middle of the screen. A trial started as
soon as one of the open circles turned red indicating a target. The trial
ended when the cursor was held inside that target circle for 100ms. This
was signaled by a beep and a change of the target color to yellow. After an
interval of 100-108ms the next trial started with one of the other three
possible targets turning red.

Three 12-trial “baseline” practice blocks (blocks B1-B3) were presented
without perturbation. Following that, eight 12-trial “adaptation” blocks
(blocks A1-A8) were completed. In these trials, participants were informed
about an upcoming perturbation, which consisted of a reversal of the visual
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feedback along the vertical axis, creating a “flipped” image as if drawing in a
mirror: left- or rightward pen movements remained normal whereas up- or
downward pen movements were reversed by 180°. For the five last 12-trial
“post-adaptation” blocks (blocks P1-P5), participants were informed that
the visual feedback would be normal again.

The tasks were administered following a battery of similar psychomotor
tasks which were all performed on a digitized writing tablet. Results of the
other tasks are reported previously [5-28]. This battery was conducted
over three sessions. Session 1 and 2 took place over 2 consecutive days and
session 3 took place 1 week later. The rotation adaptation task was
administered once in session 2 and the gain adaptation task was
administered once in session 3, each task taking 5-7 min to complete. The
vertical reversal task was administered on all three sessions. It took about
5-8 min in session 1 and 4-5 min during later sessions.
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Figure 1: Illustration of the three tasks, including an example of a pen position and
trajectory. In addition, graphs are presented depicting absolute velocity over time.
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In the rotation adaptation task, participants moved the small green cursor
with a fast ballistic movement (the “main” movement) beginning at the
starting yellow circle and ending at the filled blue target circle. Movements
of a control participant are illustrated. The cursor is depicted at the position
of the end of the main movement (“Em”) in the second adaptation trial (A2).
The cursor was rotated 30° clockwise and additional compensatory pen
movements were needed to reach the target in trial A2. At the end of the
adaptation period (trial A47) this participant had learned to start the
movement in the right direction, aiming at the virtual target (open circle).
The initial direction error (IDE) was measured at the point where maximal
velocity was achieved.

In the gain adaptation task, the movement of the cursor on the screen was
reduced by a factor of 0.7. Therefore, the main movement of trial A1 ended
(Em) well in front of the goal which made an extra corrective movement
necessary. The main movement error (MME) was measured between the
pen position at Em and the edge of the virtual target.

An example of the first and last adaptation trial in the vertical reversal task
is illustrated. Cursor trajectory and pen velocity are shown (pen trajectories
were vertically reversed cursor paths).

Participants only saw the cursor not its path. On the first adaptation trial,
the control participant made a diagonally upward pen movement. As a
result of the vertical reversal, this resulted in an initial oblique downward
cursor trajectory that was quickly corrected subsequently. In the final trial,
the participant had learned to make the correct oblique downward
movement in order to move the cursor along a straight line diagonally
upward to the target. For more detailed examples of the task design, see
online supplementary Fig. 1-9 (for all online supplementary material, see
www.karger.com/doi/10.1159/000518867).

Kinematic Data

Pen movements were recorded at 200 Hz and 0.2 mm spatial accuracy.
Analysis software was written in MATLAB 7.8.0. Movement time (MT), IDE,
and movement errors (MME) were the main dependent variables.

MT was defined as the time between crossing the border of the starting
circle and crossing the border of the target circle. Movements in each trial
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had to end in the target circle in order to start the next trial. Therefore,
inefficient trajectories resulted in prolonged movement duration. Trials
lasting >3 s were accounted as a true error. These true errors occurred in
1-4% of the trials. Groups did not differ significantly on error percentages.

The IDE in the rotation adaptation task was defined as the angular
deviation from a straight line between start and target. [t was measured at
the pen position on peak velocity. The MME in the gain adaptation task was
the distance between the pen position at the end of the initial ballistic
movement (the main movement) and the target position. The first
minimum in absolute pen velocity after the peak velocity was used as the
end of this ballistic movement.

Statistical Analysis

All data were analyzed in SPSS version 25 with repeated measures ANOVA'’s
(GLM) on trial blocks as the within-subject factor and groups as the
between-subject factor. Group differences with the control group were
tested with planned simple contrasts. Bonferroni post hoc analysis was

used to compare the schizophrenia with the elderly group. Alpha was set at
0.05.
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RESULTS

Demographics and baseline results

General characteristics of the three study groups, mean SANS, and SAPS
scores of the patient group, mean MTs at the baseline blocks of each
adaptation task and corresponding group differences (simple contrasts,
ANOVA) per task are shown in Table 1. At baseline, the schizophrenia and
elderly group performed similarly and were significantly slower than the
control group. These baseline differences were corrected by subtracting the
third baseline block mean from all adaptation and post-adaptation values
per session for each individual subject (MT difference, MTd).

Table 1. Group characteristics, average SANS and SAPS scores and baseline MTs in the
three adaptation tasks.

Schizophrenia (S)  Elderly (E) Control (C)

N 29 30 30

Sex (female - male) 10-19 10-20 10-20

Age (Mean (SD) yrs) 36.8 (7.7) 69.3 (3.9) 36.8 (8.6)

Average SANS score 26.2(18.0)

(SD)

Average SAPS score 12.0(18.5)

(SD)

MT Baseline (ms) F(2,86) p contrast
Rotation adaptation 405 402 320 4.47 .014 (S=E)>C
Gain adaptation 383 369 283 7.02 .002 (S=E)>C
Vertical reversal 243 242 180 10.69 <0001 (S=E)>C

Rotation Adaptation Task
Movement Time

Following the introduction of the 30° clockwise rotation, movement times
(MTd) suddenly became much longer in each group, and from then on
decreased gradually as a result of adaptation learning. The schizophrenia
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group had the longest MTd on each adaptation block (A1-A4) (MTd: S>C: p
=0.004; S>E: p =0.033; E=C: p =0.708) but the adaptation rate (MTd
decrease over adaptation blocks; block*group), was equally strong in all
three groups (see Fig. 2; Table 2). As can be seen in Figure 2 and Table 2,
there was a significant aftereffect in each group demonstrated by prolonged
MTd in the first post-adaptation block compared with the last adaptation
block (A4-P1). These aftereffects were not significantly different between
groups. The decrease in MTd from P1 to P2 was also significant and similar
for all three groups.

Initial Direction Error

Mean IDEs on the first trials of A1 were close to 30° (group S: 26°, group E:
27° and group C: 26°). In subsequent adaptation trials, patients with
schizophrenia made larger errors than controls (p =0.024) whereas the
elderly did not differ significantly from the controls (p =0.240). The IDE
decrease over adaptation blocks was significant and similar for the three
groups (see Fig. 2, right panel). In the post-adaptation condition, a strong
aftereffect (IDEs in the opposite direction) was found in all three groups
(see Table 2), and interestingly none of the groups returned entirely to the
straight (0° angle) direction of baseline block B3.
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Fig. 2: Rotation adaptation task. Group means and standard errors (SE) of MTd (left
panel) and IDE (right panel) on baseline (B1-B3), adaptation (A1-A4) and post-
adaptation (P1-P2) trial blocks.
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Table 2. Rotation adaptation task. Results of analyses of variance (ANOVA) of MTd and
IDE on adaptation blocks (A1-A4), between A1l and P1 and on post-adaptation blocks

(Pl-PZ)
A1-A4 A4-P1 P1-P2
F dfz2 P F a2z P F Df p
2
MTd  Block 6850 83 <0.0001 |2460 85  <0.0001 ;19'1 85  <0.0001
Block*group | 033 166 0.918 128 85 0283 121 85 0303
Group 516 85  0.008 474 85 0011 231 85 0.106
IDE  Block 34606 83  <0.0001 ;742' 85  <0.0001 226'3 85  <0.0001
Block*group | 010 166 0.996 063 85 0535 033 85 0719
Group 266 85  0.076 171 85  0.186 055 85 0578

Gain Adaptation Task

Movement Time - Like the rotation adaptation task, patients with
schizophrenia demonstrated the longest movement times during
adaptation (MTd: S>C: p =0.001; S>E: p =0.006; E=C: p =0.615), but the
decrease over adaptation blocks was significant and equally strong in all
three groups (see Fig. 3; Table 3). Controls and elderly subjects showed a
positive aftereffect (MTd increase from A4 to P1 in Fig. 3) in contrast to the
schizophrenia patients. This block*group interaction was significant (see
Table 3). In addition, controls and elderly participants showed a
significantly larger improvement in MTd on post-adaptation trials (p
=0.001).

Main Movement Error - The gain diminution required an active movement
extension from 100 to 143 mm on the adaptation trials. On the first
adaptation trial of A1, there was an average undershoot of 41 mm which
was equal in all groups. On subsequent trials, however, the undershoot
reduced quickly to about 10-15 mm in the controls and elderly group, in
contrast to the schizophrenia patients who kept making larger undershoots
(S>C: p =0.004; E=C: p =0.205; S>E: p =0.0001) (see Fig. 3, right panel). The
decrease of MME over adaptation blocks was significant and similar in the
three groups. On the first post-adaptation trial of P1, all groups showed an
aftereffect (overshoot in group S: =17 mm, group E: -22 mm, group C: -27
mm), which diminished quickly after about 4 trials in all groups. The post-
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adaptive improvement was significant and similar for all groups (see Table

3).
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Fig. 3: Gain adaptation task. Group means and SE of MTd (left panel) and the extent of
main movement error (MME, right panel), during baseline (B1-B3), adaptation (A1-A4)
and post-adaptation (P1-P2) trial blocks. Undershoots (mostly during adaptation) are
reflected as positive error values and overshoots (mostly during post-adaptation) as
negative error values.

Table 3. Gain adaptation task. Results of analyses of variance of MTd and ME on

adaptation blocks (A1-A4), between A4 and P1 and on post-adaptation blocks (P1-P2)

A1-A4 A4-P1 P1-P2
F a2 p F 2 P F a2 p

MTd Block 5946 81 <0.0001 | 1521 83  0.0002 5401 83 <0.0001
Block*group | 1.16 162 0.333 808 83  0.001 717 83 0.001
Group 775 83  0.001 117 83 0316 095 83 0.390

MME  Block 81.85 81 <0.0001 | 24488 83 <0.0001 |187.83 83 <0.0001
Block*group | 0.74 162 0.619 133 83 0271 055 83 0.581
Group 611 83  0.003 470 83  .012 326 83 0.043

Vertical Reversal Task

Adaptation - Figure 4 and Table 4 show that, averaged over sessions, the
control group had significantly faster MTds than schizophrenia (p <0.0001)
and elderly individuals (p =0.002), and the latter two groups performed
almost equally (p =0.232). The learning effect (MTd decrease on adaptation
blocks) was equal among all groups. This was so for each session, though
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the group differences and learning affect slopes declined from session 1 to
3. Group differences changed over sessions. In the first session, on Al,
controls were significantly faster in comparison to the schizophrenia (p
=0.022) and elderly (p =0.036) group, while the latter two groups
performed almost equally (p =1.00). On A2, the elderly improved more than
the patients with schizophrenia (t (57) =2.07, p =0.043 [2-tailed]). In
session 2, this difference between schizophrenia and elderly in MTd on A2
was smaller (t (57) =1.70, p =0.095 [2-tailed]) and it disappeared altogether
in session 3 (t (57) =-0.49, p =0.628 [2-tailed]).

Post Adaptation - All groups demonstrated a fast return to baseline values
during post-adaptation trials. Only on P1, some significant aftereffects could
be detected, especially in later sessions (see Fig. 5). On P1 in session 1,
groups performed similarly (p =0.393); however, in sessions 2 and 3, there
were significant group differences (resp. p =0.001 and p =0.014). The
controls showed a larger aftereffect (a relatively large MTd on P1) in
session 2 and especially in session 3, whereas the elderly displayed an
aftereffect only in session 3 (t (29) =2.45, p =0.021 [2-tailed]). Patients with
schizophrenia did not demonstrate any aftereffect in any session.
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Fig. 4: Vertical reversal task. Group means (and SE) of MTd on baseline (B1-B3),
adaptation (A1-A8) and post-adaptation (P1-P5) trial blocks in the three sessions.
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Fig. 5: Vertical reversal task: aftereffects. Group means (and SE) of MTd on P1 in each
session.

