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ABSTRACT 

Electrical stimulation to the stroke-affected paretic upper limb (UL) has been a treatment to 

promote its motor recovery. Despite its efficacy in promoting muscle strength and enhancing 

motor training, the underlying neurophysiological mechanism for such motor improvement has 

not been clear. It is crucial to delineate the corticomotor plasticity effects of electrical stimulation 

when it is applied as a single entity and as an adjunct to other forms of therapies, since the 

knowledge would support formulation of effective treatment for the paretic UL in stroke 

rehabilitation.  

This dissertation incorporated 4 studies to examine the corticomotor excitability modulation 

and motor function effects of electrical stimulation on the paretic UL due to stroke. Study 1 

reviewed randomized controlled trials published before 2012 to scrutinize the efficacy of 

electrical stimulation on motor function improvement as well as corticomotor excitability for 

muscles in the paretic hand. Results of the meta-analysis showed that electrical stimulation could 

improve UL motor impairment but not its ability in functional task performance measured with 

the Action Research Arm Test. The corticomotor excitability changes associated with electrical 

stimulation could not be concluded because of diverse outcomes reported in only 3 studies. 

Study 2 was a randomized cross-over sham-controlled experiment (n = 32) set to determine a 

single session of 1-hour electrical stimulation delivered to the ulnar and radial nerves (PNS) of 

the paretic UL at an intensity of 2 to 3 sensory thresholds in modulating the corticomotor 

excitability in both brain hemispheres. The results confirmed that PNS could increase 

corticomotor excitability in terms of the recruitment curve (RC) slope and peak amplitude of 

motor-evoked potentials (pMEP) for the corticospinal projections to the contralateral first dorsal 
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interosseous hand muscle (FDI) measured in both hemispheres. The PNS also enhanced better 

hand pincer dexterity scored by the Purdue pegboard test than the sham stimulation (PNSsham). 

Then Study 3 was conducted to examine if PNS could condition the corticomotor pathways for 

another treatment targeting motor improvement in the paretic UL. This pilot randomized cross-

over study involved 20 subjects to receive 1-hour PNS paired with observation of movement 

demonstration in videos (termed action observation, AO) that was introduced during the last 30 

minutes of PNS. PNS+AO improved the Purdue dexterity score of the paretic hand, but the 

change in corticomotor excitability for the contralateral FDI in the lesioned hemisphere was not 

significant. The control intervention PNSsham+AO did not change any of the outcome 

measurements. Study 4 further tested the hypothesis that PNS and/or jointly with AO might 

effectively condition motor training of the paretic UL in enhancing corticomotor plastic changes 

and hand dexterity. In this randomized sham-controlled cross-over study, 20 subjects in chronic 

stage of stroke were exposed to 3 separate sessions of different interventions composed of 1-hour 

PNS or PNSsham paired with 30 minutes of AO or sham AO (AOsham), all followed by 30-minute 

training of index finger abduction. The results revealed that PNS+AO+Training led to 

significantly increased corticomotor excitability in terms of RC slope and pMEP amplitude 

localized in the lesioned hemisphere but that of the intact hemisphere was not altered. This 

neuroplastic modulation was accompanied by enhanced hand dexterity at 24 hours post-

intervention better than the control with PNSsham+AOsham+Training. On the other hand, 

PNS+AOsham+Training did not modulate corticomotor excitability functions but hand dexterity 

was increased immediately after the intervention better than after PNSsham+AOsham+Training. 

Training after PNSsham+AOsham conditioning was not effective on the outcome measurements. 
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Results of the series of studies supported that (1) one-hour PNS could increase the 

excitability of corticomotor pathways for the contralateral hand muscle in both the lesioned and 

intact hemispheres similarly; (2) one-hour PNS alone, or applied as a conditioning treatment in 

the presence of AO or AOsham prior to movement training in the paretic hand could lead to better 

hand dexterity than training after sham controls; (3) Up-regulation of corticomotor excitability 

specifically confined to the stroke-lesioned hemisphere was evident after a session of PNS paired 

with AO and Training. To conclude, one session of PNS or PNS-associated interventions for the 

paretic UL could effectively improve dexterity of the paretic hand in people with chronic stroke. 

PNS might have primed the corticomotor pathways for AO and motor training to result in 

corticomotor excitability enhancement specifically confined to the stroke-lesioned hemisphere. 
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Introduction 
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Cerebrovascular accident or stroke is a serious medical condition that involves focal brain 

damage as a result of a disruption of blood supply. Survivors of stroke experience various 

degrees of neurological impairment, usually on one side of the body contralateral to the side of 

the stroke lesion in the brain. As the fourth most prevalent cause of lost disability-adjusted life 

years globally, stroke is estimated to have the second highest annual economic cost amongst all 

neurological conditions (Olesen et al., 2012; Strong et al., 2007). The World Health Organization 

has estimated that there were 18 million first-ever strokes in 2015 (Strong et al., 2007). 

 

1.1 Functional recovery after stroke 

The disabilities in daily activities associated with the neurological impairments after stroke 

can be severe initially, but almost all patients would show a certain degree of recovery over time. 

It is most rapid in the first few weeks, but slows down between 1 to 6 months (Kwakkel et al., 

2006; Lee et al., 2015). Less than 20% of stroke survivors achieve near-complete functional 

recovery within 3 months (Nakayama et al., 1994). After 5 years, about one-third of survivors of 

stroke still show moderate to severe neurological impairment and disability (Feigin et al., 2010).  

When the stroke affects upper limb (UL), weakness and loss of functional ability will negatively 

affect the quality of life (Desrosiers et al., 2005). Kwakkel and colleagues (2006) reported that 

only about 11% of stroke victims achieve complete functional recovery of a paretic UL by 6 

months after an ischaemic stroke, although the extremity’s sensorimotor impairment may have 

improved by 50% or more (Lee et al., 2015). Improved functional ability of the paretic UL is 

therefore an important goal in stroke rehabilitation (Luke et al., 2004). 
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1.2 The mechanism underlying functional recovery in a stroke-affected upper 

limb 

Functional reorganization of the neural synapses and networks underpins the mechanism for 

the recovery of function after stroke. The brain has the capacity to change or reorganize itself 

during learning or in response to sensory input and experience (Chan et al., 2006; Ward, 2005). 

This process is referred to as neuroplasticity. It involves the unmasking of unused neuronal 

pathways, increased dendritic branching and synaptogenesis among existing neurons (Jones et al., 

1992, 1996).  

Effective motor performance involves collaborative activity of various brain regions – the 

dorsolateral premotor cortex, the supplementary motor area, the cingulate motor areas, the 

sensory and the insular cortex, together with the primary motor cortex (M1) and others. Via the 

corticospinal tract, the spinal motor neurons direct the ultimate efferent signals controlling 

movement. With neuro-imaging techniques it has been shown that regions of the brain that are 

remote from the stroke-damaged site can reorganize to take up the neural control of motor 

performance (Calautti et al., 2003; Sharma et al., 2012; Ward et al., 2003). Using positron 

emission computed tomography (PET) or functional magnetic resonance imaging (fMRI), neural 

activity has been observed to increase in the intact motor-related regions in both the lesioned and 

contralateral hemispheres during movements of a paretic hand after stroke (Grefkes et al., 2008, 

2011). The activated brain regions include the ipsilesional primary sensorimotor cortex, bilateral 

somatosensory association areas and the contralateral secondary somatosensory cortex area 

(Askim et al., 2009). Such enhanced neural activity has been observed to return to near normal 
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levels in patients achieving good functional recovery (Grefkes et al., 2011; Rehme et al., 2010), 

but to remain increased in those whose recovery is less complete (Ward et al., 2003).  

Cortical reorganization for motor function recovery after stroke is influenced by an 

imbalance in corticomotor excitability between the ipsilesional and contralateral hemispheres 

(Murase et al., 2004; Nowak et al., 2009). Being lower in excitability, the ipsilesional M1 

decreases its inhibitory influence on the contralateral M1. In turn, the disinhibited contralateral 

M1 overpowers the ipsilesional M1 in excitability through transcallosal inhibition (Murase et al., 

2004). Using transcranial magnetic stimulation (TMS), Murase and colleagues (2004) found that 

stroke survivors demonstrated abnormally high inhibitory drive from the contralesional to the 

ipsilesional M1 when their subjects attempted to move a paretic hand voluntarily. Such excessive 

inter-hemispheric inhibition was negatively related to motor performance. The imbalance in 

neural excitability between hemispheres hampers functional recovery in a paretic UL (Nowak et 

al., 2009; Ward, 2005), so therapy that increases the excitability of ipsilesional M1 neurons 

and/or down-regulates the excitability of contralateral M1 neurons should favour the recovery of 

motor function. 

 

1.3 Peripheral electrical stimulation in motor rehabilitation after stroke  

The continuity of any rehabilitative therapy is an important predictive factor for further 

functional recovery after stroke (Buma et al., 2013; Lee et al., 2015). Most neuro-rehabilitative 

approaches for improving UL motor function are based on repetitive task practice (Faralli et al., 

2013). Task-oriented training is suitable for patients with some residual motor function in the 

paretic UL, but it is less suited for patients with severe impairment (Faralli et al., 2013). 
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Electrical stimulation (ES) of paretic muscles using surface electrodes can also promote motor 

recovery following stroke, and it does not require voluntary effort from the patient (Laufer et al., 

2011). 

Various transcutaneous ES techniques are applied in stroke rehabilitation. Those aiming to 

facilitate voluntary muscle contraction are commonly known as either neuromuscular electrical 

stimulation (NMES) or functional electrical stimulation (FES). NMES using electrical pulses at 

20 to 50Hz is applied to the paretic muscles. It triggers muscle contractions which can lead to 

joint movements and improved muscle strength
 
(Powell et al., 1999). This in turn tends to reduce 

spasticity (Lin and Yan, 2011) and improve sensori-motor function as measured with the Fugl-

Meyer Assessment (Chae et al., 1998; Hsu et al., 2010; Lin and Yan, 2011) and functional task 

performance as measured with the Action Research Arm Test (Mann et al., 2005). FES differs 

from NMES in that the stimulation is paired simultaneously or intermittently with attempts to 

perform a functional task (Doucet et al., 2012) such as grasping and releasing objects (Alon et al., 

2007; Kowalczewski et al., 2007; Mangold et al., 2009) or even ambulation (Sabut et al., 2011). 

FES elicits contractions of the relevant muscles to assist and improve task performance. 

Transcutaneous electrical nerve stimulation (TENS) is a third, similar technique. It provides 

continuous or bursts of electrical stimulation via surface electrodes at pulse frequencies ranging 

from 1 to 200Hz and pulse durations from 50 to 500µs (Johnson, 2008). TENS can be applied 

over muscles (Sonde et al., 2000; Tekeoglu et al., 1998), nerves (Levin et al., 1992; Tekeoglu et 

al., 1998) or acupoints (Au-Yeung and Hui-Chan, 2014; Wong et al., 1999; Yan and Hui-Chan, 

2009). In randomized controlled trials, TENS has been shown to relieve spasticity (Levin et al., 

1992; Yan and Hui-Chan, 2009; Ng et al., 2010) and improve motor function (Au-Yeung and 

Hui-Chan, 2014; Sonde et al., 2000; Wong et al., 1999; Yan and Hui-Chan, 2009) and 
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performance in the activities of daily life (Ng et al., 2010; Tekeoglu et al., 1998; Wong et al., 

1999) after stroke. Peripheral nerve electrical stimulation (PNS) is the fourth technique in which 

bursts of electrical stimulation are delivered to the skin overlying peripheral nerves at regular 

intervals (Laufer et al., 2011; Ridding et al., 2000). Prolonged PNS applied to a paretic UL has 

been shown to improve muscle strength (Conforto et al., 2002; Klaiput and Kitisomprayoonkul, 

2009), voluntary movement and functional performance (Conforto et al., 2010; Wu et al., 2006), 

as well as augmenting the effects of task training (Celnik et al., 2007, 2009) for stroke survivors. 

The mechanism of ES as applied in stroke therapy is thought to involve inducing 

neuroplasticity in the cortex (Celnik et al., 2007, 2009; Klaiput and Kitisomprayoonkul, 2009; 

Wu et al., 2006). It is known that somatosensory input is necessary for maintaining the normal 

representations within the sensory and motor cortices (Asanuma et al. 1997; Dobkin et al. 2003; 

Pavlides et al., 1993). ES activates sensory fibers originated in the Ia and Ib, Golgi tendon organs, 

and the group II afferents from slow and rapidly adapting skin receptors. Such afferent stimuli 

produce changes in the receptive fields in the sensory cortex and in motor-related regions (Celnik 

et al. 2007). fMRI of healthy subjects reveals that electrical stimulation of peripheral nerves 

activates the somatosensory representation region in the contralateral primary sensorimotor 

cortex and the dorsal premotor cortices corresponding to the area stimulated (Golaszewski et al. 

2004; Wu et al. 2005). Similarly, TMS confirms that the neuroplasticity induced by ES entrains 

corticomotor excitability changes, either enhancement (Charlton et al., 2003; Chipchase et al., 

2011b; Fraser et al., 2002; Hamdy et al., 1998; Kaelin-Lang et al., 2002; Ridding et al., 2001) or 

reduction (Charlton et al., 2003; Chipchase et al., 2011b; Kaelin-Lang et al., 2002; Mima et al., 

2004) of the motor evoked potential (MEP) amplitudes, and/or expansion of the cortico-motor 
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representation of the target hand muscles innervated by the peripheral nerve given the ES 

(Meesen et al., 2011; Ridding et al., 2001). 

To date, only a few studies have reported corticomotor plasticity or excitability changes in 

stroke survivors associated with prolonged ES combined with exercise training (Celnik et al., 

2007; Conforto et al., 2010; Fleming et al., 2015; Tarkka et al., 2011). Tarkka and colleagues 

(2011) report that after a 2-week programme of FES of a paretic UL, people with chronic stroke 

showed greater improvement in UL task performance together with decreased MEP latency 

compared to control subjects who had not received FES (Tarkka et al., 2011). Celnik’s group 

(2007) has reported that 2 hours of electrical stimulation of the median and ulnar nerves of a 

paretic hand using a current intensity set at the sensory threshold applied prior to task training 

resulted in reduction of short-interval intracortical inhibition (SICI) in the lesioned hemisphere 

for the first dorsal interosseous muscle of the paretic hand. However, resting motor threshold 

(rMT) and intracortical facilitation (ICF) for the target muscle were not changed. Two other 

studies (Conforto et al., 2010; Fleming et al., 2015) which applied the same 2-hour ES to the 

median nerve or all 3 nerves of the paretic hand prior to task training for 12 sessions could not 

produce any consistent changes in rMT, MEP, ICF or SICI for the target hand muscle in patients 

with subacute or chronic stroke. To what extent ES alone can modulate corticomotor excitability 

after stroke remains unclear. 
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1.4 Building evidence for the utility of electrical stimulation of a paretic upper 

limb after stroke: The rationale for this dissertation study 

To date, the motor effects of prolonged or accumulated session of ES on a stroke-affected 

UL have been shown in terms of improved pinch strength (Au-Yeung and Hui-Chan 2014; 

Conforto et al., 2002; Klaiput and Kitisomprayoonkul, 2009) or better performance of daily 

activities (Conforto et al., 2007; Wu et al., 2006). The samples have been small and studies have 

applied various ES techaniques and parameters and outcome measures. Moreover, corticomotor 

plasticity stimulated by ES only has mainly been demonstrated using healthy subjects (Charlton 

et al., 2003; Chipchase et al., 2011a, 2011b; Kaelin-Lang et al., 2002; Meesen et al., 2011; Mima 

et al., 2004; Ridding et al., 2000, 2001). The neuroplastic responses associated with ES alone 

among stroke patients remain unclear. A systematic review and meta-analysis of the available 

literature is therefore indicated to appraise what has really been known about the effects of ES on 

corticomotor plasticity and motor function improvement among stroke survivors. 

Many studies examining the effects of ES on motor function among stroke patients have 

involved motor training (Celnik et al., 2007; Conforto et al., 2007; Hu et al., 2012; Tarkka et al., 

2010), and/or transcranial direct current stimulation (Celnik et al., 2009) as well in the ES 

intervention protocol. The observed outcomes might therefore have been affected by these 

composite interventions. To date, no published study has investigated the ability of ES alone to 

modulate corticomotor excitability in the stroke-affected hemisphere. The extent to which ES 

might be able to augment other treatments such as task practice and action observation (AO) in 

generating corticomotor plasticity should be important knowledge for designing stroke 

rehabilitation strategies. 
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1.5 Study objectives and hypotheses 

A series of studies were therefore conducted to examine the effects of electrical stimulation 

of peripheral nerves on changes in corticomotor excitability and motor function among people 

with chronic stroke.  

Study 1 reviewed previously published randomized controlled studies about the efficacy of 

electrical stimulation for improving motor function of a paretic UL and corticomotor excitability 

after stroke.  

Hypothesis: The pooled results of meta-analysis would support electrical stimulation 

could improve the motor function of a paretic UL after stroke and induce changes in 

corticomotor excitability in the lesioned hemisphere. 

Study 2 was designed to determine to what extent a single session of PNS applied to a 

paretic UL could modulate corticomotor excitability in both brain hemispheres and to what 

extent this is associated with motor function changes in the paretic hand. 

Hypotheses: One session of PNS applied to a paretic UL could modulate corticomotor 

excitability in both the lesioned and contralateral brain hemispheres. It could also 

improve motor function in the paretic UL. 

Study 3 was a pilot study testing a protocol in which PNS applied to a paretic UL was 

combined with AO. The effects on corticomotor excitability in the lesioned hemisphere and on 

hand dexterity were observed using people with stroke as the subjects. 

Hypotheses: Combining PNS with AO could promote corticomotor excitability in the 

hand area of the lesioned primary motor cortex better than the control protocol 
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involving sham PNS combined with AO. The combined PNS-AO protocol could also 

improve the dexterity of the paretic hand after a stroke. 

Study 4 similarly tested PNS combined with AO, but this was followed by motor training 

of the paretic hand. The objective here was to determine the differential effects of PNS paired 

with AO on the effectiveness of motor practice in terms of modulating corticomotor excitability 

in the lesioned and intact hemispheres and in terms of dexterity with the paretic hand. 

Hypotheses: PNS paired with AO could augment the effectiveness of task practice in 

increasing the corticomotor excitability of both brain hemispheres. The combined 

therapy would also enhance dexterity with the paretic hand more effectively than the 

control therapy with PNS and/or AO in sham conditions. 
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Abstract 

Objective: To summarize the known effects of electrical stimulation (ES) of a paretic upper limb 

(UL) after stroke on UL function and corticomotor excitability. 

Methods: A literature search identified controlled trials which had explored the effects of ES on 

motor impairment, disability or corticomotor excitability after stroke. Whenever there were 2 or 

more comparable studies, meta-analysis was applied to determine the pooled effect sizes of the 

outcomes. 

Results: Twenty-four studies, of which 18 were randomized controlled trials (RCTs) were 

identified. Meta-analysis of 5 RCTs confirmed that ES produced a moderate positive effect on 

UL motor impairment in terms of Fugl-Meyer Assessment results (pooled effect size = 0.72). 

The pooled effect on functional ability in terms of Action Research Arm Test scores was small (4 

RCTs, pooled effect size = 0.02). No pooled effect on corticomotor excitability could be 

computed due to the diverse features of the 3 RCTs involved. 

Conclusions: ES can improve motor impairment in a paretic UL after stroke, but it shows no 

significant effect on UL functional ability. Its effect on corticomotor excitability in the stroke-

affected hemisphere could not be meta-analyzed. 
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2.1 Introduction 

The prevalence of long-term impairment and disability after stroke is high (Strong et al., 

2007). About 60% of people with stroke experience paralysis or at least upper limb (UL) motor 

impairments contralateral to the side of the brain lesion (Gillot et al., 2003; Luke et al., 2004). 

Only about a third regain normal UL function within 3 months post-stroke (Desrosiers et al., 

2005). Achieving functional use of a paretic UL has therefore been a great challenge in 

rehabilitation (Broeks et al., 1999; Parker et al., 1986; Patten et al., 2003). 

Electrical stimulation (ES) is a therapy applied in stroke rehabilitation. Results of controlled 

studies indicate that ES can promote gains in active range of motion (Pandyan et al., 1997) and 

muscle strength in a paretic UL (Conforto et al., 2002; Klaiput and Kitisomprayoonkul, 2009), as 

well as reducing spasticity (Lin and Yan, 2011) after stroke. However, a previous systematic 

review of 6 randomized controlled trials (RCTs) could not verify its effectiveness in recovering 

functional ability in the paretic UL (de Kroon et al., 2002). 

It has been suggested that the mechanism by which ES promotes motor recovery involves 

neuroplastic changes in the anterior horns of the spinal cord (Mokrusch et al., 2004; Perez et al., 

2002; Rochester et al., 1995; Rushton et al., 2003) and the motor cortex contralateral to the UL 

exposed to ES. A few studies with healthy human subjects have demonstrated corticomotor 

excitability changes in terms of the amplitude of motor evoked potentials (MEPs) and the area of 

the representational map for the target muscles after ES (Mima et al., 2004; Ridding et al., 2000; 

2001). However, a systematic review of 19 studies concluded that any increase in corticomotor 

excitability after ES was not significant (the 95% confidence interval was -0.10 to 1.64) 

(Chipchase et al., 2011a). Explicit information to judge the neurophysiological mechanism 

underlying the observed motor effects of ES in people with stroke is still lacking. 
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The existing evidence about motor function and the corticomotor effects of ES after stroke 

has emerged from small samples in controlled studies. In order to clarify the strength of any 

motor effects of ES on paretic UL after stroke, a systematic review and meta-analysis of the 

relevant literature was performed during January to April, 2012. 

 

2.2 Methods 

A systematic search of reports on this topic published between January 1971 and December 

2011 was conducted using the PubMed, Medline, CINAHL and EBsco host databases. The key 

search terms were “controlled trials”, “electrical stimulation”, “stroke”, “neuroplasticity” and 

“upper limb”. Within electrical stimulation the terms were “electrical stimulation”, 

“somatosensory stimulation” and “peripheral nerve stimulation”. Within stroke, the search terms 

were “stroke”, “hemiplegia”, “hemiparesis”, “cerebrovascular disorder” and “cerebrovascular 

accident”. Under neuroplasticity “corticomotor excitability”, “motor cortex excitability”, 

“plasticity” and “cortical reorganization” were searched. Under upper limb the terms were 

“upper limb”, “upper extremity”, “arm” and “hand”. The search strategy is detailed in Table 2.1. 

Studies were considered suitable for systematic review and the meta-analysis if they were 

full-text reports in English, involved subjects with a history of stroke, were controlled trials with 

2 or more treatment groups that compared ES applied to the paretic UL and the control 

interventions, if ES was applied transcutaneously using surface electrodes, and if the outcomes 

evaluated were UL motor functions and/or corticomotor excitability assessed using transcranial 

magnetic stimulation (TMS). Studies which adopted electromyography-triggered or biofeedback-

type ES, ES via acupuncture or implanted electrodes, or ES paired with brain stimulation or 
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other robotic electrical devices were excluded. Studies evaluating range of motion or spasticity 

as outcomes were excluded. 

 

Table 2.1 Search strategy using keywords. 

#1: electrical stimulation or somatosensory stimulation or peripheral nerve stimulation 

#2: stroke or hemiplegia or hemiparesis or cerebrovascular disorder or cerebrovascular accident  

#3: corticomotor excitability, or motor cortex excitability or plasticity, or cortical reorganization 

#4: upper limb or upper extremity or arm or hand  

#5: #1 and #2 and #3  

#6: #1 and #2 and #4 

#7: (#5 or #6) and controlled trial  

Limits: publication between 1971/1/1 and 2011/12/31 

  

 

Only the studies which were RCTs were included in the meta-analysis. They must also have 

achieved a PEDro score of 4 or higher. Introduced by the Center of Evidence-Based 

Physiotherapy, a PEDro score measures the methodological quality of a study according to 10 

criteria: subject allocation (random and concealed, 2 items); blinding of patients, therapist and 

assessors (3 items); bias in the data (4 items) and use of an intention-to-treat protocol (1 item) 

making up a full score of 10 (Maher et al., 2003). One eligibility criterion is not assigned a score. 

A study’s quality is deemed excellent if it achieve a PEDro score of 9-10, good for a score of 6-8, 

fair for 4-5, and poor for a score < 4 (Foley et al., 2003). All the RCTs included in the meta-
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analysis were rated at least 4 by at least 2 of 3 raters who were familiar with the PEDro 

methodology. 

Where the means and standard deviations for the outcome measures could not be retrieved 

from the reports, they were provided directly by the authors through email correspondence. 

Using the “Review Manager” software version 5.1 (RevMan, Cochrane Collaboration, Oxford, 

England), the data was analyzed by the Chi-square (Chi
2
) and I

2
 statistics for heterogeneity 

across studies. A p-value of 0.1 for Chi
2
 test was adopted as the level of statistical significance 

for heterogeneity (Higgins and Green, 2011). Similarly, results of I
2
 equal to or larger than 50% 

represented substantial or considerable heterogeneity (Higgins and Green, 2011). In either 

condition which indicated inconsistency across studies, a random-effects model of meta-analysis 

was conducted. Otherwise, a fixed-effects model was used. Publication bias was assessed using 

Egger’s test with the Comprehensive Meta-Analysis software version 2.2 (Biostat, Englewood, 

New Jersey, USA). A two-tailed p-value less than 0.10 indicated that publication bias existed. 

 

2.3 Results 

The search outlined in Table 2.1 uncovered 149 articles in the PubMed database. All of the 

articles found in the other 3 databases were duplicates of those from PubMed. Twenty-five full-

text reports fulfilled the inclusion criteria for systematic review (Alon et al., 2007, 2008; Celnik 

et al., 2007; Church et al., 2006; Chae et al., 1998; Conforto et al., 2002, 2007, 2010; de Kroon et 

al., 2004; Hsu et al., 2010; Klaiput and Kitisomprayoonkul, 2009; Kowalczewski et al., 2007; 

Lin and Yan, 2011; Mangold et al., 2009; Mann et al., 2005; Popovic et al., 2002; 2004; Powell 

et al., 1999; Sonde et al., 1998, 2000; Tarkka et al., 2011; Thrasher et al., 2008; Wang et al., 

2002; Wu et al., 2006; Yozbatiran et al., 2006). Two studies (Sonde et al., 1998, 2000) reported 
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on the same data set, so the earlier report was excluded (see Figure 2.1). One other study (Hsu et 

al., 2010) examined 2 ES groups that received high-dose (60 minutes) or low-dose (30 minutes) 

neuromuscular electrical stimulation (NMES) and found no difference in the effects. Those 2 

NMES groups were therefore combined to compare the treatment effects with the control group. 

The characteristics of the 24 studies included are summarized in Table 2.2. There were 18 RCTs, 

5 crossover controlled studies and 1 non-randomized controlled clinical trial. 

Ten of the RCTs were excluded from the meta-analysis for one or more of the following 

reasons: (1) it was the only study reporting means and standard deviations of the motor 

measurement so that pooling of data for effects on the selected outcomes was not feasible 

(Mangold et al., 2009; Popovic et al., 2002); (2) only the data on mean change or the median of 

the outcome measure was reported, without standard deviations (Mann et al., 2005; Powell et al., 

1999; Thrasher et al., 2008; Wang et al., 2002); (3) the effects of pure ES intervention were not 

available (Alon et al., 2007, 2008; Conforto et al., 2010; Tarkka et al., 2011). The PEDro scores 

of the 8 RCTs included in the meta-analysis are presented in Table 2.3. All were graded as good 

quality RCTs with the mean PEDro score 7.5 (range: 6.3 to 8.7). Six of the PEDro items - 

eligibility criteria, random allocation, similar baseline, between-group comparison, point 

measures and measures of variability - were scored “yes” by all 3 raters. At least 2 of the 3 raters 

scored “yes” on the item “concealed allocation” for 5 of the studies (Church et al., 2006; de 

Kroon et al., 2004; Hsu et al., 2010; Klaiput and Kitisomprayoonkul, 2009; Lin and Yan, 2011;), 

but “no” for the other 3 (Chae et al., 1998; Kowalczewski et al., 2007; Sonde et al., 2000). Only 

1 study involved blinding the patients (Klaiput and Kitisomprayoonkul, 2009), but 6 had 

blinding of the assessors (Chae et al., 1998; Church et al., 2006; de Kroon et al., 2004; Hsu et al.,  
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Figure 2.1 Flowchart of study selection and inclusion  

 

Potentially relevant studies 

identified from electronic 

databases (Pubmed, Medline, 

CINAHL, EBsco host) 

 N=149 references 

Studies excluded after title 

and abstract screening: n=117 

Studies retrieved for detailed 

evaluation: n=32 

Studies included in the review: n=24 

Studies excluded after full text 

assessment. Reasons for 

exclusion: 

 The studies didn’t use 

the defined 

interventions: n=5 

 The study population 

was unusual: n=1 

 The study didn’t use 

the defined outcome 

measures: n=1 

 Data was duplicated in 

another report: n=1 

Total exclusions: n=8 
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Table 2.2 Characteristics of the studies included. 
 
Study Study 

design 

Experimental group (EG) Control group (CG) Test time, 

follow-up 

(FU) 

Outcome 

measures 

Treatment effects (post-

intervention,  

excluding FU) 
N1 Stroke 

duration 

Intervention N2 Stroke 

duration 

Intervention 

Alon 

2007 

RCT 7 18.0±8.7 

days 

FES + exercise: 

1hour/session, 

4 sessions/day, 5 

days/week,  

12 weeks; 

8 15.6±5.3 

days 

Exercise Baseline,  

FU 4, 8 and 

12 weeks 

 

UL function: 

Box & Blocks 

test, modified 

FMA, JTHFT 

(light object 

lift) 

Box & Blocks: EG↑>CG↑;  

modified FMA: EG↑>CG↑;  

JTHFT time:  EG↓< CG↓ 

Alon 

2008 

RCT 13 17.4±7.6 

days 

FES + exercise; 

1hour/session,  

4 sessions/day, 

 5 days/week,  

12 weeks; 

13 23.8±10.9 

days 

Exercise Baseline,  

FU 4, 8 and 

12 weeks 

 

UL function: 

Box & Blocks 

test, modified 

FMA, JTHFT 

(light object 

lift)  

modified FMA:EG↑>CG↑;  

Box & Blocks and JTHFT:  

n.s. EG = CG 

Celnik 

2007 

Cross-

over 

9 3.2±1.6 

years 

PNS + JTHFT 

training; 

2 hours 

9 3.2±1.6 

years 

PNS (sham) + 

JTHFT training 

Baseline,  

1 hour after 

treatment; 

FU 24 hours 

UL function: 

JTHFT 

Corticomotor 

excitability: 

 rMT, MEP 

amplitude 

SICI, ICF 

 

JTHFT time:  

EG↓< CG;  

SICI: EG↓, CG n.s.; 

ICF: EG↑= CG; 

rMT and MEP amplitude: n.s. 

EG=CG 

Chae 

1998 

RCT 14 13.6±7.1 

days 

NMES 

1 hour/day,  

15 days; 

14 17.8±5.9 

days 

NMES(sham) Baseline, 

end 

programme; 

FU 4 and 12 

weeks 

 

UL function: 

FMA 

Gain in FMA: EG > CG 

Church 

2006 

RCT 80 5 (4-7) days 

Median 

(IQR) 

NMES,  

1 hour/session, 

3times daily, 4weeks 

 

75 4 (3-7) days 

Median 

(IQR) 

NMES (sham) Baseline, 

end 

programme; 

FU 3months 

UL function: 

ARAT 

n.s. CG = EG 

Conforto 

2002 

Cross-

over 

8 5.5 years PNS - 2 hours 8 5.5 years PNS (sham) Baseline, 

end session; 

Pinch strength EG↑, CG n.s. ; EG>CG 

Conforto 

2007 

Cross-

over 

11 4.3(0.7) 

years 

PNS + JTHFT 

training; 

2 hours 

11 4.3(0.7) 

years 

PNS (sham) + 

JTHFT training 

Baseline, 

end session; 

FU 30 days 

UL function: 

JTHFT 

Improvement in JTHFT: EG > 

CG; 

 

(to continue) 
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Table 2.2 Characteristics of the studies included. (continued) 

Study Study 

design 

Experimental group (EG) Control group (CG) Test time, 

follow-up 

(FU) 

Outcome 

measures 

Treatment effects (post-

intervention,  

excluding FU) 
N1 Stroke 

duration 

Intervention N2 Stroke 

duration 

Intervention 

Conforto 

2010 

RCT 11 53.5±2.6 

days 

PNS + JTHFT 

training; 

2 hours/session, 

3 times/week,  

1 month 

11 53.5 ± 2.6 

days 

PNS (sham) + 

JTHFT training 

Baseline, 

end 

programme; 

FU 2 and 3 

months 

UL function: 

JTHFT; 

Pinch strength; 

Corticomotor 

excitability: 

rMT, MEP 

amplitude, 

SICI, ICF 

JTHFT time: 

CG↓, n.s. EG; 

Pinch strength: 

n.s. EG=CG 

Corticomotor 

excitability: 

n.s. EG=CG 

de Kroon 

2004 

RCT 13 14.7±11.8 

months 

NMES(hand flexors 

and extensors); 

1hour/session, 

3 sessions/day,  

6 weeks 

15 21.4±16.1 

months 

 

NMES(hand  

extensors) 

1h/session, 

3sessions/day, 

6 weeks 

Baseline, 

end 

programme; 

FU 6 weeks 

UL function: 

ARAT; 

Grip strength 

of both hand; 

ARAT: n.s. EG=CG 

Grip strength ratio 

(affected : unaffected)- 

EG↑, n.s. CG; EG=CG 

Hsu 2010 RCT 44 

 

High-

NMES: 

23.3±17.9 

days 

Low-

NMES: 

21.0±19.1 

days 

High-NMES (n=22): 

60min/session,  

Low-NMES (n=22): 

30min/session,  

Both 5 

sessions/week,  

4 weeks;  

 

22 17.4±14.1 

days 

No stimulation Baseline, 

end 

programme; 

FU 2 months 

UL function: 

FMA; ARAT; 

MAL 

FMA:  

EG↑(High-NMES = 

low-NMES) > CG↑; 

ARAT:  

EG↑(High-NMES = 

Low-NMES), n.s. CG; 

EG=CG 

Klaiput 

2009 

RCT 10 11.9±10.6 

days 

PNS 

2 hours 

 

10 38.9±54.1 

days 

PNS(sham) Baseline, 

end session 

UL function: 

ARAT; 

Lateral pinch; 

Tip pinch; 

ARAT: n.s. EG = CG 

Lateral and Tip pinch: 

EG↑ > CG↑; 

Kowal-

czewski 

2007 

RCT 10 1.6 ± 0.5 

months 

High-dose FES  

1 hour/session, 

1session/workday, 

3-4weeks (15-

20sessions) 

9 1.6±0.7 

months 

Low dose FES: 

15min./session, 

for 4 days + 1 

hour FES on 

day5 weekly 

Baseline, 

end 

programme; 

FU 3 and 6 

months 

UL function: 

WMFT, FMA,  

MAL 

Improvement in WMFT: 

EG > CG 

Improvement in FMA 

and MAL: EG = CG 

(to continue) 
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Table 2.2 Characteristics of the studies included. (continued) 

Study Study 

design 

Experimental group (EG) Control group (CG) Test time, 

follow-up 

(FU) 

Outcome 

measures 

Treatment effects (post-

intervention,  

excluding FU) 
N1 Stroke 

duration 

Intervention N2 Stroke 

duration 

Intervention 

Lin 2011 RCT 19 43.5±25.2 

days 

Conventional 

rehabilitation 

+NMES 

NMES: 

30min/session, 

5days ,3weeks 

18 41.3±26.5 

days 

Conventional 

rehabilitation 

Baseline, mid- 

and end 

programme; 

FU 1, 3 and 6 

months 

UL function: 

FMA 

FMA: EG↑> CG↑ 

Mangold 

2009 

RCT 12 Median:6.7 

(6.4, 7.3) 

weeks 

PT+FES 

45min/session,  

3 session/week,  

4 weeks 

 

11 Median:7.3 

(5.8, 8.2) 

weeks 

PT Baseline, end 

programme 

UL function: 

CMSA(arm, 

hand) 

CMSA(arm): EG↑= CG↑; 

CMSA(hand): EG↑, CG 

n.s. ; EG=CG 

Mann 

2005 

RCT 11 5.7 (1–12) 

months 

NMES 

30 min/session,  

twice a day, 12 

weeks; 

11 8.5(2–12) 

months 

Exercise Baseline, end 

programme, 

FU 12 weeks 

UL function: 

ARAT 

Improvement in ARAT: 

EG > CG 

Popovic 

2002 

RCT 8 

 

 

6.3±2.6 

weeks 

 

FES 

30min/day, 

3 weeks. 

8 6.9±2.3 

weeks 

Exercise as 

the FES group 

without 

electrical 

stimulation 

Baseline, end 

programme, 

FU 

 

UL function: 

UEFT 

Improvement in UEFT: 

EG > CG in high 

functioning subjects 

Popovic 

2004 

Cross-

over 

16 6.7±3.0 

weeks 

FES  

30min/session,  

1 session/day,  

3 weeks 

 

16 6.0±2.2 

weeks 

Conventional 

therapy + 

Exercise as 

the FES group 

without 

electrical 

stimulation 

Baseline, end 

programme  

UL function: 

UEFT, Drawing 

Test 

Improvement DT: EG>CG 

Improvement in UEFT:  

EG=CG 

Powell 

1999 

RCT 30 23.9±7.7 

days 

Conventional 

rehabilitation 

+NMES 

90 min/day, 

8 weeks 

 

30 22.9±5.5 

days 

Conventional 

rehabilitation 

Baseline, mid- 

and end 

programme, 

FU 20 and 32 

weeks 

UL function: 

ARAT; 

Isometric strength 

of Wrist extensor 

with wrist at 0°, 

15°and 30°; 

Grip strength 

ARAT: n.s. EG = CG,  

Wrist extensor strength: 

Wrist 0°- EG↑>CG;  

15°and 30°- EG = CG; 

Grip strength: EG = CG; 

(to continue) 
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Table 2.2 Characteristics of the studies included. (continued) 

Study Study 

design 

Experimental group (EG) Control group (CG) Test time, 

follow-up 

(FU) 

Outcome 

measures 

Treatment effects (post-

intervention,  

excluding FU) 
N1 Stroke 

duration 

Intervention N2 Stroke 

duration 

Intervention 

Sonde        

2000 

RCT 18 

 

6-12 

months 

Conventional 

rehabilitation + 

TENS: 

1hour/day,  

5 days/week,  

3 months 

10 

 

6-12 

months 

Conventional 

rehabilitation 

Baseline, 

end 

programme

, FU 3 

years 

UL function: 

FMA 

 

 

FMA: EG↑, n.s. CG 

EG = CG; 

Tarkka 

2011 

RCT 10 2.4±2.0 

years 

FES 

30min/session, 

2sessions/day, 

5days/week, 2 week 

 

10 2.4±2.0 

years 

Conventional 

PT 

Baseline, 

end-

programme

, FU 6 

months FU 

UL function: 

Wolf Motor 

Function Test 

 

Corticomotor 

excitability: 

rMT, MEP 

latency, MEP 

amplitude, 

CSP duration 

 

WMFT:  

Time score: EG ↓, n.s. CG;  

function score: EG=CG; 

rMT: n.s., EG = CG; 

MEP latency: EG↓, CG 

n.s., EG=CG; 

MEP amplitude: n.s., 

EG=CG; 

CSP duration: n.s., EG = 

CG 

Thrasher 

2008 

RCT 10 29.8±11.8 

days 

Conventional 

rehabilitation + FES; 

45min/session, 

5days/week,  

12-16weeks; 

11 28.5±9.0 

days 

Conventional 

rehabilitation 

Baseline, 

end 

programme 

UL function: 

FMA, CMSA 

(arm, hand) 

Gain in FMA: EG > CG;  

Gain in CMSA: EG> CG; 

Wang 

2002 

RCT 16 Chronic 

(n=8): 

427.1±45.

5days; 

Acute 

(n=8): 

15.9±3.2 

days 

A-B-A 

A: conventional 

rehabilitation 

+FES (1.5-6h 

session/day, 5 

days/week, 6 weeks); 

B: conventional 

rehabilitation (6 

weeks) 

16 Chronic 

(n=8): 

433.6±47.4 

days; 

Acute 

(n=8): 

14.9±2.7 

days 

Conventional 

rehabilitation 

Baseline, 6 

week, 12 

week, end 

programme 

UL function: 

FMA 

 

FMA:  

Acute: EG↑>CG; 

Chronic: n.s., EG = CG; 

 

(to continue) 
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Table 2.2 Characteristics of the studies included. (continued) 

Study Study 

design 

Experimental group (EG) Control group (CG) Test time, 

follow-up 

(FU) 

Outcome 

measures 

Treatment effects (post-

intervention,  

excluding FU) 
N1 Stroke 

duration 

Intervention N2 Stroke 

duration 

Intervention 

Wu 2006 Cross-

over 

9 6.5±1.0* 

years 

 

JTHFT training 

PNS,  

2 hours 

9 6.5±1.0* 

years 

JTHFT training 

+ no 

stimulation 

Baseline, 

end session 

UL function: 

JTHFT 

JTHFT time: EG↓< CG 

Yozbati-

ran 

2006 

Clinical 

controlled 

trial 

18 9.5±3.6 days TENS+Bobath 

exercise  

1hour/day, 10days 

18 9.8±5.9  

days 

Bobath 

exercise 

Baseline, 

end 

programme 

UL function: 

Katrak Tests 

on hand 

function and 

hand 

movement 

Hand function: EG↑, CG 

n.s.; EG= CG; 

Hand movement; EG↑, 

CG↑; EG=CG 

Abbreviations and symbols: 

RCT, randomized controlled trial; EG, experimental group; CG, control group; N1, N2 are the number of participants in the experimental and 

control groups respectively; FU, follow-up; n.s., not statistically significant; UL, upper limb; 

Intervention - FES, functional electrical stimulation; NMES, neuromuscular electrical stimulation; PNS, peripheral nerve stimulation; TENS, 

transcutaneous electrical nerve stimulation; PT, physical therapy;  

For outcome measures – UL function: ARAT, Action Research Arm Test; CMSA (arm, hand), Chedoke McMaster Stroke Assessment for the arm 

and hand; FMA, Fugl-Meyer Motor Assessment; JTHFT, Jebsen-Taylor  Hand Function Test; MAL, Motor Activity Log; UEFT, Upper Extremity 

Function Test; WMFT, Wolf Motor Function Test;  

For outcome measures – corticomotor excitability: CSP, cortical silent period; ICF, intracortical facilitation; MEP, motor evoked potential; rMT, 

resting motor threshold; SICI, short-interval intracortical inhibition;  

*
 denotes a standard error of measurement; ↑ denotes significantly increased; ↓, significantly decreased; >, significantly more than; <, significantly 

less than
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Table 2.3 Scoring of the 3 raters on quality of the published studies meta-analyzed.   

 

 

Source 

PEDro scale ratings (number of raters scoring YES/NO) 

Eligibility 

criteria 

Random 

allocation 

Concealed 

allocation 

Similar 

baseline 

Blinding 

patients 

Blinding 

therapist 

Blinding 

assessor 

Outcome

> 85% 

Intent 

to 

treat 

Compare 

between 

groups 

Point 

measures 

and 

measures 

of 

variability 

Chae 1998
 

3/0 3/0 1/2 3/0 1/2 1/2 2/1 2/1 3/0 3/0 3/0 

Church 2006
 

3/0 3/0 3/0 3/0 1/2 3/0 3/0 3/0 0/3 3/0 3/0 

de Kroon 2004 3/0 3/0 2/1 3/0 1/2 0/3 2/1 3/0 3/0 3/0 3/0 

Hsu 2010 3/0 3/0 2/1 3/0 0/3 0/3 2/1 2/1 3/0 3/0 3/0 

Klaiput 2009 3/0 3/0 3/0 3/0 3/0 0/3 0/3 3/0 2/1 3/0 3/0 

Kowalczewski 2007 3/0 3/0 1/2 3/0 1/2 0/3 3/0 3/0 2/1 3/0 3/0 

Lin 2011 3/0 3/0 3/0 3/0 1/2 2/1 3/0 2/1 3/0 3/0 3/0 

Sonde 2000 3/0 3/0 1/2 3/0 1/2 0/3 0/3 2/1 3/0 3/0 3/0 
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2010; Kowalczewski et al., 2007; Lin and Yan, 2011) confirmed by at least 2 raters. Only 2 

studies were scored for blinding of the therapist (Church et al., 2006; Lin and Yan, 2011). All 8  

RCTs scored positive on “outcome data from more than 85% of the participants” rated by at least 

2 raters. All except 1 study (Church et al., 2006) were rated “yes” on “intent-to-treat” by 2 or all 

3 raters. 

The pooled sample across the 24 studies reviewed included a total of 769 subjects. Six 

studies recruited subjects in the acute stage of stroke less than 1 month after stroke onset (Alon et 

al., 2007; Chae et al., 1998; Church et al., 2006; Powell et al., 1999; Tarkka et al., 2011; 

Yozbatiran et al., 2006). Four studies investigated patients in the subacute stage 1 to 12 months 

after stroke onset (Conforto et al., 2010; Kowalczewski et al., 2007; Mann et al., 2005; Sonde et 

al., 2000), and another 4 recruited subjects in the chronic stage with a history longer than 1 year 

(Celnik et al., 2007; Conforto et al., 2002, 2007; Wu et al., 2006). Ten other studies recruited 

subjects in mixed stages. Eight involved acute to subacute stroke (Alon et al., 2008; Hsu et al., 

2010; Klaiput and Kitisomprayoonkul, 2009; Lin and Yan, 2011; Mangold et al., 2009; Popovic 

et al., 2002; 2004; Thrasher et al., 2008), 1 included subacute and chronic stroke (de Kroon et al., 

2004) and 1 focused on acute and chronic stroke (Wang et al., 2002).  

In terms of the subjects’ baseline status, 6 studies included only subjects with mild to 

moderate impairment of UL motor function (Alon et al., 2007; Celnik et al., 2007; Conforto et al., 

2007, 2010; Klaiput and Kitisomprayoonkul, 2009; Wu et al., 2006) while 9 studied subjects 

with severe UL motor impairment or disability (Alon et al., 2008; Chae et al., 1998; Church et al., 

2006; Hsu et al., 2010; Kowalczeuski et al., 2007; Lin and Yan et al., 2011; Mangold et al., 2009; 

Tarkka et al., 2011; Thrasher et al., 2011). One study included patients mildly to severely 

affected by stroke (Sonde et al., 2000). The remaining 7 studies did not report the baseline UL 
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motor function of their subjects (Conforto et al., 2002; de Kroon et al., 2004; Mann et al., 2005; 

Popovic et al., 2002, 2004; Wang et al., 2002; Yozbatiran et al., 2006). 

 

2.3.1 ES protocols adopted in the studies 

The ES interventions tested in the 24 studies varied greatly in terms of the modality and 

current intensity applied. Six stimulated 2 or all 3 of the median, ulnar and radial nerves of the 

paretic UL using current at sub-motor threshold intensity but sufficient to induce paresthesia so-

called somatosensory stimulation (Celnik et al., 2007; Conforto et al., 2002, 2007, 2010; Klaiput 

and Kitisomprayoonkul, 2009; Wu et al., 2006). Eighteen other studies used current intensities 

which induced muscle contraction without causing pain. Of those, 7 stimulated the motor points 

of selected UL muscles (Chae et al., 1998; Church et al., 2006; de Kroon et al., 2004; Hsu et al., 

2010; Lin and Yan, 2011; Mann et al., 2005; Powell et al., 1999), 2 adopted transcutaneous 

electrical nerve stimulation (Sonde et al., 2000; Yozbatiran et al., 2006), and 9 applied functional 

electrical stimulation that trigger limb movements (Alon et al., 2007; 2008; Kowalczewski et al., 

2007; Mangold et al., 2009; Popovic et al., 2002, 2004; Tarkka et al., 2011; Thrasher et al., 2008; 

Wang et al., 2002). The frequency of the ES in those studies varied from 1.7 to 50Hz. Two 

studies used frequencies below 10Hz (Sonde et al., 2000; Yozbatiran et al., 2006), 10 between 10 

and 24Hz (Alon et al., 2007, 2008; Celnik et al., 2007; Conforto et al., 2002, 2007, 2010; Klaiput 

and Kitisomprayoonkul, 2009; Powell et al., 1999; Wang et al., 2002; Wu et al., 2006), and the 

other 9 between 25 and 50Hz (Chae et al., 1998; Church et al., 2006; de Kroon et al., 2004; Lin 

and Yan, 2011; Mangold et al., 2009; Mann et al., 2005; Popovic et al., 2002, 2004; Thrasher et 

al., 2008). Three studies did not report the ES frequency (Hsu et al., 2010; Kowalczewski et al., 

2007; Tarkka et al., 2011). The most commonly used frequency was 10Hz (Celnik et al., 2007; 
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Conforto et al., 2002, 2007, 2010; Klaiput and Kitisomprayoonkul, 2009; Popovic et al., 2002, 

2004; Wu et al., 2006). 

The application of ES was one-off for 2 hours in 5 PNS studies (Celnik et al., 2007; 

Conforto et al., 2002, 2010; Klaiput and Kitisomprayoonkul, 2009; Wu et al., 2006). The rest 

investigated repeated ES which was applied for between 30 minutes and 6 hours each day, 3 to 7 

days per week over spans from 10 days to 4 months. Hence the total time ES was applied to the 

subjects ranged from 7.5 hours to 240 hours. 

 

2.3.2 Control protocols 

The control groups in 15 studies received what was usually described as “conventional 

rehabilitation” or exercise not involving ES (Alon et al., 2007, 2008; Hsu et al., 2010; Lin and 

Yan, 2011; Mangold et al., 2009; Mann et al., 2005; Popovic et al., 2002, 2004; Powell et al., 

1999; Sonde et al., 2000; Tarkka et al., 2011; Thrasher et al., 2008; Wu et al., 2006; Wang et al., 

2002; Yozbatiran et al., 2006). Six other studies applied control-ES in which the current intensity 

was below the sensory threshold (Celnik et al., 2007; Conforto et al., 2002, 2007, 2010), at the 

sensory threshold (Chae et al., 1998; Klaiput et al., 2009) or with zero output from the ES device 

(Church et al., 2006). The other control protocols included shorter ES sessions (Kowalczewski et 

al., 2007) or applying ES to fewer muscles of the paretic UL (de Kroon et al., 2004).
 
 

 

2.3.3 Outcomes evaluated 

The most commonly-used outcome measure on motor impairment was the Fugl-Meyer 

Motor Assessment (FMA) which was adopted in 9 studies (Alon et al., 2007, 2008; Chae et al., 

1998; Hsu et al., 2010; Kowalczewski et al., 2007; Lin and Yan, 2011; Sonde et al., 2000; 
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Thrasher et al., 2008; Wang et al., 2002;). Strength of the paretic hand was evaluated in 5 studies, 

3 using pinch strength (Conforto et al., 2002, 2010; Klaiput and Kitisomprayoonkul, 2009) and 2 

using grip strength (de Kroon et al., 2004; Powell et al., 1999). One study measured the isometric 

strength of the wrist extensors (Powell et al., 1999). Functional ability was evaluated with the 

Jebsen-Taylor Hand Function Test (JTHFT) in 6 studies (Alon et al., 2007, 2008; Celnik et al., 

2007; Conforto et al., 2007, 2010; Wu et al., 2006) and with the Action Research Arm test 

(ARAT) in 6 others (de Kroon et al., 2004; Church et al., 2006; Klaiput and Kitisomprayoonkul, 

2009; Lin and Yan, 2011; Mann et al., 2005; Powell et al., 1999). The less frequently used 

measures of UL functional ability were the Wolf Motor Function Test (WMFT) (Kowalczewski 

et al., 2007; Tarkka et al., 2011), the Box and Block Test (Alon et al., 2007; 2008), the Upper 

Extremity Functioning Test (Popovic et al., 2002; 2004), Motor Activity Log (MAL) (Hsu et al., 

2010; Kowalczewski et al., 2007), the Chedoke McMaster Stroke Assessment (Mangold et al., 

2009; Thrasher et al., 2008), a drawing test (Popovic et al., 2004) and Katrak’s test (Yozbatiran 

et al., 2006). 

Only 3 studies examined corticomotor excitability as an outcome (Celnik et al., 2007; 

Conforto et al., 2010; Tarkka et al., 2011). TMS was used to map any changes in corticomotor 

excitability in terms of the resting motor threshold (rMT) and the peak-to-peak amplitude of the 

MEP evoked in the stroke-lesioned hemisphere for the corticospinal projections to the target 

muscles in the paretic UL. Two of the studies also examined short-interval intracortical 

inhibition (SICI) and intracortical facilitation (ICF) of the corticomotor synapses in the lesioned 

hemisphere (Celnik et al., 2007; Conforto et al., 2010). One study measured additionally MEP 

latency and the length of the cortical silent period (CSP) to reveal intracortical GABA-ergic 

inhibition (Tarkka et al., 2011).  
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2.3.4 Treatment effects 

None of the studies reported any negative effects of ES on the paretic UL. Ten studies 

reported improved FMA scores compared to the baseline score or the control intervention (Alon 

et al., 2007, 2008; Chae et al., 1998; Hsu et al., 2010; Kowalczewski et al., 2007; Sonde et al., 

2000; Tarkka et al., 2011; Wang et al., 2002). Four studies showed greater gains in muscle 

strength in terms of pinch or grip strength and isometric wrist extensor strength after ES than 

among the their controls (Conforto et al., 2002; de Kroon et al., 2004; Klaiput and 

Kitisomprayoonkul, 2009; Powell et al., 1999). Fourteen studies found better functional task 

performance in tests such as the ARAT, WMFT and JTHFT after ES compared with their control 

(Alon et al., 2007; Celnik et al., 2007; Conforto et al., 2007; Hsu et al., 2010; Kowalczewski et 

al., 2007; Mangold et al., 2009; Mann et al., 2005; Popovic et al., 2002, 2004; Tarkka et al., 2011; 

Thrasher et al., 2008; Wu et al., 2006; Yozbatiran et al., 2006). Four studies, however, found no 

significant improvement in average ARAT scores after ES (Church et al., 2006; de Kroon et al., 

2004; Klaiput and Kitisomprayoonkul, 2009; Powell et al., 1999), and 2 of the 5 studies which 

documented faster JTHFT times after ES (Alon et al., 2007, 2008; Conforto et al., 2007, 2010; 

Wu et al., 2006) also observed faster performance among their controls (Alon et al., 2007; 

Conforto et al., 2007). Interestingly, Conforto’s group found that control subjects exposed to ES 

at a sub-sensory threshold intensity improved their JTHFT results even while there was no 

obvious improvement after the experimental ES treatment at supra-sensory threshold intensity 

(Conforto et al., 2010). 

All of the 3 studies which examined corticomotor excitability in the stroke-lesioned 

hemisphere reported no significant change in rMT, MEP amplitude or CSP duration after ES 
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(Celnik et al., 2007; Conforto et al., 2010; Tarkka et al., 2011). Instead, Tarkka’s group (2011) 

demonstrated a decrease in MEP latency after FES, a sign of enhanced corticospinal conduction.
 

Another study reported that after 2 hours of PNS, chronic stroke subjects had revealed decreased 

activity of the intracortical inhibitory synapses in terms of SICI, though the ICF signals were 

stronger (Celnik et al., 2007). However, such changes were not observed in subacute stroke 

subjects after exposure to similar PNS (Conforto et al., 2010).  

 

2.3.5 Meta-analysis of the effect sizes after ES 

Regarding the pooled effect of ES on alleviating motor impairment in the paretic UL, there 

were 5 RCTs using the FMA as the outcome measurement (Chae et al., 1998; Hsu et al., 2010; 

Kowalczewski et al., 2007; Lin and Yan, 2011; Sonde et al., 2000). All these studies involved 

subjects within 12 months after stroke onset. Results of the test of heterogeneity was significant 

(Chi
2
 = 7.98, df = 4,  p = 0.09; I

2
 = 50%). A summary of the overall random effect is presented in 

Figure 2.2a. The forest plot showed that 2 RCTs demonstrated a confidence interval (CI) 

overlapping 0 (Chae et al., 1998; Sonde et al., 2000) while the other 3 showed significant 

positive effects (Hsu et al., 2010; Kowalczewski et al., 2007; Lin and Yan, 2011). The 

cumulative effect size of these 5 studies was 0.72, suggesting a moderate positive effect on 

motor impairment of the paretic UL in terms of increased FMA scores. The 2 studies 

investigating ES for acute stroke (Chae et al., 1998; Hsu et al., 2010)
 
showed moderate positive 

motor effects; the cumulative effect size was 0.68 (Figure 2.2b). But such motor effects were not 

significant when ES was applied beyond the acute stage to 1 year post-onset (95% CI = -0.16, 

1.75) (Kowalczewski et al., 2007; Lin and Yan, 2011; Sonde et al., 2000) (Figure 2.2c). Only one 
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RCT published the means and standard deviations for the dynamometric strength of the paretic 

hand (Klaiput and Kitisomprayoonkul, 2009), so no meta-analysis could be applied. 

The pooled effect of JTHFT times could not be analyzed because only 1 RCT reported data 

on the means and standard deviations. ARAT was used in 4 RCTs (Church et al., 2006; de Kroon 

et al., 2004; Hsu et al., 2010; Klaiput and Kitisomprayoonkul, 2009). The 95% CI (-0.22, 0.26) 

of the pooled effect overlapped 0, indicating no significant effect on functional ability after ES 

(Figure 2.3).  

 

2.3.6 Publication bias 

Egger’s test for the funnel plots of all studies confirmed that there was no significant 

publication bias. (Figure 2.4) 
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Figure 2.2 Meta-analysis of the effect of electrical stimulation on motor impairment 

evaluated with the Fugl-Meyer Assessment: (a) overall effects of 5 RCTs using a 

random-effects model; (b) pooled effects for acute stroke using a fixed-effects model; (c) 

pooled effects for stroke after the first month to one year using a random-effects model. 
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Figure 2.3 Meta-analysis of the effect of electrical stimulation on upper limb functional 

ability measured with the Action Research Arm Test using a fixed-effects model: (a) 

overall effects of the 4 RCTs; (b) pooled effects for early stroke within 6 months after 

stroke onset using a random-effects model. 
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Figure 2.4 Funnel plot of studies for pooled effect of ES in outcomes:  

(a) Funnel plot of pooled FMA results - Egger’s test: p = 0.33, intercept = 1.64; 

(b) Funnel plot of pooled ARAT results - Egger’s test: p = 0.38, intercept = -0.66. 

a 

b 
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2.4 Discussion 

In this systematic review, the controlled trials that examined the effects of ES on UL motor 

function and the associated corticomotor excitability covered a range of ES protocols. The 

majority of the trials involved small samples of less than 20 in their experimental and/or control 

groups. In 23 of the 24 trials, ES was found to improve impairment and/or functional ability.  

Only Church’ group (2006) did not detect any motor effect after ES. In that study, NMES 

was applied to the shoulder for an hour, 3 times daily for 4 weeks. The stimulation frequency 

was 30Hz in ramped pattern. Treatment began within 10 days of stroke onset. However, the 

average patient received only 73% (interquartile range, 53.95 to 90) of the intended NMES. It is 

therefore possible that many patients in the experimental group received suboptimal doses of 

NMES. This may be one reason why no significant effect was observed. The patients in the 

NMES group in that study were severely affected, with the median of ARAT score of 0 in the 

baseline assessment. Those with such severe impairment may have been less responsive to the 

stimulation. 

This meta-analysis has confirmed moderate effects on motor impairment in terms of FMA 

scores, but no significant effect on functional ability in the paretic UL as measured with the 

ARAT. In fact, the 4 RCTs which did not show motor improvement after ES (Church et al., 2006; 

de Kroon et al., 2004; Klaiput and Kitisomprayoonkul, 2009; Powell et al., 1999) used the 

ARAT to evaluate their outcomes. It might be commented that ARAT has been known for its 

floor and ceiling effects (Van der Lee et al., 2002) which could have limited its responsiveness in 

revealing any performance changes in severely or mildly impaired by stroke survivors. Although 

JTHFT times improved significantly after ES in 6 studies, 2 RCTs of them measured 

performance in only one task involving lifting a light object (Alon et al., 2007, 2008). The other 
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4 studies evaluated the effect on the task performance which had been trained prior to or after the 

ES intervention (Celnik et al., 2007; Conforto et al., 2007, 2010; Wu et al., 2006). The exact 

effect isolated for ES on UL functional ability therefore remains to be explored. 

The variety of ES protocols adopted in the studies of course tended to minimize any pooled 

effect on UL motor functions. The 11 studies using either FES or TENS each demonstrated a 

positive effect in terms of at least one functional outcome (Alon et al., 2007; 2008; 

Kowalczewski et al., 2007; Mangold et al., 2009; Popovic et al., 2002, 2004; Sonde et al., 2000; 

Tarkka et al., 2011; Thrasher et al., 2008; Wang et al., 2002; Yozbatiran et al., 2006). Four of the 

6 studies involving somatosensory PNS for 2 hours demonstrated better JTHFT performance 

after the intervention (Celnik et al., 2007; Conforto et al., 2007, 2010; Wu et al., 2006). In 

contrast, 3 of the 7 studies with NMES that involved repetitive and prolonged ES of the paretic 

UL (above motor threshold intensity, 1.5 to 3 hours daily for 4 to 8 weeks) showed no 

improvements on the ARAT (Church et al., 2006; de Kroon et al., 2004; Powell et al., 1999). The 

one reporting significant results used only 30 minutes of NMES twice a day, but for 12 weeks 

(Mann et al., 2005). These results might indicate that 1 to 2 hours of ES was the preferred daily 

dose for the paretic UL. 

Does the effectiveness of ES for improving motor function depend on the current intensity 

(Ada et al., 2002; Ragnarsson et al., 2008; Sujith et al., 2008)? The results of the studies 

addressing this have been inconsistent. Conforto and colleagues (2010) applied PNS at sub-

sensory threshold intensity for 2 hours to patients at the subacute stage of stroke. After 12 

sessions, the group with sub-sensory threshold intensity demonstrated improved JTHFT time. In 

contrast, a group exposed to PNS at supra-sensory threshold intensity did not show any 

improvement of significance. With chronic stroke subjects, however, the same research team 
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reported that 2 hours of supra-sensory threshold PNS yielded better JTHFT performance than 

sub-sensory threshold PNS (Conforto et al., 2007). So the stage of stroke when ES is applied 

seems to influence the response to various ES protocols. 

The meta-analysis on 5 RCTs (Chae et al., 1998; Hsu et al., 2010; Kowalczewski et al., 

2007; Lin and Yan., 2011; Sonde et al., 2000) showed moderate motor effects on Fugl-Meyer 

UL scores (pooled effect size = 0.72, figure 2.2a) after repeated sessions of ES.Four of the 5 

studies which revealed positive effects on improving motor impairment had involved subjects 

within 1 month (Chae et al., 1998; Hsu et al., 2010) to 3 months post-stroke (Kowalczewski et al., 

2007; Lin and Yan., 2011). Using subjects with 6 to 12 months of stroke history, Sonde and 

colleagues (2000) added 1 hour of ES daily to their conventional rehabilitation for 3 consecutive 

months. Although their FMA scores improved (gain = 2.6±2.7), they were not better than that 

of the control group (gain = -0.2±2.8) who had received only conventional rehabilitation. The 

sample size of 18 versus 10 for the experimental and control groups respectively might have 

accounted for the non-significant result. On the other hand, the motor effects of ES were 

inconsistently shown in studies involving subjects with stroke history longer than 6 months 

according to the 8 studies reviewed (Celnik et al., 2007; Conforto et al, 2002; 2007; 2010; de 

Kroon et al., 2004; Tarkka et al., 2011; Wang et al., 2002; Wu et al., 2006). Wang and colleagues 

(2002) reported that 6 weeks of FES on the paretic UL supplementing conventional rehabilitation 

resulted in similar FMA scores compared to the control without receiving FES. de Kroon and 

colleagues (2004) showed 6-week ES to the wrist extensors of the paretic UL of chronic stroke 

subjects improved the grip strength marginally which was not different from the control. 

However, Conforto and colleagues (2002) demonstrated significantly improved pinch strength of 

the paretic hand after 1 session of ES applied on peripheral nerves in chronic stroke patients 
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compared to sham stimulation. Regarding UL functional ability, 3 of these studies showed ES of 

peripheral nerves combined with JTHFT task training led to better improvement in JTHFT 

performance than the control group (Celnik et al., 2007; Conforto et al., 2007; Wu et al., 2006). 

However, repeated ES on the paretic UL for 2 weeks in chronic stroke was not better than the 

conventional physical therapy in terms of the time scores in WMFT (Tarkka et al., 2011). Thus, 

the effectiveness of ES in promoting motor functions in people with stroke history longer than 6 

months remained to be clarified. This question is important to be addressed because effective 

treatments for the paretic UL beyond the stage of rapid recovery, especially during chronic 

stroke have been limited. 

Interpretation of the corticomotor excitability results was limited by the small samples 

studied, ranging from 9 to 11 per intervention arm across 3 RCTs. Although rMT and MEP 

amplitude were the only outcome variables common to 2 of the 3 RCTs, Conforto's group (2010) 

compared 2 ES protocols of different intensities, whereas Tarkka's group (2011) compared an 

ES-augmented hand exercise programme. Pooling their data to explain the effect of ES was thus 

unreasonable. Tarkka and colleagues (2011) reported decreased MEP latency after ES plus 

exercise training, indicating faster corticospinal conduction with the experimental intervention. 

Decreased intracortical inhibition was found after a single 2-hour session of PNS (Celnik et al., 

2007), but no change after multiple sessions (Conforto et al., 2010). The diverse measures of 

corticomotor excitability made finding any consistent corticomotor plasticity effects from ES of 

the paretic UL impossible. It should be noted that the existing information on ES-induced 

corticomotor plasticity is based on studies involving healthy subjects (Chipchase et al., 2011b; 

Charlton et al., 2003; Kaelin-Lang et al., 2002; Meesen et al., 2011; Ridding et al., 2001). 
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Validating the effect of ES on the corticomotor activity of people with stroke should strengthen 

the evidence for applying ES in stroke rehabilitation. 

Amongst the 24 studies in the present review, 21 examined the combined effects of ES with 

task training or conventional rehabilitation. Nineteen studies involved 2 to 12 weeks of 

intervention sessions. The unique role of ES in driving neuroplasticity and mediating motor 

recovery of the paretic UL after stroke, therefore, could not be delineated. 

 

2.5 Conclusions 

This meta-analysis has confirmed that ES has a moderate effect in alleviating motor 

impairment in a paretic UL in early phase post-stroke. It does not, however, consistently improve 

UL functional ability as evaluated with the ARAT. The effect on corticomotor excitability in the 

stroke-lesioned hemisphere needs to be clarified with more well-controlled studies. 
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CHAPTER 3 

 

Corticomotor Excitability Changes after  

Peripheral Nerve Electrical Stimulation of  

the Paretic Upper Limb in Stroke 
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Abstract 

Objective: To examine if peripheral nerve electrical stimulation (PNS) on the paretic upper limb 

(UL) modulated corticomotor excitability in both the hemispheres. 

Design: A single-blind randomized cross-over study. 

Interventions: 32 subjects with chronic stroke received 1-hour PNS or sham PNS (PNSsham) by 

random to the ulnar and radial nerves of the paretic UL in separate sessions. 

Outcome measures: Slope of recruitment curve (RC), peak motor evoked potential (pMEP) 

amplitude and duration of the cortical silent period (CSP) for the first dorsal interosseus hand 

muscle contralateral to either hemisphere as the corticomotor excitability outcomes measured 

with transcranial magnetic stimulation. Seventeen of the subjects were assessed their paretic 

index pinch strength and hand dexterity (score of Purdue Pegboard test) as secondary outcomes. 

Results: PNS but not PNSsham increased the RC slope and pMEP amplitude in both the lesioned 

(p ≤ 0.003) and non-lesioned (p ≤ 0.007) hemispheres, prolonged CSP duration in the non-

lesioned hemisphere (p = 0.048), and improved the hand dexterity scores (p = 0.028) but not 

pinch strength. The percent improvement in hand dexterity scores was not correlated with the 

corticomotor excitability modulation in either hemisphere. 

Conclusions: One-hour PNS to the paretic UL modulated corticomotor excitability in both 

hemispheres, with associated hand dexterity improvement in people with chronic stroke. 
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3.1 Introduction 

Motor function recovery becomes plateau after 6 months post-stroke (Duncan et al., 1994). 

Studies showed that only 38% of stroke recovered some dexterity in the paretic UL by 6 months 

(Kwakkel et al., 2003), with one-third of survivors continued to suffer motor impairment and 

disability in the paretic UL in chronic stroke stage (Feigin et al., 2010). The systematic review 

reported in Chapter 2 has noted ES in general could promote motor recovery in the paretic UL in 

people during early phase of stroke but effects were inconsistently shown in longer term stroke. 

Transcutaneous electrical stimulation to the peripheral nerves (PNS) has been used to treat motor 

impairment after stroke (Laufer et al., 2011). One 2-hour session of PNS using submotor 

threshold current intensity as somatosensory stimulation of the median and/or the ulnar nerves of 

the paretic upper limb (UL) has been shown to increase the pinch strength of people in early or 

chronic stage of stroke (Conforto et al., 2002; Klaiput and Kitisomprayoonkul, 2009). In healthy 

subjects, 2 hours of PNS to the radial and ulnar nerves using motor-threshold current intensity 

could lead to increased motor-evoked potential (MEP) in the contralateral hemisphere for the 

first dorsal interosseous (FDI) hand muscle measured by transcranial magnetic stimulation (TMS) 

(Ridding et al., 2001). Such increase in MEP was shown to become detectable by 30 minutes of 

PNS, and became peak by 45 minutes of stimulation and beyond (McKay et al., 2002). Moreover, 

the PNS induced neuroplastic adaptation was shown to occur at the cortical level instead of the 

spinal level (Kaelin-Lang et al., 2002; Ridding et al., 2000). Kaelin-Lang and co-workers (2002) 

further proved that the corticomotor excitability modulation after somatosensory PNS involved 

those muscles rested within the same topographic sensory representation of the nerve exposed to 

the stimulation. In their study, 2-hour stimulation of the ulnar nerve at sensory current intensity 



 

43 
 

increased the corticospinal MEP for the abductor digiti minimi hand muscle but that for the FDI 

was not altered. 

In people with stroke, however, the PNS-associated changes in corticomotor excitability 

were only reported in study protocols combining PNS with task training (Celnik et al., 2007; 

Conforto et al., 2010). Celnik and co-workers (2007) introduced 2 hours of somatosensory PNS 

to both the median and ulnar nerves of the paretic UL of stroke subjects prior to hand task 

training, and then evaluated the excitability of corticomotor pathways for the FDI afterwards. 

They found that after the intervention, the short-interval intracortical inhibition of corticomotor 

synapses for FDI was reduced in the lesioned hemisphere which was accompanied by faster time 

in completing the Jebsen-Taylor Hand Function Test. In contrast, Conforto and coworkers (2010) 

could not find any excitability changes in the facilitatory or inhibitory corticomotor pathways for 

muscles of the paretic hand despite improvement seen in hand task performance after the 

subjects completed 12 sessions of combined PNS and hand task practice. It was therefore unclear 

if PNS alone could induce corticomotor plastic adaptation in the brain as well as motor function 

improvement in the paretic UL affected by stroke. 

The corpus callosum consists of neural pathways of the brain for interhemispheric 

modulation of intra-cortical synaptic activities (Bloom and Hynd, 2005; Pal et al., 2005; Shin 

and Sohn, 2011). In healthy subjects exposed to paired associative stimulation which involved 

pulsed median nerve stimulation synchronized to single-pulse TMS on the contralateral primary 

motor cortex (M1) targeting the abductor pollicis brevis, Shin and Sohn (2011) demonstrated that 

both M1 increased in TMS-evoked MEP amplitudes for the contralateral hand muscle. It has not 

been shown if PNS of the paretic UL alone could lead to corticomotor excitability modulation in 

the M1 of both hemispheres. Clarifying the corticomotor plastic changes associated with PNS 
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would allow better understanding of the neurophysiological mechanism underlying its 

application in rehabilitation of the paretic UL. In the present study, it was hypothesized that PNS 

of the paretic UL would lead to short-term modulation of corticomotor activities in both the 

lesioned and contralateral non-lesioned hemispheres, as well as motor function improvement in 

the paretic UL in people of chronic stroke, the stage when motor recovery has become stagnant. 

Results of this study would be foundation knowledge for appraising the role of PNS in treatment 

programmes for the paretic UL during chronic stroke. 

 

3.2 Methods 

This study protocol was approved by the Human Subjects Ethics Sub-committee of the 

Hong Kong Polytechnic University (Appendix II). 

 3.2.1 Subjects 

Thirty-two subjects with a history of stroke and required regular follow-up in stroke clinics 

were recruited by convenience sampling in the community. The inclusion criteria were: (1) age 

between 45 and 80 years; (2) first hemispheric stroke; (3) history of stroke for at least 12 months; 

(4) able to abduct the index finger contralateral to the side of stroke lesion to show 

electromyographic (EMG) signals for the FDI hand muscle; (5) medically stable; and (6) able to 

comprehend instructions. The patients were excluded if they had: (1) history of musculoskeletal 

or neurological pathology other than stroke that would have affected movements in both ULs; (2) 

recurrent stroke; (3) cognitive impairment (defined by a score <24 evaluated with the Mini-

mental state examination) (Folstein et al., 1975); (4) medications that affected corticomotor 
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excitability (e.g. imipramine); (5) history of epilepsy, presence of metal in the head region or a 

cardiac pacemaker which have been safety concerns for TMS procedures (Rossi et al., 2009). 

Subjects were confirmed suitable for TMS by a screening interview (Appendix III). They gave 

written informed consent (Appendix IV) before the experimental procedure began. 

 

3.2.2 Experimental design 

This study adopted a randomised cross-over design. All subjects attended a first session in 

the university’s laboratory for assessment of the stroke-affected UL – sensorimotor impairment 

evaluated with the Fugl-Meyer Assessment UL subscore (Fugl-Meyer et al., 1975) (Appendix V), 

muscle tone status evaluated with the Composite Spasticity Score (Levin et al., 1992) (Appendix 

VI), UL functional ability measured with the Action Research Arm Test (Lyle et al., 1981) 

(Appendix VII). Subjects were then introduced to the measurement procedure for corticomotor 

excitability using TMS. One week afterwards, subjects returned for 2 different intervention 

sessions arranged at least 7 days apart. The intervention in each session was either PNS or sham 

PNS (PNSsham) applied on the paretic upper limb, the assignment of which was randomised 

according to a coded lot picked by the subject from an envelope prior to the first intervention. 

 

3.2.3 Interventions 

PNS or PNSsham was introduced for 60 minutes while the subjects were sitting on a chair 

with back support with their hands and forearms supported on a desk in front. The radial and 

ulnar nerves of the paretic UL contralateral to the side of stroke lesion were both given PNS or 
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PNSsham in the intervention session. For PNS, electrical stimuli was generated from two channels 

of a Cefar Physio 4 stimulator (Cefar Medical AB, Lund, Sweden) simultaneously and delivered 

to both nerves transcutaneously via black carbon electrodes. To stimulate the ulnar nerve, the 

anode and cathode of one output channel were respectively placed proximal to the distal wrist 

crease on the ulnar side and the anteromedial forearm 5cm distal to the elbow crease. For the 

radial nerve, the anode of the second channel was placed proximal to the radial styloid process at 

the wrist and the cathode placed on the lateral forearm 3cm distal to the elbow crease. The 

stimulation parameters used in PNS involved biphasic electric current of 450μs pulse duration, 

with 2 pulse frequencies 50Hz modulated with 10Hz, and the pulse on:off time ratio at 2:1. 

These parameters were arranged to generate interrupted or patterned current stimuli which have 

been known as crucial characteristics for tapping cortico-spinal plastic changes (Chipchase et al., 

2011a, 2011b; Perez et al., 2003). The current intensity was set at a level high enough to elicit 

twitches of the hand muscles contraction without causing discomfort or pain. This intensity was 

approximately at 2 to 3 times of sensory threshold. For PNSsham, the electrode locations were the 

same but the current intensity was set at the lowest level provided by the stimulator unit for the 

whole hour. During the 60-minute intervention, subjects were provided with magazines or 

newspapers to read in order to maintain their level of alertness. (Figure 3.1) 
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Cefar Physio 4 

stimulator 

Figure 3.1 PNS of both radial and ulnar nerves of the paretic upper limb via 

black carbon electrodes connected to 2 channels of a Cefar Physio 4 stimulator 
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3.2.4 Outcome measurements 

All subjects were assessed the primary and secondary outcomes before and after the 

intervention in each session. 

3.2.4.1 Primary outcome: Corticomotor excitability 

The excitability of the corticospinal projections for the contralateral FDI hand muscle was 

assessed in the M1 of both the stroke-lesioned hemisphere and the contralateral non-lesioned 

hemisphere using TMS. FDI has been the target muscle because it is innervated by the ulnar 

nerve, while the skin afferents overlying FDI are innervated by the radial nerve (Kaelin-Lang et 

al., 2002). Excitability changes in the corticospinal projections to FDI would reveal the 

corticomotor plastic adaptation associated with the intervention. The 3 outcome variables of 

corticomotor excitability were (1) the slope of the MEP recruitment curve (RC) which was also 

known as the input-output curve, (2) peak MEP (pMEP) amplitude and (3) duration of the 

cortical silent period (CSP) for the contralateral FDI. The test-retest reliability of these 

corticomotor excitability measures for the FDI have been confirmed excellent (intraclass 

correlation coefficient ≥ 0.88) in people with chronic stroke (Liu and Au-Yeung, 2014). 

During assessment with TMS, subjects sat on a chair with their neck, back, arms and legs 

supported. The examiner positioned the 70-mm figure-of-eight TMS coil (Magstim Company 

Ltd., Whitland, Dyfed, UK) tangentially on the scalp over the hand representation region of the 

primary motor area (Figure 3.2). The TMS coil handle was pointed backwards and at 45º from 

the midline sagittal plane of the skull. Single-pulse TMS was used to evoke observable MEPs in 

the EMG signals in the muscle. The EMG signals were captured by a pair of silver-silver 

chloride surface electrodes (Blue Sensor N, N-00-S, Ambu
®
, Denmark) placed over the belly and 
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tendon insertion of the FDI, with a ground electrode placed over the ulnar styloid process of the 

arm (Figure 3.3), then recorded by the Viking EMG System (Nicolet Biomedical, Madison, WI). 

These EMG signals were amplified and filtered (bandpass: 2Hz-10KHz, 50Hz filter on) for 

further off-line processing using the CED Micro 1401 Interface and Signal software system for 

windows (MKⅡ
®
, UK). To start the assessment for excitability of the corticomotor pathways for 

the contralateral FDI, the hotspot of the resting FDI of the paretic hand was to be determined. 

The hotspot was the locus on the scalp over the M1 hand area contralateral to the FDI that 

consistently evoked the largest MEP amplitude after a TMS stimulus of supra-threshold intensity. 

The examiner moved the TMS coil in 1-cm steps over the scalp of M1, beginning with TMS 

stimulus intensity of > 60% of the maximum TMS output intensity (Butler et al., 2005). Once the 

hotspot was identified, the examiner kept the TMS coil stationary on the hotspot and then 

reduced the TMS output intensity gradually to determine the resting motor threshold (rMT), 

using the protocol of the committee of the International Federation of Clinical Neurophysiology 

in 1994 (Rossini et al., 1994). rMT reflects the membrane excitability of the corticomotor 

neurons in the representation region in M1 for the target muscle (Hallett, 2007; Ziemann, 2004), 

and is defined as the lowest TMS output intensity (as a percentage of the maximum output 

intensity) that could produce an MEP amplitude of at least 50 μV in at least five of 10 

consecutive TMS stimuli (Brouwer and Schryburt-Brown, 2006). 

After rMT was determined, subjects were given a short rest for 1 minute. The measurement 

of recruitment curve in M1 for the target FDI muscle then began, with TMS output intensity 

starting from 100% rMT, advancing to 150% rMT intensity at a 10% increment for every 5 

stimuli. The same procedure was repeated after a 1-minute intermission (Liu and Au-Yeung, 

2014). The MEP amplitudes evoked from 10 stimuli for each of the 6 TMS intensities were 
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averaged to construct the recruitment curve against the respective stimulation intensity. The first 

data evaluated for corticomotor excitability was the linear slope of RC. RC slope has been 

suggested to reflect the neurophysiological strength of intracortical and corticospinal connections 

(Hallett, 2007; Malcolm et al., 2006). The second outcome was pMEP which was the maximum 

mean MEP amplitude reached in the RC measurement. pMEP reflects the maximum amount of 

descending excitation from the corticomotor neurons (Rothwell, 2005). 

The third outcome CSP duration quantifies the intracortical inhibitory synaptic activities of 

the hemisphere suggested to be mediated by the Gamma amino butyric acid (GABA)-B receptors 

(Chen et al., 1999; Hallett, 2007). To determine CSP duration of the M1 corticomotor pathways 

corresponding to the contralateral FDI, the target FDI was actively contracting isometrically at 

20% maximal voluntary effort while a TMS stimulus of 130% rMT intensity was applied at the 

FDI hotspot (Liu and Au-Yeung, 2014). The EMG signals of the contracting FDI would be 

interrupted by a period of silence soon after the TMS triggered MEP. The onset of a CSP was 

determined by noting the time of MEP onset, defined as the instant when the root-mean-square 

amplitude of the rectified EMG for the active FDI was higher than that prior to the TMS stimulus. 

The CSP offset time was determined as the reappearance of an uninterrupted EMG for at least 10 

ms during which the root-mean-square amplitude of the rectified EMG returned to a magnitude 

similar to that before stimulation. In this study, 9 TMS stimuli were delivered to the hotspot - at 

least a 5-second interval between stimuli, and a 20-second rest for the subject after every 3 TMS 

stimuli.  
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Ground electrode 

Figure 3.2 Assessment of corticomotor excitability with a 70mm figure-of-eight TMS 

coil applied tangentially on the scalp over the hand representation area of the primary 

motor cortex. 

A 70-mm 

figure-of-eight 

TMS coil 

Figure 3.3 A pair of silver-silver chloride surface electrodes applied on the first dorsal 

interosseous hand muscle to pick up its EMG signals. 

Positive electrode 

Negative electrode 



 

52 
 

3.2.4.2 Secondary outcome: Motor function of the paretic hand  

The last 17 subjects of the sample recruited were given additional assessment on motor 

function of the paretic hand as secondary outcomes for the interventions:  

(1) Pinch strength - The pinch strength of the index finger to the thumb was measured in the 

paretic hand using the Jamar
®
 Plus Digital Pinch Gauge (Sammons Preston, Rolyon, 

Bolingbrook, IL) (Figure 3.4). During the assessment, the subject was sitting on a chair, with the 

paretic UL rested by the side of the trunk, elbow kept in 90º flexion and the forearm in mid-

pronation. Three trials of maximal pinch grip were recorded to generate the mean pinch strength 

in kilogram force.  

(2) Hand dexterity - This was evaluated using the Purdue Pegboard test (Figure 3.5). While in 

sitting, subjects used the paretic hand to pick up small pins one by one with pincer grip of the 

index finger to the thumb from a cup at the top of the pegboard, and inserted the pins into the 

column of holes aligned longitudinally on the pegboard ipsilateral to the paretic hand. The hand 

dexterity score was the number of pins successfully inserted into the holes in 30 seconds. 

Both motor function outcomes involved the FDI in action as the index finger flexed and 

abducted at the metacarpo-phalangeal joint during the index pinch and pincer grip function 

(Keith and Arthur, 1999). 
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Figure 3.4 Assessment of the index pinch strength of the paretic hand using the 

Jamar
®
 Plus Digital Pinch Gauge 

Jamar
®
 Plus 

Digital Pinch 

Gauge 

Figure 3.5 Assessment of dexterity function of the paretic hand using the Purdue 

Pegboard test. 
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3.2.5 Data analysis and statistics 

The SPSS statistical software package (version 20) was used for data analysis. Means and 

standard deviations (SD) were used to describe the demographic characteristics of the subjects. 

Paired t-tests were used to examine the differences of baseline measurements between the 2 

intervention sessions (PNS versus PNSsham), as well as between the lesioned and contralateral 

non-lesioned hemisphere. The within-intervention change after PNS and PNSsham was also 

examined with paired t-test. The effects of interventions and hemispheres were examined using 

repeated-measures analysis of variance (ANOVA) with 2 within-subject factors - assessment 

(two levels: pre- and post-intervention) and 2 hemispheres (two levels: lesioned and non-

lesioned). For any notable change in the motor outcomes, Spearman rank correlation was applied 

to examine its relationship with the degree of corticomotor excitability modulation which was 

also found as significant. The level significance was set at 0.05.  

 

3.3 Results  

Table 3.1 presents the demographic characteristics of the 32 subjects recruited, their paretic 

UL status, as well as the corticomotor excitability for the resting FDI assessed in their first 

attendance. Table 3.2 presents the gender, age, duration of stroke history and the side and site of 

stroke lesion of all subjects. The baseline profile of the first 15 subjects who were assessed only 

the primary outcomes were similar as that of the subsequent cohort of 17 subjects who were 

assessed both the primary and secondary assessment outcomes. Compared to the contralateral 

non-lesioned hemisphere, results of the paired t-test showed that the lesioned hemisphere had 
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higher rMT (p = 0.018), lower pMEP amplitude (p = 0.024), and longer CSP duration (p = 

0.043), with the RC slope smaller at near significant magnitude (p = 0.052). 

All subjects completed the 2 intervention sessions - 13 of them received PNSsham in the first 

session. Table 3.3 presents the baseline and post-intervention measurements of the outcomes. 

Across the 2 intervention sessions, the pre-intervention data measured in terms of rMT for the 

contralateral FDI muscles in both hemispheres, as well as the primary and secondary outcome 

variables were similar.  rMT for the hot spots, the primary and secondary outcomes were similar 

before interventions. After PNS, both RC slope and pMEP was increased significantly in the 

lesioned hemisphere (paired t-test: for RC slope, p = 0.002, Cohen’s d = 0.23; for pMEP, p = 

0.003, Cohen’s d = 0.22, respectively) and the non-lesioned hemisphere (paired t-test: for RC 

slope, p = 0.007, Cohen’s d = 0.16; for pMEP, p < 0.000, Cohen’s d = 0.22) (Table 3.3) RC 

slope and pMEP were not altered after PNSsham. However, the between-intervention effects on 

RC slope and pMEP amplitude did not reach significant, neither for the lesioned hemisphere 

(repeated-measures ANOVA, intervention × assessment interaction: for RC slope, F = 1.958 and 

p = 0.167; for pMEP, F = 1.523 and p = 0.222) nor the non-lesioned hemisphere (repeated-

measures ANOVA, intervention × assessment interaction: for RC slope, F = 2.024 and p = 0.160; 

for pMEP, F = 3.428 and p = 0.069). 

Interestingly, PNS significantly prolonged CSP duration in the non-lesioned hemisphere (p 

= 0.048 and Cohen’s d = 0.19), but the change in the lesioned hemisphere was not significant (p 

= 0.172). The intervention by assessment interaction effect for CSP duration was not significant 

(repeated-measures ANOVA: F = 0.215 and p = 0.645) (Table 3.3). 

After PNS, the imbalance in corticomotor excitability between the two hemispheres 

remained unaltered (repeated measures ANOVA, interactions hemisphere x assessment: F = 
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0.015, p = 0.902 for rMT; F = 0.628, p = 0.434 for RC slope; F = 0.024, p = 0.878 for pMEP; F = 

0.035, p = 0.853 for CSP duration). 

Regarding motor functions of the paretic hand, the dexterity score was significantly 

improved after PNS (p = 0.028 and Cohen’s d = 0.22) but not the case after PNSsham (p = 0.445). 

The intervention by assessment interaction effect was significant (repeated-measures ANOVA: F 

= 5.802 and p = 0.022) (Table 3.3). Index pinch strength, however, was not altered by the 

interventions. 

Results of the correlation analysis revealed that the percent improvement in hand dexterity 

(24.23 ± 54.07%) after PNS was not related to the percent increase in RC slope or pMEP 

amplitude in either hemisphere (Table 3.4). 
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Table 3.1 Baseline characteristics of the subjects (n=32) 

Characteristics Means ± SD 

Gender, male: female     26 : 6† 

Age (years)   60.53 ± 7.83 

Weight (kg)   65.25 ± 9.11 

Height (cm) 164.26 ± 8.32 

Time since stroke (months)     86.06 ± 43.04 

Stroke type, ischaemic: haemorrhage      20 : 12† 

Hemisphere with stroke lesion, right: left     12 : 20† 

Paretic upper limb status:  

Fugl-Meyer Assessment (0-66)  58.43 ± 8.85 

Composite Spasticity Score (0-16)    6.04 ± 2.24 

Action Research Arm Test (0-57)    48.82 ± 12.14 

Corticomotor excitability evaluated at FDI hotspot:  

    Lesioned hemisphere -  

        rMT (%)   49.72 ± 11.43* 

        RC slope   0.25 ± 0.27
#
 

        pMEP amplitude (mV)   1.33 ± 1.29* 

        CSP duration (ms) 196.05 ± 65.44* 

    Non-lesioned hemisphere -  

        rMT (%) 44.41 ± 8.97 

        RC slope   0.37 ± 0.25 

        pMEP amplitude (mV)   1.89 ± 1.14 

        CSP duration (ms) 166.02 ± 44.62 

rMT = resting motor threshold; pMEP = peak motor evoked potential; RC = recruitment curve; 

CSP = cortical silent period;† is a ratio; * denotes p < 0.05 and 
#
 denotes p = 0.052 in paired t-

test comparing the measurements between the lesioned and non-lesioned hemispheres. 
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Table 3.2 Site of stroke lesion from medical or imaging reports of subjects. 

Subject 

code 

Gender Age 

(year) 

Duration 

of stroke 

history 

(months) 

Side and stroke lesion site or involved vascular territory 

1 M 61 51 R internal capsule posterior limb, trigone & corpus 

callosum splenium 

2* M 60 60 R (lesion site not defined in the medical record) 

3 M 67 96 L basal ganglia 

4 M 57 86 L internal capsule posterior limb 

5* M 70 106 L (lesion site not defined in the medical record) 

6 F 56 64 L MCA 

7 M 69 61 L MCA 

8 M 52 131 L external capsule 

9 M 49 144 L thalamus, frontal 

10 M 60 168 L frontal lobe, basal ganglia 

11* M 69 120 L (lesion site not defined in the medical record) 

12 M 64 180 R pons 

13 M 64 100 R posterior basal ganglia 

14 M 60 107 R corona radiata to posterior limb of right internal 

capsule, basal ganglia 

15 M 50 156 L external capsule 

16 M 53 120 L thalamus 

17 F 57 75 L MCA 

18 M 70 104 L MCA 

19 F 56 71 L internal capsule 

20* M 52 122 R (lesion site not defined in the medical record) 

21* M 53 86 L (lesion site not defined in the medical record) 

22* M 75 102 L (lesion site not defined in the medical record) 

23 F 70 39 R pons 

24 M 60 64 L lentiform nucleus 

25 M 64 78 R basal ganglia 

26* M 69 55 L (lesion site not defined in the medical record) 

27 F 72 20 R basal ganglia 

28 M 50 12 R centrum semiovale venous 

29 F 46 12 R MCA 

30 M 62 73 L capsular 

31 M 58 60 R MCA 

32 M 65 31 L pons 

M: male; F: female; R: right-hemisphere stroke; L: left-hemisphere stroke; MCA: middle 

cerebral artery; 

* denotes the subject whose stroke lesion site could not be traced in the medical record. 
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Table 3.3 Results of comparisons within and between the intervention sessions. 

Measurement Variables 

Within-intervention  Between-interventions 

PNS 

 

PNSsham 

 Repeated measures 

ANOVA (Intervention 

x Assessment  ) 

Pre Post 
p 

 Pre Post 
p  F p 

Mean  SD Mean  SD  Mean  SD Mean  SD 

Corticomotor excitability (n=32) 

Lesioned hemisphere: 

  rMT (%)   49.28  10.12   49.25  10.16 0.839    49.72  11.44   49.84  11.23 0.555  0.364 0.548 

  RC slope   0.22  0.24   0.28  0.29  0.002
†
    0.25  0.27   0.27  0.27 0.418  1.958 0.167 

  pMEP amplitude (mV)   1.20  1.19   1.48  1.38  0.003
†
    1.33  1.30   1.43  1.33 0.390  1.523 0.222 

  CSP duration (ms) 187.90  58.04 194.07  55.08 0.172  196.05  65.44 201.25  73.30 0.238  0.025 0.876 

Non-lesioned hemisphere:           

rMT (%) 44.94  8.88 44.88  9.17 0.751  44.41  8.97 44.19  8.63 0.304  0.298 0.587 

  RC slope   0.36  0.24   0.40  0.28  0.007
†
    0.37  0.25   0.38  0.29 0.379  2.024 0.160 

  pMEP amplitude (mV)   1.88  1.19   2.15  1.31  0.000
†
    1.89  1.14   1.97  1.27 0.318  3.428 0.069 

  CSP duration (ms) 164.94  41.62 172.10  34.12  0.048
†
  166.02  44.62 170.79  40.87 0.222  0.215 0.645 

Motor hand function (n=17) 

  Pinch strength (Kg)   6.45  2.31   6.59  2.21 0.381     6.44  2.22   6.34  2.23 0.304  1.755 0.195 

  Purdue pegboard dexterity score   7.29  3.65   8.06  3.86  0.028
†
    7.12  3.76   6.94  3.36 0.445  5.802  0.022

*
 

 

PNS = peripheral nerve stimulation; “pre” and “post” are respectively assