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Abstract

The task of learning predefined sequences of interrelated motor actions is of every-

day importance and has also strong clinical importance for regaining motor function

after brain lesions. A solid understanding of sequence learning in stroke patients can

help clinicians to optimize and individualize rehabilitation strategies. Moreover, to

investigate the impact of a focal lesion on the ability to successfully perform motor

sequence learning can enhance our comprehension of the underlying physiological

principles of motor sequence learning. In this article, we will first provide an overview

of current concepts related to motor sequence learning in healthy subjects with focus

on the involved brain areas and their assumed functions according to the temporal

stage model. Subsequently, we will consider the question of what we can learn from

studies investigating motor sequence learning in stroke patients. We will first focus

on the implications of lesion location. Then, we will analyze whether distinct lesion

locations affect specific learning stages. Finally, we will discuss the implications for

clinical rehabilitation and suggest directions for further research.
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1 | INTRODUCTION

Most aspects of human behavior are composed of series of interre-

lated actions (sequences). This applies not only to motor actions but

also to sequences of words, thoughts and memories. Motor skill

acquisition is a particularly intuitive example of the ability of the

human brain to learn sequences by training. Typical examples of

motor sequence learning include learning to play piano and learning to

dance. Even motor sequences that appear very difficult at first may be

carried out effortlessly given enough time and training. Throughout

training, movement parameters are optimized, resulting in efficient

and accurate performance. Training also leads to a decreasing need

for active attention to movement performance. The changes in

resource utilization during the course of training have led to the prop-

osition of different, distinguishable stages of sequence learning. In

particular, multiple authors have suggested a division into an early

learning phase, a consolidation phase and a slow learning or retention

phase. In addition to this temporal model, there is also broad consen-

sus that motor sequence learning takes place in two different modes,

mainly distinguished by the presence or absence of conscious aware-

ness of the learned sequence (explicit vs. implicit learning).

Due to the simple accessibility of motor performance and the gen-

eral importance of the motor system for our quality of life, the motor

system is often investigated as a representative of principles underly-

ing sequence learning in general. For this purpose, some standardized

tests have been established and will be introduced below.

It is important to note that most complex motor skills consist of

sequences of movements (Diedrichsen & Kornysheva, 2015;

Hikosaka, Nakamura, Sakai, & Nakahara, 2002; Willingham, 1998). To

regain a lost motor skill (e.g., lost through a stroke) not only every
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single movement of this skill, but also its implementation as a

sequence has to be relearned. The inseparable connection between

learning motor skills and sequences makes the understanding of

sequence learning important for clinical rehabilitation. Disabilities

resulting from stroke are particularly significant as they constitute the

leading cause of long-term disability in industrial nations. Hence, there

is an urgent need for a solid understanding of sequence learning in

stroke patients, which could help clinicians optimize and individualize

rehabilitation strategies. Moreover, the impact of a focal lesion on the

ability to successfully perform motor sequence learning can help us

gain insights into—and an improved comprehension of—the basic

physiological principles of motor sequence learning.

In the following sections, we will first provide an overview of impor-

tant concepts related to motor sequence learning, such as explicit and

implicit motor learning, and the dissociation between sequential and

motor components. We will then briefly introduce the current methods

used to investigate sequential motor learning. Next, we will review the

current state of knowledge regarding important brain areas and their

assumed functions in motor sequence learning as derived from studies in

healthy subjects. Subsequently, we will consider the question of what

we can learn from studies investigating motor sequence learning in

stroke patients. We will first investigate the evidence of whether

patients’ capacity for motor sequence learning is preserved after stroke

in general. Next, we will review all studies concerning the implications of

stroke for different learning stages according to the temporal stage

model. Finally, we will discuss the implications for clinical rehabilitation

and suggest directions for further research.

2 | BASIC PRINCIPLES OF MOTOR
SEQUENCE LEARNING

Motor sequence learning refers to the process in which a pre-

determined ordered list (sequence) of motor actions is performed with

increasing spatial and temporal accuracy. This learning process can

occur with or without conscious awareness of the learning process

itself and the sequential order of elements. The divergences between

conscious and unconscious learning have led to the well-accepted

concept of distinguishing two different modes—the explicit and

implicit modes of learning.

2.1 | Explicit and implicit motor learning

Explicit and implicit motor learning are fundamental concepts for our

understanding of sequence learning. The differentiation is mainly based

on awareness of the learned skill. While explicit learning requires active

attention and some form of rules that can be stated, implicit motor

learning takes place without awareness and in the absence of verbal

knowledge of the performed motor task (Kleynen, Braun, et al., 2014;

Kleynen, Wilson, et al., 2014). Hence, implicit or procedural learning is

defined as a learning process that is both incidental and unconscious

(Reber, 1993). The classic example of implicit motor learning is to learn

to walk as a child or to ride a bicycle. These learning tasks can be

accomplished without instructions. Learned skills are retrieved from

implicit memory. However, some authors object that implicit learning

also comes along with conscious inputs, which then lead to uncon-

scious implications that are learned (Baars, 2010). This conscious input

is called explicit or declarative knowledge. Explicit motor learning was

defined in a previous consensus paper as follows: “learning which gen-

erates verbal knowledge of movement performance (e.g., facts and

rules), involves cognitive stages within the learning process and is

dependent on working memory involvement” (Kleynen, Braun, et al.,

2014; Kleynen, Wilson, et al., 2014). A typical example of explicit learn-

ing would be to learn a prescribed sequence of dance steps.

2.2 | Dissociation between sequential and motor
components

Another important concept in understanding motor sequence learning

is the dissociation between the spatial-sequential order of a movement

sequence and its motor control components (Doya, 2000; Ghilardi,

Moisello, Silvestri, Ghez, & Krakauer, 2009; Hikosaka et al., 1999;

Penhune & Steele, 2012). The spatial-sequential task component con-

cerns the order of movements in space and time, while the movement

dynamics comprise the sensorimotor integration of movements, such

as the speed of single movements and the timing of movements.

It has been proposed that these components are learned in paral-

lel, with different contributions by specific brain areas. Accordingly,

learning the sequential/spatial order of movement follows a different

time course than learning the motor components. It is thought that in

the early phase of motor learning, improvements are dominated by

learning the sequential/spatial characteristics of the movements,

while the implementation and optimization of the required motor

components dominate improvements in later stages of learning

(Ghilardi et al., 2009; Savion-Lemieux & Penhune, 2005).