Table 4. Vertical reversal task. Results of analysis of variance (ANOVA) on MTd on
adaptation trials (A1-A8), post-adaptation trials (P1-P5) and on block P1.

Block A1-A8 P1-P5 P1
F df2 p F df2 p F df2 p

Session 85.93 85 <0.0001 5.67 85 0.005 5.38 85 0.006
Session * group 3.73 170 0.006 289 170 0.024 2.08 170 0.085
Block 25.64 80 <0.0001 3.22 83 0.017

Block*group 0.71 160 0.765 3.01 166 0.003

Session*block 5.10 73 <0.0001 240 79 0.023

Session*block*group | 0.92 146  0.589 094 158 0.526

Group 13.08 86 <0.0001 1.50 86 0.230 6.33 86 0.003



Correlations with Schizophrenia Symptoms

Symptom severity, which was assessed by the Scale for the Assessment of
Negative Symptoms and Positive Symptoms (SANS-SAPS), correlated with
(1) measures of sensorimotor speed, mean baseline MT of the three tasks;
(2) the effect of the perturbation during adaptation trials, mean adaptation
MTd; and (3) the MTd aftereffects observed in the three tasks. The results
are presented in Table 5. Four out of 9 correlations with SANS and 6 out of
9 correlations with SAPS were significant.

Table 5. Correlations of symptom severity with baseline measures of sensorimotor
speed and with indices of the amount of adaptation and its aftereffects

Correlations Spearman’s rho

SANS SAPS
SANS 1.000 0.331*
SAPS 0.331* 1.000
Baseline MT
Rotation adaptation 0.539** 0.496**
Gain adaptation 0.620** 0.405*
Vertical reversal 0.231 0.252
Adaptation MTd
Rotation adaptation -0.061 0.205
Gain adaptation 0.505%* 0.369*
Vertical reversal 0.300 0.460**
Aftereffect MTd
Rotation adaptation -0.207 -0.348*
Gain adaptation -0.262 -0.366*
Vertical reversal (session 3) 0.381* -0.272

*. Correlation is significant at the .05 level (1-tailed). **. Correlation is significant at the
.01 level (1-tailed).
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DISCUSSION

The aim of the study was to extend the limited evidence of impaired
sensorimotor adaptation in schizophrenia. Our results demonstrated that
patients displayed reduced sensorimotor adaptation compared with
healthy controls.

Although they adapted to sudden perturbations in all three tasks, shown by
decreased MT and errors and a similar slope over consecutive adaptation
trials, movement times, and errors were substantially larger in patients
than controls, even after correcting for the already slower movement speed
of patients with schizophrenia and elderly at baseline. Patients needed
more time to reach the target from the beginning toward the end of the
adaptation period because they made larger and/or more corrective
movements to compensate for errors made on the fast main movement.

While none of the groups adapted completely (movement times and errors
during adaptation did not reach baseline values), controls approached more
optimal values than patients. We might speculate that patients might have
reached the same level as controls had more adaptation trials been
presented. Adaptation was also more reduced in patients than in elderly
participants.

Symptom severity, measured by the SANS and SAPS scores, correlated
significantly with patient’'s baseline motor speed, adaptation to the
perturbation and aftereffects. The significant correlations of SAPS scores
with the MTd aftereffects in the rotation and gain adaptation tasks
demonstrate that patients with more positive symptoms have a reduced
amount of implicit adaptation learning.

The current study employed paradigmatic adaptation tasks that required
the recalibration of a well-trained rapid movement in conditions where
normal movement execution was perturbed. Motor commands for fast
target-directed movements are thought to be controlled by an internal
(feedforward) model that predicts sensory consequences of a movement. A
perturbation leads to a mismatch between actual (visual) feedback and
predicted (anticipatory) sensory consequences of a movement. These
mismatches or “sensory prediction errors” require an update of the internal
model, allowing for adaptation. For many years, this form of error-based
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learning was viewed as an implicit automatic process. However, in the last
10 years, it has become clear that this form of simple learning is based on
the operation of multiple learning processes?>’. Even during the very first
adaptation trials, the learner may become aware of the type of perturbation
that is producing his performance errors and may generate a compensatory
strategy#0.176, Therefore, visuomotor adaptation is now generally viewed as
the combined action of explicit learning driven by the detection of a
performance error and implicit learning of a forward model driven by
prediction error>s.

Explicit learning may be deficient in the case of (1) a misdetection of the
visuomotor mismatch, (2) less successful strategy planning to cope up with
the perturbation, or (3) less executive control (or effort) to continuously
apply a counter intuitive strategy. On the other hand, implicit learning
might be reduced because the forward model that generates the sensory
predictions of the internal model, (4) is less accurate, (5) is updated
insufficiently throughout the trajectory (a deterioration of internal model
recalibration), or (6) the detection of the mismatch between sensory
prediction and movement feedback may be less precise (an inferior
detection capacity of a sensory prediction error). This theoretical account of
adaptation creates several (not mutually exclusive) explanations for
impaired adaptation of patients with schizophrenia found in the present
study.

Evidence for inefficient explicit adaptation learning in schizophrenia is
provided by larger movement times and errors than controls in the first
adaptation trials. In the rotation and gain adaptation tasks, immediate and
fast movements (without a trace) toward a target were required, so
participants had to build a new internal movement model before the start
of the next trial, pointing at detection difficulties of the mismatch between
self-generated movements and their consequences (explanation 1).

Other studies, where subjects had to react to altered visual feedback while
drawing, examined strategy planning, and executive control (adaptation-
based on online motor corrections). Fourneret et al.1’7 found less efficient
adaptation and Knoblich et al.1>¢ found no impairment in patients on
adaptation tasks.
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In the current more explicit vertical reversal task, patients needed more
time than controls and elderly participants to reach the target. In this task,
the necessary adaptation was larger (i.e, not 30° but 180°) and
participants were explicitly informed about the vertical reversion.
Therefore, it would require learning of a new (mirror-reversal) movement
rather than recalibration of a well-practiced movement>4175, On individual
trials, participants employed various explicit strategies to reach the target,
which were often unsuccessful. Many participants did not learn to make
straight reversal movements on the diagonals. Some found the solution to
split it in a horizontal part (mostly produced first) and a (reversed) vertical
movement. Others persisted in initiating misdirected movements. This was
particularly true for the patients, pointing at an impaired explicit strategy
use in schizophrenia.

Further research on explicit adaptation learning in schizophrenia is needed.
This would require a detailed measurement of explicit strategies. Taylor et
al.#% and Christou et al.178 have developed procedures for this measurement.

Implicit learning in adaptation paradigms is derived from the measurement
of aftereffects in a post-adaptation phase. The size of these aftereffects in
the present study varied among the three tasks. In the rotation adaptation
task, all groups demonstrated similar aftereffects of MT lengthening and
error reversal. In the gain adaptation task, patients did not show this
characteristic post-adaptation MT lengthening (in contrast to elderly
individuals and controls) and their post-adaptation reversal from
undershoot to overshoot was significantly smaller. In the vertical reversal
task, patients demonstrated significantly smaller aftereffects than the other
groups, especially in the last session (see Fig. 4, 5). In other words, results
from the gain adaptation and vertical reversal task provide evidence for
reduced implicit sensorimotor adaptation in schizophrenia.

The difference in aftereffects during the rotation and gain adaptation task
may be related to specific methodological differences between these tasks.
The traditional view is that adaptation is thought to occur by updating an
internal model based on sensory prediction errors. However, adaptive
behavior might also result from a different mechanism of “online motor
corrections”154157.179 [n the current study, unperturbed reach movements
took 283-405ms (Table 1) and previous research has demonstrated that
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rapid corrective responses based on visual feedback can be made after
approximately 160ms180, There was therefore ample time for online motor
corrections during this task. During adaptation to rotation, a two-
dimensional direction error could be detected and corrected much earlier
(before reaching peak velocity) than a unidimensional distance error in the
gain adaptation task, where an error only became apparent near the end of
the ballistic movement. Therefore, the rotation adaptation task allowed for
small online modifications of the movement direction during the trajectory,
while such online adjustments could not be made in the gain adaptation
task. As a result, adaptation learning in the gain adaptation task is thought
to be driven by sensory prediction errors. This makes the gain adaptation
task a more valid test for the detection of implicit adaptation learning
deficits rather than the rotation adaptation task.

An alternative interpretation of the group difference on aftereffects in the
gain adaptation might be the overall slower movements in patients,
facilitating online corrections. Additional analyses of (baseline corrected)
maximal velocity (Vmaxd) on adaptation trials did not show group
differences during rotation adaptation. However, during gain adaptation,
patients were slightly (and significantly; p =0.035) slower than controls.
Although most of the movement time (MTd) during adaptation was caused
by time-consuming extra-corrective movements, it might be possible that
(some of) the patients also moved (deliberately) with lower speed,
facilitating corrective movements at the end of the ballistic movement.

Furthermore, if (a subgroup of) patients did not follow the specific
instruction which were to reach for the target with one fast ballistic move,
but rather completed the reach task in two (or more) sub-movements,
these patients would not have to change the (internal model of the) ballistic
movement from baseline to adaptation and to post-adaptation, making
implicit learning less necessary.

Evidence for this explanation derives from the MME, which was greater at
baseline in the schizophrenia group (Fig. 3). The mean MME over baseline
blocks B2 and B3 was 5.3 mm in patients and only 1.3 mm in the controls (p
=0.008 [1-sided]) and correlated significantly with the SAPS score
(Spearman’s rho =0.42, p =0.029) but not with the SANS score (rho =0.08, p
=0.704). As patients with higher positive symptoms have larger movement
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errors at baseline, we might speculate that these patients build a less
accurate internal model, which may explain the slower movement times in
general and not only in conditions that require adaptation. An
(un)conscious strategy to make reaching movements in more than one,
slower sub-movement not only explains the larger movement times at
baseline and during adaptation, but also why there was less implicit
learning seen on aftereffects in (a subgroup of) patients.

The idea that patients with schizophrenia are less able to build an accurate
internal model of specific movements was formulated as our first implicit
learning explanation (nr 4). More research is needed to distinguish this
interpretation from alternative explanations that focus on a deterioration of
the updating of an internal model (5), a diminished utilization of internal
monitoring signals of self-movement!5> or an inferior detection of a sensory
prediction error as proposed by Shergill et al.181 and Friston et al.182-184,

The currently presented data are part of a larger study in which the same
participants were tested on a large range of sensorimotor learning tasks. In
a motor sequence learning task, patients with schizophrenia demonstrated
a minor reduction in learning, which became apparent only after extensive
training and could be attributed to a deficit in explicit learning®4. In two
other tasks investigating implicit learning, a sensorimotor speed task®3 and
a rotary pursuit task®?, preserved implicit learning in schizophrenia was
demonstrated.

Given this background of absent or minor sensorimotor learning deficits in
schizophrenia, our current finding of both explicit and implicit adaptation
learning deficits is very interesting. Overall, this study suggests that
sensorimotor learning during adaptation, which is impaired in
schizophrenia, involves different processes than those required in the
training of a sequence or sensorimotor skill, where only minor impairments
were detected. This notion agrees with findings from Stark-Inbar et al.38.

The present results of reduced adaptation in schizophrenia are in line with
previous findings155169 supporting Andreasen’s “cerebellar cognitive
theory”162-164, Recent imaging studies pointing at dysfunctional cerebellar
activation26.27,150,165 decreased cerebellar-thalamic circuits??, and decreased
connectivity with the primary motor cortex165166185 in schizophrenia
support this theory.
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Studies on adaptation in the ageing literature show diminished explicit
strategic control in elderly individuals associated with age-related changes
to the corticostriatal network. Implicit learning in a later automatization
phase is relatively preserved in the elderly, and this has been linked to the
only minimal degradation of the cortico-cerebellar system in
ageing57.58.186.187 Results of the current study are not completely in line with
these general findings as elderly individuals demonstrated significant
adaptation differences compared with controls in only the vertical reversal
task.

