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ABSTRACT 

Dissertation Title: An investigation into the behavioral effects of targeted memory 

reactivation during sleep on sensorimotor skill performance 

Brian Johnson, Doctor of Philosophy, 2019 

Dissertation Research Directed by: Kelly Westlake, PT, PhD, Assistant Professor, 

Department of Physical Therapy and Rehabilitation Science, University of Maryland 

Baltimore 

 

Background. Memory consolidation occurs during sleep, providing an opportunity to 

enhance upper extremity (UE) function in people with residual impairments post-stroke. 

Targeted memory reactivation (TMR) has been used to enhance this process, which 

involves pairing auditory cues with task performance and subsequent cue replay during 

sleep. TMR application during sleep leads to increased task-related brain network 

connectivity and behavioral performance in healthy young adults. Yet it remains unknown 

whether TMR can enhance sensorimotor performance in individuals with stroke.  

Methods. Healthy younger and older adults and individuals with chronic stroke were 

trained on a non-dominant (or non-paretic) UE throwing task before a period of waking or 

sleeping consolidation, with some receiving TMR throughout the consolidation period. 

Study 1 involved the use of TMR throughout the first two slow wave sleep periods over a 

full night of sleep with young adults. Studies 2, 3, and 4 investigated whether TMR 

throughout a one-hour nap was sufficient to influence sensorimotor performance in young 

adults, older adults, and people with a history of stroke, respectively.  



 

 

 

Results. All studies found that TMR application during sleep enhanced sensorimotor 

performance. In addition, TMR during wake did not influence sensorimotor performance 

(Studies 1 and 2), and enhanced performance of a cognitive aspect of the trained task (Study 

2). Additional generalization and transfer tests helped to support the hypothesis that TMR 

enhanced a task-specific motor program, as improvements were seen within the trained 

task but not un-trained, but similar tasks. Lastly, sleep alone appears to stabilize 

sensorimotor performance variability, but this process demonstrates an age-related decline. 

Conclusion. This dissertation has shown that the use of TMR during sleep is a useful 

method for enhancing sensorimotor performance in healthy young and old adults, as well 

as individuals with a history of stroke. Future research may lead to an adjunct to traditional 

physical rehabilitation protocols.  
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CHAPTER ONE: INTRODUCTION OF THE RESEARCH PROBLEM 

 

It is estimated that nearly one in 25 Americans will experience a stroke in their lifetime 

and with 800,000 strokes per year, it is the leading cause of disability among adults in the 

United States (Mozaffarian et al., 2015). Upper extremity paresis is the primary impairment 

experienced by as many as 80% of these individuals (Jørgensen et al., 1995; Nakayama, 

Jørgensen, Raaschou, & Olsen, 1994). Even with physical rehabilitation, 50-90% of 

individuals do not fully recover upper extremity motor function (Gowland, deBruin, 

Basmajian, Plews, & Burcea, 1992; Gresham et al., 1975; Mayo et al., 1999), suggesting a 

gap in efficient rehabilitation treatments. Most physical rehabilitation interventions entail 

the critical components of skill acquisition and memory consolidation in order to achieve 

sensorimotor learning. However, it is now recognized that interventions aimed at motor 

skill acquisition or reacquisition are, in fact, modulated by patient activity during the 

subsequent consolidation phase of learning (Shadmehr & Brashers-Krug, 1997). Such 

activity has been shown to either interfere with consolidation, as when an individual is 

trained on a different skill (Ghilardi, Moisello, Silvestri, Ghez, & Krakauer, 2009), or 

enhance consolidation, as when an individual sleeps shortly after skill acquisition 

(Robertson, Press, & Pascual-Leone, 2005). Indeed, even a daytime nap (i.e. 60-90 minutes 

of sleep) has been shown to enhance motor sequence learning, though this has not been 

tested for sensorimotor skill performance (Albouy et al., 2013; Nishida & Walker, 2007).  
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Memory consolidation occurs in large part, during sleep, when spontaneous activations of 

the hippocampus and brain regions that were previously associated with sensorimotor 

execution occur (Nishida & Walker, 2007; Ramanathan, Gulati, & Ganguly, 2015). This 

neural activity likely promotes use-dependent long term potentiation that in turn, causes 

enhanced or stabilized sensorimotor performance and function upon wake (Al-Sharman & 

Siengsukon, 2013; Nettersheim, Hallschmid, Born, & Diekelmann, 2015; Nishida & 

Walker, 2007). As the hippocampus is involved in explicit learning and memory, sleep 

provides consolidation to the explicit aspects of sensorimotor skill learning, whereas time 

alone is necessary for the consolidation of implicit aspects (Albouy et al., 2013; Albouy et 

al., 2015; Al-Sharman & Siengsukon, 2014; Debas et al., 2010; Ghilardi et al., 2009). 

Evidence exists for another use-dependent long term depression mechanism that causes 

selective “forgetting”. In this process, dendritic spines that were not previously marked as 

being associated with successful sensorimotor execution or memory retrieval are pruned, 

thereby increasing the synaptic signal-to-noise ratio for stabilized sensorimotor 

performance (Hill, Tononi, & Ghilardi, 2008; Huber, Ghilardi, Massimini, & Tononi, 

2004; Landsness et al., 2009; Tononi & Cirelli, 2003). Since both of these mechanisms are 

linked to non-rapid eye movement sleep, which has been widely correlated with sleep-

based sensorimotor learning (Gulati, Ramanathan, Wong, & Ganguly, 2014; Hill et al., 

2008; Huber et al., 2004; Ramanathan et al., 2015), it may be that they act in a 

complementary manner to produce sleep-based consolidation (Born & Feld, 2012). As the 

quality and quantity of sleep naturally decrease with age, older adults do not benefit from 

the influence of sleep for sensorimotor learning to the same extent as younger individuals 

(Backhaus et al., 2007; Fogel et al., 2014; Sprecher et al., 2016). This phenomenon may be 
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related to the fact that consolidation appears to occur over a longer time scale as age 

increases (Al-Sharman & Siengsukon, 2014; Dorfberger, Adi-Japha, & Karni, 2007; 

Gudberg & Johansen-Berg, 2015; Gudberg, Wulff, & Johansen-Berg, 2015; Tucker, 

McKinley, & Stickgold, 2011). However, individuals with chronic stroke have been shown 

to benefit from sleep for sensorimotor memory consolidation to a larger extent than age-

matched healthy controls (Siengsukon & Boyd, 2009a; Siengsukon & Boyd, 2009b). 

Following stroke, the ipsilesional hemisphere experiences a decreased number of sleep-

related neural activations compared to the contralesional hemisphere, but can improve to a 

level similar to that of the contralesional hemisphere by the chronic (i.e. 5-24 months) post 

stroke phase (Gottselig, Bassetti, & Achermann, 2002; Kaneko, Hajek, Zivanovic, Raboud, 

& Bradley, 2003; Vock et al., 2002). This increased symmetry of sleep-based hemispheric 

activity is positively correlated with changes in the Barthel index (Hsueh, Lee, & Hsieh, 

2001), and sleep disturbances are associated with increased hospital length of stay in people 

with stroke. 

 

To take advantage of and enhance this critical process of sleep-based consolidation, non-

invasive methods of sensory stimulation during sleep have been developed. The most 

widely used method is known as targeted memory reactivation (TMR), which involves the 

pairing of an auditory cue with task performance at the time of initial motor skill 

acquisition, followed by replaying the same cue during sleep. Application of TMR during 

sleep, but not wake, has been shown to reactivate and strengthen connectivity among neural 

networks and regions associated with task performance to improve explicit and motor 

sequence learning in a task specific manner (Antony, Gobel, O’Hare, Reber, & Paller, 
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2012; Cousins, El-Deredy, Parkes, Hennies, & Lewis, 2016; Diekelmann, Born, & Rasch, 

2016; Diekelmann, Büchel, Born, & Rasch, 2011; Dongen et al., 2012; Laventure et al., 

2016; Oudiette, Antony, Creery, & Paller, 2013; Rasch, Büchel, Gais, & Born, 2007; Rihm, 

Diekelmann, Born, & Rasch, 2014; Schönauer, Geisler, & Gais, 2014). Others were 

successful using auditory, and later olfactory, stimuli for TMR to enhance learning of a 

musical motor sequence specific to the musical sequence repetitively replayed during a 

NREM nap (Antony et al., 2012; Cousins et al., 2016; Laventure et al., 2016; Schönauer et 

al., 2014). However, while use of TMR during stage 3 NREM has been associated with 

larger overnight learning compared to other sleep stages (Rasch et al., 2007), various 

groups have found similar results when presenting TMR throughout an entire nap (Oudiette 

et al., 2013; Rudoy, Voss, Westerberg, & Paller, 2009; Schönauer et al., 2014). But the 

effects of TMR on functional motor task learning and relearning that includes a 

combination of explicit and implicit aspects (Wulf & Shea, 2002) is less well understood. 

Furthermore, although it is well known that sensorimotor learning and memory 

consolidation occur following stroke (Krakauer, 2006; C. Siengsukon & Boyd, 2009a;  

Siengsukon & Boyd, 2009s), there have been no attempts thus far to use TMR in this 

population. 

Specific Aims 

 

The overall objective of this dissertation is to determine the effectiveness and feasibility of 

TMR in individuals with chronic stroke. The central hypothesis is that following motor 

training, TMR during sleep will enhance consolidation in a task-specific manner. 
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Aim 1: Determine task specific and non-task specific effects of a daytime nap with 

TMR compared to no TMR and quiet wake on sensorimotor performance in healthy 

young adults.  

 

Hypothesis 1: Task-specific behavioral performance will improve to a greater extent in 

individuals who receive TMR compared to those who do not receive TMR during sleep or 

quiet wake.  

 

Hypothesis 2: Behavioral performance of non-practiced tasks will not differ between 

individuals who receive TMR compared to those who do not receive TMR during sleep or 

quiet wake.  

 

Aim 2: Determine task specific and non-task specific effects of a daytime nap with 

TMR compared to no TMR on sensorimotor performance in healthy older adults and 

individuals with chronic stroke.  

 

Hypothesis 1: Task-specific behavioral performance will improve to a greater extent in 

individuals who receive TMR compared to those who do not receive TMR during sleep.  
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Hypothesis 2: Behavioral performance of non-practiced tasks will not differ between 

individuals who receive TMR compared to those who do not receive TMR during sleep. 

 

Organization of Dissertation 

 

This dissertation is organized into 7 chapters. Chapter 2 is comprised of a systematic review 

investigating the effects of non-pharmacological interventions provided during sleep to 

enhance physical rehabilitation outcomes in individuals with neurologic diagnoses. We 

found that the only currently published studies to address this research topic were 

randomized clinical trials investigating the use of continuous positive airway pressure 

(CPAP) in addition to traditional physical rehabilitation interventions. Additional studies 

regarding several promising methods of brain stimulation during sleep are discussed, 

including TMR, transcranial direct current stimulation, and transcranial magnetic 

stimulation, among others. Given that no literature existed regarding the use of TMR to 

enhance sensorimotor function in people with a history of stroke, this dissertation sought 

to approach this topic in a step-wise manner from chapters 3-6. In chapter 3, we sought to 

determine the feasibility of using TMR to enhance non-dominant UE sensorimotor 

performance in healthy young adults. Indeed, this study found that participants who 

received TMR throughout the first two periods of slow wave sleep throughout an entire 

night of sleep demonstrated enhanced performance on a non-dominant UE throwing task. 

This was in contrast to other groups who slept without TMR or remained awake throughout 

normal waking hours with or without TMR. Given these findings, chapter 4 investigated 
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whether the use of TMR throughout the duration of a one-hour daytime nap was sufficient 

to also produce changes in sensorimotor performance in healthy young adults (Specific 

Aim 1). Doing so would likely be more clinically feasible. This study again recruited four 

groups of healthy young adults: Sleep+TMR, Sleep+NoTMR, Wake+TMR, and 

Wake+NoTMR. Again, only participants who slept with TMR demonstrated statistically 

significant improvements in throwing performance. This study also showcased the effects 

of sleep or wake alone on the change in variability of sensorimotor performance, as all 

waking participants had their variability of throwing accuracy increase a similar amount 

across the one-hour period and all sleeping participants had their variability remain 

consistent across the sleeping period. Interestingly, participants who remained awake while 

receiving TMR demonstrated significant improvements in a cognitive aspect of the study 

task relative to all other groups. Therefore, this study also demonstrated that TMR during 

sleep enhanced the sensorimotor aspect of the task, whereas TMR during wake enhanced 

the cognitive aspect of the task. Next in chapter 5 (Specific Aim 2) we sought to determine 

whether use of TMR across a one-hour daytime nap could also enhance non-dominant UE 

sensorimotor performance in healthy older individuals. This question is worthy of 

answering as the quality and quantity of sleep naturally decrease across the lifespan, and 

therefore it may be that the effects of TMR are diminished in this population. This study 

included only two groups: Sleep+TMR and Sleep+NoTMR. But again, only participants 

who slept while receiving TMR demonstrated an overall significant increase in throwing 

accuracy relative to the group not receiving TMR. Interestingly, both groups of older adults 

in this study did demonstrate an increase in variability of sensorimotor performance after 

the nap, which is in contrast to the variability results of the previous study in younger 
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adults. This aspect thus appears to be related to the decline in sleep quality and quantity 

with healthy aging. In addition, the group which slept with TMR demonstrated some 

generalization of skill to novel un-trained targets, but not to un-trained tasks. Lastly, in 

chapter 6 (Specific Aim 2) we investigated whether the use of TMR throughout a daytime 

nap could also enhance sensorimotor performance of the non-paretic UE in individuals 

with a history of chronic stroke. This study involved two groups: Sleep+TMR and 

Sleep+NoTMR. The results were nearly identical to those in Chapter 5. The TMR group 

demonstrated a significantly greater overall enhancement in sensorimotor throwing 

accuracy relative to the group without TMR. Variability of performance also did show an 

increase across the napping period, in contrast to the findings in Chapter 4 among healthy 

young adults. Lastly, the TMR group also demonstrated generalization of performance to 

un-trained targets but not to un-trained tasks. This last point is of clinical significance due 

to the known ipsilesional UE deficits demonstrated throughout the span of recovery 

following stroke, indicating that it may be possible in the future to use TMR as an adjunct 

to traditional rehabilitation protocols to enhance functioning of both the ipsilesional and 

contralesional UEs.  
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CHAPTER TWO: SYSTEMATIC REVIEW INVESTIGATING THE EFFECTS 

OF NON-PHARMACOLOGICAL INTERVENTIONS DURING SLEEP TO 

ENHANCE PHYSICAL REHABILITATION OUTCOMES IN PEOPLE WITH 

NEUROLOGICAL DIAGNOSES1 

 

Abstract 

Objective. Conduct a systematic review of non-pharmacological interventions applied 

during sleep to enhance physical rehabilitation outcomes of individuals with a neurologic 

diagnosis. Data Sources. Three online databases were searched for original research. 

Study Selection. Intervention studies were included that used outcome measures of 

impairment, activity, and/or participation. Data Extraction. Two reviewers independently 

screened 2,287 titles and abstracts, reviewed 101 full-texts, extracted data and assessed 

study quality and risk of bias for 9 included studies. Data Synthesis. All included studies 

were randomized controlled trials involving continuous positive airway pressure (CPAP) 

with inpatient individuals with stroke and sleep apnea. Several studies also included long-

term outpatient follow ups. Results in terms of outcomes based on impairment, activity, 

and participation were mixed. However, several studies found that the use of CPAP 

following stroke and sleep apnea during early stroke recovery had benefits relative to no 

CPAP.  

 

____________________________________ 

 

1. Johnson B, Shipper A, Westlake K (2019). Systematic review investigating the 

effects of non-pharmacological interventions applied during sleep to enhance 

rehabilitation outcomes in people with neurologic diagnoses. Neurorehabil Neural 

Repair 
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Conclusions. The only non-pharmacological intervention to be administered during sleep 

in a neurologic population to improve physical rehabilitation outcomes was found to be 

CPAP. This review was complicated by the variety of outcome measures used, lack of 

physical rehabilitation description, and CPAP compliance. In general, participants who had 

acceptable to good CPAP compliance saw the largest improvements in physical 

rehabilitation outcomes. Several other promising methods of brain stimulation during sleep 

are discussed. 

 

Introduction 

Physical rehabilitation tends to focus on repetitive task practice to promote skill 

acquisition, but there is an additional element to learning that has received little attention. 

This stage is called sensorimotor memory consolidation. Following initial skill acquisition, 

the neural activation pattern associated with a given learned sensorimotor task evolves 

towards consolidation over several hours, days and subsequent weeks (Albouy et al., 2008; 

Karni et al., 1995; Shadmehr & Holcomb, 1997). These changes result in long-term 

stabilization and/or enhancement of performance (Criscimagna-Hemminger & Shadmehr, 

2008), allowing performance with greater efficiency, automaticity, and decreased cognitive 

burden (Koechlin, Danek, Burnod, & Grafman, 2002; Kuriyama, Stickgold, & Walker, 

2004; Toni, Krams, Turner, & Passingham, 1998). Sleep is an important driver of 

consolidation (Diekelmann & Born, 2010), and remains important following neurologic 

injury such as stroke (Siengsukon & Boyd, 2009a; Siengsukon & Boyd, 2008; Siengsukon 

& Boyd, 2009b). However, people with neurologic conditions or neurologic injury often 

experience sleep disruptions (K. G. Johnson & Johnson, 2010; Mathias & Alvaro, 2012). 
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Therefore, evidence that sleep-related processes enhance sensorimotor consolidation 

provide a promising mechanism by which rehabilitation outcomes may be improved. 

 

Recently, interest in the potential to enhance sensorimotor consolidation by 

augmenting the effects of sleep has increased. Such techniques include continuous positive 

airway pressure (CPAP) to prevent disruption of sleep as well as various methods of brain 

stimulation to enhance aspects of sleep, such as transcranial magnetic stimulation (TMS) 

and transcranial direct current stimulation (tDCS). Given that various methods of external 

stimulation are being used during wake as a means to enhance skill acquisition during 

physical rehabilitation (e.g. TMS, tDCS), this systematic review aimed to determine if any 

such methods have been investigated during sleep to enhance physical rehabilitation 

outcomes in neurological populations. 

 

Objective 

To conduct a systematic review of non-pharmacological interventions applied 

during sleep to enhance physical rehabilitation outcomes of individuals with a neurologic 

diagnosis. 

 

Methods 

 

Criteria for considering studies for this review 

 

 Studies 
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The search included all study designs. Studies of interest that did not meet all 

criteria are reported in the future directions section of the discussion. 

 

 Participants 

Individuals with a neurological diagnosis involving the sensorimotor system. 

 

 Interventions 

Any non-pharmacologic intervention provided during sleep. 

 

 Outcomes 

Changes in commonly used and accepted rehabilitation measures. 

 

Search methods for identification of studies 

On 9/15/2017, PubMed (1809-present; Appendix 1), Embase (embase.com, 1974-

present; Appendix 2), and Cochrane Central Register of Controlled Trials (Appendix 3) 

were searched and results were uploaded into systematic-review software 

(www.Covidence.org). 

Results had at least one term from each of three concepts: sleep; functional capacity 

and rehabilitation; and neurologic disorders. Terms were modified for each database, and 

strategies incorporated both keywords and subject headings. No date restriction or other 

limits were applied. Only studies in English were considered. Bibliographies of included 

studies were searched for additional studies. 
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Data collection and analysis 

Two authors reviewed titles, keywords, and abstracts of reports identified from 

search results, and extracted data from included reports were placed into a data extraction 

template. Extracted data was used to assess the risk of bias using the Cochrane Risk of Bias 

Assessment Tool for each included study (Higgins et al., 2011). Cases of conflicting 

decisions between reviewers were resolved through further discussion. 
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Figure 1. Study Flow Diagram 
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Table 1: Overview of included studies 
First Author Design Inclusion Criteria Exclusion Criteria 

Aaronson RCT 1-16 weeks post-stroke, age 18-

85, Dutch speaker 

Sleep apnea, severe/unstable medical conditions, respiratory failure, severe 

congestive heart failure, traumatic brain injury, aphasia, confusion, 

psychiatric comorbidity 

Bravata RCT Acute ischemic stroke, NIHSS 

score ≥2, ≥50 years old 

Sleep apnea, respiratory distress requiring mechanical ventilation, oxygen 

dependent COPD, pregnancy, intracranial hemorrhage, > 72h to hospital 

post-stroke, receipt of thrombolytic therapy, life expectancy <6 months, non-

English speaking, not Connecticut resident 

Brown RCT Ischemic stroke ≤7 days of 

planned sleep apnea assessment, 

modified Rankin Scale score >1 

Contraindications for CPAP, heart failure, recent cardiac/respiratory arrest, 

severe pneumonia, hypertension refractory to treatment, prior CPAP use, 

other unstable medical condition  

Hsu RCT 21–90 years old, 14–19 days 

post-stroke; pre-stroke Modified 

Rankin Score, NIHSS > 4 

Severe   or   unstable medical conditions including dementia, severe 

dysphasia or confusion, unusual stroke, insufficient hand function to use 

mask, no overnight care giver 

Jiang RCT Cerebral ischemic stroke 

induced by sleep apnea 02/2013-

02/2014 

Serious cerebral vascular malformation, mental/consciousness disorder, 

severe pulmonary infection, previous nose disease, chronic lung disease, 

neuromuscular disease 

Khot RCT Age >18, admitted to an 

inpatient rehabilitation unit at 

the University of Washington, 

stroke diagnosis 

Subarachnoid hemorrhage or stroke due to a secondary cause, prior CPAP 

use, advanced chronic lung disease requiring supplemental oxygen, New 

York Heart Association class III or IV heart failure, feeding tube 

Parra RCT Age <75 and at least one of the 

following: habitual snoring, 

observed apneas, history of 

hypertension, 

ischemic heart disease 

Impaired consciousness, previous diagnosis and treatment of OSA 

Ryan RCT Admission to stroke 

rehabilitation unit, < 3 weeks 

post-stroke, age 18-89, stroke 

diagnosis, ability to follow 

simple commands in English, 

competency to provide informed 

consent, OSA diagnosis 

Brain stem stroke, prior diagnosis and treatment of OSA, concomitant 

central nervous system diseases such as dementia, history of psychosis, 

traumatic brain injury, anosagnosia, global/Wernicke aphasia 

Sandberg RCT 2-4 weeks post-stroke, apnea-

hypopnea index ≥15 

None listed 

CPAP: Continuous positive airway pressure; COPD: Chronic obstructive pulmonary disease; NIHSS: National Institutes of Health Stroke Scale; OSA: 

Obstructive sleep apnea; RCT: Randomized controlled trial. 
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Results 

 

Study Descriptions 

 The study selection process is outlined in the Preferred Reporting Items for 

Systematic Reviews (PRISMA) diagram (Figure 1).  The searches yielded 2,757 references 

(Pubmed: 624; Embase: 1863; Cochrane: 270), with 470 duplicates. From 2287 references, 

2168 were irrelevant and 99 were reviewed in full. Full-text review excluded 92, and 2 

additional studies were identified from bibliographies of the included studies and 

subsequently passed all previous steps. Therefore, 9 studies were included (Table 1).  All 

9 studies were randomized controlled trials involving CPAP post-stroke.  