2.3 | Methods to investigate motor sequence
learning

The most commonly used method to examine motor sequence learn-

ing is the serial reaction time task (SRTT). Participants receive visual

stimuli (cues) appearing at different locations on a screen. The partici-

pants are asked to respond to each cue by pressing the correct button

as fast as possible. The time between cue presentation and motor

response defines the reaction time. A decrease in reaction time is con-

sidered learning. However, this decrease in reaction time can be

influenced by multiple contaminating factors, such as motivation and

visuomotor associations. Therefore, the reaction time for pre-

determined sequences is contrasted with the reaction time for ran-

dom sequences. The difference between sequential and random

sequences in the decrease in reaction time is often used as a measure

of sequence-specific motor learning. The SRTT paradigm investigates

implicit sequence motor learning if the participants do not become

aware of the predefined sequence. If, however, participants gain

knowledge about this sequence, this indicates an explicit component

of motor sequence learning. The SRTT is used in several variants.
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Other paradigms for assessment of motor sequence learning are

the continuous tracking task (CTT, tracking a target moving in a spe-

cific pattern across a screen), finger tapping tasks (e.g., the manual

sequence task, or MST, which consists of typing a predefined numeral

sequence on a finger pad; Karni et al., 1995), and sequences of

reaching (Ghilardi et al., 2009) or eye movements (Albouy

et al., 2008).

3 | CURRENT KNOWLEDGE REGARDING
THE CEREBRAL NETWORK ENGAGED IN
MOTOR SEQUENCE LEARNING

Motor sequence learning is performed by a complex and distributed

network of brain regions. Essential parts of this network include the

primary motor cortex (M1), the premotor cortex (PMC), the supple-

mentary motor area (SMA), the basal ganglia (BG), the prefrontal cor-

tex (PFC), the posterior parietal cortex (PPC), and the cerebellum

(Figure 1).

In the following section, we will briefly describe the primary func-

tions of these brain areas for motor sequence learning and will then

discuss their roles in different phases of the learning process.

The motor cortex, comprising M1, PMC, and SMA, is strongly

interconnected with frontoparietal regions as well as the striatum and

other parts of the BG and generates significant output to the des-

cending motor system. While M1 stores motor sequence information

in a somatotopically organized system, PMC is recognized to play a

critical role in visual and sensorimotor integration and movement

selection, preparing motor output for M1 (Hardwick, Rottschy, Miall, &

Eickhoff, 2013). A major function of the SMA seems to be the plan-

ning and self-initiation of voluntary movements. Input arrives from

pre-SMA, which serves the function of integrating multimodal infor-

mation by reducing the output of the motor loop when its signals are

inconsistent with those of the visual loop (Hikosaka et al., 1999;

Nakahara, Doya, & Hikosaka, 2001).

The cerebellum is known to play a crucial role in the fine-tuning of

motor performance via feedback loops with cortical structures which

are called cortico-cerebellar loops. Cerebellar functioning is firmly

connected to the parietal, premotor and frontal cortex and accom-

plishes a central role in movement optimization. By integrating effer-

ent and afferent information, the cerebellum creates an internal

predictive model of sensory states that guides learning by the trial-

and-error principle (Miall, 2010; Penhune & Steele, 2012; Shadmehr,

Brandt, & Corkin, 1998). This allows predictive control by a

feedforward mechanism in which the current sensory state and corti-

cal motor commands are combined to forecast the future state of the

body (Bastian, 2006).

The BG are mainly engaged in the chunking of movements and

contribute to the storage of information. It is generally agreed that

the BG play a prominent role in implicit learning processes. However,

some parts of the BG are also involved in explicit learning. The stria-

tum is considered the most critical BG structure engaged in motor

sequence learning. The dorsolateral striatum primarily takes part in

sensorimotor circuits by communicating with the parietal and sensori-

motor cortices, which supports the idea that it plays a leading role in

implicit sequence learning by chunking information (Hikosaka et al.,

1999; Penhune & Steele, 2012). Chunking is a process in which a

motor sequence is subdivided into shorter segments, known as

chunks. By being segmented into these chunks, the information can

be retained and restored more easily than unsegmented information.

The anterior medial striatum is known to be strongly connected to

frontal and premotor areas, which are suggested to play a critical role

in explicit learning processes. This connection is also called the “asso-

ciative” circuit (Janacsek & Nemeth, 2013; Penhune & Steele, 2012).

Furthermore, the BG are believed to be involved in reward-based

learning, integrating the motivational component of learning

(Hikosaka et al., 1999). The complex bilateral interactions between

cortical areas and the BG constitute a circuit known as the cor-

ticostriatal loop, which is believed to work in parallel with the

corticocerebellar loop.

The PFC and the PPC are mainly engaged in explicit learning pro-

cesses that are attentionally demanding and require working memory

(Eliassen, Souza, & Sanes, 2001; Lewis & Miall, 2003).

Additionally, the parietal cortex is considered to play a crucial role

in the integration of somatosensory and visual information and in

F IGURE 1 Schematic representation of the locations of areas involved in different stages of motor sequence learning. Abbreviations: CB,
cerebellum; DLPFC, dorsolateral prefrontal cortex; M1, primary motor cortex; PMA, premotor area; PPC, posterior parietal cortex; pre-SMA, pre-
supplementary motor area; SMA, supplementary motor area
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preparing multimodal sensorimotor input for the PMC (Hardwick

et al., 2013; Lewis & Miall, 2003). Furthermore, the parietal cortex is

known to be engaged in the delayed recall of learned motor

sequences (Doyon, Penhune, & Ungerleider, 2003).

Although this section is intended to be a brief general overview of

the functions of different brain areas, the engagement of these areas

changes with ongoing practice. This change over time has a strong

implication for our understanding of the mechanism underlying motor

sequence learning and, furthermore, has implications for practical

rehabilitation. Therefore, we will review the current knowledge about

learning stages in motor sequence learning in the next section and will

then endeavor to discuss the contribution of lesion studies to this

topic.

4 | TEMPORAL STAGE MODEL OF MOTOR
SEQUENCE LEARNING

Current theoretical models suggest that the process of motor

sequence learning can be divided into different temporal stages

(Doyon, 2008; Doyon et al., 2009; Hikosaka et al., 1999; Karni et al.,

1998; Penhune & Steele, 2012). These stages differ in behavioral

parameters, such as the amount of learning and the contribution of

different components to the learning process (spatial-sequential or

motor component; Doyon et al., 2009; Karni et al., 1995; Karni et al.,

1998; Willingham, 1998; Figure 1). Additionally, the contributions of

specific brain areas and brain networks to the learning process differ

between learning stages (Figure 2).

Several authors propose a differentiation into an early phase, a

consolidation phase and a slow learning or retention phase (Censor,

Sagi, & Cohen, 2012; Doyon et al., 2003; Karni et al., 1998; Penhune &

Steele, 2012), as we will introduce below.

4.1 | Stage I—The early learning phase of motor
sequence learning

In the early learning phase, a sequence is acquired quickly and flexibly,

which allows rapid performance improvement. This performance

improvement is mainly caused by improved encoding of the move-

ment in spatial coordinates and therefore affects the spatial-

sequential component of the task (Doya, 2000; Hikosaka et al., 2002).