Results of the current study demonstrated that the rate and extent of
adaptation of patients with schizophrenia was significantly reduced
compared with the elderly. This was demonstrated in the gain adaptation
and the vertical reversal tasks and occurred both during explicit and
implicit stages of adaptation, even though the patients were equally
hampered in baseline sensorimotor speed and outperformed the elderly in
sensorimotor control on previously documented circle and figure pursuit
tasks©s.

It must be noted that all patients with schizophrenia in the current study
were taking (more than) one antipsychotic at the time of testing, which may
partly explain their poor sensorimotor adaptation performance. As it is not
known to what extent antipsychotics interfere with (general) sensorimotor
function during a prolonged series of learning sessions!’!, further studies
should investigate the effect of different antipsychotics on adaptation
learning.

A second limitation of the study is that only individuals who were able to
complete the tasks were included in the study. As such, the sensorimotor
adaptation abilities demonstrated in this study might be higher than what
would be expected in schizophrenia. However, the number of negative
symptoms (measured with the SANS rating scale) were comparable to a
large heterogenous sample of patients with schizophreniall3, suggesting
that results of the current study may be reflective of general schizophrenia.
Ultimately, task methodology differences hamper comparing results
because they differ on several domains.

To conclude, patients with schizophrenia adapted less to perturbations
than healthy controls on three sensorimotor adaptation tasks, regarding
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both explicit and implicit learning. This finding adds to current evidence
implicating the role of the cerebellum in the pathophysiology of
schizophrenia. Also, sensorimotor adaptation was more impaired in
schizophrenia than in the elderly, which challenges the accelerated ageing
hypothesis of schizophrenia>152While theoretical significance of the
current results needs further research, practical implications for
rehabilitation of patients with schizophrenia emerge. Patients with
schizophrenia can adapt their common daily activities to changes in the
environment. However, they have considerably more difficulty with it, and
it takes them more time.
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Motor learning and performance in schizophrenia and
aging: two different patterns of decline.

INTRODUCTION

As described in Chapter I, there are six categories of learning tasks that
have been put forth as main paradigms for motor learning3?: ‘sequence
learning’, ‘adaptation’, ‘tracking’, ‘precision and motor speed improvement’,
‘coordination’, and ‘applied’ tasks. Sequence learning has been documented
in Chapter V, adaptation has been outlined in Chapter VI, tracking has been
described in Chapter III, an example of an applied task is described in
Chapter IV. In this Chapter, we tested motor precision and speed
improvement with a Single Aiming Task and contrasted explicit motor
sequence learning and verbal learning by using an Explicit Pattern Learning
Task and the California Verbal Learning Task.

Single Aiming Task

The Single Aiming Task (SAT) assessed the enhancement of speed and
accuracy in a simple movement. This task was designed following the
classic Fitts task!8® using an index of difficulty based on the amplitude (A)
and target width (W). In our study, participants executed individual
movements where both the movement length (A) and the target diameter
(W) were systematically manipulated. Conducting this brief task over three
sessions enabled the evaluation of motor learning. Previous research on
single line drawing has demonstrated that individuals with schizophrenia
tend to move at a much slower pace than control participants®2189-191,
However, the examination of speed and accuracy improvement through
repetition has not been explored. Based on limited tracking study results,
we hypothesized that motor learning in schizophrenia would not be
impaired. Conversely, in the elderly, learning in fine motor tasks has been
observed to be reduced>7192193  leading to the hypothesis that the elderly
would exhibit less learning in this task.

Explicit pattern learning task

An explicit motor sequence learning task was also administered, known as
the Explicit Pattern Learning Task (EPLT). In the EPLT, participants were
provided with clear instructions that the targets were presented in an
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unchanging, predetermined sequence, which they had to learn (refer to
Figure 2). The subsequent target had to be discovered through trial and
error.

Traditionally, the learning of a sequence of movements, sensorimotor
adaptation, improved tracking performance, or enhanced motor speed and
accuracy were categorized as procedural or implicit learning. Implicit
learning was regarded as the automatic and unconscious acquisition of
information, contrasting with declarative or explicit learning, which
involves a deliberate intention to learn and necessitates conscious
awareness. However, in recent decades, it has become increasingly evident
that cognitive engagement plays a significant role even in so-called implicit
learning paradigms like motor sequence learning and adaptation3’.
Nevertheless, if participants are explicitly informed that a sequence is
learnable or if they are made aware of the necessity to adapt to specific
changes in movement conditions, it markedly affects the learning rate.
Available experimental evidence in this regard is limited and
inconclusive®3-6568, Therefore, utilizing the EPLT allows for an exploration
of the contrast between previously reported results of implicit sequence
learning and an explicit form of the same type of motor learning.

Due to the known cognitive deficits in schizophrenia, it was expected that
explicit learning in schizophrenia would be impaired, in contrast to implicit
sequence learning. Furthermore, as the EPLT represents a more complex
motor learning task than the SAT, elderly participants were anticipated to
face greater challenges in mastering this task,192 despite their preserved
cognitive abilities. Another reason for anticipating lower EPLT learning in
the elderly is based on reports of difficulties in simultaneously performing
cognitive and motor tasks 194.

California Verbal Learning Test

To contrast the results of explicit motor learning with a measure of
cognitive learning, we conducted the California Verbal Learning Test
(CVLT). Verbal learning deficits have been well-documented in
schizophrenial®> and older agel°¢. Therefore, it was anticipated that both
experimental groups in this study would exhibit diminished verbal learning
compared to the control group.
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METHODS
Single-Aiming task

To acquaint themselves with the task equipment and design, participants
underwent training using a single-aiming task. On the screen, four potential
targets were displayed as open circles. In each trial, a cursor—a turquoise
dot measuring 4 mm in diameter—appeared at the location of the previous
target, marked by a solid yellow circle. The participants' instruction was to
swiftly guide the cursor to the next target, which was indicated by a dark
blue circle. A visible square border constrained the possible target locations
to three circles (refer to Figure 1, left panel). The trial concluded when the
cursor remained within the target circle for 100 milliseconds, signaled by a
brief beep and a change in the target circle's color to yellow. Following an
intertrial interval of 100-108 milliseconds, necessary for data storage, the
subsequent trial commenced. The sequence of target locations was
randomized.

Task complexity was manipulated by altering the distances between the
circles (20mm versus 28.3mm diagonal or 40mm versus 56 diagonal) and
varying the circle sizes (5mm versus 10mm). Combining these two
manipulations resulted in four conditions of increasing difficulty (A to D).
Each condition comprised 2 blocks of 10 trials, presented in an ABCDDCBA
order. With ten practice trials included, this task, consisting of 90 trials,
typically spanned 3 to 5 minutes.
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Figure 1. Left panel: Target display in the Single-Aiming task (on a 280 * 200 mm
computer screen). [llustrated is an example of the cursor trajectory on a single trial of
one participant. Right panel: Absolute velocity of the pen trajectory of the same
participant. The two vertical lines denote the crossing of the border of the yellow
starting circle and of the blue target.
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Explicit Pattern Learning Task

The EPLT shared similarities with the IPLT; however, in the explicit version
of the task, participants received clear instructions that the targets were
presented in a fixed order they needed to learn. Unlike the IPLT, the next
target was not indicated by a colored circle but had to be discovered
through trial and error. Once the correct target was hit, it changed to
turquoise, and after 100 milliseconds, it transitioned to yellow, indicating
the need to find the next target. The target size (10 mm) and distance (20
mm or 28 mm) remained consistent with the IPLT. To minimize the
influence of transfer from the implicit task, the task layout and target circle
colors were altered (refer to Figure 2). In each trial, a square border
confined the potential targets to three circles (see Figure 2). The lines of
this square border became progressively thinner after every 60 trials and
vanished after the 180th trial. Like the implicit task, the sequence to be
learned consisted of 12 targets. Session 1 comprised five blocks of 60 trials,
while sessions 2 and 3 each had 3 blocks of 60 trials.
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Figure 2. Layout of the targets display in the EPLT (open circles). On the first 180 trials, a
grey square was displayed indicating that the choice for the next target was limited to
the other three circles within the square. The four possible grey squares shown in this
figure were never presented together. The sequence that had to be learned is indicated

by ascending numbers (not shown to the participants). [llustrated is the cursor
trajectory made by one participant in a set of 12 trials at the end of training. This
participant made one error (shown in red); on its way from target 5 to 6, target 7 was
touched first.
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California Verbal Learning Test

The CVLT, a neuropsychological test designed to assess episodic verbal
learning and memory, involves the oral presentation of a list of 16 words to
participants on five occasions. Following each presentation, participants are
immediately asked to recall as many words as they can (immediate recall;
IR). After a 20-25-minute interval (delayed recall; DR), participants are
once again tasked with reproducing as many words as they can from the
original list. Following the DR phase, participants are presented with a list
of 32 words and asked to identify the 16 words from the original test list
(word recognition; RC).

During the second (Day 2) and third (Day 7) sessions, the original test list is
not presented, meaning that only delayed recall and word recognition tests
are administered, with no immediate recall test.
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RESULTS
Single-Aiming Task

The Single-Aiming Task was modelled after the classic Fitts task (Fitts,
1954), which required participants to tap a stylus alternately between two
targets. Fitts devised an index of difficulty (ID; Log2[2A/W]) to quantify
these movements, considering the amplitude (A) and target width (W). In
our study, participants executed a single movement with systematically
varied movement lengths (20, 28, 40, or 56 mm) and target diameters (5 or
10 mm). According to Fitts' formula, the ID for these eight combinations
ranged from 2.0 to 4.5. Two conditions yielded identical IDs: A=20, W=5
and A=40, W=10 (both with an ID of 3.0), as well as A=28, W=5 and A=56,
W=10 (both with an ID of 3.5).

The mean movement time (MT) per group, averaged across sessions, for the
eight possible conditions, is depicted against the index of difficulty in Figure
3. Straight lines fit these group means exceptionally well (with R2 values
ranging from 0.987 to 0.994), and the two conditions with an ID of 3.0, as
well as the two conditions with an ID of 3.5, resulted in nearly identical
mean MTs in the patients and the elderly. It is noteworthy that the elderly
and schizophrenia participants required significantly more time (F (1,29)
=22.52, p=.0001) in the ID=3.0 condition when the target was smaller
(MT=0.493 s) compared to the conditions with a larger amplitude and
wider target (MT=0.454 s).

Figure 3 also highlights notable group differences (F (2,83) =14.64,
p<.0001). In general, the control group demonstrated significantly faster
MT compared to both individuals with schizophrenia and the elderly
(p<.0001), with no significant difference between the schizophrenia and
elderly groups (p=.516). The slopes of the linear trend lines for
schizophrenia (0.216 s / ID) and elderly participants (0.214 s / ID) were
significantly steeper than the slope of the trend line for the control group
(0.184 s / ID). The linear interaction between ID and group reached
significance (F (2) =6.61, p=.002).
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Single Aiming task
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Figure 3. Mean movement time per group in the Single-Aiming Task averaged over
sessions and displayed as a function of the ‘Index of Difficulty’ of the task conditions.

Despite the task's simplicity, all participants exhibited improved target-
reaching speed over time. The mean MT for all eight conditions (as depicted
in Figure 4, the leftmost panel) significantly decreased across sessions (F
(2,82) =119.40, p<.0001). This reduction was more pronounced for the
elderly and schizophrenia groups in comparison to the control group, as
evidenced by the significant group by session interaction (F (4,164) =4.48,
p=.002).

Despite the similarity in MT between schizophrenia and elderly
participants, their movement kinematics exhibited significant distinctions.
Most movements toward a target comprised a primary main movement,
often followed by one or more corrective movements if the primary
movement failed to reach the target (refer to Figure 1).

