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Abstract 

 

Stroke affects nearly 780,000 individuals each year in the United States and is 

a leading cause of adult disability. More than half of individuals following stroke 

experience persistent loss of function. Learning new motor skills and re-learning old 

motor skills is an important component of rehabilitation following stroke. Examining 

methods that hasten or increase the efficiency of motor skill learning following stroke 

is an important clinical endeavor. Sleep has been demonstrated to produce off-line 

improvements in motor learning in young, neurologically intact individuals. 

However, the role of sleep in motor learning following stroke is unclear. Addressing 

this question was the purpose of this body of work.  

Chapter 2 utilized the discrete serial reaction time (SRT) task to examine the 

difference in both motor performance and learning for forty-two participants who 

either remained unaware of the presence of the sequence (implicit condition), were 

given no instruction of the sequence prior to the start of practice but gained explicit 

awareness during practice (acquired explicit condition), or were provided explicit 

instruction prior to practice (explicit condition). Results demonstrate a benefit of 

explicit knowledge to improve response time both during task practice and at 

retention regardless of whether it was acquired during or provided in advance of 

practice.  This study highlights the frequent ability of people to acquire awareness of 

the regularities of the task being practice, creating a continuum of implicit motor 

learning from “pure” implicit learning where the participants have no awareness of 

the regularities being practiced to full explicit motor learning with the participants 
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having complete awareness of the task regularities. This study led us to utilize a 

continuous tracking task to examine the role of sleep and type of instruction in off-

line motor learning following stroke and in healthy, older control participants in order 

to differentiate between off-line implicit and explicit motor learning.  

While mounting evidence demonstrates sleep is critical for motor skill 

learning in healthy, younger individuals, the importance of sleep for off-line motor 

learning after stroke is unknown. Therefore, Chapter 3 examined sleep-dependent off-

line motor learning of an implicit continuous tracking task. Eighteen individuals 

following stroke in the MCA distribution practiced the tracking task and then either 

slept (sleep condition) or stayed awake (no-sleep condition) for a similar period of 

time before retention testing to assess off-line motor learning. Eighteen sex- and age-

matched participants served as controls. Only the stroke participants who slept 

between practice and retention testing demonstrated off-line implicit motor learning 

at retention. The stroke participants who stayed awake between practice and retention 

did not demonstrate off-line motor learning nor did either of the control groups. This 

study provides the first evidence that individuals following stroke benefit from sleep 

to enhance implicit motor learning off-line.  

 Other learning variables, such as type of instruction, have been shown to 

influence the beneficial role of sleep in off-line motor skill learning in young, 

neurologically intact individuals. Therefore, Chapter 4 extended the findings of 

Chapter 3 and examined sleep-dependent off-line motor learning of both an implicit 

and explicit version of the continuous tracking task. Forty individuals post-stroke and 



   

  v 

40 control participants were assigned to either the sleep group or the no-sleep group, 

as in Chapter 3. To examine the influence of type of instruction on off-line learning, 

half of the individuals in both the sleep and no-sleep condition were provided explicit 

instruction regarding the presence of a repeating sequence (explicit condition) while 

the other half were not (implicit condition).  The individuals post-stroke who slept 

between practice and retention testing demonstrated sleep-dependent off-line motor 

learning of both the implicit and explicit version of the continuous tracking task. 

Individuals with stroke who stayed awake between practice and retention testing did 

not demonstrate an off-line improvement in motor performance at retention. The 

healthy control participants did not demonstrate off-line improvements in 

performance regardless of sleep of type of instruction. These results demonstrate that 

after stroke, individuals benefit from sleep to improve performance of a tracking task 

off-line regardless of type of memory system involved.  

 Learning a motor skill requires the integration of the spatial and temporal 

movement components of the task. Little is known if particular components of a 

motor skill task (spatial and/or temporal components) are preferentially enhanced 

following sleep in individuals following stroke. Chapter 5 sought to address this 

question by deconstructing the overall change in tracking accuracy displayed by the 

participants in Chapter 4 into spatial and temporal movement components. The results 

reveal that the individuals with stroke who demonstrated overall off-line 

improvements in motor learning attributable to sleep improved spatial accuracy as 

well as reduced the time lag of tracking off-line. Participants following stroke who 
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stayed awake between practice and retention testing did not demonstrate an 

improvement in either spatial accuracy or a reduction in time lag of tracking at 

retention. Likewise, the control participants did not demonstrate sleep- or time-

dependent enhancement of either movement component. This study provides the first 

evidence that sleep enhances both spatial and temporal movement components of a 

motor learning task in individuals following stroke.  

 In summary, this body of work demonstrates that individuals following stroke 

benefit from sleep to enhance both implicit and explicit off-line motor learning. In 

addition, this sleep-dependent off-line motor learning extends to both the spatial and 

temporal movement components of the tracking task. This work also provides 

concurrent evidence that healthy, older adults fail to benefit from sleep to enhance 

off-line motor learning. While it remains unclear why individuals following stroke are 

able to benefit from sleep to promote off-line motor learning and healthy, older adults 

are not, we propose that alterations in sleep architecture and changes in cortical 

excitability following stroke likely contribute to sleep-dependent off-line motor 

learning. The findings of this body of work are important because evidence that sleep 

enhances off-line motor learning following stroke could impact the design of 

rehabilitation interventions; to maximize motor learning and recovery after stroke it 

may be critical to ensure that sleep occurs between practice sessions.  
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1.1 Overview 

 Mounting evidence has demonstrated that sleep has an important role in motor 

learning and memory consolidation in young, healthy individuals (review articles
1-7

). 

Memory consolidation refers to a slow process in which memory traces are 

transformed through the passage of time and without further practice from a labile 

state into a more permanent form
8
.  Although some disagreement remains

9-11
, sleep 

has been shown to enhance motor performance on a task “off-line” when no further 

practice has taken place
12-16

. Furthermore, sleep may interact with other learning 

variables such as type of instruction (explicit instruction vs. no explicit instruction or 

implicit learning; 1.8. Type of Instruction). The difference between implicit and 

explicit off-line motor learning is based on the participant’s awareness of the 

regularities contained in the skill being practiced; explicit learning refers to 

knowledge of the regularities of the skill to be learned, whereas implicit learning 

occurs without this awareness 
17

.  Sleep appears to preferentially benefit off-line 

motor skill learning in young, healthy individuals who are given explicit instruction 

prior to acquisition; where as implicit off-line motor learning is time dependent (i.e. 

the performance of people given no instruction prior to acquisition improves both 

following a period of sleep and a period of being awake)
18

. This finding is consistent 

with work that demonstrates a preferential enhancement of explicit awareness and 

recognition following a period of sleep
19, 20

.   

 The role of sleep in off-line motor skill memory consolidation may also 

depend on other factors including which stage of memory formation is considered 
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(1.2. Memory Processing), the type of memory being consolidated (1.3 Types of 

Memory), as well as the task utilized for practice (1.5.Type of Task). Furthermore, a 

different stage or stages of sleep may be critical for different types of memory 

consolidation (1.7 Learning and Stage of Sleep). The manner in which sleep-

dependent off-line motor learning reconfigures neural circuits (1.9. Neuroimagaing, 

Learning and Sleep) as well as the mechanisms underpinning the need for sleep to 

consolidation memories (1.10 Neural Mechanisms of Sleep-dependent Memory 

Consolidation) are questions currently under consideration. While many questions 

regarding sleep-dependent off-line memory consolidation have been and are currently 

being addressed, many more questions lie in wait.  

 While sleep has been demonstrated to have an important role in  off-line 

motor learning and memory consolidation in young, healthy individuals, it is less 

clear if sleep is important for off-line learning in older, healthy individuals. Two 

studies that examined the role of sleep in off-line learning and memory consolidation 

in healthy, older adults demonstrate that older individuals are not reliant on sleep for 

either motor
21

 or declarative memory consolidation
22

. Older adults demonstrate 

changes in sleep architecture
23, 24, 25, 26

 which may limit the potential benefits of sleep.   

 Importantly, the significance of sleep for off-line motor learning in 

neuropathological populations is poorly characterized. It is well known that 

individuals with stroke are able to learn new motor skills
27-31

. However, because 

many individuals post-stroke experience sleep disturbances
32,33 

and alterations in 

sleep architecture following stroke
34-36,34,37

, the potentially confounding role of sleep 
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on motor learning is a critical clinical issue. This study seeks to define the impact of 

sleep and type of instruction on off-line motor skill learning in people with stroke in 

the MCA distribution. This work has implications for the manner in which 

rehabilitation is conducted following stroke. 

 

1.2. Memory Processing 

 The role of sleep in motor learning likely depends on which stage of memory 

processing is being considered. Motor memory develops over time in at least four 

distinct stages
38

. The first step is encoding or acquisition when the memory is initially 

formed into a representation in the brain. This is followed by consolidation, where the 

memory is taken from a labile form and made more permanent. Walker et al.
39,15

  

further divides consolidation into two different categories: stabilization and 

enhancement. Stabilization refers to the maintenance of motor skill performance, 

occurs simply through the passage of time and is not dependent on sleep, whereas 

enhancement refers to an improvement in performance of a skill and is thought to be 

dependent on the activity of sleep. The third step in motor memory processing is 

storage, when the memory is maintained in the brain over time.  The final step is 

recall when the motor memory is able to be brought out of storage for further use.  

 Sleep may differentially affect each stage of motor memory processing, 

although consolidation is the most often studied to date and appears to be the stage 

most impacted by sleep. The permissive environment created during sleep (discussed 

in 1.10 Neural Mechanisms of Sleep-dependent Memory Consolidation) allows the 
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memory trace initially encoded during practice to be consolidated into a more 

permanent form. This consolidated memory trace is thought to be fairly stable across 

time until recalled from memory during subsequent task practice. Following 

recollection, the motor memory is capable of being modified and is believed to under-

go another period of consolidation (called reconsolidation) for that memory to again 

be placed into more permanent storage. Reconsolidation may also be a sleep-

dependent process, but more research is needed on this topic
7, 40, 41

.   

 

1.3 Types of Memory 

 The role of sleep in memory consolidation is thought to depend on the type of 

memory being considered. Types of memory are typically classified into two broad 

categories: declarative memory and nondeclarative memory. Declarative memory is 

able to be brought to conscious recollection and includes memories of facts and 

events
42, 43

. Nondeclarative memory is unable to be brought to conscious recollection 

and is assessed indirectly through performance of the skill in which the memory is 

contained
42, 43

. Procedural memory is one type of nondeclarative memory and can be 

assessed through testing of motor skills. Although procedural memory is often 

thought to be synonymous with implicit learning and declarative memory with 

explicit learning, these terms are not always interchangeable. The implicit-explicit 

distinction is based on the participant’s awareness of the regularities being practiced; 

explicit learning refers to having an awareness of the regularities of the environment 

to be learned where as implicit learning occurs without this awareness
17

. While 
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procedural skill learning is generally implicit in nature, there are exceptions, such as 

if explicit instruction is provided prior to the start of practice or if explicit awareness 

is acquired through practice
18, 44

.   

 Declarative and procedural memory has been demonstrated to be 

neuroanatomically separate. The medial temporal lobe has been confirmed to be 

important for declarative learning and memory formation
45, 46

. The neural circuit 

supporting procedural learning is more widely distributed and includes the 

sensorimotor cortex, the cerebellum, and the basal ganglia
47-49

. Therefore, completely 

abolishing procedural learning via brain damage is much more unlikely. There are 

inconsistencies in the findings of neuroimaging studies that have examined the neural 

components of procedural learning
50-61

. This disparity is likely explained by those 

studies using different experimental designs and tasks, varying levels of explicit 

instruction, as well as the different degrees of explicit awareness obtained during 

implicit learning. Furthermore, limitations due to neuroimaging technique and 

analysis methods also contribute to the varying results
53

. Nonetheless, of interest for 

the present work, imaging studies support the role of the sensorimotor cortex
50, 51, 54

 

(particularly M1
62, 63

), premotor cortex
52, 57

, SMA
50, 51

, and basal ganglia
50-53, 57, 60, 61

 

in procedural learning. All of these brain areas receive their blood supply from the 

MCA, which is the most often occluded artery during stroke
38

.   

   Although neuroanatomically and functionally separate, declarative and 

procedural memory can develop in parallel. Evidence to support this has been 

demonstrated in participants who are given explicit instruction on the presence of a 
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sequence prior to learning the sequence implicitly and both explicit and implicit 

memories of the sequence are formed
64

. Participants also can gain a degree of explicit 

awareness following practice of an implicit sequence, often depending on the length 

of the sequence and type of sequence to be learned. For example, neurologically 

intact participants often gain explicit awareness of a short sequence using the Serial 

Reaction Time (SRT) task, but have much difficulty, if any ability at all, to detect a 

pattern in a continuous tracking task. This demonstrates that while neuroanatomically 

separate, implicit and explicit learning can occur simultaneously depending on the 

type of task.   

 

1.4 Procedural Learning and Sleep 

 Performance on procedural memory tasks has been well documented to 

benefit from sleep in that performance on the task is enhanced off-line following a 

period of sleep. Participants who practice the task and then sleep perform better on 

the task following a period of sleep versus a similar period of being awake. This has 

been shown to be true using both a visual discrimination perceptual task 
65-68

 and a 

variety of simple motor
12-16

 skill tasks. Fischer et al
16

 found that participants 

demonstrated improved performance on a finger-to-thumb opposition motor task 

following sleep both at night as well as during the day suggesting sleep rather than 

circadian rhythm resulted in the skill enhancement. Even a short nap of  60-90 

minutes can produce an improved performance on both motor
69, 70

 and perceptual
71

 

memory tasks in young, neurologically intact participants.   
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 While the majority of studies to date examined off-line sleep-dependent 

performance enhancement in young, neurologically intact individuals, little work has 

examined sleep-dependent memory consolidation in older individuals. Hornung, 

Danker-Hopfe, and Heuser
72

 suggest that because older adults experience both sleep 

and memory changes with advancing age, the relationship between sleep and memory 

in older individuals should be addressed. The two studies that have examined the role 

of sleep in learning in older individuals found that older adults demonstrate a lack of 

off-line sleep-dependent enhancement on both an explicit and implicit version of a 

procedural sequence learning task
21

 and a declarative memory word-pair associations 

task
22

. Based on this prior work, it does not appear that older individuals benefit from 

sleep to enhance off-line learning. However, it is possible that the changes in sleep 

architecture often demonstrated by older individuals limits the potential benefits of 

sleep (sleep architecture of older adults discussed in1.6. Stages of Sleep). Another 

study found improvement in REM sleep parameters through the use of sleep-aid 

medication was correlated with enhanced performance of older adults on a word 

recall task
73

.  No apparent attempts were made to correlate other sleep stages or 

characteristics such as non-REM stage 2 or sleep spindle activity with performance 

improvement, therefore, the impact of other sleep characteristics cannot be ruled out. 

Nonetheless, the findings of this study suggest that older individuals may in fact 

benefit from sleep to enhance off-line learning if underlying changes in sleep 

architecture are addressed.  
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 It remains unclear as to whether sleep impacts off-line skill learning and 

memory consolidation after stroke.  Individuals following stroke are able to learn new 

motor skills
27-31

. However, none of these studies considered the influence of sleep on 

off-line motor learning. This current work sought to add to the understanding of the 

role of sleep in off motor skill learning in older, healthy adults and after stroke.  

 

1.5. Type of Task 

 The beneficial effect of sleep on learning and memory consolidation may 

depend on the type of procedural task being considered. Two important task 

classifications for motor skills are discrete versus continuous. Discrete skills are 

movements with an obvious beginning and end, such as kicking or throwing a ball, 

whereas continuous skills have no obvious beginning or end, such as walking, 

swimming or jogging
74

. Studies to date examining the beneficial role of sleep in off-

line motor performance enhancement have used several different discrete tasks: a 

finger-to-thumb opposition task
13-16, 19, 75

, a sequential finger-tapping task
18, 74, 76, 77

, 

and the SRT task
78-82

. One study
76

 used a pursuit task but 18 seconds of practice was 

interspersed with 18 seconds of rest thus making the task more discrete in nature. 

Recent evidence demonstrates that while sleep enhances performance on a number of 

simple discrete tasks, sleep may not in fact benefit all kinds of discrete tasks; a 

probabilistic discrete task was not enhanced off-line by a night of sleep
83

. Therefore, 

it appears not all discrete tasks experience sleep-dependent off-line memory 

consolidation.  
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 Questions remain regarding whether the overall findings that discrete tasks are 

enhanced off-line by sleep will generalize to a continuous task. Due to the often rapid 

nature of discrete tasks, these types of skills are thought to rely on a motor program to 

produce the rapid movement whereas continuous tasks are thought to rely on the 

ability to use feedback to correct movements while the movement is being 

produced
74

. Therefore, these differences in motor control may result in a differential 

effect of sleep on learning these skills.  

A continuous tracking task was originally developed by Pew
77

 and has since 

been used by others
78-82

 to examine continuous motor sequence learning. In a series of 

experiments, Boyd and Winstein
80, 82

 found that providing explicit information while 

learning a continuous tracking task aided learning of the task for neurologically intact 

participants but inhibited learning in participants with basal ganglia or sensorimotor 

cortical lesions. Shea et al.
79

 found that providing explicit awareness of the presence 

of a sequence to neurologically intact participants inhibited learning of the sequence, 

but a more complex task of balancing on a stabilometer was used in this study. The 

difference found in the Shea et al. study is not surprising given a review by Wulf and 

Shea
84

 which concluded that the factors influencing learning of simple motor skills do 

not automatically apply to complex motor skill learning. Importantly, the effect of 

sleep or the participants’ quality of sleep was not considered in any of these studies. 

Interestingly, one study found that the more complex the motor task was, the greater 

the off-line improvements following sleep
85

. This suggests that “real-life” complex 

motor tasks may benefit from off-line sleep-dependent enhancement.  We tested this 
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hypothesis by using a continuous tracking task which more closely mimics a 

continuous “real-life” task, such as walking.  

 

1.6. Stages of Sleep 

 According to Rechtschaffen and Siegel
86

, sleep is “defined behaviorally by 

four criteria: (1) reduced motor activity, (2) decreased response to stimulation, (3) 

stereotypic postures (in human, for example, lying down with eyes closed), and (4) 

relatively easy reversibility (distinguishing it from coma, hibernation, and 

estivation).” Sleep is generally classified into two different stages: non-rapid eye 

movement sleep (NREM) or rapid eye movement (REM) sleep (Table 1.1). NREM 

sleep is divided into four characteristic substages corresponding to increasing depth 

of sleep as shown using EEG: stage 1 involves the transition from wakefulness to the 

onset of sleep and is characterized by sinusoidal alpha wave activity (10Hz); stage 2 

is characterized by bursts of sleep spindles (12-14 Hz) and K complexes; stage 3 and 

4 are grouped into slow-wave sleep (SWS) and are characterized by high-amplitude 

slow delta waves (0.5-2hz)
86

. REM sleep, also known as paradoxical sleep because 

the EEG pattern is similar to the normal awake pattern with a low-voltage, mixed-

frequency pattern, is characterized by rapid eye movements, ponto-geniculo-occipital 

spikes (PGO spikes), and muscle atonia
86

.  

 Humans fall asleep by entering NREM sleep first followed with REM sleep, 

and the phases then alternate cyclically every 90-110 minutes through four to six 

cycles a night
86, 87

. The ratio of NREM to REM sleep changes as the night progresses, 
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with stages 3 and 4 of NREM (SWS) being prevalent in the first half of the night and 

stage 2 NREM and REM sleep dominating in the latter half of the night
87

.  

 

Stage of Sleep Characteristic 

Activity 

Characteristic 

Wave Form 

Time Spent  

(Young Adults) 

REM muscle atonia; rapid 

eye movements 

low-voltage, mixed-

frequency pattern; 

PGO spikes 

 

20-25% 

NREM 

Stage 1 

 

 

 

Stage 2 

 

 

 

SWS  

(Stages 3 & 4) 

 

 

Slow rolling of eyes 

 

 

 

sinusoidal alpha 

wave activity 

(10Hz) 

 

sleep spindles (12-

14 Hz) and K 

complexes 

 

high-amplitude slow 

delta waves (0.5-

2hz) 

 

about 5% 

 

 

 

50-60% 

 

 

 

15-20% 

Table 1.1 Summary of sleep stages 

 

   

 Young adults spend the largest amount of sleep in stage 2 non-REM sleep 

(50-60%), followed by REM sleep (20-25%), SWS (15-20%), and stage 1 non-REM 

sleep (about 5%)
86

. With advancing age, total sleep time decreases as does the 

percentage of time spent in REM and slow wave sleep (SWS)
23, 24

. While the amount 

of time spent in Stage-2 non-REM sleep remains fairly stable
23

, there is a reduction  

in the number of sleep spindles that occur with age
25, 26

.  Sleep spindles, a defining 

characteristic of Stage-2 non-REM sleep, are a burst of brain activity of 12-14 Hz
88, 

89
.  Furthermore, sleep spindles have been demonstrated to play an important role in 

off-line sleep-dependent motor memory improvement
69, 90, 91

. 
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Alterations in sleep patterns are a common experience for many people after 

stroke. A review by Bassetti
32

 estimates that between 20 and 40% of people with 

stroke have sleep-wake disorders (SWD), including insomnia, excessive daytime 

sleepiness/fatigue, or hypersomnia. Another study found 56.7% of people 3-4 months 

following stroke suffered from insomnia
33

. These SWD’s can be attributed to a 

number of factors including depression, sleep-disordered breathing, complications 

due to stroke itself, and medications
32

. Furthermore, sleep architecture changes 

following stroke, including decreased total sleep time and sleep efficiency and 

increased waking after sleep onset following acute stroke
34-36

. A reduction in REM 

sleep
92

 and NREM sleep stages 2-4
34

 has also been reported following acute stroke. 

Sleep patterns do not appear to normalize with time; 53% chronic stroke participants 

(5-24 months post-stroke) showed differing sleep EEG characteristics compared to 

published norms
37

. Considering the large number of people after stroke who 

experience sleep alterations in combination with evidence supporting the role of sleep 

in off-line motor memory consolidation, examining the effect of sleep on off-line 

motor learning following stroke is a critical issue which this current work sought to 

address.   

 

1.7 Learning and Stage of Sleep 

 There is some agreement among researchers concerning which stage of sleep 

is important for the consolidation of a certain type of memory, but discrepancies 

persist. There are two different theories to explain the role of the various sleep stages 
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on the consolidation of different memory traces, with more recent studies showing 

increased support for the latter. According to the “dual-process theory”, a single sleep 

stage (i.e. REM or SWS sleep) acts on a memory trace (i.e. procedural or declarative) 

depending on which memory system that trace is from
3
. According to the “sequential 

hypothesis”, memories are consolidated through the ordered sequence of NREM 

followed with REM sleep, so that both stages of sleep are necessary for 

consolidation
93

. However, both of these theories may be true in that both NREM and 

REM sleep stages are important for memory consolidation, but some memory traces 

may require more SWS sleep (i.e. declarative memory) and other memory traces may 

require more stage-2 NREM or REM sleep (i.e. procedural memory).
3
  

Though some conflict remains, current consensus indicates that SWS is 

important for declarative memory consolidation. For example, declarative memory of 

word list recall
94, 95

 was facilitated by periods of early nocturnal sleep, which 

corresponds to SWS. Participants who are sleep deprived of the first half of sleep, a 

period that is rich in SWS, did more poorly on recall of word list compared to 

participants deprived of sleep for the second half of the night, rich in REM sleep
96

. In 

addition, stimulating cortical neurons during SWS was found to enhance recall of a 

word list
97

 which provides concurrent evidence that SWS is important for the 

consolidation of declarative memories.  

Other research has demonstrated that REM sleep is important for 

consolidating declarative memories. REM sleep has been demonstrated to be 

important for the learning of a foreign language
98

 or Morse code
99

, and recalling lists 
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of words and prose passages
100

. However, Chernik
101

 found no significant difference 

in the ability to recall word pairs between a REM-deprived group and the control 

group who was deprived of a similar amount of non-REM sleep. The discrepancy to 

which stage of sleep is important for the consolidation of declarative memory may be 

because episodic (memory of events) and semantic (memory of facts) memory, which 

are both types of declarative memory, require a different stage(s) of sleep for 

consolidation; semantic memory may require REM sleep to consolidate, whereas 

episodic memory may require anywhere from one to all stages of sleep
3
. Wagner et 

al.
102

 suggest that REM sleep is important for the consolidation of declarative 

memory that has an emotional content, but emotionally neutral declarative memory 

does not benefit significantly from sleep.  

Consensus is building that procedural memory for perceptual-motor tasks 

requires stage-2 and/or REM sleep for consolidation. Procedural memory of mirror-

tracing
94, 95

 was facilitated by periods of late nocturnal sleep, which corresponds to 

Stage-2 NREM and REM sleep. Research has demonstrated that procedural tasks are 

impaired by either REM
67

 or stage-2 sleep deprivation
103,104

. Overnight improvement 

in the performance of a finger-tapping task was found to correlate with the amount of 

stage-2 NREM sleep
13

, whereas overnight improvement in a similar finger-to-thumb 

opposition task correlated with the amount of REM sleep
16

.  Smith et al. 
105

 suggest 

that an increase in the number of rapid eye movements and density of REM (number 

of REMs per minute of REM sleep) during sleep are important for procedural task 

consolidation, rather than time spent in REM sleep. Another factor to consider is the 
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cognitive requirement of the skill being learned with less cognitively taxing 

procedural skills benefiting from stage-2 sleep while more cognitively involved 

procedural tasks benefiting from REM sleep for consolidation
90

.  Another interesting 

caveat in trying to determine which stage of sleep is important for procedural memory 

consolidation is the initial skill level of the learner; REM sleep was shown to be 

important when the skill to be learned was novel where as Stage 2 sleep was 

beneficial for learning if the skill only needed refinement
106

. 

 The need for an ordered sleep cycle to consolidate memories may be the 

reason for the discrepancies mentioned regarding which sleep cycle is important for a 

particular type of memory. Stickgold et al
65

 and Gais et al
68

 both demonstrated using 

a visual discrimination task that performance was enhanced following the ordered 

sequence of SWS followed with REM sleep. Ribeiro and Nicolelis
107

 demonstrated in 

rats that neuronal circuits involved in a novel tactile stimulation are replayed during 

SWS while increase in gene expression occurred during REM sleep. This evidence 

from neurophysiological recordings conducted in rodents provides additional support 

for the sequential hypothesis that purports it is the ordered cycle of NREM sleep 

followed with REM sleep that is important for memory consolidation.  