Essential brain regions involved in this early learning process com-

prise the DLPFC and the PPC. Both areas maintain strong connections

to the anterior part of the BG, especially the head of the caudate

nucleus (Hikosaka et al., 1999; Hikosaka et al., 2002; Janacsek &

Nemeth, 2013; Penhune & Steele, 2012). This corticostriatal loop is

called the “associative” circuit (Penhune & Steele, 2012) and is partic-

ularly engaged in early learning and explicit learning tasks, when the

spatial-sequential component is consciously learned and active atten-

tion and working memory are needed (Eliassen et al., 2001; Hikosaka

et al., 1999; Janacsek & Nemeth, 2013; Jenkins, Brooks, Nixon,

Frackowiak, & Passingham, 1994). Accordingly, deficits in learning

new sequences were demonstrated in monkeys after excitotoxic

lesions of the PFC (Collins, Roberts, Dias, Everitt, & Robbins, 1998)

and after reversible blockage of the anterior striatum (Miyachi,

Hikosaka, Miyashita, Kárádi, & Rand, 1997).

The corticostriatal loop (or associative circuit) works in parallel

with the cortico-cerebellar loop, which is also of critical importance in

early learning. There is evidence that cerebellar connections to the

parietal, premotor and frontal cortex are important for successful

learning in this stage (Clower, Dum, & Strick, 2005; Diedrichsen,

Balsters, Flavell, Cussans, & Ramnani, 2009).

As described above, the corticocerebellar loop allows predictive

control by a feedforward mechanism in which the current sensory

state and cortical motor commands are combined to forecast the

future state of the body (Bastian, 2006). A correct forecast is essential

for performing a context-dependent sequence of movements. The

involvement of the corticocerebellar loop and the number of neces-

sary corrections scale with subjective task difficulty and the rate and

magnitude of errors. Accordingly, the cerebellum is mainly activated in

the early stages of learning, when the internal model to forecast the

next body state/movement within the sequence is error-prone

(Doyon et al., 2002; Lehéricy et al., 2005; Wu, Kansaku, &

Hallett, 2004).

The early spatial-sequential part of learning proceeds in an

effector-unspecific manner. Sequential movements are transferred

into a spatial coordinate frame, and the sequence is learned mainly

independently of the body part that executes it (Censor, 2013;

Hikosaka et al., 2002). Storage of motor information in the later learn-

ing stages, however, seems to be effector-specific (Japikse, Negash,

F IGURE 2 Schematic representation of the involvement and the
interaction of brain areas in the three stages of motor sequence
learning. Abbreviations: M1, primary motor cortex; PMA, premotor
area; PPC, posterior parietal cortex; pre-SMA, pre-supplementary
motor area; SMA, supplementary motor area)
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Howard, & Howard, 2003). Therefore, the effectiveness of the trans-

fer of learning between the two hands is most significant in this early

learning phase and decreases with ongoing learning (Japikse

et al., 2003).

4.2 | Stage II—The consolidation phase of motor
sequence learning

The second phase is characterized by stabilization of the learned

motor sequence and is called the “consolidation” phase. Performance

improves incrementally by training and gains increased resistance to

interference. This process is highly dependent on the ability to chunk

sequences into smaller subsequences, which is accomplished by

the BG.

The transition from the early learning phase to the consolidation

phase is characterized by a slowing down of the learning speed

(Doyon & Benali, 2005; Hikosaka et al., 1999).

The pre-SMA is an important node associated with the transition

from Stage I to Stage II. The major function of the pre-SMA seems to

be mediation between spatial sequence processing and sensorimotor

movement integration (Nakahara et al., 2001). Hence, the pre-SMA is

active when one must rely on spatial processes and when motor out-

put must be determined and updated by incoming sensory input

(Hikosaka et al., 1999; Nakahara et al., 2001), linking conditional rules

to actions (Hardwick et al., 2013). This assumption is consistent with

anatomical connections projecting from the DLPFC via the pre-SMA

to the SMA (Luppino, Matelli, Camarda, & Rizzolatti, 1993;

Tanji, 1994).

The consolidation process primarily includes the encoding of

motor associations and the forming of motor chunks and is based

mainly on a corticostriatal loop circuit comprising parts of the BG

(especially the putamen) and the premotor–motor cortex (especially,

the SMA; Hikosaka et al., 1999). In particular, the posterior parts of

the putamen and caudate seem to play a central role in the chunking

of information. Chunking simplifies the storage and recall of learned

sequenced tasks, which is necessary due to the limited capacity of

working memory (Fonollosa, Neftci, & Rabinovich, 2015). In addition

to the practice-related consolidation of motor sequences, the BG

seem to have a special role in offline consolidation. This concept is

supported by imaging studies demonstrating that activation of the BG

(especially the putamen) increases after sleep following a motor

sequence learning task (Debas et al., 2010). Likewise, it was shown

that offline motor consolidation during sleep was associated with

increased integration within the corticostriatal network (Albouy et al.,

2008; Debas et al., 2014).

During the transition to Phase II, cerebellar activation decreases,

while striatal activation increases (Doyon et al., 2002; Lehéricy et al.,

2005; Wu et al., 2004). The shift in activity from the cerebellar-

cortical network toward a striatal-cortical network is thought to corre-

spond to an improved cerebellar model to forecast movements and an

associated decrease in the necessity for error correction and model

updates.

4.3 | Stage III—The retention phase of motor
sequence learning

The transition between Stage II and Stage III is very fluent, which

makes a clear differentiation difficult. At some point, however, learn-

ing enters a late, slow phase, which is called the “automatization”

phase. At this point, performance will be optimized with a slow learn-

ing rate. The movement execution becomes “automatic” and can be

performed with decreasing attention or entirely implicitly (Karni

et al., 1998).

In this process, the motor cortex is of particular importance. The

M1, the PMC, and the PPC are considered important hubs in the late

stage of motor sequence learning. It has been shown that all three

areas are engaged in the delayed recall of learned motor sequences

(Doyon et al., 2003). While the PMC is associated with the integration

of visual and sensorimotor information and the formation of motor

routines, the primary motor cortex is thought to regulate and store

use-dependent muscle synergies, creating “motor maps” to optimize

and precise sequential movements (Censor et al., 2012; Hardwick

et al., 2013; Penhune & Steele, 2012). Hence, the motor cortex is acti-

vated when a sequence is learned and a movement becomes “auto-

matic.”. After the motor map is optimized, the information becomes

robust and steady.

Furthermore, it was shown in monkeys that neurons of the SMA

have come to represent a learned sequence after extensive training

(Tanji, 1994). The involvement of the SMA in the representation of

well-learned motor sequences is also supported by studies in humans

comparing well-learned sequences to those that are not well learned

(Gordon, Lee, Flament, Ugurbil, & Ebner, 1998; Hund-Georgiadis &

von Cramon, 1999).

Beyond the motor cortex, there is some evidence that even in this

late learning stage, cerebellar loop structures might contribute by cor-

recting errors. Despite the well-established finding that cerebellar

activation is mainly present during the fast learning phase and

decreases over time (Doyon et al., 2002; Lehéricy et al., 2005; Wu

et al., 2004), some studies also demonstrated that the dorsal parts of

the dentate nucleus are especially active in the late stage of learning.

Hikosaka and coworkers hypothesized a feedback mechanism for

fine-tuning of velocity, force and timing in the late stage of well-

learned movements; this mechanism was hypothesized to be

implemented by a loop circuit between the anterior cerebellum and

the motor cortices (Hikosaka et al., 1999). However, there seems to

be no direct storage of information or motor memory in cerebellar

structures (Doyon et al., 2003; Penhune & Steele, 2012).

4.4 | Summary

Early stages of sequence learning require a mainly frontoparietal

“associative” network (especially, prefrontal and parietal cortex),

which is interlinked with the anterior BG on the one hand (cor-

ticostriatal loops) and with the cerebellum on the other hand

(corticocerebellar loops). While corticostriatal loops are essential in

active attention and working-memory demands, the cerebellar loop is
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believed to play an important role due to its function in predictive

control and adaptive optimization of movement performance.

Over the course of training, the activation shifts to a sensorimotor

circuit linking the posterior part of the BG with various motor cortical

areas (especially, the SMA). These connections are thought to be

mainly responsible for encoding motor associations and forming

motor chunks. Hence, BG function is crucial for the consolidation

phase of learning. When a sequence is well learned, storage seems to

take place in primary motor cortex areas (M1) and the SMA, which are

therefore responsible for delayed recall.

The transitions between the different learning stages are fluent,

and to a certain extent, the learning processes can occur in parallel.

The proportions of activation during the different stages are also

dependent on task demands. Even if the learning modes blend

together, it can be observed that early and fast learning requires pre-

dominantly explicit processes, while the slow or late learning stage is

mainly dependent on implicit learning.

5 | CONTRIBUTIONS OF STROKE STUDIES
TO THE PRESENT UNDERSTANDING OF
MOTOR SEQUENCE LEARNING

Based on our current knowledge regarding the functioning and inter-

action of individual brain areas within the cerebral network, one might

expect that localized lesions of specific brain regions might interfere

with different aspects of motor sequence learning. However, the

question of how a lesion might impair motor sequence learning is

highly nontrivial because a lesion affects not only the function of the

lesioned area but also the function of all directly or indirectly con-

nected areas. It is therefore impossible to predict the behavioral con-

sequences of brain lesions based purely on our understanding of

network functioning in healthy subjects. This question can be

answered only by investigating motor sequence learning in patients

after structural brain damage. Studying the impact of lesions on net-

work functioning is not only crucial for our pathophysiological under-

standing but also of immense clinical relevance, especially concerning

poststroke rehabilitation strategies.

Multiple studies have investigated the effects of structural lesions

on motor sequence learning using the affected and unaffected hands

(see Table 1). The benefit of investigating the affected hand is the clin-

ical importance. It allows us to investigate the difficulties that patients

encounter in learning a motor sequence task in its full complexity, and

it also allows us to test the effectiveness of possible interventions.

Most of the available studies have investigated sequence-specific

learning as defined by the difference in reaction time or error rate

between random and repeated sequences. A major problem in inter-

preting the results of such studies is the differentiation of those defi-

cits that are attributable to pure motor impairment and the inability to

optimize motor parameters and those deficits that result from an

impaired ability to learn the spatial/sequential components. Therefore,

multiple studies have investigated motor sequence learning after

stroke not in the affected hand but in the unaffected hand. Although

primary motor abilities and learning of simple motor responses are

highly lateralized functions, learning of spatial/sequential parameters

is considered a more global function with a high level of transfer of

sequence knowledge from one hand to the other (Japikse et al.,

2003). Therefore, utilizing the unaffected hand allows researchers to

investigate impairments of motor sequence learning per se (largely

independent of pure motor impairments and impairments in the opti-

mization of motor components).

5.1 | Is motor sequence learning preserved after
stroke?—A general overview

As introduced above, several studies have investigated motor

sequence learning in the affected or the unaffected hand.

Concerning the affected (contralesional) hand, the results are het-

erogeneous. Some studies conclude that motor sequence learning is

preserved (Meehan et al., 2011; Shin et al., 2005; Wadden et al.,

2015), while other studies find an impairment of motor sequence

learning for the affected hand after stroke (Dirnberger et al., 2013;

Exner et al., 2001; Fleming et al., 2018; Gomez Beldarrain, 1999;

Gomez Beldarrain et al., 2002; Vakil et al., 2000; Wadden et al.,

2017). All available examples of these studies investigated patients in

the chronic phase of stroke.

While two studies mainly addressed explicit learning (Fleming

et al., 2018; Zimerman et al., 2012), one study investigated both learn-

ing modes (Gomez Beldarrain et al., 2002), and the majority of studies

tested implicit learning capacity using the SRTT or the CTT.

Concerning explicit learning, two of the abovementioned studies

revealed an impairment in explicit motor learning after stroke

(Fleming et al., 2018; Gomez Beldarrain et al., 2002). One study

reported a beneficial effect of transcranial direct current stimulation

on the impaired capacity for explicit motor learning (Zimerman

et al., 2012).

Regarding implicit sequence learning, the results are more diver-

gent than those for explicit learning. Six studies demonstrated an

impairment in implicit sequence learning for the affected hand

(Dirnberger et al., 2013; Exner et al., 2001; Gomez Beldarrain, 1999;

Gomez Beldarrain et al., 2002; Vakil et al., 2000; Wadden et al.,

2017), while three others reported that implicit motor learning was

preserved after stroke (Meehan et al., 2011; Shin et al., 2005;

Wadden et al., 2015). Additionally, a recent meta-analysis from 2017

investigated the question of whether implicit motor learning is pre-

served after stroke. The authors found insufficient evidence that

stroke patients can implicitly learn with the affected side. No signifi-

cant difference was found between implicit and explicit sequential

motor learning after stroke (Kal, Houdijk, et al., 2016; Kal, Winters,

et al., 2016).

Regarding the effect of stroke on the unaffected, ipsilesional hand,

there is some evidence that implicit motor sequence learning is possi-

ble after stroke (Boyd & Winstein, 2003; Dovern et al., 2015; Dovern

et al., 2017; Orrell et al., 2007; Pohl et al., 2001; Shin et al., 2005).

This result was also found in the meta-analysis by Kal et al., who

stated that stroke patients are able to learn implicitly on the
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unaffected side (Kal, Houdijk, et al., 2016; Kal, Winters, et al., 2016).

However, multiple studies revealed impairment in implicit motor

sequence learning (Boyd et al., 2009, Boyd et al., 2007; Boyd &

Winstein, 2001; Dirnberger et al., 2013; Exner et al., 2001; Gomez

Beldarrain, 1999; Gomez Beldarrain et al., 2002; Vakil et al., 2000).

With respect to explicit motor learning, the meta-analysis found

no significant difference between implicit and explicit sequential

motor learning for the unaffected hand (Kal, Houdijk, et al., 2016; Kal,

Winters, et al., 2016).