 

 Included Studies 

Aaronson et al (2016) compared nightly CPAP use with usual treatment for 4 weeks 

on an inpatient rehabilitation unit in individuals who were between 1 and 16 weeks post 

stroke.   Patients who were discharged prior to 4 weeks were followed as outpatients.  

Groups were balanced by age, severity of sleep apnea, stroke subtype (ischemic or 

hemorrhagic), and severity of cognitive impairment.  All participants in the CPAP group 

presented with sleep apnea (n = 20), whereas participants in the control group who did not 

receive CPAP treatment either presented with (n = 16) or without (n = 44) sleep apnea.  

 

Bravata et al (2011) assessed the use of auto-titrating CPAP (auto-CPAP) for 30 

days compared to no-CPAP on an inpatient rehabilitation unit among people with ischemic 
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stroke < 72 hours. Randomization to CPAP and control groups was balanced by stroke 

severity (i.e. National Institutes of Health Stroke Scale Score, NIHSS <10 or ≥10).  Only 

those individuals randomized to the CPAP group with evidence of sleep apnea after 2 days 

continued in the intervention group for the complete 30 days (n = 16). Individuals 

randomized to the no-CPAP control group were diagnosed with or without sleep apnea (n 

= 24).  

 

Brown et al (2013) randomized individuals admitted to an inpatient neurology unit 

with ischemic stroke of <7 days and sleep apnea to receive 3 months of either CPAP (n = 

15) or sham CPAP (n = 17).  

 

Hsu et al (2006) enrolled individuals with ischemic stroke and severe sleep apnea 

who were between 21 and 25 days post stroke to either a group with nasal CPAP (n = 15) 

or conservative (n = 15) treatment for severe sleep apnea.  To ensure CPAP compliance, 

an experienced research nurse provided input on days 1, 3, and 5, and weeks 1, 2, 4, and 6 

of treatment.  Rehabilitation programs were maintained as usual.  In addition to the 8-week 

assessment, follow-up testing was conducted for all participants at 6 months post stroke. 

 

Jiang et al (2015) investigated individuals diagnosed with ischemic stroke induced 

by obstructive sleep apnea hypopnea syndrome (OSAHS).  In this study, nasotracheal 

suction of mechanical ventilation (n = 29) was the treatment of interest and CPAP (n = 24) 

was the control intervention.  Both interventions took place during the 7 days after hospital 

admission.  The authors state that nasotracheal suction of mechanical ventilation therapy 
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can help individuals with moderate to severe OSAHS get sufficient sputum drainage and 

maintain airway patency. All patients underwent conventional therapy for stroke. 

 

Khot et al (2016) investigated the use of auto-CPAP (n = 20) compared to sham 

CPAP (n = 20) in individuals with ischemic or hemorrhagic stroke (median days post stroke 

= 10) throughout their stay on an inpatient rehabilitation unit or for a maximum of 28 days. 

The authors noted that, given the high prevalence of sleep apnea in individuals with strokes 

and inconsistencies in cut-off points, a screening diagnostic test was not conducted.  A 

sleep technologist met with patients at least twice weekly to reinforce CPAP adherence. 

 

Parra et al (2011) assessed the use of nasal-CPAP (n = 71) compared with 

conventional no-CPAP (n = 69) therapy in individuals admitted to a neurology unit with 

an ischemic stroke 3-6 days prior to study initiation and moderate to severe sleep apnea. 

Participants were followed for 2 years. Assessments were conducted at baseline and at 1, 

3, 12, and 24 months.  Physical rehabilitation was conducted prior to discharge from the 

hospital (mean±sd length of hospital stay: 8.7±4.3 days CPAP group, 9.3±4.6 days control 

group). 

 

Ryan et al (2011) compared 4 weeks of CPAP use (n = 22) to no CPAP use (n = 

22) in participants who were admitted to an acute stroke rehabilitation unit and within 3 

weeks of ischemic or hemorrhagic stroke onset with a diagnosis of obstructive sleep apnea.  

Time spent and level of participation in physical therapy was recorded throughout the trial 

and found to be similar between the two groups (approximately 45 mins/d, 5 d/wk). 
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Sandberg et al (2001) randomized individuals with stroke 2-4 wks prior and with 

central or obstructive sleep apnea to receive nasal CPAP (n = 33) or no-CPAP (n = 30) for 

4 weeks while on an inpatient stroke rehabilitation unit.  Assessments were conducted at 

baseline, 7 days, and 28 days. 

 

Excluded Studies 

Studies that were excluded after full-text review did not meet the inclusion criteria 

relating to study design (i.e. not an intervention study) (66 excluded), intervention type (15 

excluded), outcomes (6 excluded), language other than English (3 excluded); population 

(2 excluded). 
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Table 2: Risk of bias summary 

First Author Sequence 

generation 

Allocation 

concealment 

Blinding 

participants/personnel 

Blinding outcome 

assessors 

Incomplete outcome 

data 

Selective outcome 

reporting 

Other 

Aaronson L ? H L H L L 

Bravata ? ? H H L L L 

Brown ? ? L ? ? L L 

Hsu ? L H L L L L 

Jiang ? ? H ? ? L L 

Khot L L L L H H L 

Parra L L H ? L L L 

Ryan L L L L L L L 

Sandberg L L H ? L L L 

Summary of risk of bias consensus between two authors. H: High risk; L: Low risk; ?: Unclear risk. 
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Risk of bias in included studies 

Judgements regarding each ‘Risk of bias” item for the included studies are 

presented in Table 2. 

 

Effects of Intervention 

As various rehabilitation outcome measures were used, results are grouped by 

outcome measure type as defined by the International Classification of Functioning, 

Disability, and Health:24 impairment, activity, and participation. Briefly, impairments 

involve problems in body structure or function, whereas activity involves executing a task 

or action, and participation involves a life situation or role (World Health Organization, 

2001). 

 

Impairment 

Aaronson et al (2016) assessed neurological status by transforming National 

Institutes of Health Stroke Scale (NIHSS) and Canadian Neurological Scale scores into z-

scores and then averaging the two scores together. Using this method, no significant 

difference in change scores were found between the CPAP and no-CPAP groups (p = 0.08).  

 

Bravata et al (2011) found a greater median NIHSS improvement in the CPAP 

group compared to the no-CPAP control group from baseline to the end of the 30 day 

period (auto-CPAP: -3.0; no-CPAP:-1.0; p = 0.03).  A trend was also noted towards greater 

NIHSS improvement linked to earlier use of auto-CPAP following stroke, (median NIHSS 

change: -3.0 for <24h; -3.0 between 24 and 48h; and -0, for ≥48h) and greater CPAP use 
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(median NIHSS change: -3.0 for acceptable adherence [n = 10], -2.5 for some use [n = 6], 

and -1.0 for no use [n = 13]). 

 

Brown et al (2013) assessed Active CPAP compared to Sham CPAP based on the 

NIHSS at the 3 month follow-up.  Of the participants who returned for follow up (Active 

CPAP, n = 7; Sham CPAP, n = 10), no significant differences were found (NIHSS 1 versus 

2, respectively). 

 

Hsu et al (2006) found no statistically significant difference in NIHSS scores 

between the CPAP and no-CPAP groups at the 3-month assessment period (NIHSS 2 

versus 3, p = 0.622). NIHSS scores were not obtained at the 6-month follow-up. 

 

Jiang et al (2015) assessed between-group differences in nasotracheal suction 

mechanical ventilation compared to CPAP with sub-groups defined by severity of 

obstructive sleep apnea.  After 7 days of treatment, there were no differences between 

groups in terms of NIHSS score in the mild obstructive sleep apnea group (suction: 8.54; 

CPAP: 9.03; p = 0.114). However, an evaluation of severity subgroups revealed that the 

NIHSS was significantly lower (i.e. more improved) among individuals in the nasotracheal 

suction group with moderate (suction: 9.32; CPAP: 11.77; p = 0.033) and severe (suction: 

11.45; CPAP: 14.85; p = 0.023) obstructive sleep apnea. 

 

Parra et al (2011) compared the percentage of individuals with improvements on 

the Canadian Neurological Stroke Scale (i.e. increases of ≥5 points or score 10 from the 
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beginning) and found that the percentage of participants who improved at 1 month was 

significantly higher in the CPAP group than in no-CPAP group (88.2% versus 72.7%; p = 

0.038). However, there were no statistically significant differences found between the 

groups in terms of raw scores at 3, 12, and 24 months (3, 12, 24 months: CPAP: 9.3, 9.4, 

9.3; No-CPAP: 9.3, 9.4, 9.5). The authors did not state whether this analysis was corrected 

for multiple comparisons. 

 

Ryan et al (2011) observed significant improvement in the total score on Canadian 

Neurological Scale from baseline to 1-month in the CPAP (7.3 to 9.6, p = 0.001) and not 

the no-CPAP (7.7 to 8.4, p = 0.16) group, with the difference in change also being 

significantly different between groups (p = 0.001). The ratio of hand-grip strength between 

the affected and nonaffected hand did not change significantly within or between groups 

(CPAP: 0.39 to 0.45, p = 0.09; no-CPAP: 0.48 to 0.61, p = 0.36). 

 

Activity 

Brown et al (2013) found that of the participants who returned for 3 month follow 

up, no significant differences were identified between CPAP and sham-CPAP groups in 

terms of the  Barthel Index (CPAP [n = 8]: 95; Sham CPAP [n = 11]: 100) or modified 

Rankin Scale scores (CPAP [n = 8]: 2; Sham CPAP [n = 10]: 2). 

 

Hsu et al (2006) found no statistically significant difference in Nottingham 

Extended Activities of Daily Living (EADL) total (CPAP: 18; no-CPAP: 30; p = 0.229) or 

Barthel Index (CPAP: 17; no-CPAP: 19; p = 0.166) scores between the CPAP and no-
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CPAP groups at the 3-month assessment period. However, a retrospective exploratory 

analysis revealed that individuals in the CPAP group had significantly lower EADL 

mobility subscale scores than the no-CPAP group at 3-months (CPAP: 3; no-CPAP: 6; p = 

0.048). The authors point out that the CPAP group tended to have lower Barthel Index 

scores at baseline and that when controlling for baseline scores, the difference between 

groups in the EADL mobility subscore was no longer significant (p = 0.077). At the 6-

month follow-up assessment, there were no statistically significant differences between 

groups in EADL total (CPAP: 23; no-CPAP: 28; p = 0.498) and subscale scores nor in the 

Barthel Index scores (CPAP: 19; no-CPAP: 18; p = 0.640). 

 

Jiang et al (2015) found no differences between nasotracheal suction and CPAP 

groups in terms of the Barthel index score in the mild obstructive sleep apnea group 

(suction: 60.53; CPAP: 59.79; p = 0.955). However, an evaluation of the obstructive sleep 

apnea severity subgroupings revealed significantly more improved scores resulting from 

nasotracheal suction compared to CPAP treatment in the moderate (Suction: 55.12; CPAP: 

53.97; p = 0.028) and severe (Suction: 54.20; CPAP: 49.13; p = 0.021) groups. 

 

Khot et al (2016) found that patients with active CPAP had a significantly greater 

change in the cognitive component, but not physical component or total score on the 

Functional Independence Measure (FIM) compared to those who received sham CPAP. 

This result occurred in both intention-to-treat (FIM Total, Cognitive, Physical Change: 

Active CPAP: 34, 6, 26; Sham CPAP: 26, 2.5, 23; p = 0.25, p = 0.04; p = 0.42) and on-
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treatment analyses (FIM Total, Cognitive, Physical Change: Active CPAP: 32, 6, 29; Sham 

CPAP: 26, 2, 23; p = 0.11, p = 0.06; p = 0.17). 

 

Parra et al (2011) compared percentage of individuals with improvements on the 

Rankin Scale (i.e. reduction of ≥1 point or score 0 from the beginning) and Barthel Index 

(i.e. improvement in the level of disability or no disability from the beginning). The 

percentage of patients with improvements in the Rankin Scale 1 month after stroke was 

significantly higher in the CPAP group than in the no-CPAP group (90.9% versus 56.3%; 

p = 0.002). However, there were no differences between groups at this time point on the 

Barthel index (82.7% versus 74.3%; p = 0.567). The raw scores of these measures did not 

reveal statistically significant differences between the groups at the reported time points of 

3, 12, and 24 months (Rankin Scale at 3, 12, 24 months: CPAP: 1.6, 1.6, 1.8; no-CPAP: 

2.0, 2.1, 2.2; Barthel Index at 3, 12, 24 months: CPAP: 95.0, 95.3, 94.3; no-CPAP: 92.8, 

91.4, 93.1). 

 

Ryan et al (2011) found that although within-group improvements were generally 

noted in both groups, the CPAP group improved to a larger extent on measures involving 

the lower extremity motor function and gait.  In particular, although significant within-

group improvements were observed in the total FIM score of both the CPAP group (78.3 

to 105.6, p = 0.001) and no-CPAP group (85.8 to 105.8, p = 0.001), no statistically 

significant between-group difference was found (p = 0.07).  However, the CPAP group 

demonstrated a significantly greater improvement (p = 0.05) in the motor FIM subscale 

(54.8 to 78.2) compared to the no-CPAP group (62.5 to 79.2).  Similarly, the arm, hand, 
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leg, and foot scores of the Chedoke-McMaster Stroke Assessment were significantly 

improved in both CPAP (Chedoke-McMaster Stroke Assessment arm, hand, leg, and foot 

score: 3.8 to 4.9, p = 0.001, 4.0 to 4.7, p = 0.001, 4.2 to 5.0, p = 0.001, 3.6 to 4.3, p = 0.001) 

and no-CPAP (Chedoke-McMaster Stroke Assessment arm, hand, leg, and foot score: 4.3 

to 4.8, p = 0.020, 4.0 to 4.7, p = 0.001, 4.1 to 4.5, p = 0.027, 3.8 to 4.3, p = 0.007) groups, 

with significantly greater improvement in the leg score in the CPAP than in the no-CPAP 

group (p = 0.001).  In addition, the CPAP group demonstrated a significant increase in the 

6-minute walk distance compared to baseline (113 meters, p = 0.02), whereas the no 

difference was observed in the no-CPAP group (46 meters, p = 0.29), although the 

between-group difference was not significant (p = 0.75). There were also significant 

improvements in the Berg Balance scale within both the CPAP (29.5 to 43.7, p = 0.01) and 

no-CPAP (28.2 to 44.3, p = 0.001) groups, but these scores did not differ between groups 

(p = 0.64).  No within or between-group differences were found on the Purdue Pegboard 

score (CPAP group, affected hand: 28 to 32, p = 0.62; no-CPAP group, affected hand: 30 

to 37, p = 0.35).  

 

Sandberg et al (2001) found that the CPAP treatment and control groups did not 

significantly differ in Barthel Index change scores from day 1 to night 7 (Treatment: 1.5; 

Control: 1.0 ) or from day 1 to night 28 (Treatment: 1.1; Control: 1.1). 

 

Participation 
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Aaronson et al (2016) found no group difference between those with and without 

CPAP treatment in terms of total score change on Utrecht Scale for Evaluation of 

Rehabilitation (CPAP: 11.85; no-CPAP: 9.00; p = 0.11). 

 

Hsu et al (2006) found no statistically significant difference in SF-36 total scores 

between the CPAP and no-CPAP groups at the 3-month and 6-month assessments. 

However, a retrospective exploratory analysis revealed that individuals in the CPAP group 

had significantly improved SF-36 physical summary scores than the no-CPAP group at the 

3-month point (CPAP: 23.7; no-CPAP: 30.8; p = 0.022), which remained even after 

adjusting for differences in Barthel Index scores at baseline (p = .0008). By the 6-month 

follow-up, however, the difference on the SF-36 physical subscale was no longer noted 

(CPAP: 19.8; no-CPAP: 28.4; p = 0.248). 

 

Parra et al (2011) found no significant differences between the CPAP and no-CPAP 

groups in terms of the physical or mental components of the SF-36 at any of the assessment 

time points, although progressively better mean scores were noted from 1, 3, 12, to 24 

months (Physical Component at 1, 3, 12, 24 months: CPAP: 42.6, 44.9, 46.7, 45.8; no-

CPAP: 42.3, 44.8, 46.5, 46.0; Mental Component at 1, 3, 12, 24 months: CPAP: 43.3, 46.9, 

49.1, 47.6; no-CPAP: 43.7, 46.3, 44.6, 47.8).  
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Table 3: CPAP compliance 

First Author CPAP Group 

(n) 

Total nights of 

use 

Nights/week Mean use per night (h) noncompliant/low 

compliance (n) 

Aaronson 20 ? ? 2.5 9 

Bravata 31 69% of nights ? 5.1 4 

Brown 15 16 (median) 5 4.5 (median)  7 

Hsu 15 ? ? 1.4 8  

Jiang 29 7 7 at least 4 ? 

Khot 20 14 days (mean)  ? 3.7 7 

Parra 71 ? 6.8 5.3 14 

Ryan 22 ? ? 4.96 ? 

Sandberg 33 ? ? 4.1 15 

?: Information not noted 
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CPAP Compliance 

Participant compliance with CPAP was a common limitation (Table 3). 

 

Aaronson et al. (2016) found compliance with CPAP to be associated with larger 

improvements in cognitive functioning.  

 

Bravata et al. (2011) observed that greater CPAP usage related to increased 

improvements in NIHSS at 30-days (median NIHSS change: -3.0 for acceptable adherence, 

-2.5 for some use, and -1.0 for no use [i.e. no CPAP control group]; no p-value).  

 

Hsu et al. (2006) found that CPAP usage positively correlated with better Barthel 

Index scores at baseline (p = 0.035). 

 

Khot et al. (2016) reported that neither baseline NIHSS (p = 0.55) nor FIM (no p-

value) predicted CPAP compliance. 

 

Discussion 

This study aimed to investigate non-pharmacological interventions applied during 

sleep to enhance physical rehabilitation outcomes of individuals with neurologic 

diagnoses. The only published non-pharmacological intervention to be provided during 

sleep to enhance physical rehabilitation outcomes in neurologic populations has been 

CPAP in individuals with stroke and sleep apnea. All the included studies were conducted 

during the acute and sub-acute phase of stroke recovery, with few including long-term 
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follow up. When considering the results of participants with good CPAP compliance, an 

increased benefit was seen in Aaronson et al. (2016); Bravata et al. (2011) and Hsu et al. 

(2006). Overall it appears that CPAP use during inpatient rehabilitation following stroke 

in patients with sleep apnea may accelerate recovery and rehabilitation in the short-term, 

but long-term benefits remain unclear (Bravata et al., 2011; Khot et al., 2016; Parra et al., 

2011; Ryan et al., 2011). It should also be noted that the inpatient period tended to have 

higher CPAP compliance compared to outpatient use, though CPAP compliance was quite 

variable in the included studies (Table 3) and in other studies including individuals with 

stroke.25–27 Therefore, more research with high CPAP compliance in the longer term is 

needed to better understand the benefits of CPAP use in individuals with stroke undergoing 

physical rehabilitation. 

 

The studies had fair-good methodological quality. However, this review was 

complicated by three factors of heterogeneity: physical rehabilitation regimen, post-stroke 

function, as well as CPAP compliance. Few descriptions of physical rehabilitation were 

provided in the included studies. Time in physical rehabilitation and the interventions 

chosen are known to vary greatly. Given that the rehabilitation effects of CPAP were, in 

general, better during the inpatient stays, it may be that active participation in daily 

intensive rehabilitation is a critical factor to pair with nightly CPAP use (Bravata et al., 

2011; Hsu et al., 2006; Khot et al., 2016; Parra et al., 2011; Ryan et al., 2011) .  Moreover, 

evaluations of sub-group differences, revealed that individuals with moderate to severe 

sleep apnea demonstrated better outcomes than those with milder sleep apnea, suggesting 

a greater benefit from CPAP use (Jiang et al., 2015). Furthermore, response to physical 
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rehabilitation following stroke is complicated by many factors, including stroke location, 

stroke severity, baseline status, age, time since stroke, prior history of stroke, and 

secondary diagnoses, among others (Johnston, Kirshblum, Zorowitz, & Shiflett, 1992; 

Jørgensen et al., 1995; Lin, Hsieh, Lo, Hsiao, & Huang, 2003; Massucci et al., 2006; Meijer 

et al., 2003; Ween, Alexander, D’Esposito, & Roberts, 1996). In addition, as documented 

here and elsewhere, a common secondary diagnosis following stroke is sleep apnea, at least 

during the early (<3 months post-stroke) phase of recovery (Johnson & Johnson, 2012). 

Given the complicated nature of response to physical rehabilitation following stroke, as 

well as the seemingly ubiquitous difficulty with CPAP compliance across populations, the 

mixed results of the studies included in this review were not unexpected. 

 

Future Directions 

Although interventions applied during sleep following stroke are limited to CPAP, 

additional interventions have been used with healthy populations aimed at enhancing 

outcomes related to sleep physiology and, in some cases, subsequent learning.  These 

investigations open up new possible directions for research in neurological populations as 

a means to enhance rehabilitation outcomes. Such interventions include: transcranial direct 

current stimulation, transcranial magnetic stimulation, and auditory stimulation. 