 In summary, memories are likely consolidated through the repeated pattern of 

NREM followed with REM sleep throughout the course of sleep with SWS being the 

stage more important for declarative memory consolidation and stage-2 and REM 

sleep being more important for procedural memory consolidation. However, many 

other variables such as the emotional content of the memory, the cognitive load of the 
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task, or the initial skill level of the learner appear to impact which stage of sleep is 

critical for declarative and procedural memory consolidation. While assessing the 

influence of various sleep stages on off-line motor skill learning was outside the 

scope of the presented work, future studies will undoubtedly seek to answer these 

questions and clarify the role of the various sleep stages in procedural and declarative 

memory consolidation.  

  

1.8. Type of Instruction 

 Another factor to consider when examining the role of sleep in off-line motor 

learning and memory consolidation is the type of instruction a participant receives 

prior to practicing a skill. Explicit instruction may either aid
64, 82, 108

 or inhibit
79, 109, 110

 

procedural learning in neurologically intact people. This discrepancy likely depends 

on the type, timing, and quality of explicit knowledge given. In a study by Robertson 

et al.
18

, healthy, young participants who had no awareness (implicit condition) of the 

sequence to be learned demonstrated an improvement in performance at retention 

both following a period of being a sleep and a similar period of being awake. 

Participants who were given explicit instruction on the presence of the sequence to be 

learned only demonstrated improvement in performance of the skill following a 

period of being a sleep, but not following a period of being awake. Robertson et al.
18

 

concluded that motor memory consolidation using implicit instruction is time 

dependent, whereas motor memory consolidation using explicit instruction is sleep 

dependent. In examining prior studies
13-16

 that also demonstrated off-line 
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enhancement in skill ability following a period of sleep, the similarity between these 

studies, although not outright stated, is that the participants in these studies all had 

explicit awareness of the skill being learning and, thus, lends support that off-line 

motor memory consolidation using explicit knowledge is sleep dependent.  

 Other studies have also demonstrated that explicit knowledge and memory 

may preferentially benefit from sleep compared to implicit memory. Fischer et al
19

 

found that participants who slept after practicing the SRT task demonstrated 

enhanced explicit awareness of the presence of the sequence compared to participants 

who did not sleep between practice and retention. Furthermore, participants who slept 

in a study by Drosopoulus et al
20

 demonstrated improved explicit recollection 

memory on a word-list discrimination task but did not demonstrate improved implicit 

familiarity memory. Using 3 different versions of the SRT task, Spencer et al
111

 

demonstrated that participants who slept had improved performance on an explicit 

version as well as an implicit contextual version but not on the implicit non-

contextual version. Because contextual association formation is hippocampus-

dependent as is explicit memory formation, the authors concluded that sleep-

dependent enhancement in performance is dependent on the hippocampus. 

Interestingly, Schendan et al.
59

 found medial temporal lobe activation in both an 

implicit and explicit version of the SRT task.  Furthermore, the amount of medial 

temporal lobe activation was not related to the amount of explicit awareness obtained 

by the participants in the implicit condition. This evidence appears to refute the 
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theory that the medial temporal lobe (which includes the hippocampus) is critical 

solely for explicit memory formation.  

 It is possible that the implicit and explicit memory systems interact or 

compete with one another during learning and memory consolidation. In a study by 

Wagner et al
112

, participants who slept between practicing a sequence and retention 

testing demonstrated an improved ability to detect a hidden rule compared to 

participants who did not sleep during the intervening interval. However, sleep only 

resulted in a significant decrease in reaction time in those participants who did not 

discover the hidden rule. This suggests that declarative memory is enhanced at the 

expense of procedural memory for this particular task
113

, which would support the 

theory that different memory systems interact during formation
114

. Further evidence 

that memory systems interact is a recent study that demonstrated off-line implicit 

procedural learning was impaired by learning an explicit declarative word-list task if 

participants did not sleep between practicing the procedural task and retention testing 

but was not impaired if the participants slept between practice and retention testing
115

. 

Conversely, learning the explicit declarative word-list task was likewise impaired by 

learning an implicit procedural task if the participants did not sleep between 

practicing the word-list task and re-testing but was not impaired if the participants 

slept between practice and retention testing. The authors of the study propose that 

sleep may disconnect the neural circuits of the two memory systems, thus permitting 

them to function in an isolated manner to allow consolidation of their respective 

memory traces
115

.  
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 Sleep may also preferentially enhance certain parameters of an implicit motor 

task (motor parameters vs. spatial parameters). Robertson et al
18

 demonstrated that 

implicit motor learning does not benefit from sleep for off-line motor memory 

consolidation, but is simply time dependent (enhanced performance both following a 

period of sleep and a period of being awake). However, Cohen et al
116

 suggest that 

different aspects of an implicit motor learning are preferentially enhanced off-line by 

sleep. Using the serial reaction time (SRT) task and having the participants switch to 

the untrained hand at retention testing, these authors found that only the goal or 

spatial regularities of the task was enhanced by sleep following practice whereas the 

mirror finger movement sequence or motor pattern was enhanced over the day 

without sleep. This suggests that distinct aspects of an implicit motor memory are 

supported by different mechanisms of off-line learning, thus providing a potential 

explanation for the variety of findings in the learning literature
17

. The presented work 

sought to extend these findings by determining if different movement components 

(spatial and temporal components) of a continuous tracking task are preferentially 

enhanced off-line by sleep in individuals after stroke and healthy, older adults.  

 In summary, while explicit learning and memory appear to be preferentially 

enhanced by sleep, the lack of apparent sleep-dependent off-line learning of implicit 

motor tasks maybe due to only certain components of an implicit motor skill are 

enhanced by sleep. However, the work summarized in this section examined the 

interaction of sleep and type of instruction only for young, healthy individuals. 

Therefore, the presented work sought to add to the body of literature by examining if 
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type of instruction (explicit instruction vs. no instruction or implicit learning) 

interacts with sleep to influence off-line motor learning as well as examined if 

different movement components of a tracking task are enhanced off-line by sleep in 

healthy, older adults and following stroke.  

 

1.9. Neuroimagaing, Learning and Sleep 

 Neuroimaging techniques have been used to determine if areas of the brain 

activated during acquisition of a motor skill are re-activated during sleep. 

Reactivation during sleep may lead to the modification of synaptic connections that 

were established during acquisition of the motor skill. Maquet et al.
117

 were the first 

to show using PET scan that areas of the brain activated during acquisition of a 

probabilistic SRT task were reactivation during REM sleep after training. The areas 

that were re-activated included the cuneus and adjacent striate cortex bilaterally, the 

left premotor cortex, and the mesencephalon. Peigneux et al.
118

 expanded on this first 

study and also found re-activation during post-training REM sleep in the bilateral 

cuneus using the same probabilistic SRT task. Furthermore, they found that the 

functional coupling between the cuneus and striatum was increased during post-

training REM sleep. They proposed that this indicates the role of the basal ganglia in 

sleep-dependent consolidation of implicitly learned information. Laureys et al.
119

 

further show an increased functional connectivity between the left dorsal premotor 

cortex and the left posterior parietal cortex and left pre-supplementary motor area 

(SMA) during post-training REM sleep in trained participants compared to untrained 



 

22 

 

 

participants. These authors concluded that cerebral areas re-activated during post-

training sleep do not act in segregation, but, rather, act as a part of an integrated 

neuronal network. None of these studies examined if re-activation occurred during 

non-REM sleep, so a role of non-REM sleep cannot be excluded.  

 Neuroimaging techniques have also been used to elucidate changes in the 

representation of motor memory following sleep. Fischer et al.
120

 used fMRI to 

determine brain areas active during practice of a finger-to-thumb opposition task 

using the left hand were re-activated during retention testing 48 hours later. As 

expected, they found improved performance at retention in the sleep-group compared 

to the sleep-deprived group. Interestingly, they found a reduction in brain activation 

in the left prefrontal cortex and the right lateral premotor cortex in the sleep group 

from training to retention. The authors suggest that this indicates a decreased need to 

consciously regulate and monitor continued finger movements. The area of increased 

activity was found in the left superior parietal lobe, which they concluded indicates 

that this area is involved in automated performance. The decrease in brain activation 

following sleep supports the “synaptic homeostasis hypothesis” by Tononi and 

Cirelli
121

 which proposes that the role of sleep (slow wave sleep in particular) is to 

globally downscale the synaptic strength of brain circuits that were increased during 

learning back to baseline to save energy and gray matter space.  

 In a similar study using fMRI, Walker et al.
75

 found different activation 

patterns but arrived at a similar conclusion. These researchers determined that 

participants who practiced a sequential finger-tapping task using the left hand and 
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slept following training exhibited at retention an increased activation in the right 

primary motor cortex, right prefrontal lobe, right hippocampus, right ventral striatum, 

and left cerebellum compared to participants who stayed awake following training. 

They suggest that increases in activation support faster, more efficient output and 

optimize transitions. The increase in hippocampal activation is likely due to the 

explicit nature of this task due to the hippocampus having a role in explicit memory 

formation
45

. Walker et al.
75

 found a decrease in bilateral parietal cortices, the left 

insular cortex, the left temporal pole, and the left inferior front-polar cortex. They 

attribute this decrease in activation to a reduction in need to monitor performance and 

a decrease in emotional burden. The discrepancy between the findings these two 

studies may be due to Walker et al.
75

 used a paced task versus an un-paced task in the 

Fischer et al.
120

 study as well as due to the slightly different task used. However, these 

two studies provide the first glimpse into the consolidation of motor memory 

following sleep.  

 

1.10 Neural Mechanisms of Sleep-dependent Memory Consolidation 

 Sleep is thought to provide a permissive environment promoting various 

cellular and molecular mechanisms enabling the consolidation of memories. The 

various mechanisms include activity of neuroendocrine molecules, gene transcription, 

and protein synthesis
40, 122, 123

. During non-REM sleep, there is a reduction in 

norepinephrine, serotonin, and acetylcholine compared to awake levels; REM sleep is 

characterized by a further reduction in serotonin and norepinephrine levels, but 
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acetylcholine levels return to levels similar to those seen during waking or higher
39, 

124
. An increase in acetylcholine and a decrease in serotonin during REM sleep in 

rodents has been shown to facilitate protein synthesis and long-term potentiation 

(LTP) in the hippocampus
125

. The increase in acetylcholine during REM sleep is 

thought to activate postsynaptic receptors leading to a cascade of cellular events 

resulting in protein synthesis needed for LTP
39

. 

 The unique electrophysiolgical events of both REM (i.e. PGO waves) and 

non-REM (i.e. sleep spindles) are thought to play a role in long-term synaptic 

potentiation
2, 123

. In particular, sleep spindles which are characteristic of stage-2 non-

REM sleep have been demonstrated to play an important role in sleep-dependent 

memory improvement
69, 90, 91

.  Sleep spindles, in theory, act similarly to spike trains 

which result in synaptic potentiation; sleep spindles are hypothesized to depolarize 

the postsynaptic membrane resulting in a large influx of calcium ions leading to a 

cascade of cellular events which results in gene expression and protein synthesis 

necessary for LTP of the postsynaptic membrane
123,39

.  

 The above section (1.9. Neuroimagaing, Learning and Sleep) provided 

evidence that memories are “replayed” during sleep with a reactivation of the neural 

circuits associated with learning the task. This “replaying” of the memory during 

sleep is thought to result in a functional coupling of the synapses leading to LTP of 

the neural circuit responsible for that memory trace. Ribeiro and Nicolelis
107

 propose 

that the reactivation of the neural circuits associated with a memory trace (“neuronal 

reverberation”) occurs during slow wave sleep while the expression of genes 
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necessary for remodeling of the circuit and thus memory storage occurs during REM 

sleep. These authors further postulate that the cycling between slow wave sleep and 

REM sleep during the course of the night results in the movement of memory traces 

from the hippocampus into storage in the cortex
107

.  

 As mentioned above, the “synaptic homeostasis hypothesis”
121

 proposes a 

very different role for slow wave sleep (SWS). This hypothesis suggests the purpose 

of SWS is to downscale the synaptic connections formed during awake learning 

making neural connections more efficient. The low frequency waves characteristic of 

SWS result in the entry of calcium into the postsynaptic membrane at much slower 

rate than seen during sleep spindles
39

. This slow entry of calcium triggers a cascade 

of cellular events that ultimately result in long-term depression (LTD)
39

, which would 

provide support for Tononi and Cirelli’s “synaptic homeostasis hypothesis”.  

 The studies performing in vivo recordings of neural activity are frequently 

conducted in animals for obvious limitations in the ability to conduct these studies in 

humans.  Furthermore, many of the animal studies examining the role of sleep in 

learning or sleep deprivation in learning utilize “hippocampus-dependent” learning 

paradigms in rats which may be very different from procedural learning in humans 

which is not thought to rely on the integrity of the hippocampus. Therefore, while the 

animal studies provide very important insight into the cellular and molecular 

underpinnings of sleep-dependent memory consolidation, there is currently a void 

between the physiological findings from the animal studies and the behavioral 

findings in humans
126

.  
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1.11. Motor Learning Following MCA Lesion 

 Although many studies support the role of sleep in off-line motor skill 

learning in neurologically, intact people, no study to date has examined the role of 

sleep in off-line motor learning in neurologically impaired individuals. Despite 

literature that suggests implicit learning is impaired in participants following a 

stroke
127

, a larger body of research supports that after stroke, individuals are able to 

learn new skills
27-31

. People were able to learn implicitly following lesions in the 

MCA distribution affecting the sensorimotor cortex, but providing these participants 

with explicit instruction disrupted implicit learning
108

. However, in this study, 

participants in the explicit instruction group were not told there was a sequence to be 

learned until the second day of practice and did not receive more significant 

instruction on the sequence until the third and last day of practice. Perhaps the lack of 

explicit instruction prior to the start of practice influenced the ability to adequately 

utilize the explicit information to learn the implicit task. Furthermore, the role of 

sleep in off-line motor learning or the sleep characteristics of the participants was not 

examined in this study.  

 Evidence suggests that different neural circuits are involved in over-the-day 

vs. over-night off-line motor skill learning. Robertson et al.
128

 found that disrupting 

the primary motor cortex using transcranial magnetic stimulation following implicit 

learning of a sequence resulted in disruption of implicit off-line skill learning over the 

day but overnight off-line improvements persisted. The authors propose that the 

primary motor cortex is important for over-the-day implicit off-line skill learning but 
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not important for overnight implicit off-line skill learning. This suggests that the 

SMC plays a role in implicit skill learning, but that sleep may differentially benefit 

skill learning if the SMC (particularly the primary motor cortex) is impaired. This 

also provides evidence that different neuronal circuits support off-line learning during 

sleep versus periods of being awake.  

Studies testing participants with focal basal ganglia lesions have had 

conflicting results regarding the role of the basal ganglia in procedural skill learning. 

Neuroimaging studies have demonstrated activity in the basal ganglia during skill 

learning
50-53, 57, 60, 61

, but behavioral data has been conflicting. Some behavioral 

studies indicate a basal ganglia lesion does impair procedural learning
129, 130

 where as 

others have demonstrated a basal ganglia lesion does not impair procedural learning 

82, 131-133
. However, few of these studies used retention or transfer tests to differentiate 

learning versus performance improvements
82, 129, 130

 and none of the studies 

considered the role of sleep in off-line motor learning. One study has demonstrated 

that providing explicit knowledge impairs implicit learning in participants with a 

basal ganglia infarct
82

. However, in this study, explicit instruction was progressively 

provided over three days of practice which may have interfered with the ability to 

adequately incorporate an explicit learning strategy. The presented work sought to 

clarify the influence of type of instruction as well as the effect of sleep on off-line 

motor skill learning following a lesion in the MCA distribution, which includes both 

the SMC and the basal ganglia.  
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1.12. Significance of Present Work 

 As stroke is a leading cause of adult disability in the United States, it is 

imperative that any factor that could potentially improve recovery and enhance 

function for this group of people be explored.  In addition, due to the large number of 

people with stroke suffering from sleep alterations, understanding the role of sleep in 

off-line motor learning and memory consolidation in the damaged brain has 

tremendous implications for rehabilitation. As will be presented, individuals 

following stroke demonstrate sleep-dependent off-line motor learning of both an 

implicit and explicit version of a continuous sequencing task. Furthermore, sleep 

enhances both spatial and temporal movement components of the continuous tracking 

task after stroke. The age- and sex-matched healthy control participants did not 

experience sleep- or time-dependent off-line motor learning on either version of the 

tracking task and did not show off-line learning of the spatial or temporal movement 

components of the task.  

 The findings of this current study may change the way therapists teach motor 

skills to patients who have suffered from a stroke and may lead to emphasizing the 

need for sleep between therapy sessions. Therapy may need to be conducted in the 

evening prior to sleeping for the night or a nap may become a standard part of 

therapy. A new added emphasis may also be placed on ensuring adequate sleep 

following stroke by altering environments (i.e. ensuring quiet environment to sleep in 

hospital or reducing disturbances while asleep) or addressing underlying conditions 

limiting sleep.  
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The findings of this work may also influence the manner other researchers 

perform their studies. For example, sleep may be the reason motor skills improve 

between sessions when sleep is permitted (i.e., when overnight delays are built into 

research designs between practice and retention test days) rather than the number of 

practice sessions, the amount of practice in a session, or the type of practice. Thus, 

sleep could potentially represent either a confounding or beneficial variable in the 

experimental designs of those who study learning. The current work helps disentangle 

the influence of sleep and instruction on off-line motor skill learning, thereby 

contributing to our understanding of the previous literature.  

 Furthermore, the literature to date examining the role of sleep in off-line 

motor learning have all used discrete tasks. No study prior to the current one has yet 

examined whether the findings from these discrete tasks would generalize to a 

continuous task. This has important implications considering many of the movements 

performed during daily life include movements that are continuous in nature, such as 

walking. In addition, using a continuous tracking task rather than a discrete task such 

as the serial reaction time task reduces the confounding variable of explicit awareness 

obtained by the implicit condition group
78, 79, 82

 and allows the examination of more 

“pure” implicit off-line learning. 

 

1.13 Specific Aims and Statement of Hypotheses 

 The main purpose of this presented work was to examine the role of sleep in 

off-line motor skill learning following stroke. It is proposed that neurological injury, 
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namely stroke, affecting areas of the brain that participate in motor skill learning may 

alter the role of sleep in off-line motor memory consolidation. In addition, the type of 

instruction provided to participants prior to practice (i.e. explicit instruction vs. no 

explicit instruction) may also influence the effect of sleep on off-line motor learning 

following stroke.  

 

Specific Aim 1: Determine the role of sleep and instruction in off-line motor skill 

learning of a continuous task. 

Because sleep-dependent off-line skill enhancement has previously only been 

demonstrated with discrete tasks, we hypothesized that a similar sleep-dependent off-

line enhancement would be shown on a continuous task by healthy control 

participants. Motor skill performance of discrete sequences when explicit instruction 

is provided is preferentially enhanced by sleep compared to performance involving 

purely implicit knowledge or awareness. Therefore, we hypothesized that healthy 

control participants with explicit knowledge who slept following practice of a 

continuous tracking task would display off-line enhancement of performance on the 

tracking task at retention. Conversely, we expected healthy control participants 

provided explicit instruction who do not sleep between practice and retention would 

not demonstrate enhanced performance.  Because implicit motor learning does not 

appear to be reliant on sleep for consolidation, we hypothesized that healthy control 

participants who were not provided with explicit instruction (implicit condition) of 

the continuous tracking task would display enhanced performance both following a 
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period of sleep and a period of being awake. Enhanced performance would be 

demonstrated with a reduction in RMSE at retention testing compared to practice. 

Contrary to our hypotheses, none of the healthy control participants demonstrated off-

line motor skill learning of either the implicit or explicit version of the continuous 

tracking task. Furthermore, neither the spatial or temporal movement components of 

the tracking task was enhanced at retention testing.  

 

Specific Aim 2: Determine the role of sleep and instruction in off-line motor skill 

learning in participants with stroke-related lesions in the MCA distribution.   

Because the role of sleep in off-line motor skill learning following stroke has never 

been previously examined, we hypothesized that participants with stroke in the MCA 

distribution who are given explicit instruction and sleep after practice would 

demonstrate enhanced performance on a continuous tracking task at retention testing 

compared to participants who do not sleep. Because preliminary results indicated 

sleep is important for implicit off-line motor learning for participants with stroke, we 

hypothesized that people with stroke who are not provided with explicit instructions 

(implicit condition) would demonstrate enhanced performance of a continuous 

tracking task compared to participants who do not sleep at retention. As we 

hypothesized, after stroke, individuals demonstrated sleep-dependent off-line motor 

learning both when a continuous sequencing task practice was influenced by explicit 

knowledge and when it was implicit in nature. Furthermore, sleep enhanced both 
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spatial and temporal movements components of the continuous tracking task after 

stroke. 

 

 Four manuscripts based on the work presented in this dissertation have been 

or will be submitted for publication. The first manuscript was based on data collected 

in conjunction to the dissertation study with the aim of ascertaining the influence of 

acquired explicit awareness on motor skill learning (Chapter 2; to be submitted to 

Human Movement Science, in revision). The second manuscript was an invited article 

based on preliminary data examining the role of sleep in implicit off-line motor skill 

learning following stroke and in healthy, older adults (Chapter 3; published in Topics 

in Stroke Rehabilitation). The third manuscript utilized the entire dataset of this 

dissertation research and examined the interaction of sleep and type of instruction on 

off-line motor skill learning following stroke and in healthy, older adults (Chapter 4; 

submitted to Stroke). The fourth manuscript assessed if particular movement 

components of the continuous tracking task (i.e. temporal and spatial components) 

were enhanced off-line by sleep or time for the individuals with stroke and control 

participants (Chapter 5; to be submitted to Learning and Memory). 

 

 

 

 

 



 

33 

 

 

Chapter 2 Preface 

 Chapter 1 provided an overview of what is currently known about the role of 

sleep in off-line motor learning and memory consolidation. It also gives insight into 

the questions that remain. One of the questions that remains is the influence of 

explicit information on motor skill learning. As discussed in Chapter 1, one of the 

difficulties in studying implicit skill learning is maintaining the implicit nature of the 

skill (i.e. insuring that the participants to not become aware of the regularities being 

learned). Gaining explicit awareness during physical task practice makes it difficult to 

examine “pure” implicit learning but is also not equivalent to being provided explicit 

information. Chapter 2 sought to address the potential benefits of acquiring explicit 

information during physical task practice on motor skill learning in young, 

neurologically intact individuals and compare change in performance to those 

individuals provided explicit instruction prior to task practice.   
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The Impact of Acquired Explicit Knowledge on Motor Sequence Learning 

 

 

 

 

 

 

 

 

 

 

 

 

 

This work has been submitted for publication to Human Movement Science, 2008. 
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2.1 Abstract 

 Previous research has demonstrated that individuals can learn motor sequence 

tasks both implicitly and explicitly. However, the influence of explicit knowledge 

acquired via implicit physical practice of motor sequences is less understood. In the 

present study, individuals practiced the Serial Reaction Time (SRT) task during one 

session and then returned 12 hours later for a retention test. Half of the participants 

were given explicit instruction regarding the presence of the repeating sequence prior 

to practice while the other half were not. Individuals were grouped if they were given 

explicit instruction prior to practice (explicit group, EK), if no instruction was 

provided and explicit awareness was not acquired (implicit group, IL), and, if no 

instruction was provided but explicit awareness was gained (acquired explicit 

knowledge group, AEK). Across practice the IL group performed slowest and showed 

less change in response time at retention as compared to the EK and AEK groups. 

Furthermore, the EK and AEK groups behaved similarly; there was no difference 

between these two groups across acquisition practice or at retention. Our data suggest 

that explicit knowledge of a repeating sequence during SRT practice, regardless of 

whether it is provided or acquired, enhanced implicit motor sequence acquisition and 

learning.  
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2.2 Introduction  

 Memory is typically classified into two broad categories: declarative and 

nondeclarative 
134

. Declarative memory can be consciously recalled and includes 

knowledge of facts and events; nondeclarative memory cannot be conscious recalled 

and may only be assessed indirectly through change in behavioral performance 
134

. A 

subset of nondeclarative memory, procedural learning can be evaluated through the 

assessment of motor skills 
42

. Although procedural memory is often interchanged with 

implicit learning and declarative memory with explicit learning, these terms are not 

always synonymous. The difference between implicit and explicit learning is based 

on the participant’s awareness of the regularities contained in the skill being 

practiced; explicit learning refers to knowledge of the regularities of the skill to be 

learned, whereas implicit learning occurs without this awareness 
17

. While procedural 

skill learning is generally implicit in nature, there are exceptions, such as when 

explicit instructions are provided prior to the start of practice or when explicit 

awareness of task regularities is acquired through practice 
18, 64

. 

 The influence of acquired explicit awareness on motor skill learning is poorly 

understood, in large part because the literature in this area is highly varied. Some 

have demonstrated that participants who gained full explicit knowledge of a repeating 

sequence were able to take advantage of this information to reduce their performance 

response time (RT) as compared to participants who gained partial knowledge
135

. 

However, in this work a retention test was not employed, thus the true impact of 

acquired explicit knowledge on motor learning remains unclear.  Others found that 
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the acquisition of explicit knowledge of the regularities of a continuous tracking task 

did not impair learning of the task but rather affected performance variability 
136

.  

Taken together, the overall impact of explicit knowledge that is acquired via physical 

practice during motor sequence learning is not known. 

 Thus, the purpose of this paper is to examine the difference in both motor 

performance and learning for participants who remained unaware of the presence of 

the sequence (implicit condition), those subjects who were given no instruction but 

gained explicit awareness of the sequence via practice (acquired explicit condition), 

and individuals given explicit instruction prior to the start of practice (explicit 

condition). Importantly to separate the short-term performance effects of acquiring 

explicit knowledge during physical practice from the long-term impact on motor 

learning, we employed a delayed retention test design.   

 

2.3 Method   

Participants 

  Forty-three individuals participated in this study (mean age 27.8 years; range 

21-40 years old); one subject was removed from analysis due to computer error 

during data collection. In accordance with the Human Subjects Committee, each 

participant signed an institutionally approved informed consent. Participants were 

excluded if they presented with acute medical problems, uncorrected vision loss, 

previous history of psychiatric admission or neurological disease, or scored below a 

26 on the Mini-Mental State Exam (MMSE).  None of the participants reported color-
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blindness when questioned regarding visual difficulties or displayed difficulties in 

identifying the correct color during testing. Individuals were recruited at the 

University of Kansas Medical Center and the local community.   

 

Task    

  Participants sat in front of a computer with a standard keyboard centrally 

placed and adjusted for comfort as needed. The most centered letters on the keyboard 

(v, b, n, and m) were capped with the colors red, yellow, blue, and green, 

respectively. During serial reaction time (SRT) task practice, only one colored circle 

was displayed on the computer screen at a time; each maintained its on-screen 

position during stimuli presentation.  Participants responded using the first four 

fingers of their dominant hand as indexed by the Edinburgh Inventory 
137

, pressing 

one of the four keys corresponding to the appropriately colored circle.  Participants 

were instructed to respond as quickly and accurately as possible.   

 

Practice 

  Fifteen blocks of the SRT task were performed during the practice session; 

each block consisted of 100 responses. The first block and second to last block (Block 

14) of responses contained randomly ordered stimuli for movement. The first random 

block is to allow participants to familiarize themselves with the task. The second 

random block (Block 14) is used to assess general improvement or non-specific task 

learning and allows for a comparison between non-specific task learning and 
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sequence-specific motor learning at retention. The middle 12 blocks and last block 

(Block 15) consisted of a repeating 10-element sequence (blue-yellow-red-blue-

green-red-blue-red-green-yellow) with an ambiguous or minimal probabilistic 

relationship between the elements. The sequence was designed to contain no more 

than one trill (e.g. red, blue, red) and have no repeating positions or colors. The 

transition between the end of one sequence and the beginning of the next within a 

block were not marked. In total during practice, the10-element sequence was 

performed 130 times. Participants returned for retention testing 12 hours following 

practice.  Most of the participants slept in between practice and retention; however 14 

participants underwent practice and retention testing on the same day with 12 hours 

(+/- 1 separating the two sessions). Analysis of the individuals who slept and those 

who did not demonstrated that all of the participants demonstrated an improvement in 

performance between practice and retention regardless of the presence or absence of 

sleep between practice and retention. Furthermore, sleep did not influence the amount 

of explicit awareness acquired. Therefore, the variable of sleep was not considered 

further.  Retention testing consisted of 2 blocks; one random block followed by a 

repeating sequence block that was used to determine motor sequence learning. Simple 

(1-choice) response time was also acquired using a 50 stimulus response test with 

variable inter-stimulus presentation time. Participants responded with the index finger 

of their dominant hand to press the ‘v’ (red) button each time the stimulus appeared. 

Simple RT was used to screen for anticipatory responses, particularly in the explicit 

group (see Data Analysis). 
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Explicit Instruction 

  All participants in the explicit condition received instruction prior to practice 

regarding the presence of the repeating sequence. First, they studied a pictorial 

representation of, but were not allowed to physically practice, the sequence.  

Participants could study the sequence for as much time as they wished. Recognition 

and recall testing prior to practice verified that participants had acquired explicit 

knowledge regarding the repeating sequence 
82

. Ten iterations of a pictorial 

representation of either the sequence they were instructed to learn (n=3) or a foil 

sequence (n= 7) were shown; participants had to decide (forced choice) if the 

sequence was one they recognized as the sequence they explicitly learned. The foil 

sequences also contained minimal probabilistic relationships between elements with 

no more than one trill and no repeating positions or colors. Each participant in the EK 

group passed the recognition test with at least 70% correct before beginning SRT task 

practice (EK; n=14). None of the EK group participants failed the recognition test and 

therefore did not required additional instruction. All participants but one scored 100% 

correct on the recognition test; this individual scored 90% correct.  

  Recall testing was also conducted prior to practice to determine the ability of 

the EK group participants to predict which color would come next after being shown 

4 lines of the10-element sequence. For example, participants would see the blue circle 

filled on 1 line, then yellow on line 2, followed by red, and then blue. They would 

then have to decide which color should appear on line 5 (correct answer = green). 

This was done for 6 trials with 4 different lines of the sequence each trial. All 
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participants in the EK group correctly predicted the correct color in the sequence at 

least 4 out of the 6 recall trials with 9 of the 14 participants making the correct 

prediction for all trials.  

 

Assessment of Explicit Awareness Obtained 

  Participants in the implicit condition received no explicit instruction on the 

presence of the sequence prior to practice. The same recognition and recall tests 

administered to the EK group prior to practice were given to the implicit condition 

participants following retention testing to determine the degree of explicit knowledge 

obtained. Sixteen of the 28 participants in the implicit condition gained a better than 

chance amount of explicit knowledge (scored greater than 50% correct on the 

recognition test and recall test). These participants were placed in the acquired 

explicit knowledge (AEK) group (n=16) while the individuals who did not meet this 

criteria remained in the implicit (IL) group (n=12). The EK group did not undergo 

recognition or recall testing again following retention testing.  

 

Data Analysis 

The mean median RT for each block was calculated as the summary score. By 

taking advantage of their explicit knowledge of the repeating sequence, participants 

who were provided explicit instruction or acquired explicit awareness during practice 

could potentially begin the motor response of pressing the next correct colored key 

prior to the color cue appearing on the screen and thus reduce response time through 
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anticipatory actions rather than improved response time.  Therefore, to avoid biasing 

time data by anticipatory responses, RTs that were faster than the individual’s mean 

simple (1-choice) RT were eliminated from data analysis 
138

. As expected, those 

participants provided explicit instruction had the most trials eliminated and the IL 

participants the least. Individual data were averaged by group to represent 

performance for blocks 1-15 during acquisition practice and at a delayed retention 

test. Acquisition practice performance was examined using a two factor [Group (EK, 

AEK, IL) X Block (2-13,15)] repeated measures ANOVA with RT as the dependent 

variable. To assess motor sequence learning, we considered data from the delayed 

retention test. Because improvements in motor skill during a single practice session 

may be confounded by temporary changes in performance, learning or the relatively 

permanent change in behavior, is more precisely assessed using a delayed retention 

test 
74, 139

.  Sequence learning was assessed by a two factor [Group by Block (Block 

14 random, repeated sequence retention block)] repeated measures ANOVA with RT 

as the dependent variable. Post-hoc testing using Fischer’s least significant difference 

(LSD) was conducted to assess the locus of difference between groups. Linear 

regression analysis was performed to assess the relationship between performance at 

retention and amount of explicit knowledge provided or acquired as measured using a 

recognition test.  Analyses were performed with SPSS 13.0
*
.  Significance was set at 

p<.05. 

 

                                                 
*
 SPSS, 233 S. Wacker Drive, Chicago, Illinois 60606 
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2.4 Results 

Acquisition 

 Practice benefited participant performance as shown by a main effect of block 

(F12,468=68.867, p<.000) indicating that all the groups became faster with training 

(Figure 1). However, explicit awareness of the repeating sequence differently 

impacted acquisition performance (main effect of group, F2,39=3.895, p=.029). Post-

hoc Fischer’s LSD showed that the locus of this effect was a significant difference 

between the IL and AEK groups (p=.033) as well as between the IL and EK groups 

(p=.016).  There was no significant difference between the AEK and EK groups 

(p=.841). The group by block interaction was not significant.  

 

Retention 

Each group demonstrated learning of the repeating sequence as demonstrated 

by a main effect of block (F1,39=522.727, p<.000; Figure 2). However, a main effect 

of group (F2,39=6.138, p=.005) verified that the differences between explicit 

conditions noted for acquisition practice were maintained at retention. Again, post-

hoc LSD testing demonstrated that the locus of this finding was the significant 

difference between the IL and AEK groups (p=.025) and also the IL and EK groups 

(p=.001).  The AEK and EK groups did not differ (p=.215).  The group by block 

interaction was not significant. 
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Relationship between Retention and Amount of Explicit Knowledge 

 Linear regression analysis demonstrated a moderate relationship between 

performance at retention and amount of explicit knowledge either provided through 

instruction or acquired by physical practice of the task or acquired (Figure 2.3; 

R
2
=.337).  

 

2.5 Discussion 

This study highlights the difference between acquisition and retention for 

participants who learned purely implicitly, those who gained explicit knowledge, and 

individuals who where given explicit instruction prior to practice. Participants in the 

IL group made the least amount of RT change across acquisition practice and at 

retention as compared to the EK and AEK groups. While prior studies have 

demonstrated explicit awareness can be acquired through task practice, this study 

provides clear evidence that at least for the SRT task participants can utilize this gain 

of explicit knowledge to enhance motor skill learning. Interestingly, the impact of 

explicit knowledge for the repeating sequence was similar whether it was acquired 

(AEK group) or delivered by the experimenter (EK group). This demonstrates that 

explicit knowledge, either provided or acquired, enhances motor sequence acquisition 

and learning for the SRT task, perhaps by enabling participants to consciously 

anticipate and plan for upcoming responses.   

Another possible explanation for the larger change in behavior demonstrated 

by the AEK and EK groups is the individuals’ attentional focus during performance 
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of the task or a potential lack of full attention by the IL group. Studies have 

demonstrated that attending to an external cue versus an internal cue aids skill 

learning 
140, 141

. It is possible that individuals who acquired or were provided explicit 

knowledge attended to the sequence (an external focus) while the individuals who did 

not acquire explicit knowledge (IL group) attended to the movement of their fingers 

(an internal focus) or simply failed to fully attend to the task. The latter premise is 

supported by post-hoc analysis of performance at the first random block during 

practice which reveals the IL group performed slower than both the AEK and EK 

group. These suppositions require verification through future research.  

Past work has not ubiquitously demonstrated a benefit of explicit instruction 

for motor learning.  Explicit instruction may either aid 
64, 80, 82

 or disrupt 
79, 110

 motor 

learning in neurologically intact, healthy individuals. The present study confirms that 

for young, healthy individuals explicit instruction prior to practice of a discrete serial 

response motor sequence task significantly reduces RT and enhances skill learning.   

Differences in the reported benefit of explicit knowledge during motor sequence 

learning between this paper and other research likely stems from the nature and 

quality of the instruction 
142, 143

 as well as the task 
79, 110, 144, 145

. Individuals in the 

explicit condition of the present study where told the repeating pattern and did not 

have to search for an underlying rule 
144

. Furthermore, a deterministic sequence was 

utilized in the present study rather than a probabilistic pattern 
110

 which may make the 

explicit knowledge provided or acquired more salient and easier to translate into a 

motor plan. Task complexity is another possible explanation why the present study 
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found explicit knowledge either provided or acquired enhanced motor skill learning.  

Other work has found that the learning of other more complex tasks seems to be 

inhibited by explicit instruction 
79

. Complex tasks may require additional cognitive 

demands and explicit information may “distract” the learner 
84

.  Taken together, it 

appears that explicit knowledge may be most beneficial for simple motor sequence 

learning when participants can both attend to it 
146, 147

 and successfully integrate it 

into task practice 
148

. 

The neural networks supporting procedural learning are widely distributed. 

Imaging studies demonstrate the role of the sensorimotor cortex 
50, 51, 54

 (particularly 

M1
62, 63

), premotor cortex 
52, 57

, supplementary motor areas (SMA)
50, 51

, basal ganglia 

50-53, 57, 60, 61
, prefrontal cortex 

50, 51, 57
, and cerebellum 

52, 55, 57, 61
 in procedural 

learning. While earlier imaging studies have demonstrated dissociable neural system 

activation during implicit and explicit sequence learning 
50-52

 and perhaps even 

competition between the two systems 
58

, other imaging evidence supports parallel and 

complementary development of neural networks supporting implicit and explicit 

sequence learning 
60, 61

. Willingham et al.
61

 proposed that the dorsal prefrontal cortex 

might have an integral role in gaining awareness during implicit sequence practice by 

enabling participants to gradually develop a conscious knowledge of target selection. 

This conceptualization was supported by Aizenstein et al.
60

 who showed prefrontal 

cortex activity during both explicit and implicit sequence learning, but more extensive 

activity in the prefrontal cortex during explicit sequence learning. Furthermore, in an 

elegant study designed to determine the development of explicit awareness during 
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sequence learning, Honda and colleagues
54

demonstrated a positive correlation 

between brain activity in the dorsolateral prefrontal cortex (DLPFC) and the ability to 

correctly verbalize the sequence regularities. This supports the role of the prefrontal 

cortex, and perhaps the DLPFC in particular, as having an integral role in the 

development of explicit knowledge during implicit motor learning.  Our data suggest 

that these processes likely operate similarly when explicit knowledge is acquired or 

provided.  Though future imaging studies will have to confirm this speculation it 

appears possible that once explicit knowledge develops through either mechanism it 

operates similarly through the prefrontal cortex to direct acquisition of implicit motor 

skills. 

One limitation of the present study is our inability to know exactly when 

explicit knowledge was acquired by the AEK group. Because post-hoc analysis 

determined that there was no statistical difference between the EK and AEK groups 

across acquisition, it appears that explicit knowledge may have been acquired at some 

point near the beginning of practice. The rapid acquisition of explicit awareness has 

been demonstrated in previous studies to occur as quickly as the first practice block 

138, 147
. It is not known if our participants became aware of the repeating nature of the 

sequence at this early point in practice, however, regardless of when the sequence 

was recognized knowledge of it enhanced the ability of those individuals to learn the 

regularities of the repeated sequence.  

In summary, our results demonstrated a benefit of explicit knowledge during 

SRT task learning for young healthy individuals regardless of whether it was acquired 
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during or provided in advance of physical practice.  Further, this benefit of explicit 

knowledge for the SRT task extended to both practice and retention.  These data are 

important as the benefit of acquired explicit knowledge for motor learning has not 

been previously verified by the use of a delayed retention test. Future research should 

address both when explicit knowledge is acquired during sequence practice and why 

some young healthy individuals are able to gain explicit awareness while others 

cannot, and are thus unable to capitalize on this information to enhance motor 

sequence learning. 
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2.6 Figure Legend 

Figure 2.1. Acquisition practice RTs by block.  Blocks 1 and 14 are random sequence 

practice (denoted with RN; these blocks were not included in the repeated measures 

ANOVA), blocks 2-13 and 15 represent repeating sequence practice. All 3 groups 

significantly improved their RTs with practice, however, between group differences 

also existed.  The implicit group was slower than both the explicit and acquired 

explicit knowledge groups. Error bars are standard error of the mean (SEM).  

 

Figure 2.2 Motor sequence learning demonstrated by delayed retention testing. Motor 

sequence learning was indexed by the comparison between random and repeating 

sequence performance.  Regardless of knowledge condition all groups learned the 

repeating sequence.  Consistent with acquisition practice data the explicit groups 

(acquired explicit knowledge and explicit) demonstrated more change in performance 

than the implicit group. Error bars are SEM. 

 

Figure 2.3.  Regression analysis assessing the relationship between performance at 

retention and amount of explicit knowledge suggests that learning a simple motor 

skill is aided by explicit knowledge either provided or acquired (R
2
=.337).  
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Figure 2.1 
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Figure 2.2 
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Figure 2.3 
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Chapter 3 Preface 

 Chapter 2 provides evidence that explicit knowledge of a repeating sequence 

during a simple motor task practice, regardless of whether it is provided or acquired, 

enhances implicit motor sequence acquisition and learning. This work provides 

concurrent evidence that explicit awareness is often easily acquired during implicit 

practice of a simple motor task. Therefore, we elected to utilize a more complex task, 

a continuous tracking task, to assess sleep-dependent off-line motor learning to allow 

a more accurate assessment of implicit off-line motor learning. Chapter 3 sought to 

examine the influence of sleep on off-line implicit motor learning following stroke 

and in older, healthy adults.  
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3.1 Abstract  

 While sleep has been demonstrated to be critical for learning and the 

consolidation of memories in neurologically-intact individuals, the importance of 

sleep for learning in neuropathological populations remains unknown. To assess the 

influence of sleep on implicit motor skill learning post-stroke, 18 individuals with 

stroke and 18 neurologically intact age-matched individuals were assigned to either 

the sleep group (slept between practice of a continuous tracking task and retention 

testing) or the no-sleep group (stayed awake between practice and retention testing). 

Only the individuals post-stroke who slept in between practice and retention testing 

demonstrated implicit motor learning at retention testing.  The individuals with stroke 

who did not sleep and the age-matched control groups failed to demonstrate learning 

at retention. These findings provide evidence that after stroke individuals can enhance 

implicit motor skill learning and motor memory consolidation by sleeping between 

practice and retention tests. These data suggest that ensuring adequate sleep between 

rehabilitation therapy sessions and normalizing sleep cycles following stroke may be 

important variables that can positively influence implicit motor learning after stroke-

related brain damage. 
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3.2 Introduction 

 A wide base of literature has demonstrated that sleep is critical for motor 

learning and the consolidation of memories for young, neurologically intact 

individuals
12-16

.  The transformation of memories from a labile state to a more 

permanent and resistant form without further practice is known as memory 

consolidation
8
. Memory consolidation can result in stabilization of the memory or an 

enhancement of skill, referred to as off-line learning
149

. The importance of sleep for 

motor learning and memory consolidation in neuropathological populations such as 

stroke has not been well characterized. It is known that individuals with stroke are 

able to learn new implicit motor skills
27-31

. However, the influence of sleep on 

memory consolidation and thus, implicit motor learning following a stroke remains in 

question.  The purpose of this present study is to examine the role on sleep in learning 

an implicit motor tracking task in individuals with chronic stroke.  

 For young, neurologically intact individuals, sleep enhances perceptual
65-68

 

and motor
12-16

 task learning even when no additional practice has taken place.  

Participants who practice a task and then sleep perform better on the task following a 

period of sleep versus a similar length of time when they are awake. Importantly, it is 

sleep and not circadian rhythm that enhances motor consolidation and learning; 

improvements in a finger sequencing task are noted after sleep whether or not sleep 

occurs at night or during the day
16

. Even a short nap of  60-90 minutes can produce an 

improved performance on both motor
69, 70

 and perceptual
71

 memory tasks in young, 

neurologically intact participants.   
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  Participants’ awareness regarding the regularities of the motor skill to be 

learned may influence the beneficial influence of sleep on memory consolidation
18

. 

Explicit learning occurs when participants have awareness of the regularities 

contained in the skill being practiced while implicit learning occurs without this 

awareness
17

. Motor learning is typically implicit, but may become explicit if verbal 

instructions are given or if participants acquire explicit awareness of the regularities 

in motor responses during practice
18, 44

.  In healthy individuals
18

, participants without 

awareness of the sequence they were practicing demonstrated implicit motor learning 

following a period sleep and a similar length of time when they were awake.  In 

contrast, participants who were given explicit instructions regarding the sequence 

they were trying to learn only demonstrated motor learning if they slept after practice; 

in this instance memory consolidation was not enhanced by time. These data imply 

that for young, healthy people implicit memory consolidation is time dependent while 

explicit memory consolidation is sleep dependent.  

Careful examination of prior studies reporting a benefit of sleep for motor 

learning
12-16

 reveals that, even when it was not the stated goal of the research, 

participants largely had explicit awareness of the skill being learning.  However,  a 

study by Cohen et al
116

 suggests that different aspects of implicit motor learning are 

preferentially benefited by sleep. Using the serial reaction time (SRT) task and having 

the participants switch to the untrained hand at retention testing, these authors found 

that only the goal or spatial regularities of the task was enhanced by sleep following 

practice whereas the mirror finger movement sequence was enhanced over the day 
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without sleep.  This suggests that distinct aspects of an implicit motor memory may 

be supported by different mechanisms of off-line learning, thus providing a potential 

explanation for the variety of findings in the learning literature
17

.  

 The majority of studies to date examined sleep-dependent performance 

enhancement in young, neurologically intact individuals. Little work has examined 

sleep-dependent memory consolidation in older individuals. Hornung, Danker-Hopfe, 

and Heuser
72

 suggest that because people experience both sleep and memory changes 

with advancing age, the relationship between sleep and memory in older individuals 

must be considered. Older adults demonstrate a lack of sleep-dependent enhancement 

on both an explicit and implicit version of a sequence learning task
21

 and also on a 

declarative memory word-pair associations task
22

. Additional support for the impact 

of sleep on older adults comes from data that showed improving REM sleep 

parameters using medication enhances word recall performance
73

.   

    While few studies have examined the influence of sleep on learning in older 

adults, even less is known about the role of sleep in learning in neurologically 

impaired individuals. People who have had a stroke are able to learn new skills
27-31

 

particularly implicit motor tasks
80, 82, 108

. However, little is known about the 

importance of sleep for implicit motor sequence learning. In a pilot study conducted 

in our lab
150

, individuals who were post-stroke exhibited enhanced implicit motor 

learning following sleep but not following a similar period of being awake. Despite 

limited number of participants, our initial work provides evidence that for implicit 
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motor sequence learning, sleep may have a differential effect on people with stroke as 

compared to healthy adults.  

 Because many individuals post-stroke experience sleep disturbances, the 

potentially confounding role of sleep on motor learning is critical issue. It is estimated 

that 20 to 40% of people with stroke experience some type of sleep-wake disorder, 

including insomnia, excessive daytime sleepiness/fatigue, or hypersomnia
32

.  More 

specifically, data suggest that nearly 60% of people 3-4 months following stroke 

suffer from insomnia
33

. Furthermore, sleep architecture changes after stroke, 

including a decreased total sleep time and sleep efficiency, and increased waking 

after sleep onset
34-36

. Individuals with an acute stroke also demonstrate a reduction in 

REM sleep
92

 and NREM sleep stages 2-4
34

. Alterations in sleep architecture persist 

with 53% of individuals with chronic stroke (5-24 months post-stroke) showing 

abnormal EEG patterns during sleep as compared to published norms
37

. Considering 

the large number of people with stroke who are suffering from sleep disturbances, as 

well as evidence supporting the role of sleep in memory consolidation, increasing our 

understanding of the effect of sleep on learning following stroke may provide new 

avenues for treatment to enhance motor function after stroke.  

  To examine the role of sleep in implicit motor learning and memory 

consolidation following stroke, we examined motor learning of a continuous tracking 

task.  Continuous tracking was originally developed by Pew
77

 and has since been used 

by others
78-82

 to examine implicit motor sequence learning. Currently it is unclear 

whether sleep differentially benefits discrete or continuous motor skills. Discrete 
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movements have with an obvious beginning and end (e.g., kicking or throwing a 

ball), whereas continuous movements have no obvious start and finish (e.g., walking, 

swimming or jogging)
74

. To date studies of the effect of sleep on motor learning have 

only considered young neurologically intact individuals as they learn discrete tasks: a 

finger-to-thumb opposition task
12, 16

, a sequential finger-tapping task
13-15

, and the 

SRT task
18

. It is not known whether findings from these discrete tasks will generalize 

to continuous motor skills. Due to the rapid execution of discrete movements, these 

skills likely rely on a pre-planned motor program, whereas continuous tasks may be 

underpinned by the use of ongoing feedback that corrects movements on-line. It is 

possible that the relative motor control demands of discrete versus continuous tasks 

may stimulate a differential effect of sleep on learning.  

  Finally, continuous implicit motor tasks tend to block the acquisition explicit 

awareness
82,78,79

. Individuals frequently gain explicit awareness during the practice of 

discrete motor tasks
135, 147

 making the assessment of implicit motor learning difficult. 

Furthermore, continuous tracking task may be considered more complex than a 

simple discrete movement owing to the additional degrees of freedom
84

.  

Interestingly, past work noted that the more complex the task was, the greater the off-

line improvements following sleep
85

. This suggests that “real-life” complex tasks may 

benefit even further from sleep-dependent enhancements.   

 In the current study, participants with stroke used their less-affected, 

ipsilesional hand to perform the continuous tracking task. Using the less-affected 

hand allowed the assessment of motor learning without the confounding issue of 
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impairment in motor execution. Using the hemiparetic hand could inflate the 

difference between participants with and those without a stroke, simply due to the 

impairment of participants with stroke to perform the movement, rather than to a 

deficit in motor learning. Furthermore, bilateral hemisphere activity has been 

demonstrated to be necessary for learning a motor sequence
108

 and neuroimaging 

studies have demonstrated bilateral brain activation during sequence learning tasks
56, 

59, 61, 151
.    

 The purpose of the present study is to assess the influence of sleep on implicit 

motor learning and memory consolidation in individuals with chronic stroke. Because 

implicit motor learning does not appear to be reliant on sleep for consolidation but 

rather is time dependent
18

, we expected that the age-matched healthy control 

participants would show implicit motor learning both after sleep and following a 

period of being awake. Based on our preliminary work
150

, we hypothesized that 

individuals with stroke would differ from their healthy counterparts and demonstrate 

implicit motor learning after sleep but not following a similar period of being awake.  

 

3.3 Method 

Participants 

 To examine the role of sleep on motor skill learning, we recruited 18 

participants who were post-stroke (ST, mean age 66.0 years old, stdev 11.96) and 18 

age-matched neurologically intact individuals (AM, mean age 65.6, stdev 12.26) who 

served as the healthy control group. Individuals were excluded if they presented with 
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acute medical problems, uncorrected vision deficits, untreated sleep disorders 

including sleep apnea or narcolepsy, uncontrolled depression, previous history of 

psychiatric admission or neurological disease other than stroke, or scored below a 26 

on the mini-mental status exam
152

.  Individuals were instructed to refrain from 

alcohol and/or caffeine for 12 hours prior to and during testing.  

 To better characterize the upper extremity function of the participants post-

stroke, the Orpington Prognostic Score
153

 and the upper extremity motor portion of 

the Fugl-Meyer Assessment of Physical Performance (FM)
154

 were administered. No 

difference existed between the stroke groups for the Orpington Prognostic Score 

(p=.456) or the FM (p=.499; Table 3.1). The Stanford Sleepiness Scale
155

 measured 

level of sleepiness prior to the practice session and the retention session; groups did 

not differ for the Stanford Sleepiness Scale at these two time points (p=.260 at 

practice session; p=.147 at retention; Table 3.2). Sleep quality was assessed using the 

Pittsburgh Sleep Quality Index (PSQI)
156

, and depression was indexed using the 

Geriatric Depression Scale (GDS)
157

. There was no difference between the groups for 

PSQI (p=.538) or the GDS (p=.264; Table 3.2). Last, to better characterize the sample 

populations sleeping habits and schedule, individuals were asked to maintain a sleep 

log for a week prior to testing. When a sleep log was not maintained, the fourth 

question for the PSQI was used to ascertain the average amount of sleep obtained. 

There was no significant between group difference for average amount of sleep 

(p=.742; Table 3.2). The Edinburgh Inventory (EI)
137

 determined that all participants 

except one were right hand dominant (Table 3.2).  
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 Participants were recruited at the University of Kansas Medical Center, the 

University of British Columbia, and the local community. Individuals post-stroke 

were pseudo-randomly assigned to either the sleep group (slept in between practice 

and retention testing) or the no-sleep group (stayed awake between practice and 

retention testing). Neurologically intact individuals were placed into either the sleep 

or no-sleep group based on subject-wise age-matching (+/- 5 years) and were also 

matched for hand-use.  

 

Lesion Location 

 Lesion location was derived from medical records, MRI scans, and the 

University of Kansas Medical Center’s Stroke database, for 15 of the 18 stroke 

participants (Table 3.3). Based on this information, the individuals post-stroke all 

presented with lesions located in the cortex and/or sub-cortical structures in the 

distribution of the middle cerebral artery (MCA).  Because of the diverse nature of 

the descriptions obtained from medical records we classified lesion location using the 

scheme outlined by Bamford, Sandercock, Dennis, Burn, and Warlow
158, 159

.   

 

Task 

 A continuous tracking task was used to index motor skill learning. Participants 

were seated facing a computer screen with a curser and a target displayed in easy 

view. Participants used a joystick to control the curser to match the target as it moved 

in a pseudo-sine wave pattern. Only the target and the participants’ curser position 
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were visible at any given moment; no other part of the wave was visible to avoid the 

delivery of visually based feedforward and/or feedback information. Following every 

trial, real-time position data was stored for future analysis. Stroke participants used 

their less-affected upper extremity and healthy controls were matched for arm use.  

Participants practiced the task either in the evening (sleep group) or in the 

morning (no-sleep group) and then returned 12 hours later (+/- 1 hour) for retention 

testing. At the first session, participants practiced 10 blocks of 10 trials per block; 

each trial consisted of both a random segment and a repeated segment of a wave 

counterbalanced in order (12.5 seconds each segment; trial length 25 sec with 2 

seconds stable mid-position target in between trials). To determine off-line 

improvement in performance related to sleep, participants underwent a delayed 

retention test consisting of 1 block of the tracking task (10 trials, each consisting of 

both a random segment and a repeated segment of a wave). Participants received no 

explicit instruction regarding the presence of the sequence; they were simply told that 

they were participating in a tracking test and asked to continually track the target 

cursor with movements of the joystick as accurately as possible.  

  Following retention, participants completed explicit recognition tests where 

they simply watched the computer screen while a wave segment was played. The 

participants were asked to state whether or not the segment was one that they 

recognized. Ten recognition tests were conducted; 3 of the actual practice repeated 

segment and 7 foils consisting of a random segment that had not been viewed 
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previously. The purpose of the recognition test was to ascertain the degree of explicit 

awareness obtained through implicit motor practice.  

 

Outcome Measure  

 Root Mean Square Error (RMSE) was calculated for each repeated and 

random segment on each trial
78, 82

. Median RMSE was calculated for both repeated 

and random segments of each block. To determine the effect of off-line learning 

attributable to sleep or time, a learning score was calculated by subtracting median 

repeated sequence RMSE from the retention block from the last repeated sequence 

block performed during the practice session.  

 

Data Analyses 

To assess the change in performance on the continuous tracking task from the 

last practice block to retention for each group, a paired t-test was performed for each 

group. To determine differences in participants’ ability to correctly identify the 

repeated and random segments during recognition testing, a one-way ANOVA was 

conducted with number correct on the recognition test the dependent variable. Alpha 

was set at .05. An effect size (ES) was calculated to assess a real and meaningful 

difference between the sleep and no-sleep participants in both the age-matched and 

stroke groups
160

.  
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3.4 Results 

Off-line learning 

 Only the individuals with stroke who slept in between the practice session and 

retention testing demonstrated implicit motor sequence learning of the experimental 

continuous tracking task.  This was shown via significant off-line improvements in 

tracking error from the end of practice to retention testing that were only associated 

with sleep (p=.018). The individuals post-stroke who stayed awake between the 

practice and retention did not demonstrate implicit motor sequence learning that was 

related to time between the sessions (p=.467). A large effect size of .764 indicates a 

real and meaningful difference between the amount of change that was associated 

with the stroke sleep and stroke no-sleep groups
160

. Neither of the age-matched 

control groups performed better at retention (p=.702 for AM sleep group; p=.458 for 

AM no-sleep group, Figure 3.1). A small to moderate ES of .410 between the AM 

sleep and AM no-sleep groups indicates that despite a lack of significant 

improvement in performance from practice to retention testing, there was a difference 

between these two groups.  This between group difference was related to the 

increased amount of errors made by the AM sleep group at retention (Figure 3.1).  

 

Acquisition of explicit knowledge 

 There was no difference in the ability to correctly identify the repeated and 

random segments between groups during the recognition test conducted following 

retention testing (F3,32=.477; p=.701). Furthermore, each group performed at a chance 
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level (50% correct or less) during explicit testing, indicating that none of the groups 

gained explicit knowledge during implicit task practice (ST sleep group 42.4% 

correct, ST no-sleep group 46.7% correct, AM sleep and no-sleep groups 51.1% 

correct).  

 

3.5 Discussion 

 We sought to determine the role of sleep in implicit motor skill learning 

following stroke.  We discovered that contrary to what has been demonstrated in 

healthy young adults, after stroke implicit motor sequence learning is preferentially 

enhanced by sleep. Furthermore, our findings provide concurrent evidence that 

healthy older adults are not reliant on sleep for implicit motor memory consolidation. 

 Individuals with stroke are able to learn new implicit motor skills
27-31

. 

Furthermore, people are able to learn implicitly following lesions in the MCA 

distribution affecting the sensorimotor cortex
108

 or basal ganglia82, 131-133. One of the 

likely reasons that people with a stroke in the MCA distribution may be able to learn 

new motor skills is the wide distribution of the neural architecture that supports motor 

learning which includes the sensorimotor cortex (SMC), the cerebellum, and the basal 

ganglia
47

. Lesions that completely disrupt motor learning are highly unlikely. 

Robertson et al.
128

 found that interfering with the function of the primary motor 

cortex (M1) using transcranial magnetic stimulation immediately following motor 

practice of a discrete sequence results in disruption of implicit skill learning when 

consolidation occurred during the day (i.e., retention test in the same day).  However, 
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this effect was not noted when consolidation was accompanied by sleep (i.e., 

retention test delivered the next day). Because in Robertson et al.’s work the same 

amount of time elapsed between practice and retention testing regardless of whether 

or not sleep occurred, these effects are not likely related to the length of intervening 

time.  It appears that M1 is important for implicit skill learning that occurs over the 

day; sleep related off-line improvements in implicit motor skill do not seem to be 

entirely reliant on the function of M1. Interestingly, the data from Robertson et al. 

also demonstrate that different neuronal circuits must support off-line implicit motor 

learning that is sleep related as opposed to time reliant for memory consolidation. 

None of the participants in the current study had a lesion that was isolated to M1.  

However, each individual studied did present with damage in the MCA distribution 

where M1 is located.  In addition the most clinically common location of stroke is in 

the region of the MCA
38

. Our finding that sleep aided implicit motor sequence 

learning after stroke suggests that after damage to a portion of the MCA distribution 

other interconnected neural regions that support implicit motor learning (e.g., the 

basal ganglia or cerebellum) might participate in sleep-dependent implicit motor skill 

consolidation.  Two studies
75, 120

 that have utilized neuroimaging techniques to 

elucidate changes in the representation of motor memory following sleep have 

demonstrated wide spread changes in brain activity associated with motor memory 

consolidation, thus providing some support that damage to one area may not 

eliminate sleep dependent memory consolidation in others. This contention is further 

supported by Maquet et al.
117

 who showed that areas of the brain activated during 
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acquisition of a probabilistic implicit motor SRT task were re-activated during rapid 

eye movement (REM) sleep after training. The areas that were re-activated included 

the cuneus, striate cortex bilaterally, the mesencephalon (all areas outside the MCA 

distribution) and the left premotor cortex.  

Our findings support that of others demonstrating that healthy older adults are 

not reliant on sleep-dependent memory consolidation to implicitly learning a motor 

sequencing task
21

 or a memory word-pair associations task
22

. The healthy control 

participants in our study were neurologically normal yet their implicit motor sequence 

learning was not enhanced by sleep. It may be that with age alterations in sleep 

characteristics limit the benefit of sleeping for implicit motor sequence learning.  

With advancing age, total sleep time decreases as does the percentage of time spent in 

REM and slow wave (SWS) sleep
23, 24

. While the amount of time spent in Stage-2 

non-REM sleep remains fairly stable
23

, there is a reduction  in the number of sleep 

spindles that occur with age
25, 26

.  Consensus is building that developing memory for 

perceptual-motor tasks similar to the one employed in the present research requires 

stage-2 and/or REM sleep for consolidation. For example, overnight improvement in 

the performance of a finger-tapping task was found to correlate with the amount of 

stage-2 NREM sleep
13

, whereas overnight improvement in a similar finger-to-thumb 

opposition task correlated with the amount of REM sleep
16

.  Furthermore, sleep 

spindles which are characteristic of stage-2 NREM sleep have been demonstrated to 

play an important role in sleep-dependent memory improvement
69, 90, 91

.  If REM 

sleep and sleep spindles have a facilitating effect on implicit motor skill learning, 
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perhaps the reduction in these two sleep parameters explains the lack sleep dependent 

off-line learning by the healthy older adults in this study.   

 Because the control participants were age-matched to the stroke participants, 

there must be a unique characteristic of the neurologically damaged brain that can 

promote sleep dependent implicit motor memory consolidation. Little research has 

characterized the sleep architecture of chronic stroke survivors which makes 

ascertaining the relative role of the various sleep stages on implicit motor learning 

after stroke somewhat difficult. Vock et al.
37

 found that 53% of people with chronic 

stroke demonstrate abnormal sleep architecture as compared to published norms. In 

Vock’s study, 15 chronic (5-24 months) stroke patients ranging in age from 18 to 75 

years with an average age of 49 year old spent 16.6% of total sleep time (TST) in 

REM sleep. This is only slightly less than the published norm for a healthy 49-year-

old individuals (~ 20% of sleep period time (SPT))
23

. The chronic stroke individuals 

in the Vock et al. study
37

 spent 60.9% of TST in stage-2 NREM sleep which is higher 

than the published norm for a healthy 49-year-old individual (~52% of SPT)
23

. 

Maintenance REM sleep and increasing in stage-2 NREM sleep by individuals with 

chronic stroke may explain the sleep dependent skill enhancement demonstrated by 

the stroke participants in the current study. Supporting this contention, Gottselig, 

Bassetti, and Achermann
36

 found that spindle frequency activity significantly 

increased from acute (<10 days) to the chronic (>60 days) stroke. Further studies are 

needed to characterize the sleep architecture of chronic stroke participants to more 

fully support this contention.  
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 One of the limitations of the present study is it was not conducted in a sleep 

lab, and, we cannot therefore ensure the amount or quality of sleep the participants 

obtained, particularly over the night between practice and retention. We addressed 

this limitation by asking participants to maintain a sleep log for a week prior to 

testing as well as used the PSQI to index quality of sleep. No difference in average 

sleep prior to participating in the study or scores on the PSQI was found between the 

groups. The benefit of having participants not sleep in a sleep lab is that it provides 

testing of their “natural” sleep cycle and provides evidence that sleep-dependent skill 

enhancement can occur in “every day life”.   

 Because we used a task that has not been previously employed to assess sleep-

dependent learning in the past it is somewhat difficult to ascertain whether our 

findings are unique to the continuous tracking task. Different motor control methods 

are used for a continuous task as compared to a discrete task; further our tracking task 

may represent a more complex motor problem than previously used discrete tasks. 

Because we are interested in extrapolating our findings to formulate clinically 

relevant conclusions we choose to use a continuous task with greater complexity.  

Indeed, it is possible that previous work using simple finger sequencing tasks may not 

be useful for forming generalizing conclusions that may be utilized in formulating 

therapeutic approaches.  Our findings that sleep benefited implicit motor sequence 

learning of a continuous tracking task after stroke lay the groundwork for future 

research to investigate the role of sleep in functionally relevant contexts.  
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 One might argue that time-of-day of testing or circadian rhythm may have 

been a factor in the results of our study. Evidence suggests that the performance of 

older adults on memory exams deteriorates when testing occurs in the evening 

compared to earlier in the day
161, 162

.  However, this time-of-day effect likely depends 

on the type of memory under consideration. Improved retrieval of implicit motor 

memory has been shown to occur at non-optimal times (i.e. in the evening for older 

adults) which is in contrast of explicit memory which is better retrieved at optimal 

times (i.e. in the morning for older adults)
163

. If time-of-day of testing had indeed 

been a factor influencing implicit learning of our experimental motor task, we would 

have expected those individuals who underwent retention testing in the evening (no-

sleep group) to have performed better than those who underwent retention testing in 

the morning (sleep group); this was clearly not the case. Furthermore, there was no 

difference between the groups on the Stanford Sleepiness Scale at practice session or 

retention testing regardless of time of day the testing occurred.   

 

Clinical Implications 

 Understanding the role of sleep in memory consolidation and implicit motor 

learning in the damaged brain has tremendous implications for rehabilitation. If sleep 

does aid implicit motor skill learning, therapy may need to be conducted in the 

evening or late day prior to sleeping for the night; alternatively, a nap may become a 

standard part of rehabilitation programs. Furthermore, studies have demonstrated that 

individuals in a hospital, including rehabilitation patients
164

 
165

, report sleep 
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disturbances and a reduction in quality of sleep. Therefore, a new added emphasis 

may also be placed on ensuring adequate sleep following stroke by altering the 

environment (i.e. ensuring quiet to promote sleep in the hospital or reducing 

disturbances while patients are asleep) or addressing underlying conditions limiting 

sleep such as depression. 

 If sleep does have an impact on implicit motor learning following stroke the 

manner in which other researchers perform their studies may need to be shifted. For 

example, sleep may be the reason that motor skills improve between sessions when 

sleep is permitted (i.e., when overnight delays are built into research designs) rather 

than the number of practice sessions, the amount of practice in a session, or the type 

of practice. Thus, sleep could potentially represent either a confounding or beneficial 

variable in the experimental designs of those who study learning.  Future research 

may have to explicitly address the impact of sleep in experimental designs. 

 

3.6 Conclusion 

 The results of our study provide evidence that individuals with stroke benefit 

from sleep to enhance implicit motor skill learning and consolidation. This sleep-

dependent skill enhancement was not found for age-matched, neurologically intact 

individuals. The findings from our work suggest that during rehabilitation and 

recovery from stroke emphasis should be placed on promoting both adequate sleep 

and improved sleep quality in individuals post-stroke.  This approach may be 

particularly critical during rehabilitation when re-learning of old skills or learning 
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new skills is the focus. Furthermore, researchers should consider sleep as a factor in 

learning studies. Future work is needed to more precisely ascertain which 

neurobiological mechanisms enable the stroke-damaged brain to benefit from sleep 

when the healthy brain is unable to do so.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 75 

  

Time post-

stroke 

(month) 

 

 

Fugl-

Meyer 
 

 

Orpington 
 

 

Side of 

Lesion 

 

Stroke Sleep 

 

87.56 

(60.9) 

 

 

43 

(16.1) 

 

2.36 

(.68) 

 

3 Left; 

6 Right 

 

Stroke No-

sleep 

 

69.78 

(43.5) 

 

48.25* 

(15) 

 

 

2.65 

(.91) 

 

3 Left; 

6 Right 

Table 3.1. Descriptive information for stroke participants. Data are mean (standard 

deviation).  
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Subject 

Number 

Sleep 

Group 

Lesion 

Side 

Lesion 

Classification 

Specific Lesion Location 

Sleep 1 Left Sub-cortex Putamen, corona radiata  

 

Sleep 2 Right Sub-cortex Basal ganglia 

 

Sleep 3* Left Sub-cortex Posterior limb of the internal capsule 

 

Sleep 4 Right Cortex  Frontal, parietal, superior temporal 

cortices 

 

Sleep 5 Right Cortex &  

Sub-cortex 

Caudate head, lentiform nucleus, 

posterior-superiorfrontal lobe 

Sleep 6 Right Sub-cortex Posterior limb of internal capsule 

 

Sleep 7 Right  Not Available 

 

Sleep 8 Right Cortex &  

Sub-cortex 

Frontal and parietal cortex, basal ganglia 

Sleep 9 Left Sub-cortex Lentiform nucleus, deep cerebral white 

matter 

 

Subject 

Number 

No- Sleep 

Group 

Lesion 

Side 

Lesion 

Classification 

Specific Lesion Location 

No sleep 1 Right Cortex Temporal-parietal-occipital cortex 

 

No sleep 2 Right  Not Available 

 

No sleep 3 Left Sub-cortex Lenitiform nucleus, putamen, claustrum, 

insula 

 

No sleep 4 Left Cortex & 

Sub-cortex 

Middle cerebral artery 

 

No sleep 5 Right Sub-cortex Posterior limb of internal capsule 

 

No sleep 6 Right Cortex &  

Sub-cortex 

Insular, parietal cortex 

No sleep 7 Right  Not Available 

 



 

 78 

No sleep 8 Left Sub-cortex Thalamus and posterior limb of internal 

capsule  

 

No sleep 9 Right Sub-cortex Basal Ganglia and insula 

 

Table 3.3. Lesion location for 15 of the 18 participants of this study. Lesion location 

derived from medical records, MRI scans, University of Kansas Medical Center’s  

Stroke database.  

*Bilateral lesions noted on MRI scan; clinically relevant lesion in left sub-cortex 

involving the posterior limb of the internal capsule, other foci noted in left insula and 

right head of the caudate.  Additionally, right cerebellar atrophy was apparent. 
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3.7 Figure Legend 

Figure 3.1. Off-line learning for each group. Off-line learning was calculated by 

subtracting the RMSE of the repeated sequence at retention testing from the last 

repeated sequence from practice. A negative score indicates an improvement or less 

error at retention as compared to the last block of practice. Error bars are SEM. 
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Figure 3.1.  
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Chapter 4 Preface 

 

Chapter 3 assessed sleep-dependent off-line motor learning for individuals 

post-stroke and healthy older adults on an implicit version of a continuous tracking 

task using a subset of participants. Chapter 4 utilized the entire set of participants and 

extends our work into the realm of off-line explicit motor learning. As mentioned 

previously, one benefit of utilizing a continuous tracking task to assess off-line motor 

learning is participants seldom gain explicit awareness of the repeated sequence, thus 

allowing for an assessment of “pure” implicit off-line motor learning. Another benefit 

of the continuous tracking task is researchers can manipulate instruction to also 

examine sleep-dependent explicit off-line learning.  Therefore, we utilized both an 

implicit and explicit version of a continuous tracking task to examine the interaction 

of sleep and type of instruction on off-line motor skill learning following stroke and 

in healthy, older adults.  

 The statistical plan to analyze the data for the presented work included an 

omnibus 3-way Group (Stroke, Control) by Sleep (yes, no) by Instruction (explicit, 

implicit) ANOVA to determine whether or not sleep differentially effects individuals 

with stroke from healthy controls. Alpha was set at .05. No interactions or main 

effects were significant. Contrasts or a parameter estimate were then conducted to test 

individual hypotheses.   
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Hypothesis 1: Participants with explicit knowledge who slept following practice of a 

continuous tracking task would display improved learning compared to participants 

who do not sleep.  

This hypothesis was assessed using a contrast between the healthy control 

participants given explicit instruction who slept following practice and who do not 

sleep. This contrast was not significant at p=.748. 

 

Hypothesis 2: Participants who are not provided with explicit instruction (implicit 

condition) of the continuous tracking task would display improved learning both 

following a period of sleep and a period of being awake.  

This was assessed using a parameter estimate, and, contrary to our hypothesis, neither 

of the control groups regardless of sleep or staying awake between practice and 

retention demonstrated off-line learning of the implicit version of the continuous 

tracking task (sleep/implicit p= 701,  no-sleep/implicit p= .472) 

 

Hypotheses 3: Participants with stroke in the MCA distribution who are given explicit 

instruction and sleep after practice would demonstrate improved learning of a 

continuous tracking task compared to participants who do not sleep. 

This was assessed using a contrast between post-stroke participants given explicit 

instruction who sleep following practice and those who do not sleep.  This contrast 

was not significant at p=.176. 
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Hypothesis 4: People with stroke who are not provided with explicit instructions 

(implicit condition) would demonstrate improved learning of a continuous tracking 

task compared to participants who do not sleep. 

This was assessed using a contrast between stroke participants given no explicit 

instruction (implicit condition) who sleep following practice and those who do not 

sleep.  This contrast was not significant at p=.506. 

 

Hypothesis 5: There will be a significant difference on learning of a continuous 

tracking task between the participants with stroke who are not given explicit 

instruction (implicit condition) nor sleep following practice and the age-matched 

controls.  

This will be assessed using a contrast between stroke participants and healthy control 

participants given no explicit instruction and do not sleep following practice.  This 

contrast was not significant at p=.875. 

 

Because we were ultimately interested in whether or not each group displayed off-line 

motor learning of the tracking task rather than the differences in off-line learning 

between groups, we conducted further analysis using parameter estimates to determine 

the significance of change in motor behavior associated with motor memory consolidation 

that occurred off-line during either sleep or with time for each of the control and stroke 

groups in the implicit and explicit conditions. This data is presented in the following chapter.  
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Sleep to Learn After Stroke: 

 Implicit and Explicit Off-Line Motor Learning 
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4.1 Abstract 

 After stroke, many individuals experience persistent motor impairments as 

well as altered patterns of sleep. Because sleep has been demonstrated to be important 

for motor skill learning and memory consolidation in healthy, neurologically intact 

individuals, examining the role of sleep in motor skill learning post-stroke is a critical 

issue. Other learning variables, such as type of instruction, may interact with sleep to 

influence sleep-dependent motor learning and memory consolidation. Forty 

individuals post-stroke and 40 control participants practiced a continuous motor 

tracking task and then either slept (sleep condition) or stayed awake (no-sleep 

condition) for a similar period of time before retention testing to assess off-line motor 

learning. Half of the individuals in both the sleep and no-sleep condition were 

explicitly instructed regarding the presence of a repeating sequence embedded in the 

motor tracking task (explicit condition) while the other half were not (implicit 

condition).  After stroke, individuals demonstrated sleep-dependent off-line motor 

learning of both the implicit and explicit version of the continuous tracking task; 

however, individuals with stroke who stayed awake between practice and retention 

testing did not demonstrate an improvement in motor performance at retention. 

Neither sleep nor instruction differentiated the performance of the healthy control 

participants. After stroke, individuals benefited from sleep to enhance implicit and 

explicit motor skill learning and memory consolidation. These data suggest that motor 

recovery after stroke may be facilitated by sleep.  
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4.2 Introduction 

Patterns of sleep are shifted after stroke.  Acutely, individuals with stroke 

demonstrate reduced total sleep time and efficiency
34-36

 and decreased proportions of 

REM
92

 and non-REM sleep
34

. Sub-acutely, 57% experience persistent insomnia 3-4 

months after stroke
33

.  Sleep patterns do not appear to normalize with time; sleep 

EEG characteristics differ from normal in 53% of individuals with chronic stroke
37

.  

Sleep is important for motor skill learning and memory consolidation for 

young, neurologically intact individuals; participants who sleep in-between practice 

and retention testing demonstrate enhanced performance as compared to participants 

who stay awake
12-16

. The impact of sleep on learning in young, healthy individuals 

appears to be dependent on the memory systems invoked.  Learning and memory can 

be broadly sub-divided into explicit and implicit systems.  Explicit memories may be 

consciously recollected, meaning that for motor skills the patterns or regularities of a 

movement is explicitly known.  In contrast, implicit memories develop without any 

conscious awareness for motor task regularities
166

.  For young, healthy individuals, 

sleep beneficially affects motor learning when participants have explicit knowledge 

of the rules or regularities of the task being practiced, whereas implicit memories are 

consolidated over time with sleep playing a lesser role
18

.    

In contrast to young, neurologically intact individuals, sleep does not enhance 

learning and memory consolidation in older, healthy adults for either implicit or 

explicit motor
21

, or explicit word-pair associations memory consolidation
22

. After the 

brain is damaged by stroke, the role of sleep in motor skill learning is less clear. Our 
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preliminary work showed that individuals post-stroke demonstrated improvements in 

motor performance attributable to sleep for an implicit motor tracking task
167

.  These 

sleep-dependent enhancements in motor function occurred “off-line” with no 

additional physical practice.  Presently, we do not know if similar off-line motor 

learning might occur during explicitly instructed motor learning. 

After stroke, many individuals suffer from persistent motor impairments
168

. 

Thus, examining methods that hasten or increase the efficiency of motor skill learning 

following stroke is an important clinical endeavor. Therefore, the purpose of the 

current research was to consider the influence of sleep and type of instruction 

(explicit instruction vs. implicit learning) on off-line motor learning in individuals 

with chronic stroke. 

 

4.3 Methods 

Participants 

Forty-one individuals post-stroke (ST, mean age 62.6 years old, stdev 12.3) 

and 40 age- and sex-matched neurologically intact individuals (CT, mean age 62.3 

years old, stdev 12.4) participated in the study. One ST individual was removed from 

data analysis due to being labeled an “extreme outlier” by SPSS boxplot analysis
169

. 

Participants were recruited from the University of Kansas Medical Center and the 

University of British Columbia as well as local communities. Individuals with acute 

medical issues, uncorrected vision, untreated sleep disorders, uncontrolled depression, 

history of psychiatric admission or other neurological disease, or who scored below a 
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26 on the mini-mental status exam (MMSE)
152

 were excluded.  Three ST individuals 

experiencing aphasia completed the 3-step instruction portion of the MMSE to 

participate. All participants were instructed to refrain from alcohol and caffeine for 12 

hours prior to and during the testing period. 

To assess level of sleepiness, the Stanford Sleepiness Scale
155

 was 

administered prior to practice and retention testing. To characterize the participants’ 

sleep habits and quality, the Pittsburgh Sleep Quality Index (PSQI)
156

  was 

administered, and individuals were instructed to maintain a sleep log for the week 

before testing. The Geriatric Depression Scale (GDS)
157

 assessed for possible 

depression. All participants but two were right hand dominant (Table 4.1 ) as 

determined by the Edinburgh Inventory (EI)
137

. The Orpington Prognostic Score
153

 

and the upper extremity motor portion of the Fugl-Meyer Assessment of Physical 

Performance (FMUE)
154

 were utilized to characterize upper extremity function for the 

individuals post-stroke (Table 4.2).  

 

Lesion Location 

 The location of stroke lesion was determined using magnetic resonance 

imaging when possible. Medical reports were obtained when safety criteria or 

participant preference prevented brain imaging.  In total, lesion information was 

available for 30 of the 40 individuals with stroke (Table 4.3). Lesion location was 

classified according to the scheme outlined by Bamford, Sandercock, Dennis, Burn, 

and Warlow
158, 159, 167

 with all ST participants presenting with lesions in the cortex 
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and/or sub-cortical structures of the middle cerebral artery (MCA) distribution except 

two with lesions in the posterior cerebral artery (PCA) distribution and one with a 

lesion in the pons.  