There are some available data suggesting a correlation between

stroke severity and the degree to which motor sequence learning is

impaired (Boyd et al., 2007; Gomez Beldarrain, 1999; Pohl et al.,

2001). This correlation might also affect the ipsilesional hand. In multi-

ple studies, patients with different degrees of stroke severity (“mild”

vs. “moderate”, assessed by scores on the Orpington Prognostic Scale)

showed different amounts of absolute improvement in the reaction

time of trained, patterned sequences (Boyd et al., 2007; Pohl et al.,

2001). In contrast, another study found no difference in sequence-

specific learning between mildly and moderately affected patients,

while there was an overall slowing of reaction time in the more

severely affected patients (Pohl et al., 2006). Limitations of these

studies include the lack of information on the exact location and

extent of each lesion. The effects of stroke severity on implicit learn-

ing might also be influenced by task context. Mildly affected patients

showed greater improvement in the serial hand movement task than

in the SRTT, while patients with moderate stroke did not show any

difference between the two test modalities (Boyd et al., 2007). The

various results of different test modalities emphasize the impact of

the type of motor task that is tested, with the tasks possibly assessing

different qualities of motor learning that make different demands on

working memory.

Despite the heterogeneity of the results, there is a tendency for

motor sequence learning to be more impaired in the affected hand

than in the unaffected hand, while the unaffected hand also demon-

strates at least partly impaired function in some studies. However, a

general finding of nearly all studies is a increased reaction time and a

permanently increased error rate in stroke patients compared to

healthy controls, irrespective of the lesion location, the investigated

side or the learning stage (Boyd et al., 2007; Boyd & Winstein, 2003;

Dovern et al., 2017; Fleming et al., 2018; Gomez Beldarrain et al.,

2002; Meehan et al., 2011; Orrell et al., 2007; Pohl et al., 2006;

Siengsukon & Boyd, 2009; Vakil et al., 2000; Wadden et al., 2015).

5.2 | Contributions of stroke studies to the temporal
stage model of motor sequence learning

In this section, we will analyze the effects of cerebral lesions on motor

sequence learning in further detail. We are particularly interested in

the relationship between the location of the lesion and its impact on

motor sequence learning. However, as described above, the function

and importance of a particular brain area for motor sequence learning

change across different learning stages. Lesions might, therefore,

compromise motor sequence learning differently in different learningT
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stages. It is crucial to differentiate the behavioral consequences of

specific lesions in relation to the stages of learning. This differentia-

tion is especially challenging because the available studies do not

address the effects of lesion location on learning stages as their pri-

mary research questions.

5.2.1 | Stage I—Contributions of stroke studies to
knowledge of the early learning phase of sequential
motor learning

The PFC is known to be one of the core areas involved in early learn-

ing. Accordingly, early learning was found to be significantly reduced

in patients with prefrontal lesions (Gomez Beldarrain, 1999; Gomez

Beldarrain et al., 2002; Gomez Beldarrain, Astorgano, Gonzalez, &

Garcia-Monco, 2008). Prefrontal lesions caused disturbances in

explicit learning tasks as measured by a pursuit tracking task (Gomez

Beldarrain et al., 2002) as well as in tasks that were mainly implicit

(Gomez Beldarrain, 1999). Overall, impairments in motor sequence

learning were more severe in the contralateral hand than in the

ipsilateral hand and were correlated with lesion size (Gomez

Beldarrain, 1999).

Deficits in implicit learning were found to extend beyond the very

early learning stage (Gomez Beldarrain, 1999; Gomez Beldarrain et al.,

2002). The authors suggested not only that the involvement of the

PFC extends beyond the early learning stage but also that different

parts of the PFC contribute diversely to the different learning modes

and learning stages (Gomez Beldarrain et al., 2002). While the dorso-

lateral PFC is heavily involved in the network subserving working

memory (Manoach et al., 1999), the frontopolar PFC is heavily

involved in planning (Koechlin, Basso, Pietrini, Panzer, & Grafman,

1999), suggesting that deficits in early and explicit learning are more

pronounced after frontopolar than dorsolateral PFC lesions, while the

reverse is true of deficits in implicit learning and during later stages.

Current knowledge regarding lesions in the PFC suggests that

every learning task, even if it mainly involves implicit learning, requires

prefrontal activation with active attention in the very beginning. If this

early learning stage is disturbed, the transition into the consolidation

phase may also be impaired and delayed. Accordingly, patients with

prefrontal lesions showed greater benefit than healthy controls from a

night of sleep (Gomez Beldarrain et al., 2008).

A reduction in early sequence-specific motor learning was also

demonstrated in patients with lesions in the ventral portion of the

thalamus, an area that is strongly connected to the PFC (Exner et al.,

2001). The authors speculated about the importance of individual

thalamic nuclei, suggesting that they might be specific to sequence

learning. However, given the importance of thalamic nuclei for

cortico-cortical communication, we suggest instead that these results

simply reflect an impairment of the thalamic contribution to driving

and modulating cortico-thalamo-cortical information transfer.

Concerning lesions of the BG, some available data suggest that

early implicit sequence learning is not seriously impaired for the unaf-

fected hand (Dovern et al., 2015; Shin et al., 2005; Vakil et al., 2000)

or the affected hand (Shin et al., 2005; Vakil et al., 2000). Accordingly,

the administration of levodopa to stroke patients did not improve

implicit learning in the very early stages, while improvements were

found in later stages (Rösser et al., 2008). These findings are in line

with a growing body of literature suggesting that the BG are mainly

active in the consolidation of learned sequences. In contrast, one

study reported a diminished learning rate in patients with chronic BG

lesions, even in the early acquisition phase, as measured by dimin-

ished RT changes for repeated sequences (Boyd et al., 2009).

The effect of cerebellar lesions on early learning has not been

thoroughly studied. One study found that implicit learning was pre-

served in the early learning stage, whereas impairments were found in

later stages (Dirnberger et al., 2013). This finding seems counterintui-

tive given what is known about the function of the cerebellum in

healthy subjects. One possible explanation might be the diversity of

cerebellar lesion locations, possibly mainly affecting regions that are

known to be involved in late learning stages, such as the dentate

nucleus. The authors further noted that there is a disturbance espe-

cially in perception-based mechanisms (Dirnberger et al., 2013),

underlining the role of the cerebellum in the “predictive” mechanism

of movement control (Bastian, 2006).

Several studies were unable to find significant impairments of

sequential motor learning in the early learning phase after stroke,

either for the affected hand (Fleming et al., 2018; Meehan et al.,

2011; Siengsukon & Boyd, 2009) or for the unaffected hand (Dovern

et al., 2017; Orrell et al., 2007; Pohl et al., 2001; Pohl et al., 2006).

One important reason for this lack of a significant effect might be the

selection of patients. Multiple studies have selected patients on the

basis of anamnestic information on stroke and clinical impairments.

These studies have often used clinical scores such as the Orpington

Prognostic Scale (Pohl et al., 2001, Pohl et al., 2006), the Fugl-Meyer

Assessment (Fleming et al., 2018), or the MRC Scale (Rösser et al.,

2008). These scores, however, do not test for difficulties in learning.

They are mainly sensitive to lesions in brain areas responsible for

gross motor movements and are particularly altered by lesions of the

primary motor cortex itself or its downstream connections. Thus, the

lesion locations in the cited studies are strongly biased toward lesions

of these areas. The negative results therefore suggest that brain

lesions of the motor cortex or its downstream connections exert lim-

ited influence on early motor learning. This was observed mainly in

the chronic stages of stroke but also seemed to apply to patients in

the subacute stroke stage (<45 days after stroke), who also showed

no difference in sequence-specific implicit learning compared to

healthy controls (Pohl et al., 2006).

Overall, many studies reported fully or at least partly preserved

motor sequence learning. Interestingly, there are no reports of

patients with a complete inability to achieve motor learning. Hence, it

can be assumed that there is no “all-or-nothing principle,” even when

one important part of the responsible network is destroyed. This fur-

ther indicates that sequential motor learning in the early stages is per-

formed by a widespread network of brain regions without a central

region mandatory for learning success and that lesions to brain areas

engaged in this process can be (at least partly) compensated.
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5.2.2 | Stage II—Contributions of stroke studies to
knowledge of the consolidation phase of sequential
motor learning

Multiple studies have investigated motor sequence learning after

stroke during the consolidation phase using an extended version of a

sequence task or by investigating sequence practice over

several days.

Impaired implicit and explicit motor sequence learning was consis-

tently found in patients with lesions of the BG (Siengsukon & Boyd,

2009; Vakil et al., 2000). To further elucidate the underlying mecha-

nisms, analyses have focused on the individual organization of learned

responses and the transition from one sequence element to the next.

The analysis of this transition allows the identification of subse-

quences (chunks) of movements (Miller, 1994; Povel & Collard, 1982;

Rosenbaum, Kenny, & Derr, 1983). Studies have found substantial dif-

ferences between patient and control groups in organizing sequential

responses (Boyd et al., 2009; Dovern et al., 2015). It was demon-

strated that the ability to chunk elements of a repeated, implicitly

presented sequence into functional subsequences of movements is

impaired after BG lesions (Boyd et al., 2009). Patients organized

sequences to a lesser extent than healthy controls, and the chunks

were also shorter (Boyd et al., 2009). This impairment was demon-

strated for the affected as well as the unaffected hand and even if the

patients did not differ from healthy controls during the early learning

stage (Boyd et al., 2009; Vakil et al., 2000).

A further study augmented these results by investigating the abil-

ity to learn a motor sequence in patients after left MCA lesions by giv-

ing them implicit multimodal (spatial and temporal) information

(Dovern et al., 2015). The learning progress did not differ between

patients and controls. However, patients demonstrated an impaired

ability to form independent spatial and temporal sequence represen-

tations. The underlying subchunks were found to be more rigid and

inflexible than those of healthy controls (Dovern et al., 2015). Imaging

analyses revealed that diminished learning scores were strongly asso-

ciated with lesions of the striatum. These studies demonstrate that

the chunking of subsequences might depend on the complexity of the

given multidimensional information, which stroke patients learn in a

more rigid way than healthy controls. The associations between multi-

ple information dimensions were further investigated by a study that

demonstrated preserved implicit learning effects in the event of con-

sistently missing temporal information (Dovern et al., 2017). This fur-

ther suggests that patients with BG lesions do not show decreased

learning effects due to missing additional information but that they

are particularly susceptible to context disruptions, which then

decrease learning effects (Dovern et al., 2017).

The critical role of the BG in chunking is supported by the finding

of faster responses on learned sequences (but not random sequences)

in the consolidation phase after administration of levodopa than with-

out levodopa in stroke patients (Rösser et al., 2008).

Results similar to those of BG lesions were also found in lesions of

the ventral thalamic nuclei (Exner et al., 2001), with decreased implicit

learning not only in the early learning stage but also in the

consolidation phase (Exner et al., 2001). However, the effects of tha-

lamic lesions are less investigated than those of BG lesions. It is

tempting to speculate that this effect is caused by the high level of

interconnection between the thalamus and the BG (Alexander,

DeLong, & Strick, 1986; Middleton & Strick, 2000).

Interestingly, when additional explicit information is given to

patients with lesions affecting the BG or sensorimotor cortical areas,

this information seems to have an adverse effect on implicit learning

during the consolidation phase (Boyd & Winstein, 2003; Boyd &

Winstein, 2004). Contrary to these findings, a further investigation

found an improvement in response to additional explicit information

in chronic unilateral stroke patients (11 sensorimotor areas, 1 pontine;

Boyd & Winstein, 2001). To explain these findings, the authors

suggested differences according to the exact lesion location, particu-

larly with respect to M1, the PMC, and the SMA. In particular, the

PMC might play a central role in the integration of explicit information

into implicit motor performance due to its strong connections to pre-

frontal areas (e.g., the DLPFC) and to the caudate nucleus. Hence, a

lesion that strongly affects the PMC might interfere with the benefit

of additional explicit information for an implicitly formed motor plan.

It was further suggested that the additional explicit information given

to the subjects imposed an unmanageable working memory load that

might interfere with the implicitly made movement plan. However,

the small sample sizes in the patient groups that received explicit

knowledge (n = 4 [Boyd & Winstein, 2001], n = 5 [Boyd & Winstein,

2003], n = 5 [Boyd & Winstein, 2004]) might have also contributed to

these divergences.

Several studies have failed to show a significant poststroke impair-

ment of motor sequence learning during the consolidation phase. Pre-

served learning was mainly found in studies that were not restricted

to specific lesion locations. For instance, preserved implicit motor

learning with the unaffected hand during the consolidation phase was

found for lesions in the “anterior circulation” or “MCA” territory or for

“cortical/subcortical” infarcts (Orrell et al., 2007; Pohl et al., 2001;

Siengsukon & Boyd, 2009), but implicit learning was also preserved

for the affected hand after subcortical lesions (Meehan et al., 2011;

Wadden et al., 2015).

However, there are also studies available demonstrating an impair-

ment of motor sequence learning during the consolidation phase with-

out specifying the exact lesion location (Dovern et al., 2015; Wadden

et al., 2017). In contrast to studies demonstrating preserved sequence

learning, these studies used different methods of analysis or design.

Instead of comparing the group difference in RT changes between

random and predefined sequences, Wadden and colleagues analyzed

group differences by fitting the learning progress with an exponential

curve and included the behavioral parameter of individual motor

impairment in the model (Wadden et al., 2017). They demonstrated

impaired implicit motor sequence learning with the affected hand

after subcortical lesions in the right hemisphere. However, a careful

inspection of the available data suggests that the main difference

between patients and controls is attributable more to the early

learning phase than to the consolidation phase.
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However, consolidation does not occur exclusively during

extended practice. There is general agreement that the consolidation

process of learned sequence information can also be improved by

sleep. This process is called sleep-dependent offline consolidation.

Expectably, BG lesions seem to impair offline consolidation

(Dovern et al., 2015). This is consistent with the results of neuroimag-

ing studies in healthy people, which showed increased integration in

the corticostriatal network after sleep following a motor sequence-

learning task (Debas et al., 2010; Debas et al., 2014). A similar effect

of impaired offline consolidation was also found after parietal lesions.

In contrast, patients with prefrontal lesions seem to benefit from off-

line consolidation during sleep more strongly than healthy subjects

(Gomez Beldarrain et al., 2008). These findings support the assump-

tion that the parietal cortex is necessary in both the early and late

stages of learning, while the PFC is mainly involved in early learning

processes.

Without providing exact lesion information (cortical/subcortical), a

further study demonstrated improved sleep-dependent offline learn-

ing in stroke patients for explicit and implicit tasks compared to

healthy subjects (Siengsukon & Boyd, 2009). No significant difference

was found without sleep. The authors hypothesized a change in sleep

structure after stroke with an impact on stroke recovery. However, no

sleep measurements were performed to test this hypothesis.

5.2.3 | Stage III—Contributions of stroke studies to
knowledge of the late learning phase of sequential
motor learning

Very limited data are available regarding potential impairments of stroke

patients in the late learning phase of motor sequence learning. Studies

have investigated motor sequence learning for a maximum of 5 days of

training (Meehan et al., 2011; Wadden et al., 2015; Wadden et al., 2017).

However, the question of whether a late learning stage is reached

depends not only on the training time but also on the complexity of the

task. All three cited studies investigated a CTT. It remains unclear

whether, after 5 days of training on a CTT, the late learning stage is

reached. The available data give some indications that the process

remains in the consolidation phase, although the boundary between these

learning stages is uncertain. However, even if those studies reached the

late learning stage, the available data do not allow us to draw conclusions

regarding specific effects of stroke on that stage.

One study tested delayed retention of the SRTT on day 15 after

2 days of practice in patients with right hemispheric lesions. No differ-

ence in retention was found between the stroke group and the con-

trol group (Orrell et al., 2007). Despite the prolonged time window of

retention, the late learning phase is presumable not reached in only

2 days of practice.

5.2.4 | Conclusions

Despite some heterogeneities, the results of studies that investigated

patients with motor impairments due to brain lesions indicate impair-

ments of motor sequence learning in the early learning stage by

impaired integration of multimodal information for motor sequence

learning, slowed general reaction time and impaired explicit learning.

Stroke patients have greater difficulty in optimizing the motor control

components of sequential movements than the sequential/spatial

order of movements. There is consistent evidence that the consolida-

tion phase is particularly impaired after BG lesions. This effect is prob-

ably due to impaired chunking of information. Chunks in patients with

BG lesions seem to be more rigid, more sensitive to disruptions and

less adaptable than those in healthy controls. There are some indica-

tions that MCA infarcts in general cause difficulties in integrating

information necessary for building chunks of sequences during the

consolidation phase. Decreased learning rates after the offline consol-

idation phase were found in striatal and parietal lesions but not in pre-

frontal lesions.

However, the heterogeneity and small sample sizes of the avail-

able studies render it difficult to draw clear conclusions.

5.3 | Methodological considerations

From a theoretical perspective, it seems obvious that motor sequence

learning after stroke must be impaired to some degree if lesions affect

brain structures that are necessary for motor sequence learning. How-

ever, as outlined above, multiple studies failed to find clear evidence of

impaired motor sequence learning after stroke (Meehan et al., 2011;

Shin et al., 2005; Wadden et al., 2015). A recent meta-analysis found

insufficient evidence that stroke patients could implicitly learn with the

affected side (Kal, Houdijk, et al., 2016; Kal, Winters, et al., 2016).

Although the meta-analysis was thoroughly performed, the underlying

studies varied in so many aspects that results are difficult to combine.

To better understand the reasons for the divergences in study results,

it is necessary to discuss some methodological issues that, in our opin-

ion, affect the interpretation of results and possible conclusions.

First, an important factor contributing to divergent results is the inho-

mogeneity of lesions across studies. There are multiple studies available

that present no information on the method through which lesion location

was determined (Dirnberger et al., 2013; Dovern et al., 2017; Fleming

et al., 2018; Gomez Beldarrain et al., 2008; Meehan et al., 2011; Pohl

et al., 2001; Rösser et al., 2008; Shin et al., 2005; Wadden et al., 2017;

Zimerman et al., 2012). Some studies stated that infarctions were located

in the “MCA territory” or “anterior circulation system” without further

information (Orrell et al., 2007; Pohl et al., 2001; Pohl et al., 2006). Other

studies provided some information on lesion location while mixing differ-

ent lesion locations together (cortical/subcortical/both (Boyd et al., 2007),

cortical/subcortical/infratentorial (Fleming et al., 2018), and

cortical/subcortical (Rösser et al., 2008; Siengsukon & Boyd, 2009). Some

studies restricted the lesions to subcortical locations (Meehan et al.,

2011; Wadden et al., 2015; Zimerman et al., 2012). Only a few studies

investigated lesion locations in a more specific way by analyzing the rela-

tionship between lesion location and performance in motor sequence

learning (Wadden et al., 2017).

Aside from lesion locations, the available studies also varied in

other characteristics, such as severity of stroke, time since stroke,

sample size, task types, and duration of training. Moreover, it remains
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insufficiently understood how motor impairment of the affected arm

interferes with and affects the results of sequence learning.

The chosen method for testing learning outcomes is another prob-

lem. Most studies used an SRT task and measured reaction time as

the primary outcome parameter. SRTT is generally very susceptible to

experimental changes that may explain some of the variability in the

results (Willingham, Greenberg, & Thomas, 1997). In addition, there

are methodological concerns regarding the interpretation of SRTT

results. Stroke patients have been found to have a generally slower

reaction time than healthy subjects (Boyd et al., 2007; Orrell et al.,

2007; Pohl et al., 2001; Pohl et al., 2006). Patients were able to

improve their reaction time by practicing patterned sequences, while

the introduction of random sequences increased their reaction time

(Pohl et al., 2001, Pohl et al., 2006). Most studies measured motor

sequence learning as changes in reaction time for a learned sequence

compared to an equal-length random sequence. However, it remains

unclear how an improvement in patients’ reaction time can be com-

pared to the improvement of healthy controls when their baseline

reaction time is different. As measured by the absolute decrease in

reaction time, some patients improved more than the healthy subjects

(Pohl et al., 2001, Pohl et al., 2006). As measured by percentage

improvement, patients with longer baseline reaction time must

improve by a greater absolute quantity to achieve the same percent-

age decrease, which further complicates comparisons. With respect to

these methodological problems, the question of whether and to what

degree sequence learning after stroke is impaired cannot be answered

definitively in most studies. An important methodological advance can

be found in a recent study that compared performance data between

groups by fitting them to an exponential function. This method allows

the rate of skill acquisition to be estimated and additionally allows an

improved comparison of learning outcome parameters (Wadden et al.,

2017). The authors found significantly slower rates of improvement in

implicit sequence-specific motor performance with the affected hand

in stroke patients than in healthy controls.

Theoretical considerations and the limited available data suggest

that impairments of sequential motor learning are influenced by

stroke severity. However, the available stroke studies are biased con-

cerning the severity of stroke, with a preference for mildly to moder-

ately affected patients, while the ability of severely affected patients

to learn motor sequences remains unknown. This is because it is quite

difficult to investigate severely impaired patients, as the severity of

impairment might interfere with the results in many dimensions (com-

promised execution due to motor impairment as well as additional

neurological disabilities such as neglect, aphasia, apraxia, cognitive

impairment, and general slowing of movements). There are also logis-

tical concerns to address.

6 | PRACTICAL CONCLUSIONS FOR
PATIENT REHABILITATION

One of the most important concepts for practical rehabilitation is the

differentiation between explicit and implicit motor learning, as these

two forms of motor learning require different processing pathways

and cerebral resources. Accordingly, cerebral lesions can affect one

system more strongly than the other (Reber & Squire, 1998). For

example, severe deficits in explicit learning have been reported after

medial temporal lobe damage and in patients with amnesia, while

implicit learning capabilities remained intact (Reber & Squire, 1998;

Shadmehr et al., 1998). With respect to explicit learning deficits, there

are multiple available studies demonstrating that the main process in

explicit learning (the shift from using declarative knowledge and active

attention toward using procedural knowledge) can be disturbed after

stroke (Kal, Houdijk, et al., 2016; Kal, Winters, et al., 2016; Kleynen

et al., 2013; Orrell, Masters, & Eves, 2009).

This is particularly problematic because deficits in the level of con-

scious control of movements are associated with the extent of func-

tional impairment after stroke (Orrell et al., 2009; Stapleton,

Ashburn, & Stack, 2001). Accordingly, the more severe the impair-

ments, the less they are able to profit from explicit motor learning.

This problem affects motor rehabilitation, as most physical thera-

pists provide mainly verbal or physical instructions on how a move-

ment should be performed to improve motor performance, thereby

engaging explicit motor learning (Durham, Van Vliet, Badger, &

Sackley, 2009; Johnson, Burridge, & Demain, 2013). A disturbance in

explicit motor learning might prevent patients from reaching a high

level of automated motor performance for motor tasks that are ini-

tially highly dependent on working memory and conscious control.

The current studies on implicit motor learning are promising

because they suggest that this process is preserved in most patients.

However, a major problem here is that implicit motor learning after

stroke was mostly investigated with the SRTT, which has little or no

relevance to practical rehabilitation. It remains unclear whether the

positive findings for implicit learning can be extended to more com-

plex motor tasks, in which not only the sequence of movements but

also the optimization of the movement parameters of the motor

sequence must be considered. The quality of the available studies is

mostly insufficient to derive precise recommendations for practical

rehabilitation. Nevertheless, the available data suggest that rehabilita-

tion strategies should be better adapted to individual needs based on

lesion location and consecutive functional impairments.

Patients suffering from infarcts affecting frontoparietal regions

with impairment in the early learning phase should be trained by using

slow steps of explicit additional information with little attentional

demand. Sequences should be simple so that the consolidation phase

can be reached as fast as possible. In addition, rehabilitation

approaches for these patients should also use learning strategies that

involve implicit learning, rather than relying solely on explicit instruc-

tions. Possible and promising approaches are dual-task learning, anal-

ogy learning or errorless learning (Kal, Houdijk, et al., 2016; Kal,

Winters, et al., 2016; Kleynen, Braun, et al., 2014; Kleynen, Wilson,

et al., 2014; Orrell, Eves, & Masters, 2006). There are few studies

exploring these implicit approaches in stroke patients. Orrell et al.

investigated the errorless learning strategy by using a dynamic

balancing task (Orrell et al., 2006) and found a benefit of implicit

motor learning techniques compared to the traditional discovery
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learning based on explicit rules. The analogy learning approach was

investigated in a little pilot study by Kleynen et al. who concluded that

analogy learning might be a feasible and useful intervention in stroke

rehabilitation (Kleynen, Braun, et al., 2014; Kleynen, Wilson, et al.,

2014). Nevertheless, further research concerning stroke patients is

needed.

Patients suffering from BG lesions are impaired mainly in the con-

solidation phase. It remains unclear whether the use of the available

attentional resources is beneficial or whether these patients should

focus on simple sequences for consolidation. Additional time should

be given to the chunking of information to avoid the usage of ineffec-

tively short subchunks.

It also remains unclear whether the potential for interhemispheric

transfer of sequence knowledge in healthy subjects can be used to

improve motor learning in patients. If sequence learning for the

affected hand is impaired, the patient can attempt to learn the

sequence with the other hand, at least in the early phase of motor

learning. Afterward, the training might be further practiced with the

affected hand. However, there are no studies available that investi-

gate this hypothesis. There are also no data available that investigate

the impact of patient motivation and the functioning of the reward

system on motor sequence learning.

7 | PERSPECTIVES AND IMPLICATIONS
FOR FUTURE RESEARCH

In the last decade, the body of knowledge regarding the effects of

structural brain lesions on motor sequence learning has grown sub-

stantially. There is increasing understanding of the effects of a non-

localized stroke with mild to moderate clinical impairments on the

capacity for explicit and implicit motor sequence learning. However,

as outlined above, we can further increase our understanding through

studies that are less heterogeneous than the existing literature. First,

there is an urgent need for studies that investigate motor sequence

learning in patients with highly localized lesions. In this respect, the

most consistent studies are available for BG lesions. These studies

have contributed substantially to our understanding of BG function in

motor sequence learning and have laid groundwork for our under-

standing of deficits in the chunking of information. Similar increases in

understanding can be expected from studies investigating lesions in

other key regions of the brain network responsible for motor

sequence learning.

Most studies used tasks in which the complexity of the sequence

was contrasted by the simplicity of its motor implementation

(e.g., pressing of buttons). It has been shown in healthy subjects that

sequence learning is strongly affected by the complexity of the

stimulus–response association. The performance of a well-

synchronized but complex task requires the optimization of multiple

parameters such as timing, velocity and force that contribute to per-

formance. The effect of increased complexity of the stimulus–

response association on motor sequence learning in stroke patients

remains unknown but could provide important insights for the prac-

tice of rehabilitation.

It is also unknown whether impaired sequence learning with the

affected hand can be improved by training with the unaffected hand

in the early learning stages.

Another important question that we are only beginning to investi-

gate is the influence of stroke on different learning stages. There are

currently no studies available that focus on the role of lesion location

on different learning stages. In particular, there are no studies avail-

able that use different learning strategies in different learning stages.

The influence of the structural integrity and functioning of the

reward system on sequential motor learning in stroke patients is

unknown.

Moreover, in the current state of research, studies without clear

descriptions of the lesion locations do not contribute substantially to

further insights. Instead, there is a desperate need for studies investi-

gating more complex stimulus–response associations with more pre-

cise lesion mapping across different learning stages. Such studies have

the potential to reveal the mechanisms underlying impaired sequence

learning and insufficient rehabilitation results. Such studies might also

contribute to the development of new therapeutic strategies that are

more individualized than what is currently available.
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