 

Transcranial Direct Current Stimulation 

Transcranial direct current stimulation is a noninvasive neuromodulatory technique 

to provide weak direct current to the brain and subsequent cortical excitability changes 

(Nitsche et al., 2008). Application of anodal tDCS oscillating at 0.75 Hz (slow oscillation) 
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bilaterally over fronto-lateral locations during non-rapid eye movement sleep (NonREM) 

sleep to enhance slow wave sleep (SWS) activity and declarative (but not procedural) 

learning in healthy young adults (Marshall, Helgadóttir, Mölle, & Born, 2006; Marshall, 

Mölle, Hallschmid, & Born, 2004), healthy older adults (Westerberg et al., 2015), and 

adults with paranoid schizophrenia (Göder et al., 2013). Alternately, tDCS applied at a 

higher frequency of 5Hz (theta) during NonREM in healthy young adults depressed SWS 

activity and local sleep spindle power with no resultant change (Marshall et al., 2006), and 

even impairment of (Marshall, Kirov, Brade, Mölle, & Born, 2011), subsequent declarative 

and procedural learning. These contrasting results suggest the importance of tDCS 

frequency settings, with lower frequencies resulting in enhanced sleep physiology related 

to motor learning.  

 

 Transcranial Magnetic Stimulation 

Transcranial magnetic stimulation is a non-invasive technique that causes electrical 

stimulation of neural tissue via rapidly changing magnetic pulses (Kobayashi & Pascual-

Leone, 2003). This technique has been used to trigger slow wave activity when applied 

across the scalp during light NonREM sleep, which subsequently entrained thalamic 

spindles and spread over the scalp (Massimini et al., 2007). Evidence that the entrainment 

of thalamic spindles can enhance the sleep-related consolidation process suggests a novel 

potential role of TMS in motor learning. 

 

 Auditory Stimulation 
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  Rhythmic Auditory Stimulation 

Use of rhythmic auditory stimulation has recently been used to entrain and enhance 

cortical firing during sleep. Several studies have applied rhythmic auditory stimulation 

phase-locked to slow wave up-states in healthy young adults. This has led to increased slow 

wave electroencephalographic power density, peak frequency and amplitude (Besedovsky 

et al., 2017; Ngo et al., 2015; Ong et al., 2016), enhanced spindle activity phase-locked to 

slow oscillation up-states (Ngo, Martinetz, Born, & Mölle, 2013; Ngo et al., 2015; Ong et 

al., 2016), prolonged slow oscillation trains (Ngo et al., 2015), and enhanced performance 

of a previously learned declarative task (Ngo et al., 2013, 2015; Ong et al., 2016). 

 

  Targeted Memory Reactivation 

Targeted memory reactivation (TMR) is a noninvasive technique used to covertly 

cue neuro-replay via sensory cueing, typically auditory or olfactory (Oudiette & Paller, 

2013). Several studies have applied TMR during NonREM sleep in healthy young adults. 

Doing so has temporarily enhanced performance of a previously learned explicit simple 

motor sequence task (Antony, Gobel, O’Hare, Reber, & Paller, 2012; Laventure et al., 

2016; Schönauer, Geisler, & Gais, 2014), declarative task (Susanne Diekelmann, Büchel, 

Born, & Rasch, 2011; Rasch, Büchel, Gais, & Born, 2007), and a complex non-dominant 

arm throwing task (Johnson, Scharf, Verceles, & Westlake, 2019; Johnson, Scharf, & 

Westlake, 2018), but not in a simple hippocampus-independent procedural memory task  

(Rasch et al., 2007). Repeated TMR during NonREM sleep while undergoing functional 

Magnetic Resonance Imaging (fMRI) following performance of a declarative task led to 

enhanced performance and reactivated the hippocampus (Diekelmann et al., 2011; Rasch 
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et al., 2007). Conversely, delivery of TMR during wake has led to decrements or no 

changes in performance of explicit simple motor sequence (Schönauer et al., 2014), 

declarative (Susanne Diekelmann et al., 2011; Rasch et al., 2007), hippocampus-

independent procedural memory (Rasch et al., 2007), and complex non-dominant arm 

throwing tasks (Johnson et al., 2018), with mainly prefrontal cortical areas activated 

following declarative task practice (Diekelmann et al., 2011). Similarly, applying TMR 

during rapid eye movement (REM) did not affect performance of explicit simple motor 

sequence (Laventure et al., 2016), declarative (Rasch et al., 2007), or hippocampus-

independent procedural memory tasks (Rasch et al., 2007).  

 

Limitations 

Although a methodologically rigorous review process was used for this systematic 

review, a few limitations must be noted. First, it is possible that all relevant studies were 

not captured in the search. Second, most studies had relatively small sample sizes by study 

end, which was generally due to poor CPAP compliance. Therefore, it is possible that many 

of the studies reported in this review were underpowered. Third, it was not possible to 

perform a meta-analysis of the included studies due to the small number of studies and the 

heterogeneity of stroke severity, treatment, and outcomes. Lastly, despite the broad search 

criteria, the currently available evidence base meant that only studies with participants with 

stroke were included in this review. 
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Conclusion 

This systematic review found that the only published non-pharmacological 

intervention to be provided during sleep to enhance physical rehabilitation outcomes in 

neurologic populations has been CPAP in individuals with stroke and sleep apnea. The use 

of CPAP, when initiated during the acute and subacute period of recovery following stroke, 

tended to show short-term benefits to physical rehabilitation outcome measures relative to 

no CPAP use. However, little long-term benefit was shown in this regard, and was often 

complicated by low CPAP compliance, and possibly a reduction in intensive rehabilitation, 

once patients transitioned to an outpatient setting. Studies that analyzed CPAP compliance 

related to physical rehabilitation outcome measures found a positive relationship between 

the two. Therefore, more evidence with higher CPAP compliance in inpatient rehabilitation 

settings is needed. Other future directions of research involve methods of non-invasive 

brain stimulation via the external application of electrical currents, magnetic pulses, and 

sensory cues during sleep to enhance motor performance during subsequent wake. 
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CHAPTER THREE: TARGETED MEMORY REACTIVATION DURING SLEEP, 

BUT NOT WAKE, ENHANCES SENSORIMOTOR SKILL PERFORMANCE: A 

PILOT STUDY1 

 

Abstract 

The benefits of sleep on memory consolidation have been enhanced for declarative and 

motor sequence learning through replaying classically conditioned auditory stimuli during 

sleep, known as targeted memory reactivation (TMR). However, it is unknown if TMR can 

influence performance of a sensorimotor skill, in the absence of the cognitive requirements 

of sequence learning. Here, young adults performed a non-dominant arm throwing task 

separated by a full night of sleep or a full day of wake, with half of all participants receiving 

TMR between-sessions. Participants who received TMR during sleep demonstrated 

enhanced sensorimotor performance relative to all other groups. In conclusion, this pilot 

study indicates that it is feasible to influence sensorimotor skill performance through TMR 

during sleep and may serve as a future adjunct to physical rehabilitation. Future studies 

will aim to confirm the present results with a larger sample size, as well as to investigate 

the effects of TMR during sleep on older adults both with and without a history of stroke. 

 

 

 

 

____________________________________ 

1. Johnson B, Scharf S, Westlake K. (2018). Targeted memory reactivation during sleep, 

but not wake,  improves sensorimotor skill performance in healthy young adults: A 

pilot study. J MOTOR BEHAV. 

 



 

50 

 

Of the benefits of sleep, perhaps none has been more studied than learning and 

memory (for review see Diekelmann & Born, 2010). During sleep, spontaneous neural 

replay is thought to transfer memories from hippocampal-based short-term memory to 

cortically-based long-term memory (Fischer, Nitschke, Melchert, Erdmann, & Born, 

2005), enabling memories to become less prone to interference (Robertson, Press, & 

Pascaul-Leone, 2005; Korman et al., 2007). This process is known as memory 

consolidation. Compared to the wake state, sleep-based memory consolidation has been 

shown to result in greater stabilization (Hill, Tononi, & Ghilardi, 2009) and enhancement 

of sensorimotor performance (Al-Sharman & Siengsukon, 2013; Huber, Ghilardi, 

Massimini, & Tononi, 2004; Walker, Brakefield, Morgan, Hobson, & Stickgold, 2002). 

Moreover, evidence that memory consolidation is impaired following disruption or 

deprivation of sleep (Nemeth, Csabi, Janacsek, Varszegi, & Mari, 2012), emotional stress 

(Wang, Zhao, Ghitza, Li, & Lu, 2008), or learning a new task (Brashers-Krug, Shadmehr, 

& Bizzi, 1996), further supports the importance of sleep and lack of distractors during the 

memory consolidation phase of learning.  

Methods have been developed to enhance sensorimotor learning during sleep 

through the reactivation of specific memories (Antony, Gobel, O’Hare, Reber, & Paller, 

2012) via sensory cues previously conditioned to task performance (Rasch, Buchel, Gais, 

& Born, 2007). This approach is known as targeted memory reactivation (TMR).  

Providing TMR during sleep reactivates and increases the functional connectivity between 

brain regions that are also common to task performance while in the wake state.  These 

strengthened neural network connections are thought to underlie memory consolidation 

and subsequent task performance (Cousins, El-Deredy, Parkes, Hennies, & Lewis, 2016; 
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Diekelmann, Buchel, Born, & Rasch, 2011; Laventure et al., 2016; Rasch et al., 2007; 

Schönauer, Geisler, & Gais, 2014).  The effectiveness of TMR, however, does not appear 

to be equal across all sleep stages. Non-rapid eye movement (NREM) sleep has been found 

to be more responsive to TMR than rapid eye movement (REM) sleep (Laventure et al., 

2016; Rasch et al., 2007).   

Although TMR used during sleep has previously been used to enhance declarative 

and simple explicit motor sequence performance, it is unknown if TMR can also aid in the 

performance of an implicitly and explicitly learned sensorimotor skill, with less cognitive 

reliance (e.g. throwing a ball). The purpose of this study was to investigate the feasibility 

of using TMR during sleep and wake to enhance sensorimotor skill performance. It was 

hypothesized that the use of TMR during sleep would enhance sensorimotor memory 

consolidation and subsequent task performance and TMR during wake would interfere this 

process. 

Method 

Participants 

Participants included 20 strongly right-handed (Edinburgh Handedness Inventory 

of at least 75 for right hand dominance; Oldfield, 1971) young adults (age 27.2 ± 4.2; 12 

women) without movement restrictions of the left upper extremity (UE). Exclusion criteria 

included: routine use of medications with common side-effects on sleep architecture (e.g., 

selective serotonin reuptake inhibitors, benzodiazepines; for review see DeMartinis & 

Winokur, 2007), third-shift work as indicated by a score of less than 30 on the 

Morningness-Eveningness Questionnaire (Horne & Ostberg, 1976), greater than moderate 

risk of sleep apnea as indicated by a score of greater than four on the Stop-BANG Screening 
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Questionnaire (Chung et al., 2012) and diagnosed history of sleep disorders (e.g., sleep 

apnea, REM behavioral disorder, narcolepsy).  

 

Figure 2 

 

Figure 2: Experimental protocol. For sessions one and two, participants (age 27.2 ± 4.2; 12 females) 

completed a sequence of one testing block (20 trials each; black), two training blocks (40 trials each; white) 

separated by a five-minute break, one additional testing block, and one paired-association block (20 trials 

each; grey) following a second five-minute break. For the retention session, participants completed one 

testing block. Following session one, activity during the 7-10 hour interval differentiated the four groups (i.e. 

Wake+NoTMR, Wake+TMR, Sleep+NoTMR, Sleep+TMR). Both wake groups remained awake during 

normal waking hours (e.g. 10:00-18:00), while both sleep groups slept during normal sleeping hours (e.g. 

22:00-06:00). 

 

Design 

The experimental design consisted of a between group comparison in sensorimotor 

performance change scores obtained during two training/testing sessions. Each session 

included a training block, with sensorimotor performance testing before and after the 

training block (Fig. 2). The two training sessions were separated by a 7-10 hr interval of 

either a night of sleep or a day of wake, (depending on group assignment) to allow for 

memory consolidation to occur (Brashers-Krug et al., 1996; Shadmehr & Holcomb, 1997). 

Participants were pseudo-randomized according to sex to one of four groups: 
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Wake+NoTMR (n = 5; 4 women), Wake+TMR (n = 5; 3 women), Sleep+NoTMR (n = 5; 

3 women), and Sleep+TMR (n = 4; 2 women). A one-week retention test was also 

completed for all participants and involved only one testing block. 

 

Figure 3a 

 

 

 

 

 

 

 

Figure 3b 

 

Figure 3: Experimental Setup. A) Participants sat in a chair with UE and back support and were instructed to 

throw small balls as accurately as possible with their left UE, without regard for speed, at the center of a 

projected target image (45 cm x 45 cm) that appeared randomly and repetitively in one of five possible 
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locations on a screen (200 cm x 170 cm) three meters in front of the chair. B) Targets (45 x 45 cm), placed 

~60-145 cm apart appeared one at a time. 

 

Procedure 

While seated in a chair with arm and back rests, participants used their left upper 

extremity to throw bean-filled balls at a target (45cm x 45cm) projected via Psychopy2 

software (http://www.psychopy.org/) to one of five locations on a screen (200 cm x 170 

cm), placed three meters in front of the chair (Fig. 3). The use of this throwing task was 

chosen for three primary reasons: First, it is arguably a more functionally relevant 

sensorimotor task, which involves both implicit and explicit aspects of learning, than 

sequential finger tapping tasks used in previous studies. This is of particular interest to 

future use of TMR in physical rehabilitation for non-novel tasks composed of both implicit 

and explicit components. Second, throwing is a ballistic movement and thus relies on motor 

planning since mid-movement adjustments are not made. Third, the chosen task negates a 

ceiling effect of spatial throwing error. While this task cannot be considered novel to the 

participants, notwithstanding that the non-dominant UE was used, it is well established that 

the reactivation of memories, including sensorimotor memories, under challenging 

circumstances that induce performance error (e.g. non-dominant UE use) can trigger 

reconsolidation of the sensorimotor memory that and ultimately lead to improved 

performance (Lee, 2009; Nader & Hardt, 2009; Sandrini, Cohen, & Censor, 2015; 

Stickgold & Walker, 2007; Wymbs, Bastian, & Celnik, 2016).  

Each trial consisted of visual presentation of a single target for 5.5s. After the initial 

0.5s of target visibility, a brief (0.5s) custom-made neutral auditory cue (Audacity 

software, http://www.audacityteam.org/) signaled participants to throw one ball in an 
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attempt to hit the center of the target as accurately as possible, without regard for speed. 

Five auditory cues were created, with each cue corresponding to one of the five target 

locations. A testing block (20 trials) was followed by two training blocks (40 trials each) 

and another testing block (Fig.1). Testing blocks involved random presentation (e.g. 

location 1, 5, 4, 1, 3, 2, 3, 5, etc.), while training blocks involved blocked (4x) presentation 

order (e.g. location 1, 1, 1, 1, 2, 2, 2, 2, etc.), for the target location. The blocked 

presentation order for training blocks was chosen in order to aide auditory cue-target 

location associative learning during the first session. Following the second testing block, a 

paired-association recall test was conducted using 20 additional throwing trials. Each 

paired-association trial involved the simultaneous appearance of all five targets, with one 

of the five auditory cues randomly played. Participants were asked to throw as accurately 

as possible at the one target that they believed was associated with the played auditory cue 

for each paired-association trial. In total, each participant performed 140 trials per session. 

Two rest breaks (5m) were provided each session. 

The 7-10 hr inter-session interval began immediately following session one.  To 

investigate the specificity of TMR as shown by others (Antony et al., 2012; Cousins et al., 

2016), the Sleep+TMR and Wake+TMR groups received auditory cues associated with 

three of the five learned target-cue associations (targets 1, 3, 5 of Figure 2b). It was 

hypothesized that even though only three of the five learned target-cue associations were 

replayed during TMR, the post-TMR throwing accuracy would be generalized to all targets 

since, in this study, cues were associated with variations of one task rather than separate 

tasks as done in previous studies. A TMR inter-stimulus interval of 5.5s was used to mirror 
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the timing of the testing/training blocks, and order pseudo-randomized to prevent 

consecutive repeats. 

Both Sleep+NoTMR and Sleep+TMR groups underwent standard 

polysomnographic observation throughout the night of sleep. The Sleep+TMR group 

received TMR throughout the first and second cycles of SWS as done previously with 

behavioral performance success, and to decrease the likelihood of participants being 

awoken that might accompany other stages of sleep with lower waking thresholds (Hauner, 

Howard, Zelano, & Gottfried, 2013). Delivery of TMR during SWS involved the use of a 

speaker placed 30 cm from the edge of the bed. The decibel level was increased in five db 

increments starting from zero until a k-complex was visually apparent on the 

electroencephalographic recording, which are known to be elicited during the presentation 

of external stimuli during sleep (Coenen, 2010; Forget, Morin, & Bastien, 2011). Session 

two began ~20 minutes after waking. 

Both Wake+NoTMR and Wake+TMR groups remained awake during their normal 

waking hours. The Wake+TMR group remained within the laboratory setting for a period 

equivalent to the first and second SWS cycles of the two sleep groups and received TMR 

for a similar amount of time as the Sleep+TMR group. The decibel level of the speaker, 

placed 30-90 cm from participants, was increased until participants acknowledged that they 

could easily hear the cues. 

Polysomnography 

Polysomnography was performed according to commonly accepted clinical standards 

using a standard recording system (Alice 2.8, Respironics, Murrysville, PA). The recording 

montage included electroencephalography leads O1A2, O2A1, C1A2, C2A1, LOC, ROC, 
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submentalis electromyography, leg electromyography (tied leads left four and right), 

electrocardiography, nasal airflow (nasal air pressure) and oronasal airflow (thermistor—

used for back-up), rib cage and abdominal respiratory effort (strain gauges), and pulse 

oximetry. Sleep scoring was done in 30-s epochs. Staging of sleep and scoring of 

respiratory and limb movements were done according to recent American Academy of 

Sleep Medicine standards (Berry et al., 2015). Sleep staging and scoring were visually done 

offline by two of the authors (BPJ and SMS) and compared for interscorer reliability.  

When differences were found they were resolved by conferring.   

Measures 

Absolute Error (AE) and Variable Error (VE): A Flip Video UltraHD camera 

(Cisco Systems Inc., San Jose, CA, USA) was placed behind participants during the 

throwing task.  Kinovea video motion analysis software V0.8.15 (available at 

http://www.kinovea. org) was used to measure the distance from the center of the target to 

where the ball contacted the screen. The mean of this spatial throwing error is referred to 

as the absolute error (AE), whereas the standard deviation of the spatial throwing error is 

referred to as the variable error (VE). The AE and VE during test trials were used as the 

primary outcome measures. 

Stanford Sleepiness Scale (SSS): This self-rate measure was administered at the 

initiation of each session to quantify alertness (Hoddes, Zarcone, Smythe, Phillips, & 

Dement, 1973). 

Analysis 

All statistical tests were performed using the Statistical Package for the Social 

Sciences version 23 (IBM corp. Armonk, NY). Trials greater than two standard deviations 
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from an individual’s mean AE or VE for each experimental block were excluded from 

analyses (trials excluded across three sessions: Wake+NoTMR: 4.2; Wake+TMR 4.2; 

Sleep+NoTMR: 9.0; Sleep+TMR: 7.0), which occurred more in the Sleep+NoTMR group 

(F(3, 18) = 7.328, p = 0.003). Due to the small sample size, non-parametric statistical 

analyses were utilized. Within-group differences in AE and VE across the five test blocks 

were determined using Friedman’s repeated measure tests with subsequent Wilcoxon 

Signed Ranks Tests used in cases of significance. Between-group differences in AE and 

VE change score ratios [e.g. (Session-TwoStart – Session-OneEnd)/ Session-OneEnd] were 

determined using Kruskal-Wallis tests with Dunn’s multiple comparisons. Change score 

ratios were chosen in an attempt to control for performance during the previous testing 

block (i.e. Session-OneEnd in the example above). For cases of significance, effect sizes 

were calculated as η2 for omnibus tests and r for post-hoc tests (for review see Tomczak & 

Tomczak, 2014). Statistical significance was established at alpha ≤ 0.05. 

Results 
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Table 4: Participant Characteristics 

 Wake+NoTMR Wake+TMR Sleep+NoTMR Sleep+TMR P-Value 

Age 25.0 (2.3) 28.2 (3.1) 30 (5.7) 25.3 (4.0) 0.271 

 

Paired-

Association 

Test Sessions 

one, two (%) 

 

72.0 (34.0) 

94.0 (4.2) 

 

73.0 (22.5) 

81.0 (10.8) 

 

70.0 (26.7) 

83.0 (12.5) 

 

70.0 (17.3) 

90.0 (10.8) 

 

0.994 

0.232 

 

Stanford 

Sleepiness Scale 

Sessions one, 

two, three 

 

 

1.8 (0.4) 

1.4 (0.9) 

1.8 (1.1) 

 

1.8 (1.1) 

2.4 (1.1) 

1.6 (1.3) 

 

2.4 (0.5) 

2.2 (1.1) 

1.2 (0.4) 

 

2.0 (0.8) 

2.8 (1.7) 

1.0 (0.0) 

 

0.540 

0.313 

0.559 

Length of TMR 

(min) 

N/A 53.6 (13.2) N/A 57.3 (16.6) 0.712 

Table 4: Data are mean and one SD (within parentheses) of age, recall of target-auditory cue paired-associations, alertness noted at the start of each session, and 

total minutes of TMR delivery. P-values reflect between-group differences based on Kruskal-Wallis and Mann-Whitney U tests. TMR: Targeted memory 

reactivation. 
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Participant characteristics are shown in Table 4. One participant was excluded from 

all analyses due to possible mild sleep apnea, which was determined during the overnight 

sleep study.  

On average, participants were similar in age (years; Wake+NoTMR: 25.0±2.3; 

Wake+TMR: 28.2±3.1; Sleep+NoTMR: 30.0±5.7; Sleep+TMR: 25.3±4.0; X2(3) = 3.913; 

p = 0.271), recall of the cue-target paired associations (sessions one, two % correct:  

Wake+NoTMR: 72.0±34.0, 94.0±4.2; Wake+TMR: 73±22.5, 81.0±10.8; Sleep+NoTMR: 

70.0±26.7, 83.0±12.5; Sleep+TMR: 70.0±17.3, 90.0±10.8; X2(3) = 0.081; p = 0.994; X2(3) 

= 4.288; p = 0.232), and alertness (SSS sessions one, two, three: Wake+NoTMR: 1.8±0.4, 

1.4±0.9, 1.8±1.1; Wake+TMR: 1.8±1.1, 2.4±1.1, 1.6±1.3; Sleep+NoTMR: 2.4±0.5, 

2.2±1.1, 1.2±0.4; Sleep+TMR: 2.0±0.8, 2.8±1.7, 1.0±0.0; X2(3) = 2.160; p =  0.540; X2(3) 

= 3.562; p = 0.313; X2(3) = 2.064; p = 0.559). Participants in the Wake+TMR group 

received TMR for a period equivalent to the Sleep+TMR group with a similar number of 

cues played overall (X2(1) = 0.136; p = 0.712; Mean number of total cues played during 

TMR: Sleep+TMR: 572.5±165.8; Wake+TMR: 536.0±131.8). No wake participants 

reported sleeping or practicing a similar or new task with the left upper extremity between 

sessions. 

Absolute and Variable Error 
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Figure 4 

 

Figure 4: Behavioral results of absolute error. Absolute error change score ratios. There was a significant 

between-group difference in change score ratios during the between session interval, with post-hoc tests 

finding a significantly greater decrease in change score in the Sleep+TMR group compared to the 

Wake+NoTMR, Wake+TMR, and Sleep+NoTMR groups. Between session interval: end of session one to 

start of session two. Baseline to retention interval: start of session one to retention. Error bars indicate 

standard error of the mean. *p ≤ 0.05. 

 

With all groups collapsed together, no within-group differences in AE were found 

across the five testing blocks (cm; Session-OneStart: 33.279±10.753; Session-OneEnd: 

29.477±9.188; Session-TwoStart: 31.796±11.087; Session-TwoEnd: 26.771±6.602; 

Retention: 30.021±8.733; X2(3) = 8.042, p = .090). Analysis of AE change score ratios 

between testing blocks revealed a between-group difference from Session-OneEnd to 

Session-TwoStart (Wake+NoTMR: 0.109; Wake+TMR: 0.177; Sleep+NoTMR: 0.197; 

Sleep+TMR: -0.190; X2(3) = 8.097, p = 0.044, effect size η2 = 0.056), with post-hoc tests 
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demonstrating a significantly greater decrease in change score in the Sleep+TMR group 

compared to the Wake+NoTMR  (z = 8.000, p = 0.034, effect size r = 0.821), Wake+TMR 

(z = 9.800, p = 0.009, effect size r = 1.000), and Sleep+NoTMR groups (z = 8.800, p = 

0.020, effect size r = 0.903) (Fig. 4). There was a trend towards between-group differences 

for AE change score ratios between baseline and retention (Wake+NoTMR: 0.039; 

Wake+TMR: -0.034; Sleep+NoTMR: -0.040; Sleep+TMR: -0.051; X2(3) = 6.758, p = 

0.080). No between-group differences in AE change score ratios were identified between 

Session-OneStart and Session-OneEnd (Wake+NoTMR: -0.068; Wake+TMR: -0.051; 

Sleep+NoTMR: -0.168; Sleep+TMR: -0.043; X2(3) = 1.303 p = 0.729), Session-TwoStart 

and Session-TwoEnd (Wake+NoTMR: -0.047; Wake+TMR: -0.209; Sleep+NoTMR: -

0.047; Sleep+TMR: -0.124; X2(3) = 1.050 p = 0.789), or Session-TwoEnd and retention 

(Wake+NoTMR: 0.138; Wake+TMR: 0.140; Sleep+NoTMR: 0.155; Sleep+TMR: 0.133; 

X2(3) = 0.014 p = 1.000). 
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Figure 5 

 

Figure 5: Behavioral results of variable error. Variable error change score ratios. No significant between-

group differences were found for VE change score ratios. Between session interval: end of session one to 

start of session two. Baseline to retention interval: start of session one to retention. Error bars indicate 

standard error of the mean. 

 

With all groups collapsed together, a within-group change in VE was identified 

across the five testing blocks (Session-OneStart: 16.903±7.158; Session-OneEnd: 

13.481±5.240; Session-TwoStart: 13.899±5.342; Session-TwoEnd: 12.280±3.661; Retention: 

14.078±5.035; X2(3) = 9.684, p = .046, effect size η2 = 0.073). Subsequent Wilcoxon 

Signed Ranks Tests showed significant within-group changes from Session-OneStart to 

Session-OneEnd (Z(19) = -2.495, p = .013, effect size r = 0.256) and from Session-OneStart 

to Retention (Z(19) = -2.093, p = .036, effect size r = 0.215). No between-group differences 

were found for VE change score ratios between Session-OneStart and Session-OneEnd 
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(Wake+NoTMR: -0.147; Wake+TMR: -0.045; Sleep+NoTMR: -0.186; Sleep+TMR: -

0.270 ; X2(3) = 0.545 p = 0.909), Session-OneEnd and Session-TwoStart (Wake+NoTMR: 

0.124; Wake+TMR: 0.526; Sleep+NoTMR: 0.035; Sleep+TMR: -0.216; X2(3) = 5.267 p = 

0.153), Session-TwoStart and Session-TwoEnd (Wake+NoTMR: -0.181; Wake+TMR: -

0.301; Sleep+NoTMR: 0.277; Sleep+TMR: 0.372; X2(3) = 6.482 p = 0.090), Session-

TwoStart to Retention (Wake+NoTMR: 0.461; Wake+TMR: 0.223; Sleep+NoTMR: 0.010; 

Sleep+TMR: 0.065; X2(3) = 0.846 p = 0.838), or from Session-OneStart to Retention 

(Wake+NoTMR: 0.011; Wake+TMR: 0.008; Sleep+NoTMR: -0.163; Sleep+TMR: -

0.369; X2(3) = 6.379 p = 0.095) (Fig. 5).  

As expected, AE and VE to targets in which associated auditory cues were replayed 

during TMR did not differ from that of targets not cued during TMR at Session-TwoEnd 

(Wake+TMR: AE: t(3) = -1.064, p = 0.347, VE: t(3) = -1.602, p = 0.185; Sleep+TMR: AE: 

t(4) = 0.794, p = 0.485, VE: t(4) = 0.372, p = 0.734). Similarly, change score ratios in AE 

and VE to targets in which associated auditory cues were replayed during TMR and those 

not replayed did not differ between groups from Session-OneEnd to Session-TwoStart 

(Change score ratios for Cued AE, Cued VE, NonCued AE, NonCued VE: Wake+NoTMR: 

-0.057, -0.012, -0.012, -0.020; Wake+TMR: 0.078, 0.460, 0.308, 0.718; Sleep+NoTMR: 

0.157, 0.006, 0.533, 0.438; Sleep+TMR: -0.09217, -0.168, -0.292, -0.147; X2(3) = 5.457, 

p = 0.141; X2(3) = 3.488, p = 0.322; X2(3) = 4.031, p = 0.258; X2(3) = 2.823, p = 0.420), 

Session-TwoStart to Session-TwoEnd (Wake+NoTMR: 0.080, 0.029, -0.047, 0.147; 

Wake+TMR: -0.188, -0.168, -0.242, -0.443; Sleep+NoTMR: -0.001, 0.276, -0.177, 0.181; 

Sleep+TMR: -0.213, 0.337, 0.049, 0.526; X2(3) = 3.025, p = 0.388; X2(3) = 2.886, p = 

0.409; X2(3) = 1.947, p = 0.584; X2(3) = 0.810, p = 0.847), or Session-TwoEnd to retention 
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(Wake+NoTMR: 0.018, 0.132, 0.179, 0.737; Wake+TMR: 0.150, 0.156, 0.141, 0.387; 

Sleep+NoTMR: 0.151, 0.003, 0.164, 0.030; Sleep+TMR: 0.206, 0.185, 0.026, -0.051; 

X2(3) = 1.320, p = 0.724; X2(3) = 0.417, p = 0.937; X2(3) = 0.657, p = 0.883; X2(3) = 1.770, 

p = 0.621). The same result of no between-group differences was found for paired 

association test recall of target-cue associations at Session-TwoEnd (Cued, Noncued % 

correct: Wake+NoTMR: 95.0±4.6, 92.5±6.8; Wake+TMR: 85.0±12.4, 75.0±15.3; 

Sleep+NoTMR: 73.3±18.1, 97.5±5.6; Sleep+TMR: 93.8±8.0, 84.4±23.7; X2(3) = 6.343, p 

= 0.096; X2(3) = 5.643, p = 0.130) and paired association test recall change scores from 

Session-OneEnd to Session-TwoEnd (Overall, Cued, Noncued % correct change: 

Wake+NoTMR: 22.0±33.5, 16.7±28.9, 30.0±52.7;  Wake+TMR: 8.0±26.8, 13.3±31.0, 

0.0±30.6; Sleep+NoTMR: 13.0±21.4, 5.0±27.4, 25.0±36.4; Sleep+TMR: 20.0±15.8, 

16.7±21.5, 25.0±39.5; X2(3) = 0.760, p = 0.859; X2(3) = 0.570, p = 0.903; X2(3) = 1.073, p 

= 0.784). 

Discussion 

The results of this preliminary study support the hypothesis that it is feasible to use 

TMR during sleep to enhance performance of a sensorimotor skill relative to sleep alone, 

wake alone, and wake with TMR. However, these findings do not necessarily support TMR 

during sleep as a means to enhance, or provide stabilization to, sensorimotor skill memory 

as no statistically significant within-group changes were evident across the 7-10 hour 

between-session interval. In contrast, TMR during wake did not appear to have an effect 

on subsequent performance, but perhaps may have been found to negatively affect 

performance had the sample size been larger. These effects were evident following a 7-10 

hr interval, and a trend towards a group difference remained after one week. Between-
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group differences cannot be attributed to differences in alertness, which would be expected 

to cause increased error, as Stanford Sleepiness Scale scores were not different between 

groups at any session.  

The finding here that TMR during sleep resulted in enhanced sensorimotor 

performance relative to other groups when applied during sleep versus wake may be 

dependent on the fact that during the sensorimotor task, which relied on feedforward 

control, a 500 ms interval was used between the visually cued target and the auditory 

cued signal to begin motor execution. This temporal interval provides a period of time for 

motor planning to occur, and that motor plan is then signaled to be executed once an 

auditory cue is heard. We predicted that this setup would allow motor execution to be 

conditioned to the auditory cues, apart from the target’s spatial location. Indeed, no 

between-group differences were evident in recall of target location-cue associative 

pairings. Based upon general motor program theory of neuromotor control, each motor 

skill has one memory or “program” that is recalled, but then adjusted on-line to 

accommodate to the current task and environmental demands (Keele, 1968; Schmidt, 

1975). Given that only three of the five conditioned auditory cues were replayed during 

both Sleep+TMR and Wake+TMR, and yet later performance was similar to all five 

target locations within both groups, our prediction that a general motor program was 

targeted for reactivation and subsequent reconsolidation through TMR was supported. By 

doing so, performance to several variations of that general motor program were also 

enhanced. 

Limitations 
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 There are several limitations of the present work which should be noted. First, while no 

participants reported expertise in or vast experience with non-dominant UE throwing, this 

was not assessed and thus may have skewed the results if different between groups. Given 

that the throwing task used here is not novel to participants, even when using the non-

dominant UE, the effects of TMR during wake and sleep may have been reduced compared 

to the effects of a completely novel task. Secondly, this study was designed to obtain 

preliminary data for a larger study, and subsequently the small sample size is not 

representative of the larger population and could have effected statistical power of our 

analyses. Third, the enhancement of a general motor program here cannot be fully 

understood without the use of a generalization test (e.g. throwing to a novel target location 

that had not previously been practiced). Lastly, in depth electroencephalographic analyses 

of sleep could not be done retrospectively since not all participants had usable data. 

Therefore, it is possible that the two sleep groups had dissimilar sleep architecture which 

could have impacted the present results. 

Conclusion 

The present findings may have implications for physical rehabilitation, as 

sensorimotor learning often underlies occupational and physical therapy interventions 

particularly following neurologic injury (Krakauer, 2006). What is still unknown is 

whether the effects of TMR are the same across all populations, particularly given that 

sleep architecture changes with age (Backhaus et al., 2007; Fogel et al., 2014) and 

following stroke (Gottselig, Bassetti, & Achermann, 2002; Vock et al., 2002). Future 

studies will aim to confirm the present results with a larger sample size, as well as to 

investigate the effects of TMR during sleep on older adults both with and without a history 
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of stroke. The current study adds to the litany of findings underscoring the importance of 

memory consolidation, and the events that do or do not occur during consolidation, to 

augment sensorimotor learning and performance. Enhancing, or at least preventing 

interference, of sensorimotor memory consolidation following each session of physical 

rehabilitation may provide an additional benefit to long term functioning and 

independence. Further development of a TMR-based protocol may allow for its future 

clinical implementation to enhance sensorimotor memory consolidation of clients 

following the end of treatment sessions.  
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CHAPTER FOUR: USE OF TARGETED MEMORY REACTIVATION 

ENHANCES SKILL PERFORMANCE DURING A NAP AND ENHANCES 

DECLARATIVE MEMORY DURING WAKE IN HEALTHY YOUNG ADULTS1 

 

Summary 

Sleep is an important component of motor memory consolidation and learning, providing 

a critical tool to enhance training and rehabilitation. Following initial skill acquisition, 

memory consolidation is largely due to non-rapid eye movement sleep over either a full 

night or a nap. Targeted memory reactivation is one method used to enhance this critical 

process, which involves the pairing of an external cue with task performance at the time of 

initial motor skill acquisition, followed by replay of the same cue during sleep. Application 

of targeted memory reactivation during sleep leads to increased functional connectivity 

within task-related brain networks and improved behavioral performance in healthy young 

adults. We have previously used targeted memory reactivation throughout the first two 

slow wave sleep cycles of a full night of sleep to enhance non-dominant arm throwing 

accuracy in healthy young adults. Here, we aimed to determine whether application of 

targeted memory reactivation throughout a one-hour daytime nap was sufficient to enhance 

performance on the same non-dominant arm throwing task in healthy young adults.  

 

____________________________________ 

1. Johnson, BP, Scharf, SM, Verceles, AC, Westlake, KP (2019). Use of targeted 

memory reactivation enhances skill performance during a nap and enhances 

declarative memory during wake in healthy young adults. J Sleep Res. 
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Participants were allocated to either nap or no nap, and within those groups half received 

targeted memory reactivation throughout a one-hour between-session period leading to 

four groups. Only participants who slept between sessions while receiving targeted 

memory reactivation enhanced their throwing accuracy upon beginning the second session. 

Future studies will aim to use this technique as an adjunct to traditional physical 

rehabilitation with individuals with neurologic diagnoses such as stroke. 
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Abstract 

Sleep is an important component of motor memory consolidation and learning. A method 

known as targeted memory reactivation (TMR) involves replay during sleep of stimuli 

previously associated with waking performance to enhance the process of consolidation 

and subsequent performance. Results from our previous pilot study suggest that TMR 

throughout the first two cycles of slow wave sleep during overnight sleep can enhance 

sensorimotor skill performance in healthy young adults. However, it is unknown if TMR 

throughout a daytime nap is sufficient to influence sensorimotor performance. In this study, 

healthy young adults performed two sessions of a non-dominant arm throwing task 

separated by a one-hour period either of napping or remaining awake, with half of all 

participants receiving TMR throughout the one-hour period. The mean absolute error 

throwing performance from the end of the first session to the start of the second session 

only decreased in the group who received TMR throughout the daytime nap, which was 

statistically significant relative to all other groups (p = 0.003). In contrast, the change in 

explicit recall of a cognitive aspect of the task was significantly larger in the group who 

received TMR throughout a similar one-hour period while remaining awake during the 

daytime. In conclusion, application of TMR throughout a one-hour daytime nap is 

sufficient to enhance sensorimotor skill performance in healthy young adults. This may 

serve as a future adjunct to physical rehabilitation involving sensorimotor skill learning. 
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Memory consolidation largely occurs during sleep, when spontaneous activations 

occur in the hippocampus and brain regions previously associated with behavioral 

execution. This neural activity promotes use-dependent long-term potentiation and 

increased brain connectivity, which in turn is associated with enhanced or stabilized 

sensorimotor performance and function upon wake (Al-Sharman & Siengsukon, 2013; 

Nettersheim, Hallschmid, Born, & Diekelmann, 2015; Nishida & Walker, 2007). Evidence 

exists for another use-dependent long-term depression mechanism that causes selective 

“forgetting”. In this process, dendritic spines that were not previously marked as being 

associated with successful sensorimotor execution or memory retrieval are pruned, thereby 

increasing the synaptic signal-to-noise ratio for stabilized sensorimotor performance (Hill, 

Tononi, & Ghilardi, 2008; Huber, Ghilardi, Massimini, & Tononi, 2004; Landsness et al., 

2009; Tononi & Cirelli, 2003). Since both of these mechanisms are linked to non-rapid eye 

movement sleep (NREM), which has been widely correlated with sleep-based 

sensorimotor learning (Gulati, Ramanathan, Wong, & Ganguly, 2014; Hill et al., 2008; 

Huber et al., 2004; Ramanathan, Gulati, & Ganguly, 2015), they may act in a 

complementary manner to produce sleep-based consolidation. Others have shown that 

memory consolidation over a period of sleep contributes to greater stabilization (Hill et al., 

2008) and enhancement of sensorimotor performance relative to an equal period of wake 

(Al-Sharman & Siengsukon, 2013; Huber et al., 2004; Walker, Brakefield, Morgan, 

Hobson, & Stickgold, 2002). Given these past findings, recent interest has been devoted to 

investigating methods to enhance memory consolidation during sleep and subsequent 

learning and performance. 
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A method known as targeted memory reactivation (TMR) provides one mechanism 

by which sleep-based consolidation may be enhanced. TMR is administered through 

associating a sensory cue, often auditory or olfactory, with task performance at the time of 

initial motor skill acquisition, followed by replay of the same cue during sleep. Application 

of TMR during sleep, but not wake, has been shown to reactivate and strengthen 

connectivity among neural networks and regions associated with task performance to 

improve task-specific performance (Cousins et al., 2016; Diekelmann et al., 2011). This 

method has been used by others to enhance declarative and motor sequence performance 

(Antony et al., 2012; Cousins et al., 2014; Creery et al., 2015; Diekelmann et al., 2016; 

Laventure et al., 2016; Oudiette et al., 2013; Rasch et al., 2007; Schönauer et al., 2014), 

and more recently in our lab (Johnson, Scharf, & Westlake, 2018) to improve performance 

of a real world sensorimotor skill with less cognitive reliance (i.e. non-dominant arm 

throwing).  

Our previous study aimed to determine whether TMR, provided during the first two 

cycles of slow wave sleep of a full night of sleep, could aid in improving the spatial 

accuracy of a non-dominant upper extremity (UE) throwing task in healthy young adults.  

Participants who received TMR during sleep demonstrated enhanced sensorimotor 

performance relative to all other groups. Other studies using different tasks have found that 

providing TMR throughout the entirety of much shorter periods of sleep during a daytime 

nap is sufficient to produce performance changes (James W. Antony & Paller, 2017; J. W. 

Antony et al., 2012; Creery et al., 2015; Oudiette et al., 2013). Therefore, this study aimed 

to determine whether the application of TMR throughout a daytime nap is sufficient to 

promote sensorimotor performance changes in healthy young adults. We hypothesized that 
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the use of TMR throughout a daytime nap would enhance sensorimotor memory 

consolidation and subsequent task performance. 

Methods 

Participants 

This study was approved by the institutional review board at the corresponding 

university, and written informed consent was obtained. A power analysis was performed 

(G*Power 3.1.9.2) using within and between group Cohen’s d effect sizes from our 

previous study. The results indicated that a sample size of 10 per group would allow for 

the determination of within and between group differences with a two-tailed alpha of 0.05 

and power of at least 0.80. Participants who provided consent to participate and completed 

the study included 55 strongly right-handed (Edinburgh Handedness Inventory of at least 

75 for right hand dominance) (Oldfield, 1971) young adults without movement restrictions 

of the left UE. Exclusion criteria included: 1) greater than moderate risk of sleep apnea as 

indicated by a score of greater than 4/8 on the Stop-BANG Screening Questionnaire 

(Chung et al., 2012), 2) history of sleep disorders (e.g., sleep apnea, REM behavioral 

disorder, narcolepsy), 3) other diagnoses that may have influenced participation, or 4) 

participation in throwing activities (e.g. basketball, baseball) more than once per month. 

Data were excluded from the analyses if participants in either sleep group were unable to 

achieve at least 20 minutes of sleep during the one-hour napping period. This was the case 

for four participants in the Sleep+NoTMR group and for three participants in the 

Sleep+TMR group, leaving a total of 48 participants (age 26 ± 3.4; 23 females). 
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Figure 6 

 

 

 
Experimental protocol. Each session participants completed a sequence of a testing block (20 trials total in 

pseudo-random order; black), training blocks (100 trials total in a blocked order; white), a second testing 

block, and a paired-association block (20 trials total in pseudo-random order; grey).  

Design 

Participants completed two afternoon experimental sessions (Fig. 6), separated by 

a one-hour interval of either sleep or wake. Half of the participants received TMR 

throughout this interval, leading to four groups stratified by sex: Wake+NoTMR (6 

females, 6 males), Wake+TMR (6 females, 5 males), Sleep+NoTMR (6 females, 6 males), 

and Sleep+TMR (7 females, 6 males).  Each experimental session included a training 

block, with a testing block before and after the training block.  

Procedure 

Seated participants used their left (non-dominant) upper extremity to throw small 

bean-filled balls at a screen (200cm X 170cm) 3 meters away. OpenSesame software was 

used to repetitively project a target (45cm x 45cm) to one of five locations on the screen 

for 5.5 s each trial (OpenSesame V3.1.9, www.osdoc.cogsci.nl). Following 500 ms of 

target presentation, a custom-made auditory cue (Audacity software; 

http://www.audacityteam.org/) signaled participants to throw one ball to the center of the 

Session 1 Session 2 

1 Hour 

Trials
: 

20 20 20 20 20 20 100 100 
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target, without regard for speed. Each of the five target locations corresponded to a unique, 

easily distinguishable beeping tone. Every session consisted of two testing blocks (20 trials 

each; pseudo-random target location to prevent consecutive repeats [e.g. 1, 5, 4, 1, 3, 2, 3, 

5, 4, 2 etc.]), separated by two training blocks (50 trials each; blocked target location [e.g. 

location 1, 1, 1, 1, 1, 2, 2, 2, 2, 2, etc.]) (Fig. 1). All targets were presented an equal number 

of times in all blocks, and the target presentation ordering was the same in both sessions 

for all participants. At the end of each session, participants completed a paired-association 

recall test involving 20 additional non-throwing trials. During the paired-association trials, 

all targets appeared simultaneously followed by individual presentation of each of the five 

auditory cues.  Participants were asked to say aloud which target they believed was paired 

with the presented auditory cue. This procedure was the same for all participants regardless 

of group assignment.  

Immediately after session one, the inter-session interval began. The TMR inter-

stimulus interval was set to 5.5s, to match the timing from the throwing protocol and cue 

order was pseudo-randomized to prevent consecutive cue repeats. The speaker was placed 

30-90cm from participants throughout the inter-session interval. We attempted to control 

for the ‘first night effect’ of sleep research (Agnew, Webb, & Williams, 1966) related to 

atypical sleep patterns associated with an initial period of sleeping in a novel environment, 

by having participants in the sleeping groups undergo an initial 1-hr nap during the 

afternoon within the week prior to participation in the throwing protocol and subsequent 

nap. During this initial napping session, the optimal decibel (db) level for subsequent TMR 

was also determined. This was done by determining each participant’s conscious auditory 

threshold while awake, and subsequently providing auditory stimulation during the initial 
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nap in five db increments starting from zero until their conscious auditory threshold was 

met. Afterwards, retrospective visual inspection of each participant’s sleep 

electroencephalographic (EEG) data was performed to determine the db level needed to 

elicit a k-complex, an EEG waveform elicited by external stimuli during sleep (Forget, 

Morin, & Bastien, 2011). This db level was then used during the subsequent TMR session 

to ensure that db levels were loud enough to evoke an EEG response, yet would likely not 

awaken participants. In all sessions involving the use of TMR, auditory delivery began 10 

minutes after the lights were turned off. 

While both Sleep+NoTMR and Sleep+TMR slept, EEG, electrooculography 

(EOG) and electromyography (EMG) were used to retrospectively determine sleep quality 

and quantity. Session two began ~10 minutes after waking. 

Both Wake+NoTMR and Wake+TMR remained awake and in the same laboratory 

space for an equivalent 1-hr period as both sleep groups, during the afternoon. Wake+TMR 

received TMR for a similar amount of time (50 minutes) as Sleep+TMR. The decibel level 

of the speaker was increased until participants acknowledged that they could easily hear 

the cues. Participants who remained awake were free to read or watch television, and did 

not sleep or practice throwing. Wake+TMR were not instructed what to do while auditory 

cues were being played throughout the inter-session interval other than to not throw or 

sleep.  

Generalization Analysis 

In both TMR protocols, only 3/5 auditory cues were repetitively replayed 

throughout the 1-hr period, to determine the specificity of any performance influences that 

the auditory cue delivery might cause. The 3 auditory cues played during the TMR period 
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were chosen at random prior to enrolling the first participant, and these 3 cues were used 

for all participants in both TMR groups.  

Sleep Recordings 

The recording montage used for the Sleep+TMR and Sleep+NoTMR groups 

included EEG leads C3A1, C4A1, right electrooculography and submentalis 

electromyography. Sleep scoring was done offline in 30-s epochs by two authors (ACV 

and SMS). Staging of sleep was done according to recent American Academy of Sleep 

Medicine standards27.  

Measures 

 Primary 

Absolute Error (AE) and Variable Error (VE): The distance from target center and 

actual ball contact on the screen, the primary outcome variable, was determined for each 

throwing trial via Flip Video UltraHD camera (Cisco Systems Inc., San Jose, CA, USA) 

placed behind participants with post-hoc use of Kinovea video motion analysis software 

V0.8.26 (http://www.kinovea. org). The mean spatial throwing error was reported as 

absolute error, and the standard deviation of spatial throwing error as variable error. 

Changes in AE, VE, and paired-association recall were analyzed as raw scores and via 

change score ratios [e.g. (Session-TwoStart – Session-OneEnd)/ Session-OneEnd] to 

control for performance during the previous testing block (i.e. Session-OneEnd in the 

previous example). 

Paired-association recall: Verbal recall of specific target location-auditory cue 

pairings for all 5 targets. 

Secondary 
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Sleep quality and quantity: Minutes of total sleep, minutes of wake after sleep onset, 

minutes of sleep for NREM sleep, slow wave sleep (SWS) and rapid eye movement (REM) 

sleep, as well as sleep efficiency calculated as percentage of time spent asleep from sleep 

onset to end of the 60-min napping period.  

Stanford Sleepiness Scale (SSS): A subjective measure of alertness, which 

participants were asked to complete at the start of each session28. This was used in the 

current study to attempt to control for any differences between-groups regarding alertness. 

Digit Span Memory Test: A test of working memory, which involved serial verbal 

readings of digit sequences to which participants were asked to repeat. This was repeated 

with both forwards and backwards recall of differing sets of standardized sequences29. This 

was used here to control for differences in working memory which may affect one’s ability 

to associate the different auditory cues to the different targets in this study. 

Analysis 

The Statistical Package for the Social Sciences version 22 (IBM corp. Armonk, 

NY) was utilized for all statistical analyses. Common data distribution assumptions were 

used to determine the applicability of parametric or nonparametric statistical analyses. 

Statistical significance was established at alpha < 0.05. Raw AE and VE scores were 

analyzed through two-way repeated measures analyses of variances (ANOVA), with time 

(4 test points) as the within-subject factor and group (4 groups) as the between-subject 

factor. Stanford Sleepiness Scale score for session two was initially inserted into the two-

way ANOVA model as a covariate but removed after being shown to not be a significant 

covariate for AE (p = 0.680) or VE (p = 0.329). One-way univariate ANOVAs were used 

to conduct between-groups analyses of AE and VE change score ratios, paired-association 
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test change score ratios, and participant characteristics (i.e. age, The Digit Span Forwards 

and Backwards tests, and Stanford Sleepiness Scale). Tukey HSD post-hoc tests were used 

for multiple comparisons in cases of significance. In such cases of significant ANOVAs, 

only statistically significant post-hoc tests are reported here. Sleep characteristic data was 

abnormally distributed, and Mann-Whitney U tests were therefore utilized to analyze sleep 

characteristics between-groups. 

Results 
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Table 5: Participant Characteristics 

 

 

 

 

 

 

 

 

Sleep characteristics (M±1SD). NREM: Non-rapid eye movement. SWS: Slow wave sleep. REM: Rapid eye movement. P-values reflect between-group differences. 

 

Table 6: Sleep Characteristics 

 Sleep+NoTMR  Sleep+TMR  P-Value 

Sleep Duration (min) 50.6 (13.2) 54.0 (11.5) 0.401 

Sleep Efficiency % 81.4 (17.2) 86.4 (15.5) 0.401 

NREM Sleep (min) 50.6 (13.2) 48.9 (17.8) 0.898 

Wake After Sleep Onset (min) 12.9 (11.7) 9.4 (11.8) 0.460 

SWS (min) 5.5 (8.4) 15.5 (17.4) 0.151 

REM Sleep (min) 0.0 (0.0) 1.1 (3.2) 0.300 

Sleep characteristics (M±1SD). NREM: Non-rapid eye movement. SWS: Slow wave sleep. REM: Rapid eye movement. P-values reflect between-group 

differences. 

 Wake+NoTMR Wake+TMR Sleep+NoTMR Sleep+TMR P-Value 

Age 27.1 (3.4) 25.9 (3.5) 25.3 (3.5) 26.2 (3.4) 0.626 

 

Digit Span 

Test 

Forwards 

Backwards 

 

 

13.1 (2.4) 

10.0 (2.4) 

 

 

11.4 (2.5) 

7.4 (3.5) 

 

 

11.5 (2.2) 

8.7 (2.7) 

 

 

10.7 (2.4) 

8.9 (2.6) 

 

 

0.093 

0.182 

 

SSS Session 1  

SSS Session 2 

 

2.2 (1.5) 

2.1 (1.3) 

 

1.3 (0.7) 

1.5 (0.7) 

 

2.2 (0.7) 

2.5 (1.1) 

 

1.8 (1.0) 

3.0 (0.8) 

 

0.205 

0.003 
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Table 5 outlines participant characteristics. Participants were statistically similar in 

terms of age, short-term memory (Digit Span Forwards, Backwards: (F [3, 47] = 2.266; p 

= 0.093; F [3, 47] = 1.690; p = 0.182) and Session One alertness (F [3, 47] = 1.589; p = 

0.205). However, there were between-group differences in alertness at the start of Session 

Two (F [3, 47] = 5.456; p = 0.003), with post-hoc analyses indicating that the Wake+TMR 

group was significantly more alert than Sleep+TMR (p = 0.002). Table 6 shows the sleep 

characteristics from participants. Overall, both sleep groups experienced similar amounts 

of sleep quantity and quality (p = 0.151 to 0.898). No wake participants slept or practiced 

a similar or new task with the left upper extremity between sessions.  
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Table 7: Raw Scores of Absolute Error, Variable Error, and Paired Association Recall 

 Wake+NoTMR Wake+TMR Sleep+NoTMR Sleep+TMR 

Session-1Start AE (cm) 31.0 (9.6) 30.3 (6.7) 32.0 (12.3) 35.7 (10.5) 

Session-1End AE (cm) 23.9 (4.9) 25.1 (6.7) 28.4 (7.5) 33.0 (12.7) 

Session-2Start AE (cm) 30.2 (7.4) 30.3 (5.7) 33.8 (12.4) 30.2 (12.2) 

Session-2End AE (cm) 29.0 (5.8) 25.9 (3.7) 26.4 (5.1) 26.3 (8.3) 

Session-1Start VE (cm) 14.9 (6.1) 15.4 (3.2) 15.2 (6.3) 16.8 (5.0) 

Session-1End VE (cm) 12.1 (2.7) 11.7 (3.2) 14.0 (4.3) 13.9 (6.7) 

Session-2Start VE (cm) 15.0 (4.7) 14.1 (3.9) 13.8 (6.4) 12.8 (5.4) 

Session-2End VE (cm) 13.9 (4.1) 12.0 (2.4) 14.1 (3.9) 13.0 (4.0) 

Paired Association 

Recall Session 1 (% 

correct) 

75.0 (23.5) 66.4 (32.6) 71.2 (25.0) 73.8 (22.9) 

Paired Association 

Recall Session 2 (% 

correct) 

88.8 (26.6) 92.8 (12.1) 88.3 (12.7) 90.8 (12.9) 

 

Raw scores across all timepoints (M±1SD). AE: Absolute Error. VE: Variable Error.  
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Figure 7 

  

Absolute error change scores. Error bars indicate standard error of the mean. *p ≤ 0.05. 
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Figure 8 

  

Variable error change scores. Error bars indicate standard error of the mean. *p ≤ 0.05. 

 

Absolute and Variable Error 
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between Session-OneStart and Session-OneEnd (Wake+NoTMR: -0.187; Wake+TMR: -

0.075; Sleep+NoTMR: -0.053; Sleep+TMR: -0.071; F [3, 47] = 1.981, p = 0.131), Session-

TwoStart and Session-TwoEnd (Wake+NoTMR: -0.076; Wake+TMR: -0.098; 

Sleep+NoTMR: -0.120; Sleep+TMR: -0.138; F [3, 47] = 0.315, p = 0.814), or overall from 

Session-OneStart and Session-TwoEnd (Wake+NoTMR: -0.090; Wake+TMR: -0.104; 

Sleep+NoTMR: -0.114; Sleep+TMR: -0.262; F [3, 47] = 2.249, p = 0.096). Note that raw 

AE scores at Session-OneEnd were not significantly different between groups (X [3, 47]) 

= 3.693, p = 0.297). 

Analysis of raw VE (displayed in Table 7) revealed a significant main effect of time 

(F [3, 44] = 5.340, p = 0.002), insignificant main effect of group (F [3, 44] = 0.286, p = 

0.835), and an insignificant interaction effect (F [3, 44] = 1.785, p = 0.164). The VE change 

score ratios between Session-OneEnd and Session-TwoStart were not different between-

groups (Wake+NoTMR: 0.277; Wake+TMR: 0.282; Sleep+NoTMR: -0.013; Sleep+TMR: 

-0.048; F [3, 47] = 5.370, p = 0.003). However, VE did not change between Session-

OneEnd and Session-TwoStart for all sleep participants collapsed together, while all awake 

participants collapsed together had a similar increase in variability (t [46] = 2.705, p = 

0.010). No between-group differences in VE change score ratios were observed between 

Session-OneStart and Session-OneEnd (Wake+NoTMR: -0.187; Wake+TMR: -0.075; 

Sleep+NoTMR: -0.053; Sleep+TMR: -0.071; F [3, 47] = 1.686, p = 0.184), Session-

TwoStart and Session-TwoEnd (Wake+NoTMR: -0.100; Wake+TMR: -0.165; 

Sleep+NoTMR: -0.058; Sleep+TMR: -0.071; F [3, 47] = 0.262, p = 0.852), or overall from 

Session-OneStart and Session-TwoEnd (Wake+NoTMR: -0.125; Wake+TMR: -0.176; 

Sleep+NoTMR: -0.029; Sleep+TMR: -0.209; F [3, 47] = 1.064, p = 0.374).   



 

91 

 

Generalization Analyses 

Interestingly, both TMR groups demonstrated similar within-group AE and VE to 

targets that were cued during TMR vs. targets that were not cued at Session-TwoStart (p = 

0.140-0.976).  

Paired Association Test 

Groups did not differ in paired association test score during Session-One (F [3, 47] 

= 0.259, p = 0.854). There was a significant difference found between-groups with regards 

to paired association test recall change scores from Session-OneEnd to Session-TwoEnd 

(Wake+NoTMR: 0.225; Wake+TMR: 0.975; Sleep+NoTMR: 0.261; Sleep+TMR: 0.238; 

F [3, 46] = 4.709, p = 0.007. Post-hoc analyses revealed that Wake+TMR improved on the 

paired-association test relative to Wake+NoTMR (p = 0.031), Sleep+NoTMR (p = 0.018 

and Sleep+TMR (p = 0.030). 

Discussion 

This study sought to determine whether TMR application throughout a ~1-hr daytime 

nap was sufficient to enhance non-dominant (left) upper extremity sensorimotor 

performance in healthy young adults. Results revealed that the Sleep+TMR group was the 

only group to demonstrate an improvement in AE from the end of the first session to the 

start of the second session. This change was statistically significant relative to all other 

groups. However, these between-group performance changes were relatively short-lasting 

since all groups performed similarly by the end of the second session. These findings are 

in line with our previous pilot study, in which the application of TMR throughout the first 

two slow wave sleep cycles during overnight sleep resulted in similar findings between the 

end of session one and start of session two. However, between-group differences in 
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performance changes were longer lasting in our previous study, likely representing a dose-

response relationship. In terms of VE, the current results support the idea that sleep 

stabilizes performance variability. From the end of session one to the start of session two, 

both waking groups showed a similar increase in the variability of their throwing errors, 

whereas both sleeping groups did not demonstrate an increase in error variability. These 

findings have  been shown previously by others (Hill et al., 2008; Nettersheim et al., 2015). 

Also in line with the finding of our previous study and that of others (Johnson et al., 2018; 

Rasch et al., 2007; Schönauer et al., 2014), the application of TMR throughout an equal 

period of quiet daytime wake did not result in enhanced sensorimotor performance. Rather, 

here the Wake+TMR group demonstrated the largest improvement of all groups in the 

cognitive aspect inherent to the paired association test, which met statistical significance 

relative to all other three other groups. This test involved verbal recall of the specific target-

auditory cue pairings.  

These findings might be partially explained by prior functional MRI evidence 

showing that TMR applied during wake relates to primarily frontal cortex activation, 

whereas TMR during a nap is associated with medial prefrontal cortex activity 

(Diekelmann et al., 2011). Another study involving TMR delivery during sleep in a 

functional MRI environment, following serial reaction time task learning, found that 

functional connectivity between the caudate nucleus and hippocampus was increased after 

TMR (James N. Cousins et al., 2016). Taken together, it appears that TMR during wake 

may alter consolidation or reconsolidation through contextual integration of current waking 

activity (i.e., conscious or unconscious recall of target-cue pairings), via the prefrontal 

cortex. Thus, TMR during wake would enhance the explicit recall aspect of the task rather 
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than the motor aspect, as seen here. But it should be noted here that Wake+TMR 

participants were not asked afterwards whether they engaged in explicit strategies for recall 

during cue delivery, however all participants did remain engaged in other cognitive 

activities throughout the hour. 

The sensorimotor task used in this study was designed to include a 500 ms interval 

between each trial’s presentation of a visual target and presentation of the target’s 

associated auditory cue. This temporal interval provides a period of time for motor 

planning to occur, with the plan then executed once an auditory cue is heard. This design 

was expected to allow for motor execution to be associated with auditory cue delivery, and 

thus activate a general motor program associated with the throwing task rather than each 

target location. Indeed, despite only 3 of 5 auditory cues being repetitively replayed 

throughout the TMR period, both Sleep+TMR and Wake+TMR demonstrated similar 

within-group subsequent performance to all five target locations. Future research should 

probe this idea further, as if true, TMR should also allow for generalization of performance 

to other task-variants not practiced during either session (e.g. throwing performance to new 

target locations not previously thrown to), but not to other non-throwing tasks. 

Additionally, future research should also determine whether multiple days of practice may 

lead to generalization of skill to other non-throwing tasks. If so, a further developed TMR 

protocol may serve to aid as an adjunct to physical rehabilitation and/or performance 

training. 

Limitations 

There are several limitations to this study that should be noted. First, real-time EEG 

recordings were not used and therefore did not allow for high temporal precision delivery 
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of TMR immediately upon participants falling asleep. However, a lack of online EEG 

monitoring was not likely to have a significant effect on the results, as the application of 

TMR 10 minutes after the napping period began was beyond all Sleep+TMR participants’ 

sleep onset times. Additionally, no participants in the Sleep+TMR group who were able to 

fall asleep noted hearing auditory cues during the napping period. Another limitation that 

should be noted is that the portable polysomnography system used in this study has only 

two EEG leads. Therefore, the recommended montage by the American Academy for Sleep 

Medicine cannot be used with this and other portable devices, and here may have led to 

small increases in scoring of stage 1 NREM in place of stages 2 and 3 NREM (Berry et al., 

2018; Ruehland et al., 2011). In addition, use of the two EEG leads here prevented the use 

of more sophisticated EEG analyses (e.g. power in relevant frequency bands). As 

behavioral performance measures were the main outcome measures of interest, as well as 

the short sleep period, a system with minimal EEG leads was chosen to allow for maximal 

user comfort while attempting to fall asleep. Lastly, future work should aim to start Session 

2 later than the 10 minutes after wake utilized here, as the current study found that 

participants in the Wake+TMR group were more alert at Session 2 start than those in the 

Sleep+TMR group. 

Conclusion 

The main finding presented in this study is that TMR throughout a daytime nap is 

sufficient for transient enhancement of sensorimotor performance. This result may have 

future implications for physical rehabilitation, of which motor learning and memory 

consolidation are integral to successful rehabilitation progression. It remains to be seen 

whether repeated use of TMR over multiple sessions leads to longer retention periods, but 
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if proven successful, this approach may serve as an adjunct to traditional rehabilitation 

protocols. Doing so may therefore provide a benefit to long term functioning and 

independence in individuals undergoing physical rehabilitation. 
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CHAPTER FIVE: SENSORIMOTOR PERFORMANCE IS IMPROVED BY 

TARGETED MEMORY REACTIVATION DURING A DAYTIME NAP IN 

HEALTHY OLDER ADULTS 

 

Abstract 

Memory consolidation is known to occur during sleep. However, the benefit of sleep-based 

memory consolidation decreases during healthy aging due to decreased sleep quality and 

quantity. This study therefore aimed to enhance sensorimotor performance through the 

repetitive delivery of task-based auditory cues during a period of daytime sleep, known as 

targeted memory reactivation (TMR). Healthy right-handed older adults (50-80 years old) 

were recruited to perform a non-dominant arm ball throwing task immediately before and 

after a 1-hour daytime nap. During the nap, half of participants received TMR throughout 

the hour. Older adults who received TMR during sleep demonstrated a significantly greater 

overall change in throwing accuracy from the start of the first session to the end of the 

second session. Generalization of skill occurred to two un-trained variants of the throwing 

task, but not to a novel dart throwing task. In conclusion, this study supports the notion that 

TMR during sleep can enhance sensorimotor skill performance in healthy older adults 

despite the known effects of aging to sleep quality and sleep quantity. This procedure may 

serve as an adjunct to rehabilitation protocols in the future. 
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Highlights 

• Use of TMR during sleep leads to greater overall improvements in throwing 

accuracy in healthy older adults, despite the known decreases in sleep quality and 

sleep quantity associated with healthy aging 

• Skill generalized to un-trained variants of the trained task, but did not transfer to a 

un-trained similar, but unique task 
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1. Introduction 

Sleep is widely known to benefit learning and memory, whether cognitive or motor in 

nature(Diekelmann & Born, 2010). During sleep, previously encoded memories are 

consolidated to decrease neural resources and enhance or stabilize subsequent performance 

(Fischer, Nitschke, Melchert, Erdmann, & Born, 2005; Korman et al., 2007; Robertson, 

Press, & Pascual-Leone, 2005). Non-rapid eye movement sleep, in particular, has been 

found to play a key role in consolidation, during which spontaneous neural re-activations 

(in the form of sleep spindles and slow waves) occur in brain regions previously involved 

with actual performance during waking (Korman et al., 2007; Laventure et al., 2016; 

Nishida & Walker, 2007; Tamaki et al., 2013; Tamaki, Matsuoka, Nittono, & Hori, 2009). 

However, this sleep-based benefit for learning declines over time as a result of healthy 

aging (Aaronson et al., 2016; Brown, Robertson, & Press, 2009; Fogel et al., 2014; 

Gudberg, Wulff, & Johansen-Berg, 2015; Roig, Ritterband-Rosenbaum, Lundbye-Jensen, 

& Nielsen, 2014; Spencer, Gouw, & Ivry, 2007; Spencer & Pace-Schott, 2013), possibly 

due to decreased sleep quality and quantity, as well as a decreased number of sleep spindles 

and slow wave activity (Backhaus et al., 2007; Fogel et al., 2014; Sprecher et al., 2016). 

 

Recent work has shown that external brain stimulation during sleep can enhance the 

process of memory consolidation (Marshall, Helgadóttir, Mölle, & Born, 2006; Marshall, 

Mölle, Hallschmid, & Born, 2004; Ngo, Martinetz, Born, & Mölle, 2013; Ong et al., 2016; 

Oudiette & Paller, 2013; Westerberg et al., 2015). By externally stimulating the brain, re-

activations of brain regions previously associated with waking performance can be 

achieved. A variety of stimulation methods have been used in an effort to promote 
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cognitive and motor learning. One such method is commonly known as targeted memory 

reactivation (TMR). Use of TMR involves repetitively pairing sensory stimuli (auditory or 

olfactory) with waking performance and subsequently replaying the same stimuli during a 

period of waking or sleeping consolidation (Oudiette & Paller, 2013). The effects of TMR 

during wake and sleep have generally been opposing. In one study, participants performed 

an object-location cognitive memorization task before a period of TMR during either wake 

or sleep.  For this task, TMR during sleep led to enhanced performance and TMR during 

wake resulted in decreased performance (Diekelmann, Büchel, Born, & Rasch, 2011). 

These findings can be attributed to differences in functional brain activity that were re-

activated during TMR periods. While TMR during sleep primarily re-activated the medial 

temporal cortices, TMR during wake primarily re-activated the dorsolateral prefrontal 

cortex. Re-activation of the former may have therefore enabled replay of task-specific 

memories, whereas the latter likely induced memory interference via re-consolidation with 

new information from the current environment. We recently corroborated these results after 

mass-practice of a non-dominant arm throwing task by demonstrating that participants who 

received TMR during sleep improved their throwing accuracy and participants who 

received TMR during wake saw an enhancement of a cognitive aspects of the same 

throwing task (Johnson, Scharf, Verceles, & Westlake, 2019; Johnson, Scharf, & Westlake, 

2018). 

 

Despite evidence supporting TMR to enhance motor performance, studies to date have only 

been conducted in healthy young adults. Therefore, the aim of this study was to use TMR 

throughout a daytime nap to enhance performance of a non-dominant upper extremity 
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throwing task in healthy older adults. Findings of this study could then be implemented in 

combination with traditional physical and cognitive therapies in a wide variety of contexts 

in healthy and neurologically impaired older adults. 

2. Materials and Methods 

Results of a power analysis using within and between group Cohen’s d effect sizes from 

our past studies indicated that a sample size of at least 10 per group was necessary to obtain 

a two-tailed alpha of 0.05 and power of at least 0.80. Potential participants were included 

if they were between the ages of 50 and 80, strongly right-handed (Edinburgh Handedness 

Inventory of at least 75 for right hand dominance (Oldfield, 1971)) without movement 

restrictions of the left UE. Potential participants were excluded if they had greater than 

moderate risk of sleep apnea (score of >4 on the Stop-BANG Screening Questionnaire 

(Chung et al., 2012)), history of sleep disorders, attentional or executive function deficits 

(<5 on Digit Span Forward Test (Orsini et al., 1987)); greater than moderate hearing loss 

(>8 on Hearing Handicap Inventory for the Elderly–Screening Version (Rosis, Souza, & 

Iório, 2009) ; amnesia or dementia (<25 on Montreal Cognitive Assessment (Nasreddine 

et al., 2005; Rossetti, Lacritz, Cullum, & Weiner, 2011); other diagnoses that may have 

influenced participation, or participated in throwing activities (e.g. basketball, baseball) 

more than once per month. 
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Figure 9 

 

 

Experimental protocol. Each session involved a sequence consisting of a testing block (20 trials total; black), 

training blocks (100 trials total; white), a second testing block, and a paired-association block (20 trials total; 

grey). 

 

All participants completed two wake testing and training sessions separated by a 1-hour 

daytime napping interval (Figure 9), with half of participants receiving TMR throughout 

the nap. The two wake sessions were similar in time and design, including two testing 

blocks separated by a training block. During each session, participants remained seated in 

a chair with a backrest and no armrests and were asked to repetitively throw small bean-

filled balls at a large screen (200cm x 170cm) placed 3 meters from the chair. A target 

(45cm x 45cm) was repetitively projected to one of five locations on the screen each trial 

via OpenSesame software (OpenSesame V3.1.9, www.osdoc.cogsci.nl) for 5.5 seconds. 

Every trial was similar in that the visual target was presented alone for 500 ms, after which 

a custom-made auditory tone (Audacity software; http://www.audacityteam.org/) was 

played to cue participants to throw one ball to the center of the target. Participants were 

instructed to attempt to be as accurate as possible with each throw and to not focus on 

speed. Each of the five target locations was paired with a different custom-made tone, and 

all targets were presented a similar number of times in testing and training blocks. During 

Session 1 Session 2 

1 Hour 

Start End End Start 
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the two testing blocks (20 trials each) targets were presented in a pseudo-random order to 

prevent consecutive repeats (e.g. location 1, 5, 4, 1, 3, 2, 3, 5, 4, 2 etc.), whereas during the 

back-to-back training blocks (50 trials each, separated by a rest break) targets were 

presented in a blocked design (e.g. location 1, 1, 1, 1, 1, 2, 2, 2, 2, 2, etc). Each session 

ended with participants completing a paired-association recall test involving 20 additional 

trials in which participants were not asked to throw. During this paired-association test, all 

five targets would appear simultaneously during each trial, followed by the individual 

presentation of each auditory cue. Participants were instructed to state aloud which of the 

five targets they believed to be paired with the presented auditory cue. At the end of the 

second session, participants also completed two generalization tests with their non-

dominant left UE while remaining seated and throwing 3 meters. The first generalization 

test involved performing 20 additional throwing trials to 2 new target locations not 

previously seen or practiced (10 trials to each new target). Lastly, a transfer test involved 

12 additional throwing trials to a dart board (40 cm diameter) with magnetic darts. The dart 

board was placed in the middle of the screen, at the same location as the middle of the five 

projected target images. 

 

The inter-session nap interval began immediately after the end of session one. Participants 

slept in a hospital bed within a sound-reduced room, with a set of speakers hidden 30-90cm 

from participants. The inter-stimulus interval used for TMR delivery was 5.5s to match the 

timing of the throwing protocol, and the cue order was pseudo-randomized to prevent 

consecutive repeating of auditory cues. To control for the ‘first night effect’, (Agnew, 

Webb, & Williams, 1966) which involves atypical sleep patterns associated with an initial 
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period of sleeping in a novel environment, participants underwent a 1-hr napping session 

prior to the testing and training visit. This first napping session was also used to determine 

the optimal decibel (db) level to be used for subsequent TMR. To do so, a conscious 

auditory threshold was determined for each participant while awake, and then auditory cues 

were presented during the initial nap in 5db increments starting from zero until the 

conscious auditory threshold was met. Retrospective electroencephalographic (EEG) 

analysis determined the db level needed to elicit a k-complex EEG waveform (Forget, 

Morin, & Bastien, 2011). This db level was then used in the experimental nap to evoke an 

EEG response yet would likely not awaken participants. During the application of TMR, 

auditory cue delivery would begin 10 minutes after the room lights were turned off. As in 

our previous studies, only 3/5 auditory cues (randomly chosen prior to enrollment of the 

first participant and subsequently used for all participants receiving TMR) were replayed 

throughout the 1-hr period to determine the specificity of any performance changes that 

TMR may have caused (Johnson et al., 2019, 2018). During sleep, EEG, 

electrooculography (EOG) and electromyography (EMG) were collected to retrospectively 

determine sleep quality and quantity. The recording montage used included EEG leads 

C3A1, C4A1, right electrooculography and submentalis electromyography. Sleep scoring 

was done offline in 30-s epochs and sleep staging was done in accordance with recent 

American Academy of Sleep Medicine standards (Berry et al., 2018). After 60 minutes, 

participants were awoken, and testing and training session two subsequently began ~10 

minutes after waking. 
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The primary measures of interest for this study were absolute error (AE) and variable error 

(VE). The distance between the center of a given target in which the ball made contact was 

determined for each trial via Kinovea video motion analysis software V0.8.26 

(http://www.kinovea. org), using video files obtained from a Flip Video UltraHD camera 

(Cisco Systems Inc., San Jose, CA, USA) placed behind participants. The mean of this 

spatial throwing error is defined as AE, while the standard deviation of this spatial throwing 

error is defined here as VE. Changes in AE, VE, and paired-association recall were 

analyzed as raw scores and change score ratios [e.g. (Session-TwoStart – Session-

OneEnd)/ Session-OneEnd]. The latter allows for the control of performance during the 

previous testing block (i.e. Session-OneEnd in the previous example).  

 

Secondary measures were also included. The paired-association recall was defined as the 

verbal recall of specific target location-auditory cue pairings for all 5 of the targets. 

Additional measures included sleep quality and quantity (minutes of total sleep, minutes 

of wake after sleep onset, minutes of sleep in non-rapid eye movement [NREM] sleep 

stages 1-3, minutes of rapid eye movement [REM] sleep, and sleep efficiency [minutes of 

sleep/total minutes of napping period], subjective alertness at the start of each session 

(Stanford Sleepiness Scale [SSS], (Hoddes, Zarcone, Smythe, Phillips, & Dement, 1973)), 

and working memory (digit span memory test forwards and backwards (Orsini et al., 1987). 

Subjective alertness and working memory were assessed to determine whether these 

variables accounted for any between-group differences. 
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All statistical analyses were conducted using the Statistical Package for the Social Sciences 

version 22 (IBM corp. Armonk, NY), with statistical significance set to alpha < 0.05. Raw 

AE and VE scores were analyzed via a two-way repeated measures analyses of variance 

(ANOVA), with time (4 test blocks) as the within-subject factor and group (2 groups) as 

the between-subject factor. Depending on the results of Kolmogorow-Smirnov tests and 

skewness and kurtosis values, either independent t-tests or Mann-Whitney U tests were 

used for raw AE and VE and change score ratios, paired-association test raw scores and 

change score ratios, sleep quality and quantity, and participant demographics.  

 

3. Results 

 

Demographics 
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Table 8: Participant Characteristics 

 

 

 

 

 

 

Age, working memory, alertness at the start of each session (M±1SD). P-values reflect between-group differences. SSS: Stanford Sleepiness Scale. 

 

Table 9: Sleep Characteristics 

 NoTMR  TMR  P-Value 

Sleep Duration (min) 41.7 (13.8)  40.0 (16.5) 0.796 

Sleep Efficiency % 68.8 (21.9) 65.1 (25.3) 0.720 

Wake After Sleep 

Onset (min) 

17.2 (12.9) 24.5 (16.0) 0.265 

NREM 1 (min) 4.9 (4.1) 9.1 (5.4) 0.058 

NREM 2 (min 35.8 (16.1) 27.7 (18.6) 0.294 

NREM 3 (min 1.0 (3.2) 3.3 (9.0) 0.443 

REM Sleep (min) 0.0 (0.0) 0.0 (0.0) 1.000 

Sleep characteristics (M±1SD). NREM: Non-rapid eye movement. SWS: Slow wave sleep. REM: Rapid eye movement. P-values reflect between-group 

differences. 

 

 NoTMR 

n = 11 

TMR 

n= 10 

P-Value 

Age 63.3 (8.5) 63.0 (10.7) 0.963 

Digit Span Test 

Forwards 

Backwards 

 

10.6 (1.7) 

5.7 (2.5) 

 

11.7 (1.9) 

6.5 (1.8) 

 

0.077 

0.137 

SSS Session 1  

SSS Session 2 

2.0 (0.8) 

2.4 (1.1) 

1.6 (1.0) 

2.5 (1.2) 

0.487 

0.845 
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 Twenty-one participants completed this study (NoTMR: n = 11, 5 females/6 males; TMR: 

n = 10, 4 females/ 6 males). Participants were similar in age, working memory, and 

alertness (Table 8). Overall, both groups experienced similar sleep quality and quantity 

(Table 9). 

 

Absolute and Variable Error 
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Table 10: Raw Scores of Absolute Error, Variable Error, and Paired Association Recall 

 NoTMR  TMR  

Session-1Start AE (cm) 30.9 (8.8) 35.6 

(10.0) 

Session-1End AE (cm) 26.4 (15.6) 29.0 (6.4) 

Session-2Start AE (cm) 33.4 (14.7) 31.3 (6.0) 

Session-2End AE (cm) 28.8 (8.7) 24.1 (4.6) 

Session-1Start VE (cm) 15.7 (5.4) 19.4 (7.8) 

Session-1End VE (cm) 12.8 (6.5) 14.3 (3.3) 

Session-2Start VE (cm) 15.0 (8.4) 15.0 (4.4) 

Session-2End VE (cm) 14.0 (4.4) 10.1 (2.0) 

Paired Association 

Recall Session 1 (% 

correct) 

58.0 (26.8) 53.0 

(29.6) 

Paired Association 

Recall Session 2 (% 

correct) 

 

85.6 (16.9) 62.0 

(24.5) 

Raw scores across all timepoints (M±1SD). AE: Absolute Error. VE: Variable Error. 
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Figure 10 

  

Absolute error change scores. Error bars indicate standard error of the mean. *p ≤ .05 

 

Results of raw AE (Table 10) indicated a statistically significant main effect of time (F = 

6.531, p = 0.001), insignificant main effect of group (F = 0.002, p = 0.965), and a 

significant interaction effect (F = 3.048, p = 0.036). Figure 10 depicts group differences in 

AE change score ratios. Comparison of AE change score ratios between Session-OneStart 

and Session-TwoEnd revealed between group differences (NoTMR: -0.014±0.301, TMR: 

-0.300±0.15, t = 2.641, p = 0.017).  In contrast, no differences in AE change score ratios 

were found between Session-OneStart and Session-OneEnd (NoTMR: -0.166±0.285, 

TMR: -0.162±0.155, t = 0.036, p = 0.971), between Session-OneEnd and Session-TwoStart 

(NoTMR: 0.370±0.394, TMR: 0.101±0.193, U = 35.000, p = 0.280), and between Session-

TwoStart and Session-TwoEnd (NoTMR: -0.108±0.132, TMR: -.219±0.138, t = 1.841, p 

= 0.082). 
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Figure 11 

  

Variable error change scores. Error bars indicate standard error of the mean. *p ≤ .05 

 

Results of raw VE (Table 10) revealed a statistically significant main effect of time (F = 

5.385, p = 0.003), insignificant main effect of group (F = 0.078, p = 0.783), and a 

significant interaction effect (F = 3.941, p = 0.013). Figure 11 depicts group differences in 

VE change score ratios. Comparison of VE change score ratios revealed between group 

differences between Session-OneStart and Session-TwoEnd (NoTMR: 0.022±0.416, 

TMR: -0.414±0.216, t = 2.943, p = 0.009), and between Session-TwoStart and Session-

TwoEnd (NoTMR: 0.062±0.370, TMR: -0.277±0.223, t = 2.487, p = 0.023). However, 

group differences in VE change score ratios were not significantly different for change 

score ratios between Session-OneStart and Session-OneEnd (NoTMR: -0.167±0.304, 
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TMR: -0.184±0.271, t = 0.134, p = 0.895), and between Session-OneEnd and Session-

TwoStart (NoTMR: 0.272±0.578, TMR: 0.076±0.368, t = 0.905, p = 0.378). 

 

Paired Association Test 

 Paired association test raw score (Table 10) was found to be significantly different 

between the groups during the second session (% correct; NoTMR: 85.556±16.853, TMR: 

62.0±24.518, t = 2.412, p = 0.027), but was not different between the groups during the 

first session (% correct; NoTMR: 58.0±26.791, TMR: 53.0±29.646, t = 0.396, p = 0.697). 

However, the paired association recall change score ratio was not different between groups 

(NoTMR: 0.827±1.029, TMR: 0.216±0.568, t = 1.560, p = 0.144). 

 

Generalization and Transfer Analyses 

Three analyses of generalization were performed: (1) comparing AE and VE to targets that 

were cued during sleep vs targets that were not cued during sleep in the TMR group during 

Session-TwoStart and Session-TwoEnd; (2) comparing AE and VE to two novel target 

locations after Session-TwoEnd with initial performance to all targets at Session-OneStart; 

and (3) dart throwing AE and VE at Session-TwoEnd (following task performance to all 

other aspects of the experiment) to a dartboard of similar size, shape, and location as the 

previously practiced target images. The TMR group’s AE and VE were similar to all targets 

during Session-TwoStart and Session-TwoEnd, despite only 3/5 targets associated auditory 

cues being replayed during TMR (p = 0.114 to 0.915). The TMR group’s VE 

(12.422±2.506 cm, t = 2.594, p = 0.041), but not AE (28.444±6.157 cm, t = 1.709, p = 

0.138), to two novel target locations was significantly lower than initially at Session-
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OneStart. In contrast, the NoTMR group’s VE (13.594±6.316 cm, t = 1.647, p = 0.138) and 

AE (29.080±11.769 cm, t = 1.544, p = 0.161) to the novel targets were similar to Session-

OneStart. There were no between-group differences found with regards to AE (NoTMR: 

39.590±27.365 cm, TMR: 35.315±21.564 cm, t = 0.344, p = 0.736) or VE (NoTMR: 

16.309±8.721 cm, TMR: 22.041±15.722 cm, U = 41.000, p = 0.601) for the dart throwing 

transfer test. 

 

4. Discussion 

The aim of this study was to determine whether the use of TMR throughout a daytime nap 

may aid in overcoming age-related declines in memory consolidation and enhance non-

dominant UE sensorimotor performance. The results indicated that TMR enhanced 

performance of the motor, but not cognitive, aspect of the throwing task. Furthermore, 

TMR enhanced motor performance similarly to all five trained target locations, and even 

two novel locations not previously practiced, despite only 3/5 auditory cues being replayed 

during TMR. However, skill performance in the TMR group did not transfer to a different 

type of throwing task.   

 

The results indicated that the TMR group experienced a significantly greater reduction in 

AE and VE from baseline at (Session-OneStart) to after the second training session 

(Session-TwoEnd) relative to the NoTMR group. This finding is in line with the overall 

findings from two previous studies in healthy young adults (18-35 years old), suggesting 

that the use of TMR can enhance UE sensorimotor performance. However, our previously 

reported between-group difference in performance changes from the end of the first 



 

117 

 

training session to the start of the second training session in young adults was not observed 

here (Johnson et al., 2019, 2018). That is, a short-term benefit was evident immediately 

after the sleeping period with young adults. This immediate effect was not found in the 

present study, but rather only became evident as changes in overall performance. Although 

we are unclear as to the reasons underlying the delayed performance improvements with 

sleep and TMR, similarly delayed benefits have resulted from sleep alone in older adults 

(Gudberg et al., 2015; Tucker, McKinley, & Stickgold, 2011). One possible explanation 

may be the presence of sleep inertia (Tassi & Muzet, 2000), which would suggest that 

participants were not fully alert at the start of Session-Two. However, results on the 

Stanford Sleepiness Scale by both groups suggested otherwise. 

 

The TMR group also demonstrated generalization of skill enhancement, but only to a task 

with minimal variation.  AE and VE to all 5 visual targets were similar after TMR despite 

only 3 of 5 paired auditory cues being delivered. In addition, the TMR group showed a 

generalization of VE reduction to two novel targets not previously practiced. However, 

TMR during sleep seems to only enhance the motor program that is specific to the target 

throwing task used in this study and does not generalize to a similar, yet unique dart 

throwing task. The lack of improvements on the paired association cognitive recall test 

further supports the notion that TMR is specific to the trained sensorimotor task or only 

slight variations to this task. 

 

Another finding of this study was that AE and VE changed similarly across the napping 

period, from Session-OneEnd to Session-TwoStart. This result contradicts our previous 
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findings in healthy young adults, which found that sleeping stabilized VE performance 

from Session-OneEnd to Session-TwoStart regardless of group whereas use of TMR only 

enhanced AE. Differences between these studies may be attributed to age-related changes 

to sleep-based memory consolidation, with an underlying mechanism of decreased sleep 

quality and quantity associated with the aging process 11,16,17. 

 

This study had several limitations worth noting. First, the portable polysomnography 

device used here has only two EEG leads and therefore prevented more sophisticated EEG 

analyses such as a determination of power across the different sleep-related frequency 

bands. Secondly, real-time EEG recording was not used and therefore did not allow for 

high temporal precision of TMR delivery. However, the lack of online EEG monitoring 

likely did not have a significant impact on the results of this study as all TMR participants 

fell asleep within 10 minutes, which is when TMR delivery began. Moreover, retrospective 

EEG analysis revealed that all participants achieved at least 30 minutes of NREM sleep. 

Third, future studies should provide a longer break before starting Session 2 than the 10 

minutes used here as it is possible that immediate between-group differences were not 

found at Session-TwoStart due to sleep inertia. 

 

5. Conclusions 

The present study found that use of TMR throughout a daytime nap can enhance 

sensorimotor performance in healthy older adults. This finding is particularly intriguing 

given the known detriments to sleep quality and quantity associated with healthy aging. A 

possible implication is that TMR may be used as a beneficial adjunct to cognitive and 
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physical rehabilitation regimens, which often involve learning and memory. However, it 

remains to be seen whether repeated integration of TMR over several sessions may lead to 

greater generalization and transfer of skill to un-trained tasks. 
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CHAPTER SIX: ENHANCEMENT OF NON-PARETIC UPPER EXTREMITY 

SENSORIMOTOR PERFORMANCE IN INDIVIDUALS WITH CHRONIC 

STROKE VIA TARGETED MEMORY REACTIVATION DURING A DAYTIME 

NAP 

 

Abstract 

Sleep is a crucial aspect of learning and memory. However, through the process of healthy 

aging, the benefits of sleep often decrease. Evidence exists for a paradoxical change several 

months after experiencing a stroke, in which sleep benefits learning and memory in 

individuals with a history of stroke compared to age-matched control participants. Given 

that long-term upper extremity paresis and subsequent functional limitations often occur 

following a stroke, months or years of rehabilitation is necessary. This study sought to 

enhance non-paretic upper extremity sensorimotor performance in individuals with chronic 

stroke via the repetitive delivery of task-related auditory cues, known as targeted memory 

reactivation (TMR), throughout a one-hour daytime nap. Participants with a history of 

stroke at least 6-months prior were recruited to perform a sensorimotor task with their non-

paretic upper extremity immediately before and after a 1-hour daytime nap, during which 

half of participants received TMR. Participants who received TMR during sleep 

demonstrated a significantly greater overall change score ratio of absolute error and 

variable error of throwing performance relative to the NoTMR control group. 

Generalization of skill was evident to two un-trained variants of the trained task, but not to 

a novel un-trained dart throwing task. Given that performance improvements can be gained 
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in the non-paretic upper extremity, future studies should investigate whether extending the 

protocol to tasks of the paretic upper extremity may lead to improvements during clinically-

based rehabilitation interventions. 
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Materials and Methods 

Sleep is an important component of sensorimotor memory consolidation and learning 

(Diekelmann & Born, 2010) thus providing a critical tool to enhance upper extremity 

function in the alarming number of individuals left with residual impairments after stroke 

(Gowland, deBruin, Basmajian, Plews, & Burcea, 1992; Gresham et al., 1975; Jørgensen 

et al., 1995; Mayo et al., 1999; Mozaffarian et al., 2015; Nakayama, Jørgensen, Raaschou, 

& Olsen, 1994). It is well known that following initial skill acquisition, sensorimotor 

memory consolidation leading to enhanced subsequent skill performance is largely due to 

non-rapid eye movement (NREM) sleep over either a full night or a nap (Gulati, 

Ramanathan, Wong, & Ganguly, 2014; Hill, Tononi, & Ghilardi, 2008; Huber, Ghilardi, 

Massimini, & Tononi, 2004; Nettersheim, Hallschmid, Born, & Diekelmann, 2015; 

Nishida & Walker, 2007; Ramanathan, Gulati, & Ganguly, 2015; Tamaki et al., 2013; 

Tamaki, Matsuoka, Nittono, & Hori, 2008, 2009). To take advantage of and enhance this 

critical process, non-invasive methods of sensory stimulation during sleep have been 

developed. The most widely used method is known as targeted memory re-activation 

(TMR), which involves classical conditioning of an auditory (or olfactory) cue paired with 

task performance at the time of initial motor skill acquisition, followed by replaying the 

same cue during a period of sleep (Oudiette & Paller, 2013). Applying TMR during sleep, 

but not wake, activates brain regions involved with skill acquisition leading to increased 

functional connectivity within related brain networks and task-specific finger-sequence 

performance in healthy young adults (Antony, Gobel, O’Hare, Reber, & Paller, 2012; 

Cousins, El-Deredy, Parkes, Hennies, & Lewis, 2016; Susanne Diekelmann, Büchel, Born, 

& Rasch, 2011). We have previously shown that use of TMR during sleep can enhance 
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performance of a non-dominant upper extremity throwing task in healthy younger 

(Johnson, Scharf, & Westlake, 2018; Johnson, Scharf, Verceles, & Westlake, 2019) and 

older adults. What is still unknown is whether TMR can enhance skilled upper extremity 

performance in individuals with stroke. Previous studies have found that a period of sleep 

benefits learning in individuals with a history of stroke, but not in similarly aged healthy 

older adults paradoxically (Gomez Beldarrain, Astorgano, Gonzalez, & Garcia-Monco, 

2008; Siengsukon & Boyd, 2009a; Siengsukon & Boyd, 2008; Siengsukon & Boyd, 

2009b). Understanding the functional effects of TMR in a post-stroke population will 

provide the first step in developing an adjunct to traditional rehabilitation approaches, 

which tend to focus on skill acquisition rather than sensorimotor consolidation. 

 

Institutional review board approval was obtained for this study. A power analysis 

(G*Power 3.1.9.2) of within and between group Cohen’s d effect sizes from our previous 

studies indicated that an n of 10 per group could allow for within and between group 

statistical differences to be determined with a two-tailed alpha of 0.05 and power of 0.80 

or higher (Johnson et al., 2018; Johnson et al., 2019). This study included participants who 

sustained a stroke more than six months prior to study participation with all conventional 

therapy completed, age 50-80 years, and full active range of motion of the non-paretic 

upper extremity. Potential participants were excluded for psychologic, neurologic, 

cardiovascular, or other diagnosis which would impair participation; attentional or 

executive function deficits (<5 on Digit Span Forward Test) (Orsini et al., 1987); greater 

than moderate hearing loss (>8 on Hearing Handicap Inventory for the Elderly–Screening 

Version) (Rosis, Souza, & Iório, 2009); amnesia or dementia (<25 on Montreal Cognitive 
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Assessment) (Nasreddine et al., 2005; Rossetti, Lacritz, Cullum, & Weiner, 2011); aphasia 

with the inability to follow two-step commands; clinical signs of cerebellar, brainstem, or 

bilateral stroke location; and participation in throwing activities (e.g. basketball, baseball) 

more than once per month over the past five years. 

Figure 12 

 

Experimental protocol. Each session involved testing (black), training (white), and paired-association (grey) 

blocks. 

 

Study participation involved two daytime sessions divided by a 1-hour napping period, 

during which half of participants received TMR throughout the nap (Figure 12). Each 

session was similar in that participants remained seated in a chair with a backrest, but no 

arm rests, and engaged in a repetitive throwing protocol with the non-paretic upper 

extremity. Instructions emphasized an attempt to throw as accurately as possible, without 

regard for speed. Participants threw small bean-filled balls 3 meters to a large screen 

(200cm x 170cm). During each trial, a single target (45cm x 45cm) was projected to one 

of five locations on the screen (OpenSesame V3.1.9, www.osdoc.cogsci.nl) for 5.5 seconds 

total. After 500 ms of target projection, a custom-made auditory cue (Audacity software; 

http://www.audacityteam.org/) was played to indicate the timing of when to throw one ball 

to the center of the target. During each session, participants completed testing blocks of 

trials at the beginning and end of each session, separated by two long training blocks (with 

Session 1 Session 2 

1 Hour 

Start End End Start 
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a rest break between training blocks). During testing blocks (20 trials each) targets were 

presented in a pseudo-random order to prevent consecutive repeats (e.g. location 1, 5, 4, 1, 

3, 2, 3, 5, 4, 2 etc.), whereas during training blocks (50 trials each) targets were presented 

in a blocked design (e.g. location 1, 1, 1, 1, 1, 2, 2, 2, 2, 2, etc). During testing and training 

blocks, all targets were presented the same number of times. Each target location was 

paired with a different custom-made auditory cue. An additional paired-association explicit 

recall test was performed at the end of each session, to test how accurately participants 

could recall which auditory cue was paired with each target. This test was performed via 

20 additional trials at the end of each session when the target image would appear in all 

five locations simultaneously followed by one of the five auditory cues being played. 

Participants were then asked to say aloud which target location they believed was 

previously paired with the corresponding sound. Also at the end of the second session was 

a generalization and transfer test, during which participants remained seated and again, 

used the non-paretic UE. The generalization test involved 20 additional throwing trials to 

two new target locations not previously seen (10 trials each new target), whereas the 

transfer test involved 12 additional trials throwing magnetic darts at a dart board (40 cm 

diameter) placed in the same location as target location 5 in the middle of the screen. 

 

Immediately after completing the throwing protocol in session 1, the inter-session interval 

began. The sleeping area of the laboratory included a sound-reduced room, a hospital bed, 

and a set of speakers hidden 30-90cm from participants while in bed. When delivering 

TMR, an inter-stimulus interval of 5.5 seconds was used to match to the timing of the 

throwing protocol and cues were delivered in a pseudo-randomized order to prevent 
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consecutive repeats. In an attempt to control for the ‘first night effect’ of sleep research 

involving atypical sleep patterns during an initial sleep period in a new environment, 

participants were asked to participate in an initial one-hour napping session approximately 

one week before actual study participation (Agnew, Webb, & Williams, 1966). This initial 

napping period also provided an opportunity to determine an optimal decibel (db) level to 

be used for subsequent TMR delivery in the TMR group. An initial conscious auditory 

threshold was determined while awake, followed by the presentation of auditory cues 

(independent to the subsequent study session) at 5 db increments starting from zero until 

the conscious auditory threshold was reached. Retrospective electroencephalographic 

(EEG) analysis then allowed for the visual inspection of the lowest db level to elicit a k-

complex EEG waveform (Forget, Morin, & Bastien, 2011). This db level was then used 

during the subsequent experimental session, as to be loud enough to elicit a cortical 

response yet decrease the likelihood of waking participants. Use of TMR began 10 minutes 

after turning the lights off in the room. Additionally, TMR in this study involved the 

delivery of only 3 of the 5 auditory cues which were presented during the throwing 

protocol, in an attempt to determine the specificity of potential TMR-induced changes in 

throwing performance. Data regarding sleep quality and quantity was collected via EEG, 

electrooculography (EOG), and electromyography (EMG) with a montage including EEG 

leads C3A1, C4A1, right EOG and submentalis EMG. Sleep scoring was performed offline 

in 30 second epochs, with sleep staging done according the American Academy of Sleep 

Medicine standards (Berry et al., 2018). Participants were awoken after 60 minutes, and 

session two began ~10 minutes after waking. 
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The primary outcome was throwing accuracy during testing blocks, described as absolute 

error (AE) and variable error (VE). AE is defined as the mean of throwing accuracy, while 

VE is defined as the standard deviation of the spatial throwing error. Accuracy was 

determined by measuring the distance between the center of a given target and where the 

ball made contact, via Kinovea motion analysis software V0.8.26 (http://www.kinovea. 

org) on video files obtained from a Flip Video UltraHD camera (Cisco Systems Inc., San 

Jose, CA, USA) placed behind participants. AE, VE, and paired-association recall were 

analyzed as raw scores, as well as change score ratios [e.g. (Session-TwoStart – Session-

OneEnd)/ Session-OneEnd] to control for performance during the previous testing block 

(i.e. Session-OneEnd in the previous example). 

 

Paired-association recall was measured as the recall accuracy of specific target location-

auditory cue pairings for all 5 targets. Sleep quality and quantity were analyzed with 

minutes of total sleep, minutes of wake after sleep onset, minutes of sleep for each sleep 

stage, and sleep efficiency (minutes of sleep/total minutes of napping period). To attempt 

to control for attention and working memory, the Stanford Sleepiness Scale (SSS) (Hoddes, 

Zarcone, Smythe, Phillips, & Dement, 1973) was administered at the initiation of both 

sessions and digit span memory test forwards and backwards was collected at the start of 

session 1 (Orsini et al., 1987). 

 

All statistical analyses were carried out using the Statistical Package for the Social Sciences 

version 22 (IBM corp. Armonk, NY). Normality of the data of all variables was assessed 

via Kolmogorow-Smirnov tests as well as skewness and kurtosis values. Two-way repeated 
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measures analyses of variance (ANOVA) were used to analyze raw AE and VE scores, 

with time (4 test blocks) as the within-subject factor and group (2 groups) as the between-

subjects factor. Greenhouse-Geisser correction for violation of the assumption of sphericity 

was utilized when analyzing raw VE. Depending on the normality of the data distributions, 

either independent t-tests or Mann Whitney-U tests were used to analyze between-group 

differences and paired-samples t-tests for within-group analyses. Statistical significance 

was set to alpha < 0.05 for all analyses. 

 

Results 
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Table 11: Participant Characteristics 

 

 

 

 

 

 

 

 

 

Age, working memory, alertness at the start of each session (M±1SD). P-values reflect between-group differences. SSS: Stanford Sleepiness Scale. 

 

 

 

 

 

 NoTMR 

n = 10 

TMR 

n = 11 

P-Value 

Age 62.5 (6.1) 63.4 (8.2) 0.790 

 

Digit Span Test 

Forwards 

Backwards 

 

 

9.8 (1.3) 

6.4 (1.7) 

 

 

10.1 (2.4) 

6.5 (1.9) 

 

 

0.737 

0.946 

SSS Session 1  

SSS Session 2 

1.6 (0.7) 

2.7 (1.3) 

2.0 (1.3) 

2.1 (1.0) 

0.388 

0.239 

Years Since Stroke 7.2 (3.2) 9.2 (7.8) 0.766 

Fugl-Meyer UE 45.8 (21.7) 41.0 (18.2) 0.588 
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Table 12: Sleep Characteristics 

 NoTMR TMR P-Value 

Sleep Duration 

(min) 

44.8 (13.3) 43.2 (10.3) 0.757 

Sleep Efficiency % 73.9 (21.0) 71.3 (16.0) 0.753 

Wake After Sleep 

Onset (min) 

16.7 (10.8) 21.6 (9.6) 0.282 

NREM 1 (min) 6.4 (9.6) 5.5 (4.2) 0.803 

NREM 2 (min 35.2 (12.4) 37.2 (13.7) 0.720 

NREM 3 (min 3.3 (10.3) 0.4 (1.1) 0.363 

REM Sleep (min) 0.0 (0.0) 0.0 (0.0) 1.000 

 

Sleep characteristics (M±1SD). NREM: Non-rapid eye movement. SWS: Slow wave sleep. REM: Rapid eye movement. P-values reflect between-group 

differences. 
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 Demographics 

Participant demographics are outlined in Table 11. Overall, 21 participants completed this 

study (NoTMR: n = 10, 5 f/ 5 m, dominant UE paresis = 7; TMR: n = 11, 6 f/5 m, dominant 

UE paresis = 7). The participants in this study were similar with regards to age (NoTMR: 

62.5±6.1, TMR: 63.4 ±8.2, t = 0.270, p = 0.790), years since stroke (NoTMR: 7.2 ±3.2, 

TMR: 9.2 ±7.8, U = 54.000, p = 0.766), upper extremity impairment as determined by the 

upper extremity Fugl-Meyer score (NoTMR: 45.8 ±21.7, TMR: 41.0 ±18.2, t = 0.551, p = 

0.588),35 digit span forwards (NoTMR: 9.8 ±1.3, TMR: 10.1 ±2.4, t = 0.341, p = 0.737), 

digit span backwards (NoTMR: 6.4 ±1.7, TMR: 6.5 ±1.9, t = 0.068, p = 0.946), and 

alertness (Stanford Sleepiness Scale Session 1, 2: NoTMR: 1.6 ±0.7, 2.7 ±1.3, TMR: 2.0 

±1.3, 2.1 ±1.0, t = 0.884, p = 0.388; t = 1.215, p = 0.239). Sleep characteristics of 

participants are outlined in Table 12. Overall, both groups experienced similar sleep quality 

and quantity (p = 0.282 to 1.000). 

 

 Absolute and Variable Error 
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Table 13: Raw Scores of Absolute Error, Variable Error, and Paired Association Recall 

 NoTMR TMR 

Session-1Start AE (cm) 36.7 (18.4) 40.8 (29.8) 

Session-1End AE (cm) 31.1 (15.9) 32.2 (21.1) 

Session-2Start AE (cm) 36.9 (17.7) 30.5 (15.5) 

Session-2End AE (cm) 38.8 (20.1) 25.7 (15.6) 

Session-1Start VE (cm) 16.0 (8.0) 18.6 (12.1) 

Session-1End VE (cm) 15.8 (8.4) 16.2 (13.7) 

Session-2Start VE (cm) 19.0 (10.5) 15.3 (6.9) 

Session-2End VE (cm) 18.3 (10.2) 12.3 (7.3) 

Paired Association Recall 

Session 1 (% correct) 

39.0 (21.6) 45.9 (31.2) 

Paired Association Recall 

Session 2 (% correct) 

 

55.6 (27.6) 68.2 (30.4) 

Raw scores across all timepoints (M±1SD). AE: Absolute Error. VE: Variable Error. 
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Figure 13 

  

Absolute error change scores. Error bars indicate standard error of the mean. *p ≤ .05 

 

Analysis of raw AE (Table 13) demonstrated a significant main effect of time (F = 2.730, 

p = 0.050), insignificant main effect of group (F = 0.421, p = 0.525), and a significant 

interaction term (F = 2.803, p = 0.049). The AE change score ratios (Figure 13) between 

Session-TwoStart and Session-TwoEnd (NoTMR: 0.012 ±0.203, TMR: -0.171 ±0.174, t = 

2.251, p = 0.038) and between Session-OneStart and Session-TwoEnd (NoTMR: -0.010 

±0.194, TMR: -0.296 ±0.301, t = 2.507, p = 0.023) were significantly different between 

groups, with the TMR group experiencing a greater AE change score ratio than the NoTMR 

group. No between-group differences were found in AE change score ratios between 

Session-OneStart and Session-OneEnd (NoTMR: -0.142 ±0.117, TMR: -0.166 ±0.152, t = 

0.391, p = 0.700), nor between Session-OneEnd and Session-TwoStart (NoTMR: 0.128 

±0.233, TMR: 0.004 ±0.250, t = 1.132, p = 0.272).  
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Figure 14 

  

Variable error change scores. Error bars indicate standard error of the mean. *p ≤ .05 

 

Analysis of raw VE revealed an insignificant main effect of time (F = 0.980, p = 0.382), 

insignificant main effect of group (F = 0.364, p = 0.555), and a significant interaction term 

(F = 3.447, p = 0.048). When examining VE change score ratios (Figure 14), the TMR 

group had a significantly greater change score ratio than the NoTMR group from Session-

OneStart to Session-TwoEnd (NoTMR: 0.114 ±0.431, TMR: -0.183 ±0.692, t = 3.569, p = 

0.003). No other between-group differences were found in VE change score ratios, 

including between Session-OneStart and Session-OneEnd (NoTMR: 0.027 ±0.281, TMR: 

-0.98 ±0.439, t = 0.768, p = 0.0.452), between Session-OneEnd and Session-TwoStart 

(NoTMR: 0.180 ±0.413, TMR: 0.095 ±0.302, t = 0.535, p = 0.599), or between Session-

TwoStart and Session-TwoEnd (NoTMR: -0.080 ±0.309, TMR: -0.194 ±0.285, U = 

31.000, p = 0.310). 
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 Paired Association Test 

There was no difference found in paired association test raw recall score during session 

one (Percentage correct responses; NoTMR: 39.000 ±21.577, TMR: 45.909 ±31.210, t = 

0.584, p = 0.566), session two (NoTMR: 55.556 ±27.550, TMR: 68.182 ±30.354, t = 0.964, 

p = 0.348), nor paired association recall change score ratio (NoTMR: 0.553 ±0.877, TMR: 

0.722 ±1.193, t = 0.348, p = 0.732). 

 

 Generalization and Transfer Tests 

Throughout all testing points, the TMR group demonstrated similar AE and VE to targets 

that were cued during TMR vs. targets that were not cued (p = 0.078-0.978). AE (22.810 

±10.457 cm, t = 2.354, p = 0.043) and VE (11.364 ±6.072 cm, t = 3.205, p = 0.011) of the 

TMR group were lower to two novel targets (i.e. generalization test) than their initial 

performance at Session-OneStart. However, there were no between-group differences 

found with regards to AE (NoTMR: 48.552 ±40.552 cm, TMR: 39.027 ±29.270 cm, t = 

1.410, p = 0.177) or VE (NoTMR: 13.889 ±11.182 cm, TMR: 16.328 ±12.183 cm, t = 

0.453, p = 0.656) for the dart throwing transfer test.  

 

Discussion 

The purpose of this study was to investigate whether the use of TMR throughout a one-

hour daytime nap could enhance non-paretic upper extremity sensorimotor performance in 

individuals with a history of stroke. Overall, TMR appeared to enhance performance of the 

motor, but not cognitive, aspects of the trained non-paretic UE throwing task. Throwing 
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accuracy in the TMR group generalized to all trained targets, and two novel un-trained 

targets, despite only 3/5 auditory cues being played throughout the sleeping period. Skill 

performance in the TMR group did not transfer to a different throwing task than the one 

practiced.  

 

The main results indicate that participants who received TMR during sleep demonstrated 

a greater overall change score ratio than the NoTMR group with regards to both absolute 

error and variable error from the start of the first session to the end of the second session. 

These overall findings are consistent with our previous studies in younger and older healthy 

adults (Johnson et al., 2018; Johnson et al., 2019). Interestingly, young adult TMR groups 

in our previous studies showed an immediate benefit over other groups at Session-TwoStart 

whereas in our previous study with healthy older adults, as well as the current study, TMR 

groups showed a delayed between-group benefit only at Session-TwoEnd. This delayed 

benefit of sleep-related motor consolidation has been found by others as well (Gudberg, 

Wulff, & Johansen-Berg, 2015; Tucker, McKinley, & Stickgold, 2011). It may be that the 

participants in this study experienced sleep inertia that was not captured in their subjective 

rating of alertness via the Stanford Sleepiness Scale at Session-TwoStart (Tassi & Muzet, 

2000). 

 

Several additional findings of the current study support the concept that use of TMR during 

sleep enhances the general motor program related to the specific type of sensorimotor 

performance inherent to the current throwing task. First, the TMR group demonstrated 

similar AE and VE scores across all testing timepoints despite only 3/5 auditory cues being 
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delivered during TMR application. Second, AE and VE performance to two novel targets 

at the end of the second session were significantly lower than to all targets at the beginning 

of the first session, indicating generalization of skill. However, a transfer of skill was not 

evident to a different type of throwing task (i.e. dart throwing). Lastly, use of TMR did not 

enhance the cognitive aspect inherent to the current task.  

 

Several limitations should be noted regarding this study. First, the EEG system used here 

did not allow for real-time monitoring to ensure that TMR was provided only while 

participants were already asleep. However, this likely did not impact the findings of this 

study as the application of TMR 10 minutes after the sleep period began was beyond the 

sleep onset time of all participants in the TMR group. Second, future studies should allow 

participants to begin Session 2 longer than 10 minutes after awakening in order to minimize 

the possible effects of sleep inertia. Third, it should be noted that participants were not 

tested for sleep apnea before entering the study. However, this likely did not have a 

substantive impact on the current results for several reasons. Participants were all in the 

chronic phase of recovery post-stroke, when sleep apnea prevalence is lower than earlier 

on after sustaining a stroke (Gottselig, Bassetti, & Achermann, 2002; Hsueh, Lee, & Hsieh, 

2001; Kaneko, Hajek, Zivanovic, Raboud, & Bradley, 2003; Vock et al., 2002). In addition, 

participants in this study did not enter REM sleep, the stage of sleep when apneas tend to 

occur with higher frequency (Cartwright, Diaz, & Lloyd, 1991). Lastly, participants were 

not restricted to lying supine, when apneas also tend to occur (Joosten, O’Driscoll, Berger, 

& Hamilton, 2014). A fourth limitation of this study was that lesion location for each 
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participant was unknown and this may have introduced additional heterogeneity into the 

study sample. 

 

Summary 

This study aimed to enhance non-paretic UE performance of a real-world sensorimotor task 

in older adults with a history of chronic stroke using targeted memory reactivation during 

diurnal sleep. Participants performed a seated throwing task immediately before and after 

a 1-hour period of sleep. While asleep, half of participants received repetitive delivery of 

novel acoustic tones previously associated with the practiced sensorimotor task. Overall, 

participants who received TMR during sleep demonstrated significantly greater overall (i.e. 

Session-OneStart to Session-TwoEnd) gains in throwing accuracy relative to the NoTMR 

group. These gains also generalized to novel variations of the throwing task which were 

not previously practiced. Future studies should aim to determine whether TMR can be used 

as a simple adjunct to traditional rehabilitation protocols for individuals with stroke. 

 

 

 

 

 

 

 

 

 



 

145 

 

Acknowledgements 

This research was supported by an ACSM Foundation Doctoral Student Research Grant 

from The American College of Sports Medicine Foundation to BPJ. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

146 

 

References 

Agnew, H. W., Webb, W. B., & Williams, R. L. (1966). The first night effect: an EEG 

study of sleep. Psychophysiology, 2(3), 263–266. 

 

Antony, J. W., Gobel, E. W., O’Hare, J. K., Reber, P. J., & Paller, K. A. (2012). Cued 

memory reactivation during sleep influences skill learning. Nat Neurosci, 15(8), 

1114–1116. https://doi.org/10.1038/nn.3152 

 

Berry, R. B., Brooks, R., Gamaldo, C. E., Harding, S. M., Lloyd, R. M., Marcus, C. L., & 

Vaughn, B. V. (2018). AASM Scoring Manual Version 2.2. 

 

Cartwright, R. D., Diaz, F., & Lloyd, S. (1991). The Effects of Sleep Posture and Sleep 

Stage on Apnea Frequency. Sleep, 14(4), 351–353. 

https://doi.org/10.1093/sleep/14.4.351 

 

Cousins, J. N., El-Deredy, W., Parkes, L. M., Hennies, N., & Lewis, P. A. (2016). Cued 

Reactivation of Motor Learning during Sleep Leads to Overnight Changes in 

Functional Brain Activity and Connectivity. PLoS Biology, 14(5), e1002451. 

https://doi.org/10.1371/journal.pbio.1002451 

 

Diekelmann, S., & Born, J. (2010). The memory function of sleep. Nat Rev Neurosci, 

11(2), 114–126. https://doi.org/10.1038/nrn2762 

 

Diekelmann, S., Büchel, C., Born, J., & Rasch, B. (2011). Labile or stable: opposing 

consequences for memory when reactivated during waking and sleep. Nature 

Neuroscience, 14(3), 381–386. https://doi.org/10.1038/nn.2744 

 

Forget, D., Morin, C. M., & Bastien, C. H. (2011). The role of the spontaneous and 

evoked k-complex in good-sleeper controls and in individuals with insomnia. Sleep, 

34(9), 1251–1260. https://doi.org/10.5665/SLEEP.1250 

 

Fugl-Meyer, A. R., Jääskö, L., Leyman, I., Olsson, S., & Steglind, S. (1975). The post-

stroke hemiplegic patient. 1. a method for evaluation of physical performance. 

Scandinavian Journal of Rehabilitation Medicine, 7(1), 13–31. 

 

Gomez Beldarrain, M., Astorgano, A. G., Gonzalez, A. B., & Garcia-Monco, J. C. 

(2008). Sleep improves sequential motor learning and performance in patients with 

prefrontal lobe lesions. Clin Neurol Neurosurg, 110(3), 245–252. 

https://doi.org/10.1016/j.clineuro.2007.11.004 

 

Gottselig, J. M., Bassetti, C. L., & Achermann, P. (2002). Power and coherence of sleep 

spindle frequency activity following hemispheric stroke. Brain, 125(Pt 2), 373–383. 

(11844737). 

 



 

147 

 

Gowland, C., deBruin, H., Basmajian, J. V., Plews, N., & Burcea, I. (1992). Agonist and 

antagonist activity during voluntary upper-limb movement in patients with stroke. 

Physical Therapy, 72(9), 624–633. 

 

Gresham, G. E., Fitzpatrick, T. E., Wolf, P. A., McNamara, P. M., Kannel, W. B., & 

Dawber, T. R. (1975). Residual Disability in Survivors of Stroke — The Framingham 

Study. New England Journal of Medicine, 293(19), 954–956. 

https://doi.org/10.1056/NEJM197511062931903 

 

Gudberg, C., Wulff, K., & Johansen-Berg, H. (2015). Sleep-dependent motor memory 

consolidation in older adults depends on task demands. Neurobiology of Aging, 

36(3), 1409–1416. https://doi.org/10.1016/j.neurobiolaging.2014.12.014 

 

Gulati, T., Ramanathan, D. S., Wong, C. C., & Ganguly, K. (2014). Reactivation of 

emergent task-related ensembles during slow-wave sleep after neuroprosthetic 

learning. Nature Neuroscience, 17(8), 1107–1113. https://doi.org/10.1038/nn.3759 

 

Hill, S., Tononi, G., & Ghilardi, M. F. (2008). Sleep improves the variability of motor 

performance. Brain Research Bulletin, 76(6), 605–611. 

https://doi.org/10.1016/j.brainresbull.2008.02.024 

 

Hoddes, E., Zarcone, V., Smythe, H., Phillips, R., & Dement, W. C. (1973). 

Quantification of sleepiness: a new approach. Psychophysiology, 10(4), 431–436. 

 

Hsueh, I. P., Lee, M. M., & Hsieh, C. L. (2001). Psychometric characteristics of the 

Barthel activities of daily living index in stroke patients. Journal of the Formosan 

Medical Association = Taiwan Yi Zhi, 100(8), 526–532. 

 

Huber, R., Ghilardi, M. F., Massimini, M., & Tononi, G. (2004). Local sleep and 

learning. Nature, 430(6995), 78–81. https://doi.org/10.1038/nature02663 

 

Johnson, B. P., Scharf, S. M., Verceles, A. C., & Westlake, K. P. (2019). Use of targeted 

memory reactivation enhances skill performance during a nap and enhances 

declarative memory during wake in healthy young adults. Journal of Sleep Research. 

https://doi.org/10.1111/jsr.12832 

 

Johnson, B. P., Scharf, S. M., & Westlake, K. P. (2018). Targeted Memory Reactivation 

During Sleep, But Not Wake, Enhances Sensorimotor Skill Performance: A Pilot 

Study. - PubMed - NCBI. Retrieved May 11, 2018, from 

https://www.ncbi.nlm.nih.gov/pubmed/28644921 

 

Joosten, S. A., O’Driscoll, D. M., Berger, P. J., & Hamilton, G. S. (2014). Supine 

position related obstructive sleep apnea in adults: Pathogenesis and treatment. Sleep 

Medicine Reviews, 18(1), 7–17. https://doi.org/10.1016/j.smrv.2013.01.005 

 



 

148 

 

Jørgensen, H. S., Nakayama, H., Raaschou, H. O., Vive-Larsen, J., Støier, M., & Olsen, 

T. S. (1995). Outcome and time course of recovery in stroke. Part I: Outcome. The 

Copenhagen Stroke Study. Archives of Physical Medicine and Rehabilitation, 76(5), 

399–405. 

 

Kaneko, Y., Hajek, V. E., Zivanovic, V., Raboud, J., & Bradley, T. D. (2003). 

Relationship of sleep apnea to functional capacity and length of hospitalization 

following stroke. Sleep, 26(3), 293–297. 

 

Mayo, N. E., Wood-Dauphinee, S., Ahmed, S., Gordon, C., Higgins, J., McEwen, S., & 

Salbach, N. (1999). Disablement following stroke. Disability and Rehabilitation, 

21(5–6), 258–268. 

 

Mozaffarian, D., Benjamin, E. J., Go, A. S., Arnett, D. K., Blaha, M. J., Cushman, M., … 

Turner, M. B. (2015). Heart Disease and Stroke Statistics—2015 Update. Circulation, 

131(4), e29–e322. https://doi.org/10.1161/CIR.0000000000000152 

 

Nakayama, H., Jørgensen, H. S., Raaschou, H. O., & Olsen, T. S. (1994). Compensation 

in recovery of upper extremity function after stroke: the Copenhagen Stroke Study. 

Archives of Physical Medicine and Rehabilitation, 75(8), 852–857. 

 

Nasreddine, Z. S., Phillips, N. A., Bédirian, V., Charbonneau, S., Whitehead, V., Collin, 

I., … Chertkow, H. (2005). The Montreal Cognitive Assessment, MoCA: a brief 

screening tool for mild cognitive impairment. Journal of the American Geriatrics 

Society, 53(4), 695–699. https://doi.org/10.1111/j.1532-5415.2005.53221.x 

 

Nettersheim, A., Hallschmid, M., Born, J., & Diekelmann, S. (2015). The role of sleep in 

motor sequence consolidation: stabilization rather than enhancement. The Journal of 

Neuroscience: The Official Journal of the Society for Neuroscience, 35(17), 6696–

6702. https://doi.org/10.1523/JNEUROSCI.1236-14.2015 

 

Nishida, M., & Walker, M. P. (2007). Daytime Naps, Motor Memory Consolidation and 

Regionally Specific Sleep Spindles. PLoS ONE, 2(4). 

https://doi.org/10.1371/journal.pone.0000341 

 

Orsini, A., Grossi, D., Capitani, E., Laiacona, M., Papagno, C., & Vallar, G. (1987). 

Verbal and spatial immediate memory span: normative data from 1355 adults and 

1112 children. Italian Journal of Neurological Sciences, 8(6), 539–548. 

 

Oudiette, D., & Paller, K. A. (2013). Upgrading the sleeping brain with targeted memory 

reactivation. Trends in Cognitive Sciences, 17(3), 142–149. 

https://doi.org/10.1016/j.tics.2013.01.006 

 

Ramanathan, D. S., Gulati, T., & Ganguly, K. (2015). Sleep-Dependent Reactivation of 

Ensembles in Motor Cortex Promotes Skill Consolidation. PLoS Biology, 13(9), 

e1002263. https://doi.org/10.1371/journal.pbio.1002263 



 

149 

 

 

Rosis, A. C. A. de, Souza, M. R. F. de, & Iório, M. C. M. (2009). Questionnaire Hearing 

Handicap Inventory for the Elderly - Screening version (HHIE-S): sensitivity and 

specificity study. Revista Da Sociedade Brasileira de Fonoaudiologia, 14(3), 339–

345. https://doi.org/10.1590/S1516-80342009000300009 

 

Rossetti, H. C., Lacritz, L. H., Cullum, C. M., & Weiner, M. F. (2011). Normative data 

for the Montreal Cognitive Assessment (MoCA) in a population-based sample. 

Neurology, 77(13), 1272–1275. https://doi.org/10.1212/WNL.0b013e318230208a 

 

Siengsukon, C., & Boyd, L. A. (2009). Sleep enhances off-line spatial and temporal 

motor learning after stroke. Neurorehabilitation and Neural Repair, 23(4), 327–335. 

https://doi.org/10.1177/1545968308326631 

 

Siengsukon, C. F., & Boyd, L. A. (2008). Sleep enhances implicit motor skill learning in 

individuals poststroke. Top Stroke Rehabil, 15(1), 1–12. 

 

Siengsukon, C. F., & Boyd, L. A. (2009). Sleep to learn after stroke: implicit and explicit 

off-line motor learning. Neuroscience Letters, 451(1), 1–5. 

https://doi.org/10.1016/j.neulet.2008.12.040 

 

Tamaki, M., Huang, T.-R., Yotsumoto, Y., Hämäläinen, M., Lin, F.-H., Náñez, J. E., … 

Sasaki, Y. (2013). Enhanced spontaneous oscillations in the supplementary motor 

area are associated with sleep-dependent offline learning of finger-tapping motor-

sequence task. The Journal of Neuroscience: The Official Journal of the Society for 

Neuroscience, 33(34), 13894–13902. https://doi.org/10.1523/JNEUROSCI.1198-

13.2013 

 

Tamaki, M., Matsuoka, T., Nittono, H., & Hori, T. (2008). Fast Sleep Spindle (13–15 Hz) 

Activity Correlates with Sleep-Dependent Improvement in Visuomotor Performance. 

Sleep, 31(2), 204–211. 

 

Tamaki, M., Matsuoka, T., Nittono, H., & Hori, T. (2009). Activation of fast sleep 

spindles at the premotor cortex and parietal areas contributes to motor learning: a 

study using sLORETA. Clinical Neurophysiology: Official Journal of the 

International Federation of Clinical Neurophysiology, 120(5), 878–886. 

https://doi.org/10.1016/j.clinph.2009.03.006 

 

Tassi, P., & Muzet, A. (2000). Sleep inertia. Sleep Medicine Reviews, 4(4), 341–353. 

https://doi.org/10.1053/smrv.2000.0098 

 

Tucker, M., McKinley, S., & Stickgold, R. (2011). Sleep Optimizes Motor Skill in the 

Elderly. Journal of the American Geriatrics Society, 59(4), 603–609. 

https://doi.org/10.1111/j.1532-5415.2011.03324.x 

 



 

150 

 

Vock, J., Achermann, P., Bischof, M., Milanova, M., Müller, C., Nirkko, A., … Bassetti, 

C. L. (2002). Evolution of sleep and sleep EEG after hemispheric stroke. Journal of 

Sleep Research, 11(4), 331–338. 

 



 

151 

 

CHAPTER SEVEN: DISCUSSION AND SUMMARY OF FINDINGS 

 

Major Findings & Discussion 

The purpose of this dissertation was to determine the effectiveness and feasibility of the 

utility and efficacy of TMR to influence sensorimotor skill performance across the lifespan 

and post-stroke as a means to develop a sleep-based adjunct to traditional physical 

rehabilitation protocols. The central hypothesis was that TMR following sensorimotor 

training would enhance sensorimotor performance in a task-specific manner. Given the 

novel nature of the purpose of this dissertation, a step-wise approach was used. Specific 

Aim 1 was to determine the task specific and non-task specific effects of a daytime nap 

with TMR compared to no TMR and quiet wake on sensorimotor performance in healthy 

young adults. Specific Aim 1 was investigated in chapter 4, where we sought to determine 

whether use of TMR throughout a one-hour daytime nap was sufficient to influence 

sensorimotor performance in healthy young adults. Specific Aim 2 was then to determine 

the task specific and non-task specific effects of a daytime nap with TMR compared to no 

TMR on sensorimotor performance in older adults with and without a history of stroke. 

The study in chapter 5 addressed part of Specific Aim 2, where we applied TMR throughout 

a one-hour daytime nap with healthy older adults. Finally, chapter 6 examined part of 

Specific Aim 2 by investigating the effectiveness of applying TMR throughout a one-hour 

daytime nap to influence non-paretic UE sensorimotor performance in individuals in the 

chronic phase of stroke recovery.  
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The results of chapter 3 demonstrate the feasibility of TMR during sleep to enhance 

sensorimotor performance relative to sleep alone, wake alone, and wake with TMR. These 

effects were evident following a 7-10 hr sleep interval, and a trend towards a group 

difference remained after one week. Next, chapter 4 shows that the application of TMR 

during a ~1-hr daytime nap is sufficient to enhance non-dominant UE sensorimotor 

performance in healthy young adults. This study’s results also indicate that sleep alone 

stabilizes performance variability, whereas an equal period of wake increases performance 

variability. Interestingly, individuals who remained awake while receiving TMR 

demonstrated an enhancement of the cognitive aspect inherent to the trained task. It is then 

shown in chapter 5 that TMR throughout a daytime nap can aid in overcoming age-related 

declines in memory consolidation and subsequently enhance non-dominant UE 

sensorimotor performance. Lastly in chapter 6, TMR was shown to enhance performance 

of the motor aspects of the trained non-paretic UE throwing task in individuals with chronic 

stroke. 

 

The main finding across all studies was that the use of TMR during sleep can enhance 

performance of a real-world sensorimotor task in healthy younger and older adults, as well 

as individuals with a history of stroke. This was shown when evaluating the main task-

specific measure, absolute error. Given that participants who slept while receiving TMR 

demonstrated the greatest improvements in absolute error in Chapters 4, 5, and 6, this 

means that Hypothesis 1 of Specific Aims 1 and 2 was supported. The use of additional 

tests related to the cognitive aspect of the trained task, as well as generalization and transfer 

tests, helped to probe the effects and limits of TMR to a task’s motor program. These results 
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from un-trained tasks also support Hypothesis 2 of Specific Aims 1 and 2. Secondary 

analyses illuminated the effect of sleep alone on stabilizing sensorimotor performance 

variability, and that aging alters this process.  

 

The results across the current studies support the notion that TMR during sleep strengthens 

the “motor program” associated with the type of throwing inherent to the task used here. 

Based upon general motor program theory of neuromotor control, each motor skill has one 

memory or “program” that is recalled, but then adjusted on-line to accommodate to the 

current task and environmental demands (Keele, 1968; Schmidt, 1975). Use of TMR during 

wake is associated with dorsolateral prefrontal cortex activation whereas TMR during sleep 

is associated with medial temporal cortex activation (Diekelmann, Büchel, Born, & Rasch, 

2011) and increased connectivity between the caudate nucleus and hippocampus (Cousins, 

El-Deredy, Parkes, Hennies, & Lewis, 2016). These neural substrates are reflected 

behaviorally in chapter 3 and 4 regarding the opposing effects of Wake+TMR and 

Sleep+TMR. The throwing task used here included a 500 ms motor planning interval, 

which involves the caudate nucleus (Postle & D’Esposito, 1999, 2003; White, 2009), 

between target presentation and cue delivery to initiate throwing. We anticipated that this 

design would allow for motor execution to be associated with auditory cues, apart from the 

target’s specific spatial location. As a result, none of the four current studies found that 

providing TMR during sleep enhanced cognitive recall of the target-cue paired association 

test, but rather enhanced performance of the motor aspect of the task. Given that only three 

of the five conditioned auditory cues were replayed during TMR delivery, and yet later 

performance was similar to all five target locations, supports our prediction that a general 
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motor program was targeted for reactivation and subsequent reconsolidation through TMR. 

By doing so, performance to several variations of that general motor program were also 

enhanced. Indeed, the chapters 5 and 6 found a generalization of performance in the 

Sleep+TMR groups to two novel target variants of the practiced task, but not to an un-

trained throwing task with differing kinematic and kinetic demands. 

 

Results of variable error change across the sleep period in healthy young adults from 

chapter 4 support the notion that sleep alone, regardless of TMR, helps to stabilize 

sensorimotor variability. This has been shown with regards to other types of sensorimotor 

tasks as well (Hill, Tononi, & Ghilardi, 2008; Nettersheim, Hallschmid, Born, & 

Diekelmann, 2015). But interestingly this was not seen in the results from chapters 5 and 

6 with older adults with and without stroke respectively. Rather, absolute and variable error 

both changed similarly across the sleep period in opposition to young adults who showed 

a sleep-based effect on variable error and a TMR-based effect on absolute error. These 

differences among age groups may be attributed to age-related changes to sleep-based 

memory consolidation. Indeed, the decline of sleep quality and quantity across the lifespan 

has been associated with poor or even absent sleep-based consolidation (Aaronson et al., 

2016; Backhaus et al., 2007; Brown, Robertson, & Press, 2009; Fogel et al., 2014; 

Gudberg, Wulff, & Johansen-Berg, 2015; Roig, Ritterband-Rosenbaum, Lundbye-Jensen, 

& Nielsen, 2014; Spencer, Gouw, & Ivry, 2007; Spencer & Pace-Schott, 2013; Sprecher et 

al., 2016). 
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Future Directions 

This dissertation is innovative because it represents a substantive departure from the status 

quo by providing intervention to the passive element of sensorimotor skill learning: 

memory consolidation. Further research and development could lead to new horizons 

regarding the clinical practice of occupational and physical therapy following stroke and 

other diagnoses by providing a TMR-based adjunct to enhance sensorimotor memory 

consolidation. There are several areas of future inquiry that are recommended. 

 

The status quo as it pertains to stroke rehabilitation emphasizes a high dosage of active 

physical participation and repetition on the part of the patient (Kleim & Jones, 2008), but 

a recent clinical investigation into increases in therapy dosage has brought forth conflicting 

evidence regarding the benefits of increasing dosages of physical rehabilitation (Lang et 

al., 2016). Patients are often given a list of exercises to perform independently, but are not 

informed of which activities to perform or not perform outside of skilled practice and 

exercise in order to enhance sensorimotor consolidation and learning. It may be the case 

that the performance of such activities that are performed after the completion of prescribed 

exercise may actually impair long term motor function through maladaptive 

reconsolidation. Indeed, the acquisition of a new sensorimotor skill during the 

consolidation of a previous skill has been shown to cause retrograde interference to 

consolidation of the first skill (Ghilardi, Moisello, Silvestri, Ghez, & Krakauer, 2009). 

However, the extent to which such interference affects older healthy adults and individuals 

with stroke remains largely unknown and provides an area for future research. The results 

of such studies could then lead to strategic scheduling of various therapy sessions and 
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activities for patients to prevent interference of memory consolidation and overall therapy 

progress. 

 

It remains to be seen whether multiple sessions of TMR use can induce long-term retention 

of skill and/or generalization of skill beyond the task specifically practiced. Establishing 

this retention and generalization via a training protocol would provide evidence for the 

clinical utility of using TMR in addition to physical rehabilitation.  

 

In addition, future research should determine the extent to which TMR may influence 

motor performance of the paretic (or “more-affected”) upper extremity following in people 

with a history of stroke. This may depend on the type of task being trained on, as simple 

skills tend to be controlled largely by one brain hemisphere and complex skills can involve 

both hemispheres, and a stroke tends to cause a lesion within only one hemisphere.  

 

It also remains unknown whether the use of TMR during sleep may have a beneficial effect 

on sensorimotor performance in individuals in the acute and sub-acute phases of stroke 

recovery. During these phases of recovery following stroke, individuals tend to 

demonstrate rapid changes in movement and performance. It may be that pairing TMR with 

physical rehabilitation during the acute and sub-acute phases of recovery may allow for 

individuals to improve functioning faster, or improve the overall magnitude of functioning, 

or both. 
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Related to the previous point, integration of TMR with continuous positive airway pressure 

(CPAP) therapy should be investigated as a means to optimize sleep-based consolidation 

and subsequent rehabilitation post-stroke. As noted in Chapter 2, some individuals 

experience sleep apnea shortly after a stroke and benefit from CPAP in addition to physical 

rehabilitation. Pairing of CPAP and TMR may then provide a means to prevent sleep 

disruption and enhance sleep-based consolidation, respectively.  

 

Finally, given that sensorimotor memory consolidation is ubiquitous and is involved in 

physical rehabilitation, it seems likely that the use of TMR with rehabilitation could be 

beneficial following many injuries and diagnoses besides just stroke. Examples may 

include cognitive and motor rehabilitation following traumatic brain injury, activity of 

daily living training with people with dementia, or sports rehabilitation, among others. 

 

Pursuit of these lines of inquiry could lead to healthier and more independent lives for 

individuals with stroke or other diagnoses requiring physical rehabilitation.  
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