Elderly participants achieved the target with their primary movement in
only 31% of trials, a lower rate (p=.010) compared to the 39% correct
primary movements observed in both the schizophrenia and control groups
(as seen in Figure 4, second panel). This was mirrored by the frequency of
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additional corrective submovements (depicted in Figure 4, third panel),

with elderly participants averaging 1.72, a significantly higher figure
(p=.010) than that of the schizophrenia group (1.37) and the control group
(1.29). In contrast, both individuals with schizophrenia and the elderly
exhibited similar mean peak velocities (Figure 4, rightmost panel) (E: 142
mm/s, S: 138 mm/s, p=.589) and significantly differed (p<.0001) from the
control group (C: 181 mm/s).
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Figure 4. Left panel: mean movement time (MT) and mean movement time of the

primary movement (PM MT) per group and per session in the Single-Aiming Task

averaged over all ‘difficulty’ conditions. Additional panels: mean percentage of the
primary movements ending in the target (PM in target), mean number of secondary /
additional submovements (N Sec Moves), mean peak velocity (Peak Vel) and mean

distance from the end of the primary movement to the target (EM distance) of the

groups per session.
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Explicit Pattern Learning Task (EPLT)

Total time to target - The explicit learning of a movement pattern can be
best understood by examining the reduction in the total time required to
reach the next target. This 'total time to target (TT)," which encompasses
both reaction time (RT) and movement time (MT), was calculated by
averaging data from 60 trials per block, equivalent to 5 complete twelve-
trial patterns. The results for each group are presented in Figure 6. The
figure reveals a substantial decrease in total time across the five blocks in
session one (F (4,83) =86.70, p<.0001), a pattern that was similar among
the three groups (block*group interaction, F (8,166) =1.12, p=.355).
However, when considering the data averaged across blocks, significant
differences between the groups emerged (F (2,86) =10.90, p<.0001; elderly
> schizophrenia: p=.037 and schizophrenia > control: p=.014). Over
subsequent sessions, a further significant reduction in the total time to
target was observed (F (2,85) =37.97, p<.0001), and this trend was
relatively uniform across the three groups (session*group interaction, F
(4,170) =1.08, p=.369). Notably, in this session-effect analysis, only data
from the last three blocks of session 1 were considered. Once again, a
significant reduction across blocks was evident (F (2, 85) =123.07,
p<.0001), and no significant group by block interaction was detected (F
(4,170) =1328, p=.265). Additionally, the groups differed significantly in the
average total time to target (F (2,86) =17.08, p<.0001; elderly >
schizophrenia: p=.002 and schizophrenia > control: p=.011).
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Figure 6. Total time to target in the Explicit Pattern Learning Task, averaged over 60-
trial blocks per group.

Target errors - Group disparities in total time to target could be attributed
to either slower learning or reduced sensorimotor speed. The number of
target errors (as illustrated in Figure 7) provides a clear answer. An
analysis incorporating the factors Session, Block (3), and Group yielded
significant effects for session (F2, 85) =6.61, p=.002) and block (F (2,85)
=22.11, p<.0001). Most notably, the group factor was significant (F2,86)
=9.59, p=.0002), but this was primarily due to the elevated error rate
among the elderly participants (elderly versus control: p=.0001, elderly
versus schizophrenia: p=.001), while the contrast between the
schizophrenia and control groups was not statistically significant (p=.549).
This suggests that slower explicit pattern learning is primarily observed in
the elderly group.
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Figure 7. Mean number of target errors per trial in the Explicit Pattern Learning Task,
averaged over 60-trial blocks per group.



Reaction time - Further support for this interpretation is obtained by
splitting the total time to target into reaction time (RT) and movement time
(MT). Both TT and MT are influenced by the additional time required for
correcting target errors. Consequently, we also computed RT and MT
exclusively for errorless trials.

MT on errorless trials was comparable between the elderly and
schizophrenia patients (MT, E: 200, S: 211, C: 150ms), but RT was
significantly longer in the elderly (p=.011) compared to patients and
controls (RT, E: 368, S: 288, C: 212ms). To validate this finding, we
calculated RT and MT on errorless trials in the implicit learning task (IPLT).
In the IPLT, the RTs of the elderly and patient groups did not differ (RT, E:
263, S: 261, C: 207ms; MT, E: 245, S: 247, C: 191ms). Consequently, the
notably prolonged RT of the elderly in the EPLT aligns with their lower MT
scores and increased target errors only in explicit sequence learning.

California Verbal Learning Test (CVLT)

Immediate recall - As expected, and as depicted in Figure 5, the results of
the immediate recall task revealed that all three groups exhibited episodic
verbal learning. In general, there was a notable increase in the mean
number of correctly recalled words immediately after presentation (F
(4,83) =161.64, p<.0001), and the pattern of recall across repetitions did
not significantly differ between the groups (repetition * group: F (8,166)
=1.73, p=.095). However, when immediate recall scores were averaged
across repetitions, significant differences emerged among the groups (F
(2,86) =8.36, p=.0005). These differences primarily stemmed from
distinctions between schizophrenia patients and controls (p<.001) and
between schizophrenia patients and elderly participants (p=.019).
Importantly, the mean immediate recall of the elderly group did not
significantly differ from that of the control group (p=.095). In other words,
while all participants demonstrated learning over time, the schizophrenia
group performed less proficiently than the other groups.

Delayed recall - 1t is entirely natural for word recall to decline over time and
across sessions. The mean delayed recall (as shown in Figure 5, right panel)
did indeed decrease (F (2,85) =11.30, p<.0001), and the rate of this decline
turned out to be notably distinct between the groups (session * group: F
(4,170) =2.28, p=.038). When delayed recall scores were averaged across

136



sessions, significant group disparities emerged as well (F (2,86) =7.08,
p=.001). However, these group differences were already evident in the
number of words learned after five repetitions. To account for this, we
recalculated the delayed recall score as a percentage of the immediate
recall score after the fifth repetition (DR%). While this adjustment did not
alter the group by session interaction, it revealed that the schizophrenia
group experienced the most significant decline in delayed recall after one
week, from session 2 (Day 2) to session 3 (Day 7), in contrast to the elderly
group, which demonstrated a reduction only from session 1 (Day 1) to
session 2 (Day 2), after one day (Figure 5). However, the overall group
differences were no longer statistically significant (F (2,86) =2.13, p=.125),
except for session 3, where the control group outperformed (DR%=94%)
the schizophrenia group (DR%=81%, p=.04) and the elderly group
(DR=81%, p=.03).

Word recognition - The third variable assessed in this task, word
recognition, yielded high group scores, ranging from 93% to 100% of the 16
words, and these scores were not significantly different (F (2,85) =1.22,
p=.301).

Verbal learning task (CVLT) Immediate Recall CVLT Delayed Recall
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Figure 5. Mean number of correct words per group over repetitions in immediate recall
(left panel) and over sessions in delayed recall (right panel).
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DISCUSSION
Single-aiming task

The single-aiming task systematically manipulated movement difficulty by
varying target size and target distancel8. In line with Fitts' law, MT linearly
increased with the task difficulty in all three groups, with the control group
exhibiting significantly faster performance compared to both experimental
groups.

While both individuals with schizophrenia and the elderly displayed similar
MTs and peak velocities, elderly participants demonstrated less accuracy in
their initial main movement, necessitating a higher number of additional
corrective submovements. Additionally, when examining movement
kinematics, it became evident that as movement difficulty increased,
particularly when target size was halved or the distance to the target was
doubled, elderly individuals had significantly longer MTs than controls, a
contrast not observed in individuals with schizophrenia.

The underlying cause of this slowing among the elderly, as reflected by
their extended MT, may stem from reduced movement precision or
decreased movement speed. If there is greater variability in muscle force
(indicating lower precision) during the execution of the primary movement,
it can lead to more frequent target misses, necessitating additional
corrective movements and resulting in prolonged movement times. This
appears to be the case, as elderly participants required more corrective
movements than individuals with schizophrenia, despite having similar
peak velocities.

This finding and its interpretation align with previous research, which
suggests that age-related slowing primarily arises from diminished
movement accuracy!?? and increased movement variability194, necessitating
multiple corrective movements. Based on our data, it remains unclear
whether this variability originates in the planning phase of the movement,
the transmission of these plans by the peripheral nervous system, or the
execution by the muscles.

We observed that many elderly participants frequently expressed surprise
and frustration at their inaccuracy, which might have motivated them to
exert extra effort in ensuring the corrective secondary submovements were

138



executed as swiftly as possible. This compensatory effort and the resultant
patterns of heightened cortical activation in aging have been explored in
prior studies.197.198

Explicit sequence learning task

The results from the explicit sequence learning task (EPLT) revealed that,
once again, controls exhibited faster learning and achieved higher scores
compared to both experimental groups. However, individuals with
schizophrenia outperformed the elderly participants significantly on this
task. The high rate of target errors among the elderly indicated significant
difficulty in learning the sequence. Notably, their elevated error rate in the
third session implies that elderly participants may not have correctly stored
the target positions or encountered challenges in retrieving them.

One plausible explanation is that elderly individuals required additional
attention to rectify their frequent movement inaccuracies. This heightened
focus on correction might have limited their capacity for conscious
encoding and retention of identified target positions.

Furthermore, it's possible that they were overly fixated on movement
speed, adopting a similar strategy as in previous tasks (SAT, IPLT). This
attention to speed could have interfered with their ability to simultaneously
encode and retrieve target positions. Nevertheless, this explanation seems
unlikely because it would imply that elderly participants didn't allocate
sufficient time between trials to code and store target positions.
Considering that trials followed one another with only a 100ms delay, the
time for coding and storage is essentially a component of the reaction time
(RT) for the subsequent trial. According to this explanation, the RT of the
elderly group should have been smaller than that of the schizophrenia
group. However, the opposite was observed, with significantly longer RT in
elderly individuals compared to those with schizophrenia in the explicit
sequence learning task, in contrast to similar RT in the implicit task. In
other words, it appears that the actual process of explicitly learning the
sequence of target positions may be impaired in the elderly.
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California Verbal Learning Task

Patients and elderly individuals did not encounter difficulties with word
recognition in the CVLT, but they did experience challenges with word
recall.

In contrast to the results of the EPLT, elderly participants performed
significantly better on the verbal learning task (CVLT), which is a cognitive
task, compared to individuals with schizophrenia. In the CVLT, participants
could fully concentrate on a single type of information, whereas the EPLT
demanded additional attention for movement execution. Notably, the CVLT
was not conducted under time constraints, and the 16 items to be
remembered had simple word-based codes, whereas the EPLT required
intricate spatial coding for the 12 target positions (e.g., 'move one step
diagonally down to the left from your current position'). Therefore, the
EPLT can be classified as a complex learning task, aligning with previous
suggestions that motor learning diminishes in old age as tasks become
more intricate 57.193,

CONCLUSION

These new findings underscore that there are differences in motor learning
and performance between individuals with schizophrenia and the elderly
across distinct motor learning tasks. The observed patterns of results over
all learning tasks of the entire study within each group will be examined in
Chapter VIII.
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MAIN FINDINGS

Our comprehensive investigation encompassed various sensorimotor
subprocesses, including explicit and implicit sequence learning, adaptation,
motor acuity, tracking, applied writing tasks, and cognitive assessments. In
the following sections, we discussed the main results of each task that is
elaborated in detail in the previous Chapters separately.

Table 1 provides an overview of group results per motor and cognitive
learning task. The size of the differences between the schizophrenia group
and the elderly group compared to the control group are expressed as
Glass's delta scores. These scores are presented only when group differences
reached statistical significance.

Subsequently, we compared and summarized these findings in order to
pinpoint specific deficits in sensorimotor learning in schizophrenia and to
draw comparisons between schizophrenia and senescence on sensorimotor
learning and performance. A comparative overview of differences in
performance and learning between all groups is provided in Table 2.

Single Aiming Task

There was a decrease in movement time in the elderly (24%),
schizophrenia (22%) and control group (16%). This improvement was
more pronounced in the elderly and schizophrenia groups, which could be
attributed to their initially slower movement times. While it was expected
that individuals with schizophrenia would not have difficulty learning in
this task, the hypothesis that elderly participants would struggle with this
type of learning was not confirmed. However, the control group reached the
targets much faster and with a higher peak velocity in the main primary
movement compared to both experimental groups.

The accuracy of the principal movement was significantly lower in the
elderly group, leading to a higher frequency of secondary movements
compared to the schizophrenia group.

When comparing conditions with an equal Index of Difficulty, there was a
nearly perfect linear increase of movement times with task difficulty.
However, the elderly deviated from this linear trend with longer movement
times when the target was small. In other words, while the elderly
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demonstrated significant learning, they exhibited a lower accuracy
compared to individuals with schizophrenia.

Implicit Pattern Learning Task (IPLT)

The enhancement of acuity in sequence learning is evident through a
reduction in the total time to target (TT) from trial block R1 to R2.
Sequence learning becomes apparent from block L1 to L5. However, the
most reliable measure of sequence learning is reflected in the difference in
TT between blocks R2 and L5. The results clearly indicate that while both
the elderly and schizophrenia groups were significantly slower than the
control group (Table 1: Block R1 IPLT), there was no discernible difference
in their degree of sequence learning on one test session and on a session
one day later.

As patients with schizophrenia and elderly both displayed less explicit
sequence recall, the control group superiority that became evident only
after 1 week could be explained by an explicit learning component. The few
patients with schizophrenia and elderly subjects who had some sequence
recall could possibly utilize this explicit knowledge to improve their task
performance but did this by distinct mechanisms.

Explicit Pattern Learning Task (EPLT)

As hypothesized, both individuals with schizophrenia and the elderly
exhibited slower explicit sequence learning compared to controls. However,
unexpectedly, the rate of learning in the elderly group was considerably
lower than that of the schizophrenia group. The notably high frequency of
target errors made by elderly participants, even into the third session,
suggests potential difficulties in either storing or retrieving the target
positions accurately. A plausible explanation for the difficulties in the
elderly might be that they require additional attention to rectify their
frequent movement inaccuracies. This heightened demand for attention
might limit their capacity to consciously encode and store discovered target
positions while in motion. If their primary goal was to quickly identify the
correct target through trial and error and rely on automatic storage, they
might not have dedicated sufficient attention and time to encode the
specific features of each identified target. Consequently, the prolonged
reaction time could be attributed to efforts to retrieve the location of the
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next target from memory, which may not have been adequately stored
earlier. In support of this explanation, numerous studies!?* have reported
deficits in older adults when simultaneously performing cognitive and
motor actions.

Rotation Adaptation Task and Gain Adaptation Task

The main dependent variables in this analysis were movement time and
errors, specifically the initial direction error (rotation adaptation) or the
magnitude of undershooting (gain adaptation). The ANOVA results for the
mean MT during adaptation (blocks 1 - 4), the extent of aftereffects (MT of
block N (‘normal’) minus block 4), and the MT during baseline are provided
in Table 1.

These analyses reveal that patients exhibited poorer motor learning in both
rotation and gain adaptation compared to controls. Furthermore, the post-
adaptation aftereffects in the gain adaptation task strongly indicate
impaired implicit adaptation learning in the schizophrenia group. There
were no statistically significant differences between elderly and controls.
It's worth noting that the mean baseline MT in the patient group was
relatively long, around 400ms.

Vertical reversal task

The vertical reversal task was set up as a test for explicit adaptation
learning. Table 1 provides the MT averages over the adaptation blocks and
the baseline trials. The data clearly demonstrate that explicit adaptation
was diminished in the elderly, and this reduction was even more
pronounced in the schizophrenia group. During baseline trials, patients and
elderly were not significantly different and were naturally slower than the
controls. An aftereffect in post-adaptation trials was only evident in session
3 for the control group.

Circle and Figure Pursuit Tasks

The primary dependent variable was the accuracy with which the cursor
had to be maintained within a moving target. As anticipated, the control
group exhibited the highest level of performance, which was significantly
superior to the accuracy of the schizophrenia group. Surprisingly, the

144



schizophrenia group achieved considerably greater accuracy than the
elderly participants.

Symbol Digit Substitution Task (SDST)

The results demonstrate in all groups a significant (p<.001) reduction in
matching time across five blocks, providing substantial evidence for
cognitive learning of the symbol-digit combinations. As expected, writing
time did not exhibit any significant changes over repetitions. The negative
slope of matching time across blocks was calculated for every individual.
It's worth noting that not all participants achieved a score of at least 5*9
matches (group S: 25, E: 28, C: 28), which accounts for the limited degrees
of freedom (df of 75/78) in these analyses. The results of the slope analysis
(Table 1) indicate that the degree of cognitive learning was comparable
among the three groups. However, the mean performance (averaged over
blocks) on the test exhibited significant group differences. Matching time
for the schizophrenia group was considerably longer than that of elderly
and controls, whereas writing time was the highest among the elderly and
the lowest among the controls.

California Verbal Learning Task (CVLT)

Results from the CVLT confirmed the anticipated outcome that both the
elderly and schizophrenia groups performed less proficiently than the
control group. However, in contrast to the findings from the EPLT, elderly
participants displayed significantly better performance on this cognitive
task than individuals with schizophrenia.

It's worth noting that the CVLT allowed participants to solely focus on one
type of information, whereas the EPLT necessitated additional attention to
the execution of movements. Moreover, the CVLT was administered without
time constraints, and the 16 items that needed to be remembered had
straightforward word codes. In contrast, the EPLT demanded intricate
spatial coding for the twelve target positions (e.g., 'move one step
diagonally down to the left from here').

Consequently, the EPLT could be categorized as a more complex learning
task than the CVLT, aligning with prior suggestions that (motor) learning
tends to decline with age as tasks become more intricate.



Summary of the findings

A summary of all test results is presented in Table 1 and Table 2. ANOVAs
on these data yielded significant group effects, many with extremely low p-
values. Only two of the 21 analyses produced insignificant results, the most
notable being the lack of any group difference in the first session of the
implicit pattern learning task. On all other variables, individuals with
schizophrenia exhibited lower performance levels than the control group.
The only exception was the improvement in acuity during motor learning in
the SAT, where both patients and the elderly outperformed the controls
(expressed as negative values). This deviation can be attributed to their
exceptionally slow sensorimotor performance on this task, which yielded
the highest Glass's delta score.

A more varied picture emerges when comparing the schizophrenia group
with the elderly group. The elderly performed as poorly as the
schizophrenia group on 9 of the 21 variables. However, on 3 of the 4
cognitive tests, the elderly group scored significantly better than the
schizophrenia group, and the elderly group also outperformed the
schizophrenia group on 4 of the 5 adaptation measures. On the other hand,
on tasks requiring fine motor control, such as writing digits and tracking a
moving cursor in pursuit tasks, the elderly volunteers performed
significantly worse than the schizophrenia patients. An intriguing contrast
is also provided by the scores of the elderly on the explicit verbal and motor
learning tasks: On the verbal learning test, the elderly performed not
different than the controls and scored much better than the schizophrenia
group, but on the explicit pattern learning task, the elderly group
performed remarkably inferior to the patients and the controls.

The findings of this investigation demonstrated significant learning in
patients with schizophrenia and in elderly individuals in all categories
(except in the over-learned task of writing digits). These learning results
were obtained despite marked psychomotor slowing in both groups, as
evidenced by slower movement times than controls on baseline trials in the
explicit and implicit sequence learning tasks, adaptation tasks, and the
single aiming task.

Importantly, our investigation revealed distinct patterns of reduced
abilities between the two experimental groups. Specifically, the elderly
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performed worse on tasks requiring fine motor control, such as tracking,
writing numbers in the SDST and explicit sequence learning. Individuals
with schizophrenia performed worse on motor adaptation and on most of
tests that require more explicit, cognitive capacities, including the
California Verbal Learning Task. These patterns will be further discussed
separately below.

Table 1. Summary of test and task results on first session.

Group effect in ANOVA’s Group means Glass’s delta Group contrasts
C C E S
F df p Controls Schizophrenia Elderly SY E? S3 E4
Motor Learning
Improving acuity SAT (ms) 9.83| 2,83 <.001 68 127 142 -1.28 -1.59
Sequence Learning IPLT (ms) 0.28| 2,86 754 52 51 46
Sequence Learning EPLT (ms) 10.90| 2,86 <.001 781 1020 1222 .89 1.65 .037
Adaptation Rotation MT (ms) 5.16| 2,85 .008 185 248 193 1.08 .011
Adaptation Gain MT (ms) 7.75| 2,83 .001 50 115 59 1.05 .002
Adaptation Reversal MT (ms) 11.31 2,86 <.001 544 1041 829 1.67 .96 .046
Tracking Circle (accuracy) 20.17| 2,87 <.001 47 38 26 .69 1.64 <.001
Tracking Figure (accuracy) 24.58| 2,87 <.001 59 50 33 1.11 2.57 <.001
Aftereffects
Adaptation Rotation (ms) 1.28| 2,85 .283 84 40 50
Adaptation Gain (ms) 8.08 2,83 .001 78 -14 47 1.03 .010
Sensorimotor performance
SDST writing time (ms) 29.58| 2,87 <.001 415 501 599 1.14 2.43 <.001
Single Aiming Task MT (ms) 17.87| 2,83 <.001 433 576 601 2.98 3.49
Block R1 IPLT TT (ms) 21.20 2,86 <.001 480 610 627 2.02 2.28
Baseline AdapR MT (ms) 4.47| 2,85 .014 320 405 402 1.23 1.18
Baseline AdapG MT (ms) 7.01 2,83 .002 283 383 369 1.86 1.60
VRT baseline MT (ms) 9.92 2,86 <.001 193 262 266 1.75 1.87
Cognitive Learning
SDST matching time (slope) 0.52| 2,78 .597 -.039 -.037 -.055
CVLT IR (Nwords) 8.36| 2,86 .005 12.2 9.9 11.2 1.31 .54 .019
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Cognitive performance
WCST categories (N) 5.79 2,84 .004 4.0 3.00 2.6 .65 91
LNS (Adj score) 10.29] 2,86| <.001 9.7 7.2 11.2 70 -46| <001
SDST matching time (s) 13.46| 2,87| <001 99 1.44 1.10 1.89 43| <001
1) positive values denote lower learning or performance of group S compared to group C,
2) positive values denote lower learning or performance of group E compared to group C,
3) p values (Bonferroni corrected) denote lower learning or performance of group S compared to group E,
4 p values (Bonferroni corrected) denote lower learning or performance of group E compared to group S.
Table 2. Summary of findings: group comparisons
Motor Learning Task Result EvsS
Improving acuity SAT Equal learningin CS E
IPLT (R1-R2) Equal learning in CS E
Sequence learning IPLT Equal learning in CS E
EPLT Retarded learning only in E S better than E
Adaptation Rotation adaptation Retarded learning only in S E better than S
Gain adaptation Retarded learning only in S E better than S
VRT Retarded learning in S and E E better than S
Tracking Pursuit circle Retarded learning in S and E S better than E
+ sequence Pursuit figure Retarded learning in S and E S better than E
Applied (writing) SDST writing No learning
Motor performance
SDST writing Psychomotor slowing in S and E S better than E
Single-Aiming Task Psychomotor slowing, equal in S
and E
Baseline MT Psychomotor slowing, equal in S
and E
Cognitive Learning
Symbol-digit SDST matching
associations Equal learningin CS E
Verbal learning CVLT Retarded learning in S and E E better than S

C: controls; E: elderly individuals; S: patients with schizophrenia

148




MOTOR LEARNING IN SCHIZOPHRENIA

Individuals with schizophrenia demonstrated intact performance and
learning on simple motor tasks, such as the single aiming task, SDST
matching times and in the random blocks of the implicit learning task.

However, when conscious cognitive processing was required, as in the
EPLT, the rate of learning in the schizophrenia group was significantly
reduced compared to controls. This finding aligns with their reduced
performance in the CVLT, a cognitive learning task, where individuals with
schizophrenia performed worse than both controls and the elderly,
underscoring their cognitive difficulties. Another manifestation of this
cognitive deficit impacting motor learning tasks was observed in the IPLT,
where patients displayed significantly less subjective sequence awareness.
Therefore, it can be suggested that individuals with schizophrenia are
impaired in sensorimotor learning paradigms in which explicit cognitive
processes play a significant role.

However, in addition to the sometimes-minor effects of deficient explicit
cognitive processing on learning in schizophrenia, their slower adaptation
in the three adaptation tasks is more remarkable (see Table 1 and 2). They
might have detected the perturbation of the movement later, but even in
the last adaptation trials, they still lagged far behind the elderly and the
controls in adjusting their movements to the altered sensory feedback.
Even more revealing was their behaviour on post-adaptation trials,
specifically in the gain adaptation and the vertical reversal task, which
indicated that they had not changed an automatized forward model for
movements in the altered situation, a model that needed to be corrected
when normal feedback was again restored. Visuomotor adaptation is now
generally viewed as the combined action of explicit learning driven by the
detection of a performance error and implicit learning of a forward model
driven by prediction error!®®. The significant difference in behaviour on
post-adaptation trials of the schizophrenia group compared to controls and
the elderly suggests that implicit sensorimotor adaptation in schizophrenia
is also impaired. The implications of difficulties in motor adaptation in
schizophrenia may suggest a general disability to adapt to changes in any
situation, indicating a potential avenue for further research.
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Cognitive and motor influences on motor slowing in schizophrenia

Understanding the nature of motor slowing observed in schizophrenia is
essential, and it's crucial to emphasize the role of reduced cognitive
processes related to motor slowing. These cognitive processes are quite
broad and diverse, ranging from sensory processing to response selection,
movement planning, motor execution and movement monitoring.

At a low level of cognitive processing, sensory processing (both auditory
and visual) has been demonstrated to be dysfunctional in schizophrenia
and found to contribute to higher-order cognitive dysfunction2l. Sensory
discrimination has also been found to be significantly lower in individuals
with schizophreniaZ202.

In addition, higher order perceptual processes have also been
demonstrated to be deficient in schizophrenia. This was repeatedly
demonstrated in studies using drawing tasks in which letters, familiar
figures and unfamiliar patterns had to be copied?20.189.191,203204 Copying rests
on cognitive processes such as recognition, coding, storage in working
memory and subsequent retrieval of the figure that must be drawn. It also
requires the use of executive processes to plan the optimal movement
sequence.

Slowing in schizophrenia may also arise from an executive process that
comes into play after movement initiation, viz the monitoring of the
ongoing movement and any resulting movement corrections after detection
of a mismatch between the (feedforward) model of the movement and the
actual produced movement. In view of the previously mentioned
deficiencies in sensory processing and sensory discrimination in
schizophrenia201.202 it is quite plausible that individuals with schizophrenia
were less accurate or later to detect deviations from their planned
movement. In addition, they might have been slower in making necessary
movement adjustments. Monitoring and quick correction require intensive
focused attention and sufficient arousal, which also might have been
suboptimal in the schizophrenia group.

In a recent review on psychomotor slowing in schizophrenia, Osborne et
al.’> made a distinction between cognitive (prefix “psycho”) and motor
execution (root word “motor”) aspects of psychomotor slowing. Motor
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aspects were defined as processes implicated in the initiation, coordination,
and execution of movements. Many studies have demonstrated that
individuals with schizophrenia have impaired cognitive processes involved
in response selection and motor preparation, however findings of impaired
motor execution are less consistent33. Following this, the single-aiming task
(SAT) and line copying tasks are a step towards investigating ‘pure’ motor
execution aspects of sensorimotor slowing as these tasks require minimal
cognitive processes. The present thesis therefore provides strong evidence
for ‘motor’ slowing in schizophrenia (which is evident with very large effect
sizes). This evidence is consistent with previously reviewed slow
movements in the line-copying task11,189-191,205.206 the slow movement times
found in the baseline of our IPLT, VRT, SAT and adaptation tasks. Though
the SAT has the least cognitive components compared with other tasks, this
task still required some implicit planning involving the choice for the
optimal posture of arm, hand and fingers. Similarly, drawing a single line
(LCT) follows several implicit planning rules or so-called graphic
production rules about the best way to start and to connect lines207. A
vertical line is usually drawn from top to bottom. However, when drawing a
series of lines that gradually tilt from vertical to horizontal, then
somewhere halfway in that series most people change their movement
direction from top-down to left-right. Individuals with recent-onset
schizophrenia made this shift much less frequently or much later than
healthy controls203 suggesting that changing this implicit movement
planning was more difficult in schizophrenia. In addition, when individuals
with schizophrenia were instructed to begin drawing at a point that
conflicted with the preference predicted by graphic production rules, more
time was needed to initiate the drawing203.208, Together these results show
that implicit planning of very simple movements is also affected in
schizophrenia. Implicit planning of a movement, such as selection and
positioning of our limbs is done without awareness of the choices or the
forces that are involved. Yet it is based on ‘knowledge’, and the fact that a
strong learning effect was demonstrated over sessions in these tasks
suggests that this ‘knowledge’ can be increased. Therefore, it is hard to
draw a cut-off between ‘psycho’ and ‘motor’ in action research, on a scale
between pure motor execution and higher order cognitive processes209.210,
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Correlations of motor learning variables with schizophrenia
symptoms

The correlations of all variables listed in Tables 1 and 2 with symptom
severity (assessed with the Scale for the Assessment of Negative Symptoms
and Positive Symptoms (SANS-SAPS)), are presented in Table 3.

Large standard deviations of SANS and SAPS scores made it clear that the
group of participants with schizophrenia was far from homogeneous. SANS
and SAPS scores were only modestly correlated with each other (0.33) and
their correlations with the cognitive and motor variables were quite
diverse.

Negative symptoms were associated (0.42 < rho < 0.62) with larger
movement times on some simple motor tasks (LCT, SAT, adaptation tasks
during baseline) but not on all of them. Therefore, the interpretation of the
correlations of task performance with negative symptoms is not clear.

On the other hand, positive symptoms provide a more comprehensible
picture. These data seem to point out that patients with more positive
symptoms demonstrated inferior adaptation and lower set shifting ability
(exhibited in WCST scores). In order to correct for multiple testing, we also
indicated which correlations were significant at the 0.01 level (**).
However, these results should still be interpreted with some caution: the
findings that were found significant might be false positives. For example,
the patients with high SAPS scores might have been extremely slow and
rigid which might also influence their performance on Adaptation tasks.
Replication in future studies is needed to ensure the reliability of these
findings.



Table 3. Correlations (Spearman's rho) of test results with SANS and SAPS scores.

Symptom severity SANS SAPS
SANS SANS 1.000 0.331*
SAPS SAPS 0.331* 1.000
Cognitive tests

WCST categories completed WCST -0.364* -0.430**
Letter Number Sequencing LNS -0.360* -0.149
California Verbal Learning Test IR CVLT 0.112 -0.120
SDST matching time SDSTmt 0.311 0.292
Sensorimotor tests

SDST writing time (ms) SDSTwt -0.176 0.052
Line-Copying Task MT (ms) LCT 0.427* 0.260
Single-Aiming Task MT (ms) SAT 0.446** 0.207
Circle Pursuit Task (accuracy) PursuitC -0.106 -0.266
Figure Pursuit Task (accuracy) PursuitF -0.442** -0.360*
Baseline MT (ms)

Implicit Pattern Learning Task IPLTbase 0.317 0.212
Vertical Reversal Task VRTbase 0.231 0.252
Rotation Adaptation Task AdapRbase 0.539** 0.496**
Gain Adaptation Task AdapSbase 0.620** 0.405*
Learning blocks mean MT (ms)

Implicit Pattern Learning Task IPLT 0.389* 0.255
Explicit Pattern Learning Task EPLT 0.494** 0.182
Vertical Reversal Task VRT 0.300 0.460**
Rotation Adaptation Task AdapR -0.061 0.205
Gain Adaptation Task AdapS 0.505** 0.369*
Implicit Learning aftereffects (ms)

Implicit Pattern Learning Task (L5-R2) [PLTafter 0222 0.151
Rotation Adaptation Task (Block 4-N) AdapRafter -0.207 -0.348*
Gain Adaptation Task (Block 4-N) AdapSafter -0.262 -0.366*

* Correlation is significant at the 0.05 level (1-tailed).
** Correlation is significant at the 0.01 level (1-tailed)
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MOTOR LEARNING IN THE ELDERLY

The elderly participants showed intact motor learning abilities when
engaged in straightforward tasks, as observed on the single aiming task,
random blocks of the IPLT and the baseline blocks of the VRT. These tasks
were characterized by their simplicity, involving only short, swift, and
straight movements directed towards clearly visible targets.

However, when confronted with tracking tasks that required closely
monitoring a moving target, the elderly group exhibited notably diminished
learning outcomes compared to both control groups and even the
schizophrenia group®®. Furthermore, the results of the current thesis
revealed that elderly individuals encountered greater difficulty when
explicitly attempting to learn a target sequence.

Our results show that adaptation seems to be relatively preserved in the
elderly. Successful adaptation found in the elderly might arise because they
constantly must deal with a variable, unreliable and unpredictable motor
output system?20 which could make them more alert to deviations from an
intended trajectory. They had possibly detected the perturbations earlier
than the schizophrenia patients and might have developed earlier a
cognitive strategy to counter the distortions in movement direction or
amplitude. Similarly, in the vertical reversal task which asked for an even
larger adaptation of the planning of a movement, elderly participants
adapted faster than schizophrenia patients. Seidler and Carson#® suggested
that explicit cognitive strategies may be used to start adaptation from the
very first trials, which might explain the relatively fast adaptation seen in
elderly participants. Another possible explanation why the elderly
performed better at adaptation tasks in contrast to sequence learning,
might be because they only had to focus on the motor aspects of the task.
Ultimately, older adults tend to rely more on visual feedback for motor
control, which could explain why they displayed minimal disruption when
faced with unexpected alterations, such as rotation or shortening of visual
feedback during adaptation tasks. Online correction, driven by visual
feedback, might have become an ingrained aspect of their general motor
control strategy.



These combined findings align with the conclusions drawn in a frequently
cited review by Voelcker-Rehagel®?, indicating that age-related learning
disparities become more pronounced in tasks of greater complexity and
heightened difficulty. The 'complexity' or 'difficulty’ of a task can be
elevated in different ways. Firstly, this can be achieved by imposing
additional demands on corrective motor control, such as reducing target
size or altering trajectory paths93, or by introducing moving targets that
had to be monitored. Secondly, complexity increases when explicit
cognitive processes required for planning or executing movement
sequences necessitate more intricate processing, for instance, when
sequences are longer or when the spatial coding of targets becomes more
intricate. A third way of increasing complexity is when both increased
demands on motor control and cognitive processing must be combined. In
this thesis, all three types of complexity seem to make motor learning more
difficult for the elderly. A comprehensive account of why '‘complexity’ leads
to reduced motor learning in aging is provided by Seidler's 'Supply and
Demand' framework>0194, According to this framework, age-related deficits
in motor performance, including heightened movement variability and
reduced speed, stem from dysfunction in the central and peripheral
nervous systems, as well as the neuromuscular system. This motor deficit,
indicative of a decreased supply of motor control, subsequently places
greater demands on cognitive brain processes essential for motor control.
As a result, the capacity for cognitive learning of target sequences is
diminished.



RELEVANCE OF OUR FINDINGS AND FUTURE DIRECTIONS
IN SCHIZOPHRENIA

Scientific relevance

The findings from this thesis contribute significantly to the scientific
understanding of motor learning deficits in schizophrenia. While cognitive
deficits have been extensively studied in schizophrenia, motor learning has
received relatively less attention. This research bridges this gap by
exploring the intricate relationship between cognitive processes and motor
skills. As mentioned earlier, a wide range of distinct cognitive processes are
intricately linked to motor slowing and reduced motor learning in
individuals with schizophrenia. It has been postulated that the neural
foundations of these processes involve parieto-frontal networks, the
supplementary motor area (SMA), and the pre-supplementary motor area
(pre-SMA), which play a crucial role in planning movement sequences?2833,
This perspective has been expanded upon to incorporate the influence of
biochemical modulation, particularly considering the interplay between
affective changes and psychomotor mechanisms, which contribute to
abnormalities in motor functioning28. In this broader view, the interaction
between the 'psycho’ and 'motor' aspects is emphasized, and the rigid
separation of motor function from affective and cognitive functions is
rejected. The challenges encountered in sensorimotor adaptation among
individuals with schizophrenia serve also as compelling evidence for the
interconnection of these various functions at a neurobiological level.
Sensorimotor adaptation is heavily reliant on cerebellar activity, as
demonstrated by previous research3741194211 An influential integrative
theory of schizophrenia, initially proposed by Andreasen et al.163212
presents the cognitive dysmetria model. This model posits that a disruption
within the cortico-cerebellar-thalamic-cortical circuit underlies a wide
spectrum of sensorimotor and cognitive dysfunctions. Within this circuit,
the cerebellum assumes a pivotal coordinating role. One way to put this
theory to the test is by investigating whether adaptation in individuals with
schizophrenia is impaired, as explored in the study in Chapter VI
Furthermore, more recent work by Mittal et al.?2?” underscores the
significance of the cerebellum and the cerebello-thalamo-cortical-cerebellar
(CTCC) circuits in psychomotor activity. This perspective aligns with
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neuroimaging studies that have identified CTCC dysfunction as a
contributing factor to sensorimotor abnormalities in schizophrenial624, The
findings of 'motor’ slowing and impaired implicit sensorimotor adaptation
documented in this thesis, strongly support the notion of CTCC dysfunction
in schizophrenia. This region might be of interest in future neuroimaging
studies.

In addition, psychomotor slowing is not a unitary phenomenon, but consists
of a wide range of distinct sub-processes of specific cognitive and motor
deficiencies with possible different patterns across individual patients. This
has important implications for future research. Clearly making a distinction
between ‘psycho’ and ‘motor’ components is not only difficult but is also
simplifying and masking the variety of possible delays in sensorimotor
learning and performance. On the other hand, while it is valuable to stress
the interconnectedness of cognitive and motor processes, treating
psychomotor slowing in schizophrenia, depression and Parkinson’s disease
as a uniform dimension could detract from the goal to find the underlying
causes of the motor abnormalities in these illnesses, which are probably
highly different. Therefore, as a supplement to the extensive research on
cognitive impairments in schizophrenia, which has led to the identification
of separable cognitive factors in schizophrenia, future research should be
conducted in the motor domain (in a RDoC perspective) focusing on distinct
subprocesses contributing to psychomotor slowing in schizophrenia.

One of the aims of this investigation was to compare supposed declines in
categories of motor learning in schizophrenia with expected decreases in
the elderly. This was motivated by recent research of Kirkpatrick et al.51.106,
supporting the theory that schizophrenia might be a neurodegenerative
disorder with genetic, functional-organic and neuroanatomical features of
accelerated aging sharing similarities with elderly individuals. However, the
results of the present thesis demonstrating different patterns of decline in
motor performance and learning in schizophrenia patients and the elderly
do not support this hypothesis.
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Clinical relevance

The findings of this thesis have clinical implications as well. Daily
functioning relies heavily on the quality of a range of cognitive abilities and
motor skills. Both individuals with schizophrenia and their therapists must
realise that both cognitive and motor symptoms influence the functional
outcome in schizophrenia and that cognitive processes play a larger role in
motor skills than previously anticipated, and it is difficult to disentangle.
Motor performance and learning deficits in schizophrenia become more
apparent with increasing cognitive task demands but difficulties also
manifest in very simple motor tasks. These deficits have a large impact on
daily functioning in work and home situations. Variability found amongst
patients, suggests that psychomotor slowing may not be an obstacle for all
patients. This prompts the use of diagnostic testing of motor skills to better
understand the individual limitations which might be useful in the advice
towards employment opportunities. The finding that significant motor
learning is possible in schizophrenia might be of importance for
rehabilitation programs in which motor skills are trained (i.e., sport, music
or other leisure activities). It is also important to specifically focus on the
adaptation difficulties in patients with schizophrenia during training
programs.
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LIMITATIONS

A few strengths and weaknesses of this large-scale investigation should be
mentioned. Its strength lies in the design of the investigation in which
multiple motor learning tasks were studied on the same set of participants
and over repeated sessions. This might have created a limitation in that
only individuals who were able to complete the tasks in all three one-hour
sessions were included in the study. As such, the motor learning and
performance capabilities demonstrated in this thesis might be higher than
what would be expected in schizophrenia and at old age respectively.
However, the mean and range of the scores on the negative symptoms scale
(SANS) of the patients in the present study were comparable to a large
heterogenous sample of patients with schizophrenia?13, suggesting that
results of this thesis may be reflective of general schizophrenia.

A second limitation concerns the fact that all patients with schizophrenia in
the current study were taking (more than) one antipsychotic at the time of
testing, The effect antipsychotics on motor learning has still to be
investigated.

It is possible that movement slowing in schizophrenia could be the result of
sedentary lifestyles as opposed to neurological factors. Studies using
actigraphy on patients with schizophrenia?* showed that low physical
activity and sedentary behaviour of many of these patients is associated
with movement disorders, in particular slowing evident in parkinsonism.
However, the patients in our study were out-patients and the elderly made
a rather active impression on the evaluation clinician. More research is
needed to determine whether psychomotor slowing leads to sedentary
behaviour or whether an inactive lifestyle results in observed psychomotor
slowing.

Another limitation is related to the correction for multiple testing. Although
this thesis did not have an exploratory nature, as we primarily focused on
comparing motor performance and learning for each learning task
separately and applied Bonferroni correction to account for multiple
comparisons when comparing elderly and patients, we have presented the
results of the various tasks side by side in Table 1 (Discussion). Although
the p-values are extremely low, the critical value of p < 0.05 might not be

159



enough to suggest significance. Also, in the interpretation of the
correlations of motor performance with SANS and SAPS scores, caution is
warranted. Significant correlations do not establish causation. These
findings should be considered preliminary and replication in future studies
is imperative to ensure the reliability of these findings. Additional research
is needed to further explore the intricate relationships between motor
performance, learning abilities, and symptomatology in schizophrenia, as
our thesis serves as an initial step in this direction.
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CONCLUSION

The first objective of this thesis was to measure and contrast motor
learning and performance on various motor task paradigms in
schizophrenia. We found that patients with schizophrenia did demonstrate
motor slowing, but motor learning was significant, especially on simple
motor tasks which required less explicit processes (such as strategy
planning).

A second objective was to further investigate the role of implicit and explicit
processes in motor learning tasks. This thesis clearly demonstrated that
motor slowing is not a uniform phenomenon, rather it consists of a range of
specific cognitive and implicit subprocesses. In general, patients with
schizophrenia exhibited more difficulties in sensorimotor learning
paradigms where explicit processes play a larger role. Importantly, patients
exhibit difficulties in the implicit processes of motor adaptation, which
supports the theory that the cerebello-thalamo-cortical-cerebellar circuit is
disrupted in schizophrenia.

Third, this thesis investigated the similarities and differences between
motor and cognitive functioning in schizophrenia and normal ageing. Our
data clearly demonstrated a different pattern of decline, which challenges
the accelerated ageing hypothesis of schizophrenia. Both groups exhibited
psychomotor slowing, however both groups showed considerable motor
learning. The differences were apparent by impaired adaptation in
schizophrenia and reduced explicit motor sequence learning in the elderly.
While motor slowing in schizophrenia appears to be caused by implicit
planning deficits, slowing in the elderly may be caused by less accurate
movement precision. Importantly, cognitive deficits seem to interfere with
motor learning in schizophrenia and task complexity interferes with motor
learning in the elderly.

Our fourth objective was to explore the degree to which specific motor
behavior deficits are linked to both positive and negative symptoms in this
disorder. The interpretation from the SANS and SAPS scores indicated that
our group of patients was heterogenous. The interpretation of the
correlations of task performance with negative symptoms is not clear. The
correlations of task performance with positive symptoms, on the other
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hand, seem to demonstrate that patients with more positive symptoms
demonstrated inferior adaptation and lower set shifting ability. However,
replication in future studies is necessary to ensure the reliability of these
findings.

162



CHAPTER IX - SUMMARY

Schizophrenia is a severe disorder that is, next to the well-known positive
and negative symptoms, characterized by a cognitive and motor
deterioration. Although there still is conflicting evidence whether this
deterioration has a neurodegenerative etiology, it has been suggested that
some motor and cognitive changes in schizophrenia resemble those
observed during normal ageing>152. In contrast to extensively demonstrated
deficits in explicit learning, it remains unclear whether implicit learning is
impaired in schizophrenia and normal ageing. We performed a non-
interventional study, using a wide battery of motor and cognitive tests, in
order to observe which motor and cognitive processes are most disrupted
in schizophrenia and to test whether patients with schizophrenia would
show similar patterns of cognitive and motor deficits as elderly
participants.

In this thesis, 30 stable schizophrenia patients were compared with 30
healthy age- and sex-matched controls and 30 elderly controls (>65 years)
on six categories of motor learning: motor speed, writing, tracking, single
aiming, as well as explicit and implicit adaptation and explicit and implicit
sequence learning. The tasks, which were performed on 2 consecutive days
and after one week, are described in detail in Chapter Il and their analyses
and results are depicted in the subsequent Chapters.

All patients and elderly individuals showed significant learning across all
tasks but even on the simplest motor tasks patients with schizophrenia
showed considerable motor slowing. Our investigation revealed distinct
patterns of reduced motor abilities between the two experimental groups.
Specifically, the elderly performed worse on tasks requiring more
complexity and fine motor control, such as tracking, writing numbers in the
SDST and explicit sequence learning, probably due to a less accurate and
more variable motor output system. Individuals with schizophrenia
performed worse on implicit and explicit adaptation and on most of tests
that require more explicit, cognitive capacities, including verbal learning.
This suggests different neurobiological underpinnings between ageing and
schizophrenia which challenges the notion of the accelerated ageing
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hypothesis of schizophrenia. The severity of positive symptoms in
schizophrenia seemed to be associated with adaptation deficits.

This thesis supports the notion that many specific subprocesses contribute
to psychomotor slowing in schizophrenia, and that the relationship
between cognitive and motor subprocesses is strongly intertwined.
Considering the well-established neural foundations of sequence learning
and adaptation paradigms, these were chosen as the primary domains of
investigation. To capture the cognitive contributions to learning, we utilized
methods to extract the explicit cognitive engagement within these domains.
Our findings highlight that an explicit learning component holds significant
sway within sequence and adaptation tasks, domains that have historically
been perceived as primarily implicit. This underscores the need for a
comprehensive reevaluation of the role of explicit cognitive processes in
motor skill acquisition paradigms. Future research is urged to devise
methodologies for capturing these cognitive mechanisms in rudimentary
motor tasks. With a more elaborate comprehension of psychomotor
slowing's underpinnings, we might pave the way for more targeted
pharmaceutical interventions and refined rehabilitation strategies.

This thesis conveys an optimistic message: considering the relatively well-
preserved motor learning abilities, these aspects could be addressed in the
development of rehabilitation programs and pharmacological treatments in
order to improve everyday cognitive and motor functioning in patients with
schizophrenia.
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CHAPTER X - SAMENVATTING

Schizofrenie is een ernstige stoornis die, naast de gekende positieve en
negatieve symptomen, wordt gekenmerkt door een cognitieve en
motorische achteruitgang. Hoewel er nog steeds tegenstrijdig bewijs is of
deze achteruitgang een neurodegeneratieve oorzaak heeft, wordt
gesuggereerd dat sommige motorische en cognitieve veranderingen bij
schizofrenie lijken op diegene die waargenomen worden bij normale
veroudering>1106, [n tegenstelling tot de uitgebreid gedocumenteerde
tekorten op vlak van expliciet leren, blijft het onduidelijk of impliciet leren
is aangetast bij schizofrenie en normale veroudering. We hebben een niet-
interventionele studie uitgevoerd met een brede reeks motorische en
cognitieve taken om te observeren welke motorische en cognitieve
processen het meest verstoord zijn bij schizofrenie en om te testen of
patiénten met schizofrenie vergelijkbare cognitieve en motorische tekorten
vertonen als oudere deelnemers.

In deze thesis werden 30 stabiele patiénten met schizofrenie vergeleken
met 30 gezonde, leeftijd- en geslachtsgematchte controles en 30 oudere
controles (ouder dan 65 jaar) op zes categorieén van motorisch leren:
motorische snelheid, schrijven, volgtaken, evenals expliciet en impliciet
adaptatie en sequentieel leren. Deze taken, die gedurende 2 opeenvolgende
dagen en na één week werden uitgevoerd, worden gedetailleerd
beschreven in Hoofdstuk II en de analyses en resultaten per taak in de
daaropvolgende hoofdstukken.

Alle patiénten en oudere personen vertoonden een significant
leervermogen op alle taken, maar zelfs bij de eenvoudigste taken
vertoonden patiénten met schizofrenie een aanzienlijke motorische
vertraging. Deze thesis onthulde verschillende patronen van motorische
tekorten tussen de twee experimentele groepen. Zo presteerden ouderen
slechter op taken die complexer waren en meer fijne motorische controle
vereisen, zoals volgtaken, het schrijven van getallen in de SDST en expliciet
sequentieel leren. Dit is waarschijnlijk het gevolg van een minder
nauwkeurig en variabeler motorisch uitvoeringssysteem. Personen met
schizofrenie presteerden slechter op adaptatietaken en op taken die meer
expliciet-cognitieve capaciteiten vereisen, waaronder verbaal leren. Dit
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suggereert dat er een verschillende neurobiologische basis is bij
veroudering en schizofrenie, wat de neurodegeneratiehypothese van
schizofrenie in twijfel trekt. Het hebben van meer positieve symptomen bij
schizofrenie leek geassocieerd te zijn met meer problemen op vlak van
adaptatievermogen.

Deze thesis ondersteunt het idee dat er veel verschillende subprocessen
bijdragen aan psychomotorische vertraging, en dat de cognitieve en
motorische subprocessen sterk met elkaar verweven zijn. Omdat de
neurobiologische achtergrond van sequentieleren en adaptatie reeds goed
gekend waren, werden deze twee paradigmata gekozen als de primaire
onderzoeksgebieden van dit proefschrift. We gebruikten specifieke
methodes om de cognitieve van de motorische componenten binnen de
verschillende leertaken te scheiden. Onze bevindingen benadrukken echter
dat het zeer moeilijk is om deze expliciete (cognitieve) componenten uit de
impliciete taken weg te filteren en vice versa. Deze cognitieve processen
blijken zelfs een aanzienlijke rol binnen sequentie- en adaptatieleren te
spelen, hetgeen motorische paradigma’s zijn die tot voor kort voornamelijk
als impliciet werden beschouwd. Dit onderstreept de noodzaak van een
heroverweging van de rol van expliciete processen in motorische
leerparadigma’s. We hopen dat in toekomstig onderzoek methodologieén
ontwikkeld worden om de verschillende submechanismen nog
nauwkeuriger te kunnen vastleggen.

Deze thesis brengt een optimistische boodschap over: motorisch
leervermogen blijft relatief gespaard bij schizofrenie, hetgeen kan worden
aangewend in revalidatieprogramma’s en van belang is bij de ontwikkeling
van farmacologische producten die gericht zijn op de verbetering van de
cognitieve en motorische functies bij schizofrenie.
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‘Hitting the target’ is een veelvoorkomende Engelse uitdrukking die in
diverse contexten wordt gebruikt. Het kan verwijzen naar het bereiken van
doelen met motorische precisie en nauwkeurigheid. In deze thesis slaat
deze titel enerzijds op de ogenschijnlijk eenvoudige taken waarmee onze
deelnemers werden geconfronteerd: het bereiken van doelen op een
digitale schrijftablet met een pen. Deze eenvoudige oefening bevat
essentiéle informatie om diepgaande inzichten te verkrijgen in complexe
leerprocessen en de motorische vertraging bij schizofrenie. Anderzijds heb
ik voor deze titel gekozen omdat deze doctoraatsverdediging voor mij de
verwezenlijking is van een langverwachte doelstelling. Ik ben zeer blij en
dankbaar dat ik mede dankzij onderstaande mensen dit werk heb kunnen
afronden en vandaag mag presenteren. Een van de quotes van mijn
pianoleraar, Peter Van der Koelen, was: "Il faut reculer pour mieux sauter."”
Het is belangrijk om wat te vertragen alvorens een uitdagende passage te
beginnen spelen. Deze uitdrukking is voor mij niet alleen van toepassing in
de muziek. Ook hier had ik een pauze nodig om met meer mentale ruimte
en maturiteit de laatste loodjes van dit proefschrift af te werken.

Mijn oorspronkelijke interesse voor dit proefschrift is vanuit mijn liefde
voor het pianospelen ontstaan. Ik dacht vaak na over welke motorische en
cognitieve technieken professionele pianisten hanteren bij het spelen van
fantastische pianostukken. Ook het omzetten van expliciete technische
instructies op de partituur naar een meer automatisch, en bijna blind,
pianospelen, fascineerde mij. Het is ook de fase waarbij creativiteit en
intuitieve benaderingen meer ruimte krijgen en samen komen. Ik stond
versteld dat het mentaal instuderen van een muziekstuk even krachtig kan
zijn als fysiek repeteren, hetgeen ook minder belastend is voor de vingers.
Ik filosofeer graag over de complexe motorische sequenties, het impliciet
detecteren van foute bewegingen en de adaptatie hiervan tijdens het
pianospelen. Zaken die tijdens het lezen van artikels over psychomotorisch
leervermogen soms ook aan bod kwamen.

Dit proefschrift is het laatste van één van de grote onderzoekslijnen van het
CAPRI: de psychomotorische dysfuncties. Ik ben enorm vereerd dat ik in
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deze materie mocht promoveren. Daarnaast ben ik ook zeer dankbaar dat ik
tijdens dit traject mocht samenwerken met vele aangename, interessante
en inspirerende mensen.

Bedankt aan iedereen die mij in staat heeft gesteld dit proefschrift tot een
goed einde te brengen:

Aan Prof. Wouter Hulstijn - In de eerste plaats bedankt aan mijn promotor
om mij al die jaren het vertrouwen te schenken dit proefschrift te voltooien.
Ik heb zoveel geleerd doordat hij zijn kennis en expertise graag en vlot
deelde. Hij was geduldig en begripvol alsook inspirerend en motiverend. Hij
stimuleerde mijn kritisch denkvermogen en analytische vaardigheden. Hjj
was steeds beschikbaarheid om te overleggen en reeds voor de COVID-
pandemie voerden wij lange Skype gesprekken. Doorheen de jaren bleek hij
een uitstekend promotor zoals hij ongetwijfeld ook een geweldige
echtgenoot, vader en grootvader is. Enkele gedeelde interesses, zoals o.a.
piano spelen, maakten onze gesprekken des te aangenamer.

Aan Prof. Dr. Manuel Morrens - Bedankt om mijn kritisch denkvermogen en
analytische vaardigheden stimuleren en om mij te leren hoe ik
wetenschappelijke kennis effectief kan communiceren naar vakgenoten en
leken. Bedankt om zo een grote bijdrage te leveren aan de
wetenschappelijke ontwikkeling van het vakgebied. Jouw toewijding,
gedrevenheid en streven naar kwaliteit zijn voor mij een voorbeeld.

Aan Prof. Dr. Bernard Sabbe - Zoals het ook uitgebreid in zijn Liber Amicor
beschreven staat: ‘Een man die veel in beweging heeft gezet’. Een initiator
en supervisor van bewegingsonderzoek naar depressie en schizofrenie aan
de UA; de grondlegger. Zijn proefschrift ‘in slow motion’ was de hoeksteen
voor het werk dat ik vandaag voorleg. Ik heb veel van hem geleerd en
bewonder hem voor zijn diepgaande kennis en expertise in de psychiatrie.
Daarnaast zag ik hem als een empathisch, begripvol, toegewijd arts en
collega en een charismatisch docent die de gouden stethoscoop niet voor
niks gewonnen heeft.

Aan al mijn collega-doctoraatsstudenten, waarvan sommigen in de loop der
jaren hechte vrienden zijn geworden - Livia De Picker, Peter Niemegeers,
Seline van den Ameele, Linda Van Diermen, Thomas Pattyn, Anke
Temmerman, Lieve Beheydt, Ellen Sleuwaegen, Laura Cassiers en Helena
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Van Den Steene. Bedankt voor alle interessante gesprekken, tips en zoveel
meer.

Aan Silke Apers en Mona Laureys - Bedankt voor al hun hulp bij het testen
van de participanten en de fijne onderzoeksjaren op ‘De Toren’.

Aan Glenn Dumont - Bedankt om mij doorheen de eerste 2 jaar van mijn
onderzoekstraject te begeleiden en voor de fijne samenwerking.

Aan Violette Coppens - Bedankt voor je waardevolle begeleiding, feedback
en jouw aanstekelijke enthousiasme.

Aan Ingrid Vanderplas, Liesbet Claes en Sarah Debruyne - die ik allen in de
2de helft van mijn doctoraatstraject leerde kennen en met wie het erg
aangenaam samenwerken was. Bedankt.

Aan alle vrijwilligers en patiénten, die zich hebben ingezet voor dit
onderzoek - Bedankt aan jullie allen. Zonder jullie zouden deze resultaten
nooit gepubliceerd geweest zijn.

Aan alle ziekenhuizen, directie, artsen, en aan de teams van afdelingen Atlas
en Opname 1 - Bedankt voor jullie openheid en hulp bij het rekruteren van
patiénten.

Aan mede-auteurs Maarten Timmers, Peter de Boer en Luc Janssens van
Janssen Research and Development zonder wiens financiéle steun dit
project niet mogelijk was - Bedankt voor jullie waardevolle feedback bij het
nalezen van de artikels.

Aan de leden van de interne jury, prof. dr. Filip Van Den Eede en prof. dr.
Sigrid Stroobants - Bedankt om dit onderzoekstraject de afgelopen jaren
mee te hebben opgevolgd.

Aan de leden van de externe jury, prof. dr. Elske Vrieze en prof. dr. Ellen De
Bruijn - Bedankt om deel te willen zijn van mijn juryleden en om mijn
proefschrift kritisch te hebben nagelezen.

Aan mijn lieve ouders, broer, (schoon)familie en vrienden - Bedankt voor
jullie luisterend oor en motiverende woorden doorheen het hele traject.

Aan Massimilliano - Bedankt om tijdens mijn wetenschappelijk
onderzoeks- en assistentschapsjaren zo een goede partner te zijn geweest.
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Mede dankzij jouw steun, aanmoedigingen en begrip heb ik deze
uitdagingen tot een goed einde gebracht.

Aan lieve kleine Wolfgang - Met jou in de draagzak, zacht en warm tegen
me aan, heb ik de laatste hand gelegd aan dit werk. Ten gepasten tijde gaf je
telkens aan wanneer we een pauze hadden verdiend. Bedankt voor jouw
vrolijke aanwezigheid tijdens de laatste fase van het schrijven.

Aan Andreas - Tot slot wil ik jou bedanken voor jouw onvoorwaardelijke
liefde en steun om dit werk met enthousiasme af te maken. Bedankt om mij
de ruimte te geven die ik nodig had, voor jouw luisterend oor en de vele
tips. Er staat geschreven in de Tao, “The journey of a thousand miles begins
with one single step.” ]ij steunde en inspireerde me om na een pauze
opnieuw de eerste stap te zetten in de richting van de eindbestemming van
deze wetenschappelijke reis.
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