 

Task 

ST participants were assigned pseudo-randomly to either practice a 

continuous tracking task in the evening and undergo delayed retention testing 

designed to assess off-line motor learning the following morning (sleep groups) or to 

practice the tracking task in the morning and undergo retention testing the evening of 

the same day (no-sleep groups). Twelve hours (+/- 1 hour) elapsed between practice 

and retention testing for both the sleep and no-sleep groups. The CT participants were 

assigned to groups based on subject-wise age- (+/- 5 years) and sex-matching.  The 

less-affected, ipsilesional hand was used by the ST participants to perform a 

continuous tracking task to allow motor learning to be assessed without being 

overshadowed by motor execution impairments
80, 82, 108

. CT participants were 

matched for hand-use.  

Participants sat in front of a computer screen and used a joystick placed at a 

comfortable position to continuously track a target moving up and down as a pseudo-

sine wave through a sequence of 10 reversals in direction
78, 82

. The participants only 

saw the target (white box) and their own cursor position (red circle); there was no 

visual feedback via a residual trace on the screen. Participants practiced 100 trials (10 

blocks of 10 trials each) at the first session. For each trial, participants tracked two 
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sequences, one random and one repeated presented in counterbalanced order (each 

sequence was 12.5 seconds long; total trial length 25 sec; 2 second stable target 

between each trial). Participants underwent a 10 trial (1 block) delayed retention test 

12 hours (+/- 1 hour) following practice with the sleep groups sleeping between 

practice and retention and the no-sleep groups staying awake. Real-time position data 

was stored following each trial. 

 

Explicit Instruction 

Prior to the start of the first session, half of the participants in the sleep and 

no-sleep groups received instruction regarding the presence of the repeated pattern 

(explicit groups; Table 4.4). Participants in the explicit groups were: 1) verbally 

instructed that a repeated sequence existed along with random sequences, 2) shown a 

pictorial representation of the repeated sequence with the instruction that only one 

point of the sequence would be visible at a time, and 3) watched on the computer the 

repeated sequence with only the target moving to simulate the actual task. 

Participants were allowed to watch the repeated sequence on the computer as many 

times as they requested until they indicated that they could recognize the pattern.   

To ensure the acquisition of explicit knowledge for the repeating sequence 

following explicit instruction, participants underwent a recognition test consisting of 

watching the target move on the computer screen. Participants had to decide (forced 

choice) if the sequence displayed was the same repeating sequence shown to them or 

not. This procedure was performed with 10 sequences; 3 of the repeating sequence 
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and 7 foils (random sequences not previously viewed). Participants had to 

demonstrate 80% correct recognition or this process was repeated until they gained 

explicit knowledge of the repeating sequence.  

The implicit condition groups did not receive any instruction regarding the 

repeating sequence embedded in the task. They were instructed to track the target 

cursor as accurately as possible.  

 

Assessment of Explicit Awareness  

Following retention testing, all participants underwent a recognition test to 

determine if 1) explicit knowledge was retained for the explicit instruction groups and 

2) the degree of explicit awareness obtained during task practice for participants in 

the implicit groups. The recognition test was conducted as described above.  

  

Outcome Measure  

 Tracking accuracy indexed by Root Mean Square Error (RMSE) of each trial 

was calculated
78, 82

. For each block, participants’ median RMSE was calculated
78, 80, 

82
. Off-line learning demonstrating change in motor behavior associated with either 

sleep or time was calculated by subtracting the median retention block RMSE from 

median RMSE in the last practice block.  
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Data Analyses 

Motor performance during practice was assessed using a two factor repeated 

measures ANOVA (Group x Block [1 – 10]) with RMSE as the dependent variable.  

Parameter estimates were performed to determine the significance of change in motor 

behavior associated with motor memory consolidation that occurred off-line during 

either sleep or with time for each of the CT and ST groups. Differences in group 

characteristics were assessed with one-way ANOVAs. To assess the level of explicit 

knowledge maintained by the explicit groups at retention, a one-way ANOVA was 

conducted with number correct on the recognition test at retention as the dependent 

variable. A one-way ANOVA also assessed the level of explicit awareness acquired 

by the implicit groups using number correct on the post-retention recognition test as 

the dependent variable. Alpha was set at .05. To verify that between group differences 

were meaningful, an effect size (ES) between the sleep and no-sleep participants in 

the CT and ST groups for implicit and explicit conditions was calculated
160

.  

 

4.4 Results 

Motor Performance 

All of the groups demonstrated a practice-related improvement in 

performance for the repeated sequence as indicated by the presence of a main effect 

of block (ME block, F9,648=9.317, p<.000).  Although group differences did exist (ME 

group, F7,72=3.829, p=.001), there was no interaction (Group by Block, F63,648=.904 

p=.685).   
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Off-line Motor Learning 

 Sleep had a significant positive impact on off-line motor sequence learning 

(i.e., less tracking error at retention that at the last block of practice) for individuals 

with stroke regardless of type of instruction (implicit group p=.002; explicit group 

p=.007; Figure 4.1a).  Allowing motor consolidation to occur while participants with 

stroke were awake did not induce any off-line motor learning regardless of the type of 

instruction provided (implicit group p=.503; or explicit group p=.153; Figure 4.1a). 

None of the control groups demonstrated off-line motor learning regardless of sleep 

or type of instruction (CT sleep/implicit p= .701, CT sleep/explicit p= .126, CT no-

sleep/implicit p= .472, CT no-sleep/explicit p=.100; Figure 4.1b).  

Effect size calculations indicated real and meaningful differences existed 

between off-line motor learning for individuals with stroke who slept compared to 

those who stayed awake regardless of instruction.  A large effect size (ES) of .761 

was noted for the ST implicit groups (ST sleep/implicit compared to ST no-

sleep/implicit) and small to moderate ES of .360 for the ST explicit groups (ST 

sleep/explicit compared to ST no-sleep/explicit)
160

. For the control groups, a 

moderate ES (.450) was found for the CT implicit groups (CT sleep/implicit 

compared to CT no-sleep/implicit) owing to the worse performance of the CT 

sleep/implicit at retention (see Figure 4.1b).  This finding is not unusual in motor 

learning studies
28

 and likely reflects the presence of a combination of temporary 

performance effects and longer-term behavioral change at the end of practice.  A 

negligible ES of .0397 for the CT explicit groups (CT sleep/explicit compared to CT 
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no-sleep/explicit) indicates no meaningful difference in off-line motor learning 

between these groups.  

 

Explicit Knowledge Maintenance 

 All of the explicit groups maintained knowledge of the repeated sequence at 

the recognition test following retention testing (ST sleep/explicit group 80% correct, 

ST no-sleep/explicit group 70% correct, CT sleep/explicit group 85 %, and CT no-

sleep/explicit group 92% correct). Although it cannot be determined if participants 

were able to operationalize explicit information to benefit motor tracking, they did in 

fact retain this knowledge throughout testing. The explicit control participants 

generally performed better on the recognition test than the stroke participants, which 

was confirmed by a significant one-way ANOVA (F3,36=3.018; p=.042) with Fisher’s 

LSD post-hoc comparisons indicating a significant difference only between the ST 

no-sleep/explicit group and the CT no-sleep/explicit group (p=.006).  

 

Acquisition of Explicit Knowledge 

Because the acquisition of explicit knowledge regarding the presence of the 

repeating sequence may interact with sleep
18

, we verified that all of the implicit 

groups had not acquired explicit knowledge of the repeating sequence.  All in the 

implicit groups performed at a chance level or below during recognition testing 

following the retention test (ST sleep implicit group 41% correct, ST no-sleep 

implicit group 44% correct, CT sleep implicit group 51%, and CT no-sleep implicit 
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group 51% correct). There were no group differences in performance on the post-

retention recognition test for the implicit condition groups (F3,36=.787; p=.509). 

 

Participant Characteristics 

No group difference in level of sleepiness were detected at the practice session 

(p=.299) or at retention (p=.174; Table 4.1). There were no significant differences 

between groups on the PSQI (p=.789), average amount of sleep (p=.425), GDS 

(p=.227; Table 4.1), or between stroke groups on the Orpington Prognostic Score 

(p=.920),  FMUE (p=.630), or time-post stroke (p=.425; Table 4.2).  

 

4.5 Discussion  

 Emerging from the literature is a growing consensus of the importance of 

sleep for motor skill learning and memory consolidation. Over half of all individuals 

with stroke show changes in sleep architecture
37

. At present it is unclear how changed 

sleep patterns impact recovery from stroke; however, our data demonstrate that after 

stroke, individuals benefit from sleep to enhance off-line motor learning and memory 

consolidation whereas control participants do not.  Sleep related off-line learning was 

not dependent on the type of memory system invoked; both implicit and explicit 

groups benefited from sleep.  Regardless of the presence or absence of stroke or the 

type of instruction none of those who stayed awake (no-sleep groups) between 

practice and retention testing demonstrated off-line motor learning.  
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Our findings that the control participants did not show sleep-dependent 

enhancement of implicit or explicit motor learning provide concurrent support for two 

prior studies that demonstrated a lack of sleep-dependent enhancement for older 

individuals on an implicit or explicit version of a sequence learning task
21

 and a 

declarative memory word-pair associations task
22

. Taken together, this emerging 

body of evidence points to a failure of healthy, older adults to benefit from sleep to 

enhance motor learning. Older adults demonstrate changes in sleep architecture
23, 24, 

25, 26
 which may limit the potential benefits of sleep.  Increased time spent in REM 

sleep, greater REM density, and decreased REM latency through the use of donepezil 

enhanced the performance of older adults on an explicit word recall task
73

 suggesting 

that the underlying factors limiting the benefit of sleep with aging are malleable and 

capable of being shifted therapeutically. 

Previous studies have demonstrated that after stroke individuals can learn new 

motor skills
27, 28, 31

. Owing to the widely distributed nature of the neural circuit 

supporting motor skill learning which includes the sensorimotor cortex
50, 51

 

(particularly M1
62, 63

), premotor cortex
52, 57

, SMA
50, 51

, and basal ganglia
50-53

 total 

abolition of motor skill learning as a result of stroke is unlikely.  All of these brain 

areas receive their blood supply from the MCA, which is the most often occluded 

artery during stroke
38

.  Our findings that sleep enhanced implicit and explicit off-line 

motor skill learning and memory consolidation after MCA stroke suggests that some 

redundancy may exist in the neural regions responsible for motor skill consolidation; 

disruption in one area apparently does not abolish the ability of other regions to 
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benefit from sleep-dependent changes in motor skill. Neuroimaging studies 

demonstrate widespread changes in brain activity associated with motor memory 

consolidation, supporting the contention that a lesion may not entirely eliminate 

capability for sleep dependent memory consolidation
75, 120

.  

It is presently unclear why individuals post-stroke benefit from sleep and 

demonstrate off-line motor learning while healthy control participants do not. One 

explanation centers on the possibility that after stroke individuals profit from changes 

in their sleep architecture. Vock et al. 
37

demonstrated that individuals with chronic 

stroke spent nearly the same amount of time in REM sleep as healthy younger people 

(individuals with stroke spent 16.6% of total sleep time (TST)
37

  in REM vs. ~ 20% 

of sleep period time from published norms from a healthy 49-year-old
23

). Alterations 

in the percentages of time in different phases of sleep were not limited to REM.  After 

stroke, nearly 61% of TST was spent in non-REM stage-2 sleep
37

 which is more than 

the published norms (~52% for published norms, mean age 49
23

). Sleep spindle 

frequency also increases significantly from acute to chronic stages of stroke (>60 

days)
36

. Perceptual-motor skills have been demonstrated to rely on stage-2
13

 (in 

particular sleep spindles
69, 90, 91

) and/or REM
16

 sleep for memory consolidation. It is 

possible that during the recovery process after stroke, the sleep cycle is shifted 

allowing the brain to achieve a more optimal state for motor learning.  Specifically, it 

may be that individuals with chronic stroke are able to maintain REM sleep and 

increase non-REM stage-2 sleep and sleep spindle activity.  Combined with motor 

skill practice, changes in sleep architecture after stroke might provide a platform for 
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enhanced off-line motor skill learning. Future work will have to verify this contention 

and determine whether any particular EEG characteristics or any specific sleep 

stage(s) directly relates to the findings of the present study.  

In the present study participants post-stroke used their less affected upper 

extremity for motor practice which corresponds to neural activity primarily in the 

non-lesioned hemisphere. Following stroke, neuronal function of the non-lesioned 

hemisphere is shifted.  A reduction in transcollosal inhibition from the lesioned 

hemisphere to the non-lesioned hemisphere
170, 171

 can result in hyperexcitability of the 

non-lesioned hemisphere
172, 173

.  This hyperexcitability may create a permissive 

environment for sleep-dependent memory consolidation. In a series of studies, Huber 

et al. demonstrated an increase in slow wave activity (SWA) limited to the neural 

region associated with learning a motor task
174

.  Further, potentiating the cortex with 

TMS also increases SWA specifically in the same region of the brain that is being 

stimulated by TMS
175

. This suggests that learning a motor skill may create similar 

changes in neuronal plasticity as does direct potentiation by an exogenous source. 

Perhaps the hyperexcitability of the non-lesioned cortex after stroke results in 

enhanced potentiation of the neural circuits involved in motor skill learning and 

memory consolidation. Future work will have to confirm or refute this possibility, 

perhaps via pairing motor skill practice with external stimulation to the cortex 

designed to induce SWA during sleep.  
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4.6 Summary 

 After stroke, individuals benefit from sleep and demonstrate off-line motor 

learning both when continuous sequencing task practice was influenced by explicit 

knowledge and when it was implicit in nature. Age and sex-matched healthy control 

participants did not experience sleep- or time-dependent off-line motor learning. 

Because the characteristics of sleep in individuals with chronic stroke have not been 

well categorized we can only speculate on the precise mechanism(s) that allow 

individuals with chronic stroke to benefit from sleep to consolidate motor memories 

off-line. Future studies will undoubtedly seek to understand the truly remarkable 

resilience of the post-stroke brain. In the meantime, ensuring adequate sleep after 

stroke may promote motor and functional recovery in this population. 
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Time Post-Stroke 

(month) 

 
FMUE 

 

 
Orpington 

 

 
Side of Lesion 

Implicit 
Sleep 

81.1 
 

(60.9) 

41.4 
(16.0) 

2.48 
(.75) 

3 Left; 
7 Right 

Explicit 
Sleep 

 

64.1 
(43.4) 

47.3 
(18.3) 

2.68 
(.76) 

4 Left; 
6 Right 

Implicit 
No-sleep 

65.0 
(43.7) 

49.6* 
(14.5) 

2.62† 
(.86) 

3 Left; 
7 Right 

Explicit 
No-sleep 

66.6 
(87.3) 

47.0 
(18.8) 

2.27† 
(1.1) 

7 Left; 
3 Right 

Table 4.2. Descriptive information for individuals following stroke. Data are mean (standard 

deviation). FMUE = Upper extremity motor portion of Fugl-Meyer, range 0-66. 

*n=9 due to one participant hurt her involved wrist and was unable to complete a portion of 

this test 

†n=9 due to aphasia and unable to complete verbal portion of test 
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Group Subject 

Number 

 

Lesion 

Side 

Lesion 

Classification 

Specific Lesion Location 

Implicit 

Sleep 

1 Left Sub-cortex Putamen, corona radiata  

 

 2 Right Sub-cortex Basal ganglia 

 

 3* Left Sub-cortex Posterior limb of the internal capsule 

 

 4 Right Cortex  Frontal, parietal, superior temporal cortices 

 

 5 Right Cortex &  

Sub-cortex 

Caudate head, lentiform nucleus, posterior-

superiorfrontal lobe 

 

 6 Right Sub-cortex Posterior limb of internal capsule 

 

 7 Right Not Available 

 

 

 8 Right 

 

Cortex &  

Sub-cortex 

 

Frontal and parietal cortices, basal ganglia 

 9 Left Sub-cortex Lentiform nucleus, deep cerebral white 

matter 

 

 10 Right Sub-cortex Internal capsule, temporal and parietal 

lobes 

Explicit 

Sleep 

1 Right Not Available 

  

 2 Left 

 

Sub-cortex Pons  

 

 3 Right 

 

Not Available 

  

 4 Left 

 

 

Cortex &  

Sub-cortex 

Postcentral gyrus, insular cortex, temporal 

and frontal lobes 

 

 5 Right 

 

 

Cortex &  

Sub-cortex 

 

Basal ganglia, frontal lobe 

 

  

 6 Right 

 

 

Cortex &  

Sub-cortex 

 

Parieto-temporal lobe, putamen 

 

 

 7 Left 

 

Not Available 

  

 8 Right 

 

Cortex Superior gyrus of frontal lobe 

 

 9 Left 

 

Not Available 

  

 10 Right Not Available  
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Implicit 

No-sleep 

1 Right Cortex Temporal-parietal-occipital cortex 

 

 2 Right Not Available 

 

 

 3 Left 

 

Sub-cortex Lenitiform nucleus, putamen, claustrum, 

insula 

 

 4 Left Cortex & 

Sub-cortex 

 

Middle cerebral artery 

 

 5 Right Sub-cortex Posterior limb of internal capsule 

 

 6 Right Cortex &  

Sub-cortex 

 

Insula, parietal cortex 

 7 Right Sub-cortex External capsule 

 

 8 Left Sub-cortex Thalamus and posterior limb of internal 

capsule  

 

 9 Right Sub-cortex Basal Ganglia and insula 

 

 10 Right Sub-cortex Corona radiata, internal capsule 

 

Explicit 

No-sleep 

1 Left Sub-cortex Cingulate gyrus, posterior cingulate cortex 

 2 Right Not Available 

 

 

 3 Left Cortex &  

Sub-cortex 

 

Lingual gyrus, visual association cortex, 

cuneus 

 4 Left Cortex Occipital lobe  

 

 5 Left Cortex &  

Sub-cortex 

 

Frontal lobe  

 6
†
 Right Sub-cortex Lentiform nucleus 

 

 7 Left Not Available  

 

 8 Left Not Available 

 

 

 9 Right Cortex &  

Sub-cortex 

Middle cerebral artery 

 

 

 10 Left Cortex Frontal, parietal and anteromedial temporal 

lobe  
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Table 4.3. Lesion location participants post-stroke.  

*Bilateral lesions noted on MRI scan; clinically relevant lesion in left sub-cortex involving 

the posterior limb of the internal capsule, other foci noted in left insula and right head of the 

caudate.  

†
Addition lesion head of left caudate 
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Group by 

Information 

Condition 

 Session 1 Session 2 

Explicit Condition Information 

Provided 
 

 

 

 

 

 
Explicit Knowledge 

Test 
 

1. “There is a 

repeated sequence” 
2. Study a pictorial 

representation 
3. Watch the repeated 

sequence on 

computer 

 
Recognition test prior 

to practice 

 

 

 

 

 

 
 

 

Recognition test 

following retention 

Implicit Condition Information 

Provided 
 

 
Explicit Knowledge 

Test 
 

None 
 

 
None 

 

 

 
Subjective and 

recognition test 

following retention 
 

Table 4.4. Explicit instruction provided to individuals in explicit condition 
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4.7 Figure Legends 

Figure 4.1. Off-line learning showing the difference in motor performance (tracking 

errors) between the last practice block and the retention test. A negative score 

indicates less error attributable to sleep at retention as compared to the last block of 

practice. Error bars are SEM. * indicates significance. (A) Stroke groups.  (B) Control 

groups. 
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Figure 4.1. 

A 

 

B. 
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Chapter 5 Preface 

 

 Chapter 4 demonstrated that individuals after stroke demonstrate sleep-

dependent implicit and explicit off-line motor learning whereas individuals following 

stroke who stayed awake between practice and retention testing did not demonstrate 

time- or sleep-dependent off-line learning of either the implicit or explicit version of 

the tracking task. Furthermore, healthy older adults did not experience off-line motor 

learning regardless of type of instruction provided or the presence or absence of sleep. 

However, it remains unclear if certain parameters of the tracking task (spatial vs. 

temporal) are preferentially enhanced via off-line mechanisms for individuals 

following stroke.  One prior study found that only spatial regularities of the SRT task 

were enhanced by sleep following practice whereas the motor component were 

enhanced over the day without sleep
116

. This suggests that distinct aspects of an 

implicit motor memory are supported by different mechanisms of off-line learning. 

The presented work sought to extend these findings by determining if different 

movement components (spatial and/or temporal components) of a continuous tracking 

task are preferentially enhanced off-line by sleep in individuals with stroke and 

healthy, older adults.  
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Chapter 5 

 

 

 

 

 

 

 

 

 

 
Sleep Enhances Off-line Spatial and Temporal Motor Learning after Stroke 
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5.1 Abstract 

 After stroke, individuals demonstrate sleep-dependent off-line learning of a 

continuous tracking task. However, it remains unclear if particular components of the 

movement are preferentially enhanced by sleep (spatial vs. temporal elements). To 

address this question, individuals with chronic stroke and control participants 

practiced a continuous tracking task in the evening and underwent retention testing 

the following morning (sleep groups) or practiced the task in the morning and 

underwent retention testing in the evening (no-sleep groups). Results demonstrate that 

the individuals who had a stroke and slept between practice and retention testing 

demonstrated off-line improvements in both spatial and temporal elements of tracking 

at retention. Participants with a stroke who stayed awake between practice and 

retention testing did not demonstrate off-line improvements in either spatial or 

temporal elements of tracking. Control participants did not demonstrate sleep- or 

time-dependent enhancement of either component of the movement task. This study 

provides the first evidence that sleep enhances learning of both spatial and temporal 

aspects of a continuous motor task in individuals following stroke. Emphasizing both 

spatial and temporal aspects of movement in conjunction with sleep may enhance 

motor recovery following stroke.  
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5.2 Introduction 

Sleep has recently been noted to facilitate motor learning in individuals with 

stroke 
21, 167

.  Off-line motor learning refers to changes in the capability for 

responding that occur between the last block of practice and a delayed retention 

test
149

.  Off-line learning of continuous tracking tasks has been shown to occur in 

individuals with chronic stroke but not age-matched healthy controls when a normal 

night’s sleep occurs between practice and retention testing 
21, 167

.  Though 

improvements in motor behavior have been related to off-line learning, it remains 

unclear what particular aspects of motor skill are enhanced by sleep.  The purpose of 

the present study was to investigate whether spatial tracking accuracy, temporal 

tracking accuracy, or both were enhanced by sleep during off-line motor learning in a 

group of individuals with chronic middle cerebral artery stroke who practiced a well-

described 
78, 82

 continuous tracking task.   

The role of sleep in off-line motor learning of a task where either spatial or 

temporal accuracy can be improved to facilitate motor learning is largely unknown. 

One study sought to address this issue by having young, healthy participants practice 

the serial reaction time (SRT) task using their dominant hand. The participants then 

switched to their untrained hand at retention testing in order to assess if sleep 

preferentially enhances the motor or spatial component of movement 
116

. The results 

determined that only the spatial regularities of the task were enhanced by sleep, 

whereas the motor component improved over the day without sleep. This suggests 
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that distinct aspects of implicit motor memory may be supported by different 

mechanisms of off-line learning for young, healthy individuals 
17

.  

Emerging evidence suggests that individuals with injured brains may benefit 

from sleep to enhance motor learning. A recent study demonstrated that individuals 

with damage to the prefrontal cortex (as a result of either stroke, tumor, or trauma) 

benefited from sleep to promote off-line learning of a finger sequencing task 
176

.  

Furthermore, recent studies have demonstrated that individuals with chronic stroke 

also experience sleep-dependent enhancement of motor skill learning 
167

.  However, it 

was not clear what aspects of movement (spatial or temporal) facilitated improved 

motor behavior after sleep.   

An emerging body of evidence demonstrates that healthy, older adults do not 

show sleep-dependent off-line motor learning 
21, 167

. The failure of healthy, older 

adults to benefit from sleep during motor learning may be due to changes in sleep 

architecture associated with aging 
23-26

. However, past work examining motor 

learning and sleep in older, healthy adults have only considered changes in overall 

task performance; thus, it is unclear whether a particular element of movement 

(spatial or temporal) might be enhanced by sleep-dependent off-line learning. 

A continuous tracking task has been used previously to examine the role of 

sleep in off-line motor learning and memory consolidation following stroke and in 

healthy, older adults 
167

. A benefit of utilizing a continuous tracking task is the 

performance on the task can be decomposed into spatial and temporal components to 

examine if a particular element is preferentially enhanced off-line during sleep or a 
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similar period of awake in individuals following stroke and in healthy, older 

individuals. Previous studies have utilized a continuous tracking task to examine 

motor skill learning following stroke in the cerebellum 
81

 or basal ganglia 
82

. 

However, the influence of sleep on off-line motor learning was not considered in 

either of these studies.  

 The present study sought to extend previous findings that sleep enhances off-

line motor skill learning in individuals following stroke 
167

 and determine precisely 

which component(s) of skilled movement benefit from sleep.  Furthermore, it is 

possible that even though healthy, older adults have not demonstrated sleep-

dependent off-line learning of the tracking task that one component of movement 

might be enhanced by sleep but then subsequently this improvement is masked by 

overall lack of performance enhancement.  Thus, a second aim of this work was to 

ascertain the impact of sleep on off-line changes in spatial and temporal aspects of 

learned movements in healthy older adults. 

 

5.3 Results 

 Participants in this work practiced a single session of continuous tracking in 

either the morning (no-sleep groups) or evening (sleep groups).  During continuous 

tracking repeated and random sequences of movement were practiced; motor learning 

of the repeated sequence was assessed.  After a 12-hour period in which individuals 

either stayed awake or slept according to group assignment, a delayed retention test 

was administered. Change in motor behavior that occurred during the delay between 
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practice and retention is considered off-line motor learning
149

. Individuals in our 

stroke groups who slept in between practice and retention testing demonstrated off-

line motor learning of our experimental  continuous tracking task while those 

individuals who stayed awake between practice and retention testing did not 
167

. 

Furthermore, none of our age-matched healthy control groups demonstrated off-line 

motor learning regardless of group assignment (sleep or no-sleep).  

 

Spatial Tracking Accuracy 

  The stroke group who slept between practice and retention demonstrated a 

sleep-dependent off-line improvement in spatial tracking accuracy at retention 

(p=.014; Figure 5.1); those in the no-sleep stroke group did not (p=.556; Figure 5.1). 

Neither of the control groups demonstrated enhanced off-line spatial tracking 

accuracy regardless of group assignment (sleep p=.578, no-sleep p=.776; Figure 5.1).  

Temporal Tracking Accuracy 

  Individuals in the stroke group who slept between practice and retention 

displayed off-line motor improvements in time lag of tracking (p=.036; Figure 5.2).  

The no-sleep stroke group did not demonstrate off-line motor learning of the temporal 

aspects of the repeating sequence (p=.962; Figure 5.2).  Neither of the control groups 

demonstrated an off-line improvement in time lag of tracking at retention (sleep 

p=.964, no-sleep=.703; Figure 5.2).  
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Lesion Location 

 All individuals in the stroke groups had lesions in the middle cerebral artery 

distribution.  Owing to the heterogeneous nature of stroke, lesion overlay analysis 

indicated a larger area of overlap as well as an overall larger size of lesion in the sleep 

group (Figure 5.3) than in the no-sleep group. Furthermore, the basal ganglia was 

involved in both the stroke sleep group (Figure 5.3, panel A6) and the no-sleep group 

(Figure 5.3, panel B4).  

 

5.4 Discussion 

  The current study is the first to determine which aspects of a continuous task 

are enhanced during off-line motor learning associated with sleep following stroke. 

Participants with stroke who slept between practice and retention testing 

demonstrated enhanced spatial accuracy and shorter time lag of tracking at retention, 

whereas participants in the stroke group who stayed awake and both healthy control 

groups did not.  

Lesion overlay analysis demonstrated a larger size of lesions for the 

participants in the stroke sleep group compared to the stroke no-sleep group. One may 

have predicted that the larger lesions of those in the stroke sleep group would lead to 

poorer off-line motor learning.  However, this was not the case; in fact the opposite 

was found. The participants in the stroke sleep group were able to profit from sleep to 

promote off-line learning of the spatial and temporal accuracy components of the 

continuous tracking task despite more expansive lesions whereas the no-sleep group 
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who had smaller lesions did not demonstrate off-line improvements in spatial 

accuracy or time lag of tracking. This provides evidence regarding the critical role of 

sleep in promoting off-line learning of the components of the tracking task regardless 

of lesion size.  

  Hypothetically, different neural circuits support learning for spatial and 

temporal components of movement.  Two brain areas purported to have a role in 

human spatial learning during navigation are the hippocampus and the basal ganglia, 

in particular, the caudate 
177-180

. Furthermore, the caudate has been implicated in 

learning spatial regularities during motor skill learning 
56, 57

. It is interesting that in 

the current study the stroke sleep group demonstrated off-line improvements in 

spatial tracking accuracy despite three of the eight individuals in the group presenting 

with a lesion in the basal ganglia. Furthermore, two of the three individuals with a 

basal ganglia lesion demonstrated off-line improvement in spatial tracing accuracy. 

This would suggest that because motor learning is supported by multiple neural 

regions, disrupting one area due to stroke does not completely abolish off-line motor 

skill learning.  

 Because the hippocampus was spared from stroke-related damage in all 

participants in the stroke sleep group it is possible that this region functioned to 

support off-line spatial motor learning.  Providing support for this contention is 

evidence that hippocampal activation increased in individuals who slept between 

practice of a finger sequencing task and retention testing as compared to individuals 

who stayed awake 
75

. While the hippocampus is generally associated with explicit or 
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declarative learning 
45, 46

, evidence also supports a role for the hippocampus in spatial 

relational processing 
181

 and motor sequence learning 
59

. Taken together, prior studies 

suggesting a theoretical role for the hippocampus in spatial learning in conjunction 

with the findings of our study, suggest that the hippocampus may have supported off-

line motor learning of the spatial regularities of our experimental continuous tracking 

task in individuals with stroke-related damage to their basal ganglia. Future studies, 

perhaps utilizing fMRI to determine neural areas of activation, are needed to 

disentangle the neural circuits involved in sleep-dependent off-line motor learning of 

spatial accuracy during continuous tracking. 

 While the hippocampus and basal ganglia are involved in spatial learning, the 

cerebellum has been purported to have a role in the accurate timing of motor 

responses 
182, 183

. For example, past behavioral work by Boyd and Winstein
81

 

demonstrated that after cerebellar stroke, individuals were unable to improve the time 

lag of tracking despite several days of motor skill practice. Though sleep was not 

considered in this work, its findings implicate the cerebellum as a key structure in 

motor learning that involves temporal accuracy.  In contrast, in the current study 

where the cerebellum as not damaged by stroke, the stroke sleep group demonstrated 

off-line learning of the temporal movement component of the tracking task resulting 

in an overnight reduction in time lag of 60 milliseconds. We propose that the 

cerebellum is an important neural component in sleep-dependent off-line motor skill 

enhancement, functioning to enhance prediction of, and planning for, upcoming 

movements and thereby reducing the time lag of tracking. It may be that cerebellar 



 

 118 

function enabled the stroke sleep group to plan in advance for upcoming target 

movements, reducing the time of lag between the targets movements and the 

participants’ responses via their curser movements. Supporting this contention are 

neuroimaging studies showing increase activation of the cerebellum during early 

motor skill learning with a reduction in cerebellar activation as the skill become 

automated 
55

, suggesting that the cerebellum plays a role in the initial enhancement of 

motor skill, allowing upcoming movements to be anticipated.  Once the motor 

memory is consolidated, the cerebellum appears to be not critical for motor 

performance. Further supporting this interpretation, are data showing that individuals 

who slept between practice of a finger sequencing task and retention testing 

demonstrated increased activation of the cerebellum compared to those individuals 

who stayed awake 
75

. Converging data from past neuroimaging work and the findings 

from our study portray the cerebellum as a key participant in off-line motor learning 

of the temporal components of motor tasks.  

Neuroimaging techniques have also been utilized to determine which areas of 

the brain that are activated during motor-skill acquisition are re-activated during sleep 

117
. Reactivation during sleep is purported to lead to the modification of synaptic 

connections that were established during acquisition of the motor skill 
117

. 

Furthermore, functional coupling between neural regions shown via neuroimaging 

associated with learning a pursuit task 
76

 and the serial reaction time task 
119

 was 

increased during post-training REM sleep. This indicates that cerebral areas 
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reactivated after physical practice during sleep do not act in segregation, but, rather, 

as a part of an integrated neuronal network 
119

.  

Providing concurrent evidence for wide-spread neural modifications 

associated with sleep-dependent motor memory consolidation are neuroimaging 

studies conducted to elucidate changes in motor memory representation following 

sleep 
75, 120

.  Of particular interest to the current study, Walker et al.
75

 demonstrated 

enhanced cerebellar, hippocampal, and ventral striatal activity in individuals who 

slept between practice of a sequential finger-tapping task and retention testing 

compared to individuals who stayed awake for a similar period of time. Although 

particular components of the finger-tapping task were not assessed, this study 

provides evidence that brain regions purported to function to support temporal and 

spatial learning respectively do, in fact, demonstrate a sleep-dependent increases in 

activity associated with off-line motor learning.  

The control participants in this current study were all healthy individuals with 

no reported or known neurological disorders or any other obvious health factors that 

would prevent off-line motor learning. Furthermore, there was no difference between 

the control participants and those with stroke in average amount of sleep prior to 

testing, sleep quality as reported by the Pittsburg Sleep Quality Index, or level of 

sleepiness before to practice or retention testing (assessed using the Stanford 

Sleepiness Scale). Also, there was no evidence of depression as indexed by the 

Geriatric Depression Scale in any of our participants. It is therefore surprising that 

healthy older individuals did not profit from sleep and show off-line motor learning. 
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The changes in sleep architecture associated with advanced age including a reduction 

of time spent in REM and slow wave sleep as well as a reduction in the number of 

sleep spindles 
23-26

.  These changes in sleep may limit off-line sleep-dependent 

memory consolidation in older adults as prior studies have demonstrated that sleep 

spindles 
69, 90, 91

 and REM sleep 
16

 are important for sleep-dependent memory 

consolidation of perceptual-motor skills in young, healthy adults. Support for this 

contention comes from data showing that therapeutically shifting REM sleep 

parameters in older adults is correlated with sleep-dependent off-line gains on an 

explicit word recall task 
73

.  

Because the control participants were age-matched to the participants with 

stroke, one might hypothesize that individuals with stroke would also demonstrate 

changes in sleep architecture due to age. Individuals with chronic stroke do appear to 

demonstrate changes in sleep architecture 
37

, but rather than a detrimental change 

associated with limiting sleep-dependent off-line learning as is noted in age-matched 

older adults, the shift of sleep parameters following stroke appears to be in a 

beneficial direction.  Evidence suggests that individuals with chronic stroke maintain 

the proportion of REM sleep and increase non-REM stage-2 sleep 
37

 compared to 

published norms 
23

 as well as increase sleep spindle activity 
36

.  These shifts in sleep 

architecture associated with chronic stroke may promote sleep-dependent off-line 

motor learning, including the off-line improvements in spatial accuracy and reduction 

in time lag of tracking demonstrated in the current study. This contention will need to 
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be verified in future studies that consider these same questions in conjunction with 

examination of the patterns of brain activation via a sleep lab.  

 One limitation of the current study was the somewhat heterogeneous nature of 

lesion locations in the stroke groups. Due to the range of lesion locations, specific 

examination of the contribution of a particular neural area to changes in spatial or 

temporal accuracy of tracking was difficult. While producing a circumcribed lesion to 

study the function of a specific brain area is possible in an animal model, studying 

focal damage in humans is much more difficult because of the limited number of 

individuals with focal damage. The use of TMS to create a “virtual lesion” in humans 

may enable researchers to better pinpoint the neural circuits involved in sleep-

dependent off-line motor learning 
128

 as well as the role of various neural areas in the 

sleep-dependent off-line learning of the component movements of a motor task. 

Despite the heterogeneous lesion locations demonstrated by the stroke participants in 

this current work we were still able to demonstrate that the robust and redundant 

neural circuits of the human brain allowed individuals with stroke to benefit from off-

line motor learning to improve both spatial and temporal accuracy of tracking 

behavior.  

 

5.5 Conclusion 

  This study provides the first evidence that sleep rather than time enhances 

off-line learning of spatial accuracy and reduces the time lag of tracking for a 

continuous motor tracking task after stroke. We propose that the sleep-dependent off-
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line improvements in spatial and temporal tracking accuracy for a continuous motor 

task after stroke was due to the redundant neural circuits involved in motor skill 

learning, and, in particular, to the likely role of the cerebellum and hippocampus in 

sleep-dependent off-line motor skill learning.  

 

5.6 Materials and Methods 

Participants 

 Forty-one individuals post-stroke and 40 age- and sex-matched control 

participants were recruited from the University of Kansas Medical Center, the 

University of British Columbia, and the local communities to participate in this study. 

Individuals presented with no acute medical issues, uncorrected vision, untreated 

sleep disorders, uncontrolled depression, or a previous history of psychiatric 

admission or neurological disease other than stroke. Participants were also excluded if 

they scored below a 26 on the mini-mental status exam (MMSE) 
152

. However, three 

individuals with expressive aphasia who were unable to complete the full MMSE 

performed the 3-step instruction portion to participate. Boxplot analysis determined 

that the performance of one ST individual was deemed an outlier and this 

participant’s data was removed from analysis 
169

. Data reported here are a part of a 

larger study
184

. Because the individuals with stroke demonstrated off-line learning of 

both the implicit and explicit version of the tracking task
184

, the groups were 

collapsed across type of instruction into sleep and no-sleep groups. To examine the 

neural correlates associated with spatial and temporal off-line learning of the 
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movement pattern, only individuals with stroke able and willing to undergo an MRI 

scan were included in the present analysis as were their matched control participants. 

In addition, individuals were excluded if MRI scan demonstrated lesions outside the 

distribution of the middle cerebral artery (three participants) or bilateral lesions (one 

participant). Data from the remaining 8 individuals in the stroke and control sleep 

groups and 7 participants in the stroke and control no-sleep groups were used for 

analysis (Table 5.1). Anatomical MRI scans were transformed into Talairach 

stereotaxic space using AFNI software 
185

. Each participant’s lesion was then traced 

using MRIcro software (C. Rorden, Columbia, SC), and a lesion overlay was 

produced to represent lesion distribution for the stroke sleep and stroke no-sleep 

group (Figure 5.3). Lesion location was also classified according as outlined by 

Bamford, Sandercock, Dennis, Burn, and Warlow 
158, 159, 167

.  

Sleep characteristics of the groups were assessed in three ways: the Pittsburgh 

Sleep Quality Index (PSQI) 
156

, the Stanford Sleepiness Scale 
155

 prior to practice and 

retention testing, and a sleep log for the week before testing (Table 5.2). There were 

no significant differences between groups on the PSQI, in level of sleepiness at the 

practice session or at retention on the Stanford Sleepiness Scale, or average amount of 

sleep.  There were no group differences on the Geriatric Depression Scale (GDS) 
157

 

administered to assess for depression (Table 5.2). For the participants post-stroke, the 

Orpington Prognostic Score 
153

 and the upper extremity motor portion of the Fugl-

Meyer Assessment of Physical Performance (FMUE) 
154

 were given to characterize 

the function of the affected upper extremity (Table 5.2). There were no differences 
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between stroke groups on the Orpington Prognostic Score, FMUE, or time-post 

stroke. All participants but one were right hand dominant 
137

. 

 

Motor-skill Task 

The continuous tracking task discussed in this current paper to index motor 

learning and the method to randomize participants into groups has been previously 

described 
167

. To summarize, participants with stroke used their less-affected, 

ipsilesional hand to practice a continuous tracking task in the evening and then 

underwent a retention test the following morning with sleep occurring at the 

participant’s home (sleep group) or participants practiced the tracking task in the 

morning and then underwent retention testing the evening of the same day (no-sleep 

group). The same amount of time elapsed between practice and retention testing 

regardless of group (twelve hours +/- 1 hour). Control participants were matched for 

age, sex, and hand-use.  All participants were asked to avoid ingesting alcohol and 

caffeine for 12 hours prior to and during testing. 

 

Outcome Measures 

 Tracking accuracy was indexed by calculating the Root Mean Square Error 

(RMSE) for each trial; subsequently median RMSE was determined for each block 
78, 

82
. A time series analysis deconstructed overall tracking accuracy into spatial and 

temporal components by serially correlating the data points from the participant’s 

tracking pattern with the target pattern until a maximum correlation coefficient was 
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achieved (Figure 5.4). The distance or number of data points the participant’s tracking 

data was moved along the target data represents time lag of tracking and is a measure 

of temporal tracking accuracy of the movement sequence 
78, 82

). This score was 

converted to milliseconds by multiplying the number of data points moved by 20 

milliseconds. The RMSE that remained following the lag correction represents spatial 

tracking accuracy. An off-line learning score was then calculated for both the 

adjusted RMSE (spatial tracking accuracy) and time lag of tracking (temporal 

tracking accuracy) by subtracting the retention block RMSE from the last practice 

block for each of the components. 

 

Data Analyses 

 To determine the significance of off-line change in spatial accuracy and time 

lag of tracking on the tracking task from practice to retention attributable to sleep or 

time, parameter estimates were performed for the control and sleep groups. A 

repeated measures ANOVA model was used to generate parameter estimates. Alpha 

was set at .05. 
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Group Subject 

Number 
 

Lesion 

Side 
Lesion 

Classification 
Specific Lesion Location 

Sleep 1 Right Sub-cortex Basal ganglia 
 

 2 Right Cortex  Frontal, parietal, superior temporal cortices 
 

 3 Right Sub-cortex Posterior limb of internal capsule 
 

 4 Right 
 

Cortex &  
Sub-cortex 

Frontal and parietal cortex, basal ganglia 

 5 Right Cortex &  

Sub-cortex 
Internal capsule; temporal and parietal 

lobes 
 6 Left 

 
Cortex &  
Sub-cortex 

Postcentral gyrus, insular cortex,  temporal 

and frontal lobes 
 7 

Right 
Cortex &  
Sub-cortex Parieto-temporal lobe, putamen 

 8 
Right 

Cortex Superior and middle temporal gyrus of 

frontal lobe 
No-sleep 1 Right Cortex Temporal-parietal-occipital cortex 

 

 2 Left 
 

Sub-cortex Lenitiform nucleus, putamen, claustrum, 

insula 

 3 Right Sub-cortex Posterior limb of internal capsule 
 

 4 Right Cortex &  
Sub-cortex 

Insular, parietal cortex 

 5 Left Sub-cortex Thalamus and posterior limb of internal 

capsule  
 

 6 Right Sub-cortex Corona Radiata and upper portion of  

internal capsule 
 7 Left Sub-cortex Cingulate Gyrus; Posterior cingulate cortex 

Table 5.1. Lesion location participants after stroke.  
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5.7 Figure Legends 

Figure 5.1. Off-line learning of spatial tracking accuracy between the last practice 

block and the retention test. A negative score indicates less spatial tracking error at 

retention as compared to the last block of practice. Error bars are SEM.  * indicates 

significance.  

Figure 5.2. Off-line learning of time lag of tracking between the last practice block 

and the retention test. A positive score indicates improved time lag of tracking at 

retention (less lag) as compared to the last block of practice. Error bars are SEM.  * 

indicates significance.  

Figure 5.3. Reconstruction of stroke lesion representations. The lesion of each 

participant with stroke was transcribed from MRI scans, and an overlay of the 

individuals’ lesions in the sleep (A) and no-sleep group (B) was constructed onto an 

axial template. Lesions were overlaid on the right for illustration purposes. Slices are 

5 mm apart and arraigned from superior (top left) to inferior (bottom right). The 

degree of overlap is indicted by the color bar (violet = no overlap, dark blue = overlap 

of 2 lesions, light blue = overlap of 3 lesions; teal = overlap of 4 lesions). Red arrows 

indicate maximal areas of overlay.  

Figure 5.4. For the time series analysis the participant’s response was “slid” along the 

target, with correlation coefficients calculated serially for every interval the 

participant response was moved.  When the correlation coefficient reached a 

maximum, the two waveforms were considered a best fit.  The magnitude of the 

distance the participant’s waveform was moved was converted to time (ms).  
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(A) Uncorrected data.   

(B) Corrected data after serial correlation.  
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Figure 5.1 

C
h

a
n

g
e

 i
n

 L
a

g
 A

d
ju

s
te

d
 R

M
S

E

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

Control
Sleep

Control 
No-Sleep

*
Stroke

No-Sleep

Stroke
Sleep

 

 

 

 

 

 

 

 



 

 131 

Figure 5.2 

C
h

a
n

g
e

 i
n

 T
im

e
 L

a
g

 o
f 

T
ra

c
k

in
g

 (
m

s
)

-40

-20

0

20

40

60

80

100

Stroke
Sleep

Stroke
No-Sleep

Control
Sleep

Control 
No-Sleep

*

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 132 

Figure 5.3 

A. 

 

B. 
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Figure 5.4 
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6.1 Summary of Findings 

 This body of presented work extends the sleep-dependent off-line literature 

from young, healthy, neurologically intact to healthy, older adults and into a new 

sample of study: individuals following stroke. Overall, the presented work provides 

concurrent evidence that healthy, older adults fail to benefit from sleep to enhance 

motor learning. This is the first body of work to demonstrate that individuals 

following stroke benefit from sleep to enhance both off-line implicit and explicit 

motor learning. Possible explanations why healthy, older adults are unable to take 

advantage of sleep to produce off-line enhancement in motor performance while 

individuals following stroke are able to will be discussed. The findings of this work 

have implications for rehabilitation of individuals following stroke.  

 

Chapter 2. The Impact of Acquired Explicit Knowledge on Motor Sequence Learning 

 The purpose of this work was to examine the difference in both motor 

performance and learning for participants who remained unaware of the presence of 

the sequence (implicit condition), those subjects who were given no instruction but 

gained explicit awareness of the sequence via practice (acquired explicit condition), 

and individuals given explicit instruction prior to the start of practice (explicit 

condition). Our results demonstrate a benefit of explicit knowledge to learn a discrete 

finger sequencing task, the SRT task, for young healthy individuals regardless of 

whether it was acquired during or provided in advance of physical practice.   
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Chapter 3. Sleep Enhances Implicit Motor Skill Learning in Individuals Post-stroke 

 While many studies have demonstrated sleep produces off-line enhancement 

of motor performance for young, healthy individuals, less is known about sleep-

dependent off-line motor learning in healthy, older adults. Furthermore, the influence 

of sleep on implicit motor learning following stroke had never before been examined. 

Therefore, purpose of this chapter was to assess the influence of sleep on implicit 

motor learning and memory consolidation in individuals with chronic stroke and their 

age- and sex-matched controls. The results of this work provide the first evidence that 

individuals with stroke benefit from sleep to enhance off-line implicit motor skill 

learning and provide concurrent evidence that healthy, older individuals do not 

benefit from sleep to produce off-line skill enhancement of an implicit task. 

 

Chapter 4. Sleep to Learn After Stroke: Implicit and Explicit Off-Line Motor 

Learning 

 The purpose of this work was to extend the findings of Chapter 3 to a larger 

sample as well as determine if the sleep-dependent off-line learning of an implicit 

motor learning would extend to explicit motor learning. The results demonstrate that after 

stroke, individuals benefit from sleep to enhance off-line motor learning and memory 

consolidation regardless of type of instruction provided whereas healthy older adults 

do not.  Furthermore, none of the individuals regardless of the presence or absence of 

stroke or the type of instruction who stayed awake between practice and retention 

testing demonstrated off-line motor learning. This work demonstrates that individuals 
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following stroke exhibit sleep-dependent implicit and explicit off-line motor learning 

and adds to the growing consensus that healthy, older individuals fail to profit from 

sleep to produce off-line improvements of either implicit or explicit motor skills. 

 

Chapter 5. Sleep Enhances Spatial and Temporal Components of Continuous 

Tracking Task for Individuals Following Stroke 

 Learning a motor skill requires the integration of the spatial and temporal 

components of the task. Because little is known if sleep preferentially enhances certain 

components of a motor skill movement in any population, the present chapter sought to 

extend our findings from Chapter 4 that sleep enhances off-line motor skill learning in 

individuals following stroke and examine if a particular component(s) of a tracking task are 

enhanced (spatial and/or temporal components) off-line.  This study provides the first 

evidence that sleep enhances both spatial and temporal components of a motor skill following 

a stroke but not for healthy older adults.   

 

 

6.2. Possible Mechanisms of Sleep-Dependent Off-Line Motor Skill Learning 

Following Stroke 

Alterations in Sleep Characteristics 

 Due to the lack of neurophysiological measures, we can only speculate as to 

why the individuals with damage to their brain were able to benefit from sleep to 

enhance off-line motor learning while individuals with healthy, intact brains failed to 

demonstrate off-line motor learning. Because little research has characterized the 



 

 138 

sleep architecture of chronic stroke survivors, ascertaining the relative role of the 

various sleep stages on off-line motor learning problematic. However, one possible 

explanation for sleep-dependent off-line motor learning following stroke is after 

stroke individuals profit from changes in their sleep architecture. In a study by Vock 

et al.
37

, 15 chronic stroke participants ranging in age from 18 to 75 years with an 

average age of 49 year old spent 16.6% of total sleep time (TST) in REM sleep. This 

is only slightly less than the published norm for a healthy 49-year-old individual (~ 

20% of sleep period time (SPT))
23

. A shift in the percentages of time spent in 

different phases of sleep was not limited to REM. The chronic stroke individuals in 

the Vock et al. study
37

 spent 60.9% of TST in stage-2 non-REM sleep which is higher 

than the published norm for a healthy 49-year-old individual (~52% of SPT)
23

. 

Further evidence indicating individuals post-stroke experience  a shift in sleep 

characteristics is spindle frequency activity significantly increases from acute (<10 

days) to the chronic (>60 days) stroke
36

. Consensus is building that developing 

memory for perceptual-motor tasks similar to the one employed in the present 

research requires stage-2 and/or REM sleep for consolidation in young, healthy 

individuals. For example, overnight improvement in the performance of a finger-

tapping task was found to correlate with the amount of stage-2 non-REM sleep
13

, 

whereas overnight improvement in a similar finger-to-thumb opposition task 

correlated with the amount of REM sleep
16

.  Furthermore, sleep spindles which are 

characteristic of stage-2 non-REM sleep have been demonstrated to play an important 

role in sleep-dependent memory improvement
69, 90, 91

. Therefore, maintenance REM 
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sleep and an increase in stage-2 non-REM sleep and spindle activity by individuals 

with chronic stroke may explain the sleep-dependent skill enhancement demonstrated 

by the stroke participants in the current body of work. Further studies are needed to 

characterize the sleep architecture of chronic stroke participants to support this 

contention.  

 In contrast to the individuals following stroke who demonstrated sleep-

dependent off-line motor learning, this body of work provides concurrent evidence 

that healthy, older adults do not benefit from sleep to enhance off-line motor learning. 

We speculate that age-related changes in sleep characteristics limit the benefit of 

sleep for off-line motor learning.  With advancing age, total sleep time decreases as 

does the percentage of time spent in REM and slow wave sleep (SWS)
23, 24

. While the 

amount of time spent in Stage-2 non-REM sleep remains fairly stable
23

, there is a 

reduction  in the number of sleep spindles that occur with age
25, 26

. If REM sleep and 

sleep spindles facilitate off-line motor skill learning, perhaps the reduction in these 

two sleep parameters with age explains the lack of sleep-dependent off-line learning 

by the healthy, older adults in this body of work.  Further studies utilizing EEG are 

needed to assess if these changes in sleep architecture are associated with a failure to 

demonstrate sleep-dependent off-line motor learning in healthy older adults.  

 

Hyperexcitability of Non-lesioned Hemisphere 

Considering that participants in this body of work used their less affected 

upper extremity to perform the experimental tracking task, examining the neuronal 
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function of the non-lesioned hemisphere is in order. A reduction in transcollosal 

inhibition
170, 171

 can result in hyperexcitability of the non-lesioned hemisphere
172, 173

. 

Perhaps this hyperexcitability creates a permissive environment in which sleep-

dependent memory consolidation can occur. Huber et al. demonstrated learning a 

motor task resulted in an increase in slow wave activity (SWA) circumscribed to the 

brain region associated with learning the task
174

.  Furthermore, utilizing TMS to 

potentiate the cortex also resulted in an increase in SWA limited to the same neural 

region stimulated by TMS
175

. This suggests that motor skill learning and direct 

potentiation by an exogenous source create similar changes in neuronal plasticity. 

Perhaps the hyperexcitability of the non-lesioned cortex after stroke results in 

enhanced potentiation of the neural circuits involved in motor skill learning and 

memory consolidation enabling individuals post-stroke to benefit from sleep to 

enhance motor skill learning. Future work will have to confirm or refute this 

possibility.  

 

Redundant Neural Circuits 

Individuals with stroke are able to learn new implicit motor skills
27-31

. Owing 

to the widely distributed nature of the neural circuit supporting motor skill learning 

which includes the sensorimotor cortex
50, 51

 (particularly M1
62, 63

), premotor cortex
52, 

57
, SMA

50, 51
, and basal ganglia

50-53
 total abolition of motor skill learning as a result of 

stroke is unlikely.  The findings of this body of work that sleep enhances implicit and 

explicit off-line motor skill learning and memory consolidation after MCA stroke 
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provides evidence that redundant neural circuits responsible for off-line motor skill 

consolidation exists so that disruption in one area does not abolish the ability of other 

regions to benefit from sleep-dependent to enhance motor skill learning. Two 

studies
75, 120

 that have utilized neuroimaging techniques to elucidate off-line changes 

in the representation of motor memory following sleep have demonstrated wide 

spread changes in brain activity associated with off-line motor memory consolidation, 

thus providing some support that damage to one area may not eliminate sleep 

dependent memory consolidation in others. Future imaging studies would be needed 

to elucidate changes in neural activity with off-line motor learning in individuals 

following-stroke.  

 

6.3 Clinical Implications 

 Nearly 780,000 individuals in the US suffer a stroke each year 
186

 with more 

than half experiencing a persistent loss of function of the affected upper extremity at 

two years 
187

 and four years 
168

 after their stroke. After stroke, learning new motor 

skills and re-learning motor skills is an important component of recovery of function. 

Identifying methods to hasten or increase the efficiency of motor skill learning 

following stroke is an important clinical endeavor. The findings of this body of work 

indicate that sleep but not time promotes implicit and explicit off-line motor skill 

learning in individuals following stroke. 

 The findings of this study may lead to a shift in the standard of therapy 

provided to individuals following stroke. An emphasis may be placed on ensuring 
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sleep between therapy sessions in order to consolidation what was learned during the 

therapy session. Therapy may need to be conducted in the evening prior to a night of 

sleep or a nap between morning and afternoon therapy sessions may become 

standard. Furthermore, addressing underlying conditions limiting sleep and ensuring 

adequate sleep following stroke may be warranted.  

The findings of this study that healthy, older individuals fail to demonstrate 

sleep-dependent off-line motor learning may lead to further assessment of underlying 

sleep conditions in these individuals or to methods to improve sleep architecture. 

Evidence that improving REM parameters through medication resulted in an 

enhanced performance of older adults on an explicit word recall task
73

 demonstrates 

that it is likely the underlying changes in sleep architecture due to aging that limits 

older individuals from profiting from sleep to enhance learning. Perhaps this 

mounting evidence will result in therapeutic means to enhance learning in older 

adults.  

 

6.4 Limitations 

Setting of Study 

 All of the testing for this study took place either in a laboratory setting or in 

the participants’ home. While the setting was not controlled for in this study, every 

attempt was made to ensure a quiet testing environment free of distractions for all 

participants. A benefit of performing this study in the participants’ home is that the 

findings can be more easily generalized to “real life.” Furthermore, the learning of 
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motor skills following stroke will very often take place in a hospital, rehabilitation, or 

outpatient setting which is often neither quite nor easily controlled.  

 Participants in this study in the sleep groups slept at home between practice 

and retention testing rather than in a sleep laboratory. Therefore, although we cannot 

ensure the amount, type or quality of sleep the participants obtained. This was 

addressed by having participants maintain a sleep log for a week prior to testing as 

well as utilized the Pittsburg Sleep Quality Index to index quality of sleep. The 

benefit of having participants sleep at home is it provides testing of their “natural” 

sleep cycle.  

 

Medication 

 Participants were not excluded from participating in the presented study if 

they were taking medication for depression or for sleep enhancement. Debate remains 

regarding the possible role of REM suppression by antidepressant medication on 

memory consolidation
2, 9

. Despite initial suppression of REM sleep by certain classes 

of antidepressants (including tricyclic antidepressants (TCAs), selective serotonin 

reuptake inhibitors (SSRIs), and monoamine oxidase inhibitors (MAOIs)) and certain 

medications within each class
188

, REM sleep often reemerge with chronic medication 

use
189, 190

, suggesting that individuals taking these classes of antidepressants 

experience REM sleep on a nightly basis. A review by Wilson and Argyropoulos
191

 

indicates that sleep architecture improves following 3-4 weeks of usage of most 

antidepressants. Furthermore, questions remain regarding the need of REM sleep or 
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non-REM Stage-2 sleep or a combination of the two stages for procedural memory 

consolidation. In addition, the “amount” of REM sleep for memory consolidation is 

unknown. Therefore, the potential transitory suppression of REM sleep is likely a 

non-issue.  

 Individuals were also not excluded from participating in the current work if 

taking medication for sleep enhancement. A study demonstrated that commonly used 

hypnotic used for sleep enhancement (Zolpidem which is sold under the name 

Ambien) did not interfere with the sleep-dependent improvement in a declarative 

memory task
192

. Furthermore, no previous studies demonstrating sleep-dependent 

enhancement of motor skill learning have explicitly excluded participants taking these 

types of medications
12-16

. Therefore, there is no current evidence suggesting that the 

use of these sleep aids will interfere with sleep-dependent memory consolidation. To 

better characterize our samples’ medication usage, we did collect a medication list to 

ascertain the use of medications by participants in this study.  

 

Time of Day of Testing 

 A time-of-day effect could possibly influence our findings as evidence 

suggests that the performance of older adults on memory tests deteriorates when 

tested in the evening compared to earlier in the day
161, 162

.  However, this time-of-day 

effect appears to depend on the type of memory under consideration. Improved 

retrieval of implicit memory has been shown to occur at non-optimal times (i.e. in the 

evening for older adults) which is in contrast of explicit memory which is better 
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retrieved at optimal times (i.e. in the morning for older adults)
163

.  If time-of-day of 

testing had indeed influenced the findings of the presented study, we would have 

expected to see all of the implicit groups perform better in the evening which was not 

the case. Furthermore, we would have expected to see only the explicit groups 

perform better following a period of sleep and retested in the morning, which was 

also not the findings of this study.  

 

Lesion Location 

 The participants post-stroke present with heterogeneous lesion locations. 

Lesion information was available for 30 of the 40 post-stroke individuals with all 

lesions in the cortex and/or sub-cortical structures of the middle cerebral artery 

(MCA) distribution except two in the posterior cerebral artery (PCA) distribution and 

one in the pons. Studying stroke in humans is difficult because of the heterogeneous 

nature of stroke. While producing a circumcribed lesion to study the function of a 

specific brain area is possible in an animal model, studying focal damage in humans 

is much more difficult because of the limited number of individuals with focal 

damage. The use of TMS to create a “virtual lesion” in humans may enable 

researchers to better pinpoint the neural circuits involved in sleep-dependent off-line 

motor learning. Nonetheless, the heterogeneous lesion location demonstrated by the 

post-stroke participants in this body of work demonstrates the robust and redundant 

neural circuits of the human brain; despite assorted lesions, the post-stroke 
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participants in this body of work are able to benefit from sleep to enhance motor 

learning.  

 

Floor Effect 

 Individuals with stroke often perform with larger error of tracking during 

motor learning studies even when utilizing their less affected upper extremity to 

perform the task
81, 82

. This is likely due to motor control deficts of the less-affected 

upper extremity
28, 193

. The indivdiuals with stroke display increased tracking error 

across practice compared to the healthy controls in this current body of work (Figure 

6.1). All groups do demonstrate improvement in performance across practice as 

demonstrated by a repeated measures ANOVA main effect of block (p. 92). However, 

one might suspect the healthy control participants are unable to display off-line motor 

learning due to a floor effect (i.e. they are performing with the least amount of error 

possible during practice and, therefore, cannot improve further despite sleep or the 

passage of time). However, we feel this is unlikely. When examing the participants’ 

data across practice, the least amount of error any participant performed the tracking 

task for a block of practice was 5 degrees of RMSE. If 5 degrees of RMSE is the least 

amount of error partcipants can perform the tracking task (note this may not actually 

be the “best” possible performance but is the best any one participant in this study 

performed on the tracking task in one block), then all of the control groups could 

theoretically have improved at retention (i.e. track with less error), and the failure of 
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the control partcipants to demonstrate off-line motor learning was not limited by a 

floor effect.  

  

6.5 Future Directions 

 As mentioned above, speculation regarding the neural mechanism for sleep-

dependent off-line motor learning following stroke, is just that; speculation. Future 

studies are needed to determine why individuals with damage to their brain due to 

stroke are able to benefit from sleep to enhance motor skill learning while age-

matched adults with a “healthy” brain fail to do so. Furthermore, as evidenced by the 

literature review in the introduction, many other variables such as type of task and 

task complexity may impact sleep-dependent off-line learning. Thus, we propose 

several extensions from this body of work to address these questions.  

 

Characterization of Chronic Stroke Sleep Parameters 

 Very little is known about the sleep characteristics displayed by individuals 

post-stroke. In order to proceed into determining which stages of sleep or changes in 

sleep parameters are associated with sleep-dependent off-line motor learning, we 

need to first understand the underlying sleep stage characteristics in individuals with 

chronic stroke. Therefore, conducting a sleep study assessing the sleep characteristics 

of individuals with chronic stroke is a paramount first step. 
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Assessment of Sleep Stage Associated with Off-line Motor Skill Learning 

 Debate remains in young, healthy individuals which particular stage of sleep 

is important for a particular memory trace (i.e. SWS important for declarative 

memory consolidation and stage-2 and REM sleep important for procedural memory 

consolidation). Other variables including the emotional content of the memory, the 

cognitive load of the task, or the initial skill level of the learner complicate the issue 

of which stage of sleep is critical for a particular memory trace. However, no studies 

have examined which stage of sleep is associated with sleep-dependent off-line motor 

skill learning following stroke.  This could be conducted in a sleep lab using EEG 

recordings during sleep following practice of a motor task. 

 

Assessment of Neural Activity Changes Associated with Off-line Motor Skill Learning 

Two neuroimaging studies demonstrate widespread changes in brain activity 

in healthy, young adults associated with motor memory consolidation
75, 120

. It is 

presently unclear the changes in neural activity associated with sleep-dependent off-

line motor learning in individuals following stroke. Functional MRI has been utilized 

in healthy, young individuals and this technique could be extended to individuals 

post-stroke to determine changes in neural activity following learning a motor skill 

and sleep.  
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Exogenous Stimulation to Potentiate or Depress Neural Areas 

Evidence suggests that learning a motor skill creates a similar change in 

neuronal plasticity as does exogenous potentiation by TMS
174,175

. We propose that the 

hyperexcitability of the non-lesioned cortex due to a reduction in transcollosal 

inhibition from the lesioned hemisphere after stroke results in enhanced potentiation 

of the neural circuits involved in motor skill learning and memory consolidation. 

Pairing motor skill practice with external stimulation via TMS to the cortex to induce 

changes in sleep architecture during sleep could confirm or refute this supposition.  

One limitation of this body of work is the heterogenous lesion location of the 

stroke participants. One method to examine the role of discrete neural areas in off-line 

motor skill learning would be to utilize TMS to depress circumscribed cortical areas. 

Robertson, Press, and Pascual-Leone
128

 found that interfering with the function of the 

primary motor cortex (M1) using TMS immediately following motor practice of a 

discrete sequence resulted in disruption of implicit skill learning when consolidation 

occurred during the day (i.e., retention test in the same day), but this effect was not 

noted when consolidation was accompanied by sleep (i.e., retention test delivered the 

next day). This would suggest that M1 is important for implicit skill learning that 

occurs over the day but not with sleep over night. Furthermore, these findings 

demonstrate that different neuronal circuits support off-line implicit motor learning 

that is sleep-related as opposed to time-reliant for memory consolidation. Because a 

wide distribution of cortical regions support motor learning, including the 

sensorimotor cortex
50, 51

 (particularly M1
62, 63

), premotor cortex
52, 57

, and SMA
50, 51

, 
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disrupting these areas using TMS would help determine their individual role in sleep-

dependent off-line motor learning.  

 

Different Tasks  

 This body of work demonstrates that individuals following stroke benefit from 

sleep to enhance off-line motor learning on a continuous tracking task. This task was 

chosen to index off-line motor learning for this body of work for several reasons, 

including to assess implicit vs. explicit off-line motor learning, to utilize a more 

ecologically valid task, and to enable the decomposition of overall motor task 

learning into its component parts. The studies to date demonstrate that while sleep 

enhances performance on a number of simple discrete tasks in young, healthy adults, 

sleep may not in fact benefit all kinds of discrete tasks; a probabilistic discrete task 

was not enhanced by a night of sleep
83

. Therefore, it appears not all discrete tasks 

experience sleep-dependent consolidation. Furthermore, a continuous task, which was 

used in the presented work, uses different motor control mechanisms than discrete 

tasks. Due to the often rapid nature of discrete tasks, these types of skills are thought 

to rely on a motor program to produce the rapid movement whereas continuous tasks 

are thought to rely on feedback to correct movements while the movement is being 

produced
74

. Therefore, these differences in motor control may result in a differential 

effect of sleep on learning these skills. While perhaps not as ecologically valid as a 

continuous task, discrete tasks are also performed during daily life, such as dialing a 

phone number or reaching for a glass. Therefore, future studies are needed to 
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determine if findings from this body of work that individuals following stroke 

demonstrate enhancement motor performance following sleep will extend to a 

discrete task.  

Interestingly, one study found that the more complex the motor task was, the 

greater the off-line improvements following sleep
85

. This suggests that “real-life” 

complex motor tasks may benefit from sleep-dependent enhancement.  Future studies 

are needed to determine if more complex clinically valid continuous tasks, such as 

walking, are enhanced following sleep in individuals following stroke.  

 

6.6 Conclusions 

 The body of work presented in this dissertation extends the current sleep 

literature and examines the influence of sleep and type of instruction on off-line 

motor skill learning following stroke. The findings of this work demonstrate that 

individuals following stroke profit from sleep to enhance implicit and explicit off-line 

motor skill learning. Furthermore, the presented work provides addition support to the 

credence that healthy, older adults do not benefit from sleep to enhance motor 

learning regardless of the memory system involved. The discrepancy between the 

ability of individuals following stroke to take advantage of sleep to enhance motor 

learning while healthy older adults are unable to do so may be due to shifts in sleep 

characteristics or neuronal excitability following stroke. Future studies are needed to 

determine the neural mechanisms of sleep-dependent off-line motor learning 

following stroke. The findings of this work indicate a need to emphasize sleep 
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following practice of a motor skill to enhance off-line learning of the skill following 

stroke.  
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Figure 6.1 

Block

1 2 3 4 5 6 7 8 9 10 11

A
b

s
o

lu
te

 R
M

S
E

5

6

7

8

9

10

11

12

13

ST sleep/imp 

ST no-sleep/imp 

ST sleep/exp 

ST no-sleep/exp 

CT sleep/imp 

CT no-sleep/imp 

CT sleep/exp 

CT no-sleep/exp 

RET

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 154 

References 

1. Walker MP, Stickgold R. Sleep, Memory, and Plasticity. Annu Rev Psychol. 

Oct 3 2005. 

2. Walker MP, Stickgold R. Sleep-dependent learning and memory 

consolidation. Neuron. Sep 30 2004;44(1):121-133. 

3. Rauchs G, Desgranges B, Foret J, Eustache F. The relationships between 

memory systems and sleep stages. J Sleep Res. Jun 2005;14(2):123-140. 

4. Peigneux P, Laureys S, Delbeuck X, Maquet P. Sleeping brain, learning brain. 

The role of sleep for memory systems. Neuroreport. Dec 21 

2001;12(18):A111-124. 

5. Stickgold R, Walker MP. Sleep and memory: the ongoing debate. Sleep. Oct 1 

2005;28(10):1225-1227. 

6. Stickgold R. Sleep-dependent memory consolidation. Nature. Oct 27 

2005;437(7063):1272-1278. 

7. Stickgold R, Walker MP. Memory consolidation and reconsolidation: what is 

the role of sleep? Trends Neurosci. Aug 2005;28(8):408-415. 

8. McGaugh JL. Memory--a century of consolidation. Science. Jan 14 

2000;287(5451):248-251. 

9. Vertes RP. Memory consolidation in sleep; dream or reality. Neuron. Sep 30 

2004;44(1):135-148. 

10. Siegel JM. The REM sleep-memory consolidation hypothesis. Science. Nov 2 

2001;294(5544):1058-1063. 



 

 155 

11. Vertes RP, Siegel JM. Time for the sleep community to take a critical look at 

the purported role of sleep in memory processing. Sleep. Oct 1 

2005;28(10):1228-1229; discussion 1230-1223. 

12. Korman M, Raz N, Flash T, Karni A. Multiple shifts in the representation of a 

motor sequence during the acquisition of skilled performance. Proc Natl Acad 

Sci U S A. Oct 14 2003;100(21):12492-12497. 

13. Walker MP, Brakefield T, Morgan A, Hobson JA, Stickgold R. Practice with 

sleep makes perfect: sleep-dependent motor skill learning. Neuron. Jul 3 

2002;35(1):205-211. 

14. Walker MP, Brakefield T, Seidman J, Morgan A, Hobson JA, Stickgold R. 

Sleep and the time course of motor skill learning. Learn Mem. Jul-Aug 

2003;10(4):275-284. 

15. Walker MP, Brakefield T, Hobson JA, Stickgold R. Dissociable stages of 

human memory consolidation and reconsolidation. Nature. Oct 9 

2003;425(6958):616-620. 

16. Fischer S, Hallschmid M, Elsner AL, Born J. Sleep forms memory for finger 

skills. Proc Natl Acad Sci U S A. Sep 3 2002;99(18):11987-11991. 

17. Robertson EM, Cohen DA. Understanding consolidation through the 

architecture of memories. Neuroscientist. Jun 2006;12(3):261-271. 

18. Robertson EM, Pascual-Leone A, Press DZ. Awareness modifies the skill-

learning benefits of sleep. Curr Biol. Feb 3 2004;14(3):208-212. 



 

 156 

19. Fischer S, Drosopoulos S, Tsen J, Born J. Implicit learning -- explicit 

knowing: a role for sleep in memory system interaction. J Cogn Neurosci. 

Mar 2006;18(3):311-319. 

20. Drosopoulos S, Wagner U, Born J. Sleep enhances explicit recollection in 

recognition memory. Learn Mem. Jan-Feb 2005;12(1):44-51. 

21. Spencer RM, Gouw AM, Ivry RB. Age-related decline of sleep-dependent 

consolidation. Learn Mem. 2007;14(7):480-484. 

22. Backhaus J, Born J, Hoeckesfeld R, Fokuhl S, Hohagen F, Junghanns K. 

Midlife decline in declarative memory consolidation is correlated with a 

decline in slow wave sleep. Learn Mem. 2007;14(5):336-341. 

23. Danker-Hopfe H, Schafer, M., Dorn, H., Anderer, P., Saletu, B., Gruber, G., 

Zeitlhofer, J., Kunz, D., Barbanoj, M., Himanen, S.L., Kemp, B., Penzel, T., 

Roschke, J., Dorffner, G. Percentile reference charts for selected sleep 

parameters for 20- to 80- year-old healthy subjects from the SIESTA database. 

Somnolgie. 2005;9:3-14. 

24. Buckley TM, Schatzberg AF. Aging and the role of the HPA axis and rhythm 

in sleep and memory-consolidation. Am J Geriatr Psychiatry. May 

2005;13(5):344-352. 

25. Crowley K, Trinder J, Kim Y, Carrington M, Colrain IM. The effects of 

normal aging on sleep spindle and K-complex production. Clin Neurophysiol. 

Oct 2002;113(10):1615-1622. 



 

 157 

26. Nicolas A, Petit D, Rompre S, Montplaisir J. Sleep spindle characteristics in 

healthy subjects of different age groups. Clin Neurophysiol. Mar 

2001;112(3):521-527. 

27. Pohl PS, McDowd JM, Filion DL, Richards LG, Stiers W. Implicit learning of 

a perceptual-motor skill after stroke. Phys Ther. Nov 2001;81(11):1780-1789. 

28. Winstein CJ, Merians AS, Sullivan KJ. Motor learning after unilateral brain 

damage. Neuropsychologia. Jul 1999;37(8):975-987. 

29. Platz T, Denzler P, Kaden B, Mauritz KH. Motor learning after recovery from 

hemiparesis. Neuropsychologia. Oct 1994;32(10):1209-1223. 

30. Hanlon RE. Motor learning following unilateral stroke. Arch Phys Med 

Rehabil. Aug 1996;77(8):811-815. 

31. Pohl PS, McDowd JM, Filion D, Richards LG, Stiers W. Implicit learning of a 

motor skill after mild and moderate stroke. Clin Rehabil. Mar 2006;20(3):246-

253. 

32. Bassetti CL. Sleep and stroke. Semin Neurol. Mar 2005;25(1):19-32. 

33. Leppavuori A, Pohjasvaara T, Vataja R, Kaste M, Erkinjuntti T. Insomnia in 

ischemic stroke patients. Cerebrovasc Dis. 2002;14(2):90-97. 

34. Bassetti CL, Aldrich MS. Sleep electroencephalogram changes in acute 

hemispheric stroke. Sleep Med. May 2001;2(3):185-194. 

35. Muller C, Achermann P, Bischof M, Nirkko AC, Roth C, Bassetti CL. Visual 

and spectral analysis of sleep EEG in acute hemispheric stroke. Eur Neurol. 

2002;48(3):164-171. 



 

 158 

36. Gottselig JM, Bassetti CL, Achermann P. Power and coherence of sleep 

spindle frequency activity following hemispheric stroke. Brain. Feb 

2002;125(Pt 2):373-383. 

37. Vock J, Achermann P, Bischof M, Milanova M, Muller C, Nirkko A, Roth C, 

Bassetti CL. Evolution of sleep and sleep EEG after hemispheric stroke. J 

Sleep Res. Dec 2002;11(4):331-338. 

38. Kandel ER KI, Iversen, S. . Principles of Neural Science. 4 ed. New York: 

McGraw-Hill; 2004. 

39. Walker MP. A refined model of sleep and the time course of memory 

formation. Behav Brain Sci. Feb 2005;28(1):51-64; discussion 64-104. 

40. Alberini CM. Mechanisms of memory stabilization: are consolidation and 

reconsolidation similar or distinct processes? Trends Neurosci. Jan 

2005;28(1):51-56. 

41. Stickgold R, Walker MP. Sleep-dependent memory consolidation and 

reconsolidation. Sleep Med. Jun 2007;8(4):331-343. 

42. Squire LR. Mechanisms of memory. Science. Jun 27 1986;232(4758):1612-

1619. 

43. Squire LR. Memory systems of the brain: a brief history and current 

perspective. Neurobiol Learn Mem. Nov 2004;82(3):171-177. 

44. Willingham DG-E, K. The relation between implicit and explicit learning: 

Evidence for parallel development. Psychological Science. 1999;10(6):531-

534. 



 

 159 

45. Squire LR, Stark CE, Clark RE. The medial temporal lobe. Annu Rev 

Neurosci. 2004;27:279-306. 

46. Squire LR, Zola SM. Structure and function of declarative and nondeclarative 

memory systems. Proc Natl Acad Sci U S A. Nov 26 1996;93(24):13515-

13522. 

47. Doyon J, Penhune V, Ungerleider LG. Distinct contribution of the cortico-

striatal and cortico-cerebellar systems to motor skill learning. 

Neuropsychologia. 2003;41(3):252-262. 

48. Hikosaka O, Nakamura K, Sakai K, Nakahara H. Central mechanisms of 

motor skill learning. Curr Opin Neurobiol. Apr 2002;12(2):217-222. 

49. Hikosaka O, Nakahara H, Rand MK, Sakai K, Lu X, Nakamura K, Miyachi S, 

Doya K. Parallel neural networks for learning sequential procedures. Trends 

Neurosci. Oct 1999;22(10):464-471. 

50. Grafton ST, Hazeltine E, Ivry R. Functional mapping of sequence learning in 

normal humans. Journal of Cognitive Neuroscient. 1995;Fall:497-511. 

51. Hazeltine E, Grafton ST, Ivry R. Attention and stimulus characteristics 

determine the locus of motor-sequence encoding. A PET study. Brain. Jan 

1997;120 ( Pt 1):123-140. 

52. Rauch SL, Savage CR, Brown HD, Curran T, Alpert NM, Kendrick A, 

Fischman AJ, Kosslyn SM. A PET investigation of implicit and explicit 

sequence learning. Human Brain Mapping. 1995;3:271-286. 



 

 160 

53. Peigneux P, Maquet P, Meulemans T, Destrebecqz A, Laureys S, Degueldre 

C, Delfiore G, Aerts J, Luxen A, Franck G, Van der Linden M, Cleeremans A. 

Striatum forever, despite sequence learning variability: a random effect 

analysis of PET data. Hum Brain Mapp. Aug 2000;10(4):179-194. 

54. Honda M, Deiber MP, Ibanez V, Pascual-Leone A, Zhuang P, Hallett M. 

Dynamic cortical involvement in implicit and explicit motor sequence 

learning. A PET study. Brain. Nov 1998;121 ( Pt 11):2159-2173. 

55. Penhune VB, Doyon J. Dynamic cortical and subcortical networks in learning 

and delayed recall of timed motor sequences. J Neurosci. Feb 15 

2002;22(4):1397-1406. 

56. Parsons MW, Harrington DL, Rao SM. Distinct neural systems underlie 

learning visuomotor and spatial representations of motor skills. Hum Brain 

Mapp. Mar 2005;24(3):229-247. 

57. Rauch SL, Whalen PJ, Savage CR, Curran T, Kendrick A, Brown HD, Bush 

G, Breiter HC, Rosen BR. Striatal recruitment during an implicit sequence 

learning task as measured by functional magnetic resonance imaging. Hum 

Brain Mapp. 1997;5(2):124-132. 

58. Poldrack RA, Clark J, Pare-Blagoev EJ, Shohamy D, Creso Moyano J, Myers 

C, Gluck MA. Interactive memory systems in the human brain. Nature. Nov 

29 2001;414(6863):546-550. 



 

 161 

59. Schendan HE, Searl MM, Melrose RJ, Stern CE. An FMRI study of the role 

of the medial temporal lobe in implicit and explicit sequence learning. 

Neuron. Mar 27 2003;37(6):1013-1025. 

60. Aizenstein HJ, Stenger VA, Cochran J, Clark K, Johnson M, Nebes RD, 

Carter CS. Regional brain activation during concurrent implicit and explicit 

sequence learning. Cereb Cortex. Feb 2004;14(2):199-208. 

61. Willingham DB, Salidis J, Gabrieli JD. Direct comparison of neural systems 

mediating conscious and unconscious skill learning. J Neurophysiol. Sep 

2002;88(3):1451-1460. 

62. Karni A, Meyer G, Jezzard P, Adams MM, Turner R, Ungerleider LG. 

Functional MRI evidence for adult motor cortex plasticity during motor skill 

learning. Nature. Sep 14 1995;377(6545):155-158. 

63. Karni A, Meyer G, Rey-Hipolito C, Jezzard P, Adams MM, Turner R, 

Ungerleider LG. The acquisition of skilled motor performance: fast and slow 

experience-driven changes in primary motor cortex. Proc Natl Acad Sci U S 

A. Feb 3 1998;95(3):861-868. 

64. Willingham DB, Goedert-Eschmann K. The relation between implicit and 

explicit learning: Evidence for parallel development. Psychological Science. 

1999;10(6):531-534. 

65. Stickgold R, Whidbee D, Schirmer B, Patel V, Hobson JA. Visual 

discrimination task improvement: A multi-step process occurring during 

sleep. J Cogn Neurosci. Mar 2000;12(2):246-254. 



 

 162 

66. Stickgold R, James L, Hobson JA. Visual discrimination learning requires 

sleep after training. Nat Neurosci. Dec 2000;3(12):1237-1238. 

67. Karni A, Tanne D, Rubenstein BS, Askenasy JJ, Sagi D. Dependence on REM 

sleep of overnight improvement of a perceptual skill. Science. Jul 29 

1994;265(5172):679-682. 

68. Gais S, Plihal W, Wagner U, Born J. Early sleep triggers memory for early 

visual discrimination skills. Nat Neurosci. Dec 2000;3(12):1335-1339. 

69. Nishida M, Walker MP. Daytime naps, motor memory consolidation and 

regionally specific sleep spindles. PLoS ONE. 2007;2(4):e341. 

70. Backhaus J, Junghanns K. Daytime naps improve procedural motor memory. 

Sleep Med. Sep 2006;7(6):508-512. 

71. Mednick S, Nakayama K, Stickgold R. Sleep-dependent learning: a nap is as 

good as a night. Nat Neurosci. Jul 2003;6(7):697-698. 

72. Hornung OP, Danker-Hopfe H, Heuser I. Age-related changes in sleep and 

memory: commonalities and interrelationships. Exp Gerontol. Apr 

2005;40(4):279-285. 

73. Schredl M, Weber B, Leins ML, Heuser I. Donepezil-induced REM sleep 

augmentation enhances memory performance in elderly, healthy persons. Exp 

Gerontol. Feb 2001;36(2):353-361. 

74. Schmidt RA, Lee TD. Motor Control and Learning: A Behavioral Emphasis. 

3rd ed. Champaign: Human Kinetics; 1999. 



 

 163 

75. Walker MP, Stickgold R, Alsop D, Gaab N, Schlaug G. Sleep-dependent 

motor memory plasticity in the human brain. Neuroscience. 2005;133(4):911-

917. 

76. Maquet P, Schwartz S, Passingham R, Frith C. Sleep-related consolidation of 

a visuomotor skill: brain mechanisms as assessed by functional magnetic 

resonance imaging. J Neurosci. Feb 15 2003;23(4):1432-1440. 

77. Pew RW. Levels of analysis in motor control. Brain Research 1974;71:393-

400. 

78. Wulf G, Schmidt RA. Variability of practice and implicit motor learning. 

Journal of Experimental Psychology: Learning, Memory, and Cognition. 

1997;23(4):987-1006. 

79. Shea CH, Wulf G, Whitacre CA, Park JH. Surfing the implicit wave. Q J Exp 

Psychol A. Aug 2001;54(3):841-862. 

80. Boyd LA, & Winstein, C.J. Explicit information interferes with implicit motor 

learning of both continuous and discrete movement tasks after stroke. Journal 

of Neurologic Physical Therapy. 2006;30(2):46-57. 

81. Boyd LA, Winstein CJ. Cerebellar stroke impairs temporal but not spatial 

accuracy during implicit motor learning. Neurorehabil Neural Repair. Sep 

2004;18(3):134-143. 

82. Boyd LA, Winstein CJ. Providing explicit information disrupts implicit motor 

learning after basal ganglia stroke. Learn Mem. Jul-Aug 2004;11(4):388-396. 



 

 164 

83. Song S, Howard JH, Jr., Howard DV. Sleep does not benefit probabilistic 

motor sequence learning. J Neurosci. Nov 14 2007;27(46):12475-12483. 

84. Wulf G, Shea CH. Principles derived from the study of simple skills do not 

generalize to complex skill learning. Psychon Bull Rev. Jun 2002;9(2):185-

211. 

85. Kuriyama K, Stickgold R, Walker MP. Sleep-dependent learning and motor-

skill complexity. Learn Mem. Nov-Dec 2004;11(6):705-713. 

86. Rechtschaffen AS, J. Princples of Neural Science. 4th ed. New York: 

McGraw-Hill; 2000. 

87. Huether SEM, K.L. Understanding Pathophysiology 3rd ed. St. Louis 

 Mosby; 2004. 

88. De Gennaro L, Ferrara M. Sleep spindles: an overview. Sleep Med Rev. Oct 

2003;7(5):423-440. 

89. Jankel WR, Niedermeyer E. Sleep spindles. J Clin Neurophysiol. Jan 

1985;2(1):1-35. 

90. Fogel SM, Smith CT, Cote KA. Dissociable learning-dependent changes in 

REM and non-REM sleep in declarative and procedural memory systems. 

Behav Brain Res. Jun 4 2007;180(1):48-61. 

91. Fogel SM, Smith CT. Learning-dependent changes in sleep spindles and Stage 

2 sleep. J Sleep Res. Sep 2006;15(3):250-255. 



 

 165 

92. Giubilei F, Iannilli M, Vitale A, Pierallini A, Sacchetti ML, Antonini G, 

Fieschi C. Sleep patterns in acute ischemic stroke. Acta Neurol Scand. Dec 

1992;86(6):567-571. 

93. Giuditta A, Ambrosini MV, Montagnese P, Mandile P, Cotugno M, Grassi 

Zucconi G, Vescia S. The sequential hypothesis of the function of sleep. 

Behav Brain Res. Jul-Aug 1995;69(1-2):157-166. 

94. Plihal WB, J. Effects of early and late noctural sleep on declarative and 

procedural memory. Journal of Cognitive Neuroscience. 1997;9:534-547. 

95. Plihal W, Pietrowsky R, Born J. Dexamethasone blocks sleep induced 

improvement of declarative memory. Psychoneuroendocrinology. Apr 

1999;24(3):313-331. 

96. Fowler MJ, Sullivan MJ, Ekstrand BR. Sleep and memory. Science. Jan 19 

1973;179(70):302-304. 

97. Marshall L, Helgadottir H, Molle M, Born J. Boosting slow oscillations 

during sleep potentiates memory. Nature. Nov 30 2006;444(7119):610-613. 

98. De Koninck J, Lorrain D, Christ G, Proulx G, Coulombe D. Intensive 

language learning and increases in rapid eye movement sleep: evidence of a 

performance factor. Int J Psychophysiol. Sep 1989;8(1):43-47. 

99. Mandai O, Guerrien A, Sockeel P, Dujardin K, Leconte P. REM sleep 

modifications following a Morse code learning session in humans. Physiol 

Behav. Oct 1989;46(4):639-642. 



 

 166 

100. Empson JA, Clarke PR. Rapid eye movements and remembering. Nature. Jul 

18 1970;227(5255):287-288. 

101. Chernik DA. Effect of REM sleep deprivation on learning and recall by 

humans. Percept Mot Skills. Feb 1972;34(1):283-294. 

102. Wagner U, Gais S, Born J. Emotional memory formation is enhanced across 

sleep intervals with high amounts of rapid eye movement sleep. Learn Mem. 

Mar-Apr 2001;8(2):112-119. 

103. Smith C. Sleep states and memory processes. Behav Brain Res. Jul-Aug 

1995;69(1-2):137-145. 

104. Smith C, MacNeill C. Impaired motor memory for a pursuit rotor task 

following Stage 2 sleep loss in college students. J Sleep Res. Dec 

1994;3(4):206-213. 

105. Smith CT, Nixon MR, Nader RS. Posttraining increases in REM sleep 

intensity implicate REM sleep in memory processing and provide a biological 

marker of learning potential. Learn Mem. Nov-Dec 2004;11(6):714-719. 

106. Peters KR, Smith V, Smith CT. Changes in sleep architecture following motor 

learning depend on initial skill level. J Cogn Neurosci. May 2007;19(5):817-

829. 

107. Ribeiro S, Nicolelis MA. Reverberation, storage, and postsynaptic 

propagation of memories during sleep. Learn Mem. Nov-Dec 2004;11(6):686-

696. 



 

 167 

108. Boyd LA, Winstein CJ. Impact of explicit information on implicit motor-

sequence learning following middle cerebral artery stroke. Phys Ther. Nov 

2003;83(11):976-989. 

109. Green TD, Flowers JH. Comparison of implicit and explicit learning processes 

in a probabilistic task. Percept Mot Skills. Aug 2003;97(1):299-314. 

110. Green TD, Flowers JH. Implicit versus explicit learning processes in a 

probabilistic, continuous fine-motor catching task. J Mot Behav. Dec 

1991;23(4):293-300. 

111. Spencer RM, Sunm M, Ivry RB. Sleep-dependent consolidation of contextual 

learning. Curr Biol. May 23 2006;16(10):1001-1005. 

112. Wagner U, Gais S, Haider H, Verleger R, Born J. Sleep inspires insight. 

Nature. Jan 22 2004;427(6972):352-355. 

113. Born J, Wagner U. Awareness in memory: being explicit about the role of 

sleep. Trends Cogn Sci. Jun 2004;8(6):242-244. 

114. Poldrack RA, Packard MG. Competition among multiple memory systems: 

converging evidence from animal and human brain studies. 

Neuropsychologia. 2003;41(3):245-251. 

115. Brown RM, Robertson EM. Off-line processing: reciprocal interactions 

between declarative and procedural memories. J Neurosci. Sep 26 

2007;27(39):10468-10475. 



 

 168 

116. Cohen DA, Pascual-Leone A, Press DZ, Robertson EM. Off-line learning of 

motor skill memory: a double dissociation of goal and movement. Proc Natl 

Acad Sci U S A. Dec 13 2005;102(50):18237-18241. 

117. Maquet P, Laureys S, Peigneux P, Fuchs S, Petiau C, Phillips C, Aerts J, Del 

Fiore G, Degueldre C, Meulemans T, Luxen A, Franck G, Van Der Linden M, 

Smith C, Cleeremans A. Experience-dependent changes in cerebral activation 

during human REM sleep. Nat Neurosci. Aug 2000;3(8):831-836. 

118. Peigneux P, Laureys, S., Fuchs, S., Destrebecqz, A., Collette, F., Delbeuck, 

X., Phillips, C., Aerts, J., Del Fiore, G., Degueldre, C., Luxen, A., 

Cleeremans, A., & Maquet, P. . Learned material content and acquisition level 

modulate cerebral reactivation during posttraining rapid-eye-movements 

sleep. NeuroImage. 2003;20:125-134. 

119. Laureys S, Peigneux P, Phillips C, Fuchs S, Degueldre C, Aerts J, Del Fiore 

G, Petiau C, Luxen A, van der Linden M, Cleeremans A, Smith C, Maquet P. 

Experience-dependent changes in cerebral functional connectivity during 

human rapid eye movement sleep. Neuroscience. 2001;105(3):521-525. 

120. Fischer S, Nitschke MF, Melchert UH, Erdmann C, Born J. Motor memory 

consolidation in sleep shapes more effective neuronal representations. J 

Neurosci. Dec 7 2005;25(49):11248-11255. 

121. Tononi G, Cirelli C. Sleep function and synaptic homeostasis. Sleep Med Rev. 

Feb 2006;10(1):49-62. 



 

 169 

122. Dang-Vu TT, Desseilles M, Peigneux P, Maquet P. A role for sleep in brain 

plasticity. Pediatr Rehabil. Apr-Jun 2006;9(2):98-118. 

123. Benington JH, Frank MG. Cellular and molecular connections between sleep 

and synaptic plasticity. Prog Neurobiol. Feb 2003;69(2):71-101. 

124. Stickgold R, Hobson JA, Fosse R, Fosse M. Sleep, learning, and dreams: off-

line memory reprocessing. Science. Nov 2 2001;294(5544):1052-1057. 

125. Graves L, Pack A, Abel T. Sleep and memory: a molecular perspective. 

Trends Neurosci. Apr 2001;24(4):237-243. 

126. Frank MG, Benington JH. The role of sleep in memory consolidation and 

brain plasticity: dream or reality? Neuroscientist. Dec 2006;12(6):477-488. 

127. Boyd LA, Winstein CJ. Implicit motor-sequence learning in humans 

following unilateral stroke: the impact of practice and explicit knowledge. 

Neurosci Lett. Jan 26 2001;298(1):65-69. 

128. Robertson EM, Press DZ, Pascual-Leone A. Off-line learning and the primary 

motor cortex. J Neurosci. Jul 6 2005;25(27):6372-6378. 

129. Vakil E, Kahan S, Huberman M, Osimani A. Motor and non-motor sequence 

learning in patients with basal ganglia lesions: the case of serial reaction time 

(SRT). Neuropsychologia. 2000;38(1):1-10. 

130. Vakil E, Blachstein H, Soroker N. Differential effect of right and left basal 

ganglionic infarctions on procedural learning. Cogn Behav Neurol. Jun 

2004;17(2):62-73. 



 

 170 

131. Exner C, Weniger G, Irle E. Implicit and explicit memory after focal thalamic 

lesions. Neurology. Dec 11 2001;57(11):2054-2063. 

132. Exner C, Koschack J, Irle E. The differential role of premotor frontal cortex 

and basal ganglia in motor sequence learning: evidence from focal basal 

ganglia lesions. Learn Mem. Nov-Dec 2002;9(6):376-386. 

133. Shin JC, Aparicio P, Ivry RB. Multidimensional sequence learning in patients 

with focal basal ganglia lesions. Brain Cogn. Jun 2005;58(1):75-83. 

134. Squire LR, Zola-Morgan S. Memory: brain systems and behavior. Trends 

Neurosci. Apr 1988;11(4):170-175. 

135. Willingham DB, Nissen, M. J., & Bullemer, P. On the development of 

procedural knowledge. J Exp Psychol Learn Mem Cogn. 1989;15(6):1047-

1060. 

136. Vidoni ED, Boyd LA. Achieving enlightenment: what do we know about the 

implicit learning system and its interaction with explicit knowledge? J Neurol 

Phys Ther. Sep 2007;31(3):145-154. 

137. Oldfield RC. The assessment and analysis of handedness: the Edinburgh 

inventory. Neuropsychologia. Mar 1971;9(1):97-113. 

138. Willingham DB, Nissen MJ, Bullemer P. On the development of procedural 

knowledge. J Exp Psychol Learn Mem Cogn. Nov 1989;15(6):1047-1060. 

139. Salmoni A, Schmidt R, Walter C. Knowledge of results and motor learning: A 

review and critical reappraisal. Psychological Bulletin. 1984;95(3):355-386. 



 

 171 

140. Wulf G, Höβ M, Prinz W. Instructions for motor learning: differential effects 

of internal versus external focus of attention. Journal of Motor Behavior. 

1998;30(2):169-179. 

141. Wulf G, Lauterbach B, Toole T. The learning advantages of an external focus 

of attention in golf. Res Q Exerc Sport. Jun 1999;70(2):120-126. 

142. Magill RA. 1997 C. H. McCloy Research Lecture: Knowledge is more than 

we can talk about: implicit learning in motor skill acquisition. Res Q Exerc 

Sport. Jun 1998;69(2):104-110. 

143. Reber AS, Kassin SM, Lewis S, Cantor G. On the relationship between 

implicit and explicit modes in the learning of a complex rule structure 

 Journal of Experimental Psychology: Human Learning & Memory 

 1980;6(5):492-502 

144. Reber AS. Implicit learning of synthetic languages: The role of instructional 

set Journal of Experimental Psychology: Human Learning & Memory 1976;2 

 (1):88-94. 

145. Boyd LA, Quaney BM, Pohl PS, Winstein CJ. Learning implicitly: Effects of 

task and severity after stroke. Neurorehabilitation and Neural Research. 2007;in 

press. 

146. Curran T, Keele S. Attentional and nonattentional forms of sequence learning. 

Journal of Experimental Psychology. 1993;19(1):189-202. 

147. Nissen MJ, Bullemer P. Attentional requirements of learning: evidence from 

performance measures. Cognit Psychol. 1987;19:1-32. 



 

 172 

148. Boyd LA, Winstein CJ. Explicit information interferes with implicit motor 

learning of both continuous and discrete movement tasks after stroke. Journal 

of Neurologic Physical Therapy. 2006;30(2):46-57. 

149. Robertson EM, Pascual-Leone A, Miall RC. Current concepts in procedural 

consolidation. Nat Rev Neurosci. Jul 2004;5(7):576-582. 

150. Siengsukon C, Boyd L. (Abstract) The role of sleep and knowledge in motor 

skill learning. Journal of Neurologic Physical Therapy. 2006;30(4):204. 

151. Grafton ST, Hazeltine E, Ivry RB. Motor sequence learning with the 

nondominant left hand. A PET functional imaging study. Exp Brain Res. Oct 

2002;146(3):369-378. 

152. Crum RM, Anthony JC, Bassett SS, Folstein MF. Population-based norms for 

the Mini-Mental State Examination by age and educational level. Jama. May 

12 1993;269(18):2386-2391. 

153. Kalra L, Crome P. The role of prognostic scores in targeting stroke 

rehabilitation in elderly patients. J Am Geriatr Soc. Apr 1993;41(4):396-400. 

154. Fugl-Meyer AR, Jaasko L, Leyman I, Olsson S, Steglind S. The post-stroke 

hemiplegic patient. 1. a method for evaluation of physical performance. Scand 

J Rehabil Med. 1975;7(1):13-31. 

155. Hoddes E, Zarcone V, Smythe H, Phillips R, Dement WC. Quantification of 

sleepiness: a new approach. Psychophysiology. Jul 1973;10(4):431-436. 



 

 173 

156. Buysse DJ, Reynolds CF, 3rd, Monk TH, Berman SR, Kupfer DJ. The 

Pittsburgh Sleep Quality Index: a new instrument for psychiatric practice and 

research. Psychiatry Res. May 1989;28(2):193-213. 

157. Yesavage JA, Brink TL, Rose TL, Lum O, Huang V, Adey M, Leirer VO. 

Development and validation of a geriatric depression screening scale: a 

preliminary report. J Psychiatr Res. 1982;17(1):37-49. 

158. Bamford J, Sandercock P, Dennis M, Burn J, Warlow C. Classification and 

natural history of clinically identifiable subtypes of cerebral infarction. 

Lancet. Jun 22 1991;337(8756):1521-1526. 

159. Boyd LA, Quaney BM, Pohl PS, Winstein CJ. Learning implicitly: effects of 

task and severity after stroke. Neurorehabil Neural Repair. Sep-Oct 

2007;21(5):444-454. 

160. Thomas JR, Lockbaum, M.R., Landers, D.M., & He, C. . Planning significant 

and meaningful research in exercise science: estimating sample size. Research 

Quarterly for Exercise and Sport. 1997;68(1):33-43. 

161. Ryan L, Hatfield C, Hofstetter M. Caffeine reduces time-of-day effects on 

memory performance in older adults. Psychol Sci. Jan 2002;13(1):68-71. 

162. May CP, Hasher, L., & Stolzfus, E. R. Optimal time of day and the magnitude 

of age differences in memory. Psychological Science. 1993;4(5):326-330. 

163. May CP, Hasher L, Foong N. Implicit memory, age, and time of day: 

paradoxical priming effects. Psychol Sci. Feb 2005;16(2):96-100. 



 

 174 

164. Dogan O, Ertekin S, Dogan S. Sleep quality in hospitalized patients. J Clin 

Nurs. Jan 2005;14(1):107-113. 

165. Ersser S, Wiles A, Taylor H, Wade S, Walsh R, Bentley T. The sleep of older 

people in hospital and nursing homes. J Clin Nurs. Jul 1999;8(4):360-368. 

166. Squire LR. Memory and Brain. New York: Oxford University Press; 1987. 

167. Siengsukon CF, Boyd LA. Sleep enhances implicit motor skill learning in 

individuals poststroke. Top Stroke Rehabil. Jan-Feb 2008;15(1):1-12. 

168. Broeks JG, Lankhorst GJ, Rumping K, Prevo AJ. The long-term outcome of 

arm function after stroke: results of a follow-up study. Disabil Rehabil. Aug 

1999;21(8):357-364. 

169. Ott RL, Longnecker MT. An Introduction to Statistical Methods and Data 

Analysis 5th ed. Pacific Grove: Duxbury Press; 2000. 

170. Shimizu T, Hosaki A, Hino T, Sato M, Komori T, Hirai S, Rossini PM. Motor 

cortical disinhibition in the unaffected hemisphere after unilateral cortical 

stroke. Brain. Aug 2002;125(Pt 8):1896-1907. 

171. Liepert J, Hamzei F, Weiller C. Motor cortex disinhibition of the unaffected 

hemisphere after acute stroke. Muscle Nerve. Nov 2000;23(11):1761-1763. 

172. Traversa R, Cicinelli P, Pasqualetti P, Filippi M, Rossini PM. Follow-up of 

interhemispheric differences of motor evoked potentials from the 'affected' 

and 'unaffected' hemispheres in human stroke. Brain Res. Aug 24 1998;803(1-

2):1-8. 



 

 175 

173. Cicinelli P, Traversa R, Rossini PM. Post-stroke reorganization of brain motor 

output to the hand: a 2-4 month follow-up with focal magnetic transcranial 

stimulation. Electroencephalogr Clin Neurophysiol. Dec 1997;105(6):438-

450. 

174. Huber R, Ghilardi MF, Massimini M, Tononi G. Local sleep and learning. 

Nature. Jul 1 2004;430(6995):78-81. 

175. Huber R, Esser SK, Ferrarelli F, Massimini M, Peterson MJ, Tononi G. TMS-

Induced Cortical Potentiation during Wakefulness Locally Increases Slow 

Wave Activity during Sleep. PLoS ONE. 2007;2:e276. 

176. Gomez Beldarrain M, Astorgano AG, Gonzalez AB, Garcia-Monco JC. Sleep 

improves sequential motor learning and performance in patients with 

prefrontal lobe lesions. Clin Neurol Neurosurg. Mar 2008;110(3):245-252. 

177. Orban P, Rauchs G, Balteau E, Degueldre C, Luxen A, Maquet P, Peigneux P. 

Sleep after spatial learning promotes covert reorganization of brain activity. 

Proc Natl Acad Sci U S A. Apr 24 2006. 

178. Iaria G, Petrides M, Dagher A, Pike B, Bohbot VD. Cognitive strategies 

dependent on the hippocampus and caudate nucleus in human navigation: 

variability and change with practice. J Neurosci. Jul 2 2003;23(13):5945-

5952. 

179. Hartley T, Maguire EA, Spiers HJ, Burgess N. The well-worn route and the 

path less traveled: distinct neural bases of route following and wayfinding in 

humans. Neuron. Mar 6 2003;37(5):877-888. 



 

 176 

180. Ekstrom AD, Kahana MJ, Caplan JB, Fields TA, Isham EA, Newman EL, 

Fried I. Cellular networks underlying human spatial navigation. Nature. Sep 

11 2003;425(6954):184-188. 

181. Poldrack RA, Rodriguez P. Sequence learning: what's the hippocampus to do? 

Neuron. Mar 27 2003;37(6):891-893. 

182. Ivry R. Cerebellar involvement in the explicit representation of temporal 

information. Ann N Y Acad Sci. Jun 14 1993;682:214-230. 

183. Keele SW, Ivry R. Does the cerebellum provide a common computation for 

diverse tasks? A timing hypothesis. Ann N Y Acad Sci. 1990;608:179-207; 

discussion 207-111. 

184. Siengsukon CF, Boyd LA. Sleep to Learn After Stroke: Implicit and Explicit 

Off-Line Motor Learning submitted. 2008, submitted. 

185. Cox R. AFNI: software for analysis and visualization of functional magnetic 

resonance neuroimages. Computers & Biomedical Research. 1996;29:162-

173. 

186. Rosamond W, Flegal K, Furie K, Go A, Greenlund K, Haase N, Hailpern SM, 

Ho M, Howard V, Kissela B, Kittner S, Lloyd-Jones D, McDermott M, Meigs 

J, Moy C, Nichol G, O'Donnell C, Roger V, Sorlie P, Steinberger J, Thom T, 

Wilson M, Hong Y. Heart disease and stroke statistics--2008 update: a report 

from the American Heart Association Statistics Committee and Stroke 

Statistics Subcommittee. Circulation. Jan 29 2008;117(4):e25-146. 



 

 177 

187. Wade DT, Langton-Hewer R, Wood VA, Skilbeck CE, Ismail HM. The 

hemiplegic arm after stroke: measurement and recovery. J Neurol Neurosurg 

Psychiatry. Jun 1983;46(6):521-524. 

188. Mayers AG, Baldwin DS. Antidepressants and their effect on sleep. Hum 

Psychopharmacol. Dec 2005;20(8):533-559. 

189. Landolt HP, de Boer LP. Effect of chronic phenelzine treatment on REM 

sleep: report of three patients. Neuropsychopharmacology. Nov 2001;25(5 

Suppl):S63-67. 

190. Minot R, Luthringer R, Macher JP. Effect of moclobemide on the 

psychophysiology of sleep/wake cycles: a neuroelectrophysiological study of 

depressed patients administered with moclobemide. Int Clin 

Psychopharmacol. Jan 1993;7(3-4):181-189. 

191. Wilson S, Argyropoulos S. Antidepressants and sleep: a qualitative review of 

the literature. Drugs. 2005;65(7):927-947. 

192. Melendez J, Galli I, Boric K, Ortega A, Zuniga L, Henriquez-Roldan CF, 

Cardenas AM. Zolpidem and triazolam do not affect the nocturnal sleep-

induced memory improvement. Psychopharmacology (Berl). Aug 

2005;181(1):21-26. 

193. Pohl PS, Winstein CJ, Onla-or S. Sensory-motor control in the ipsilesional 

upper extremity after stroke. NeuroRehabilitation. 1997;9:57-69. 

 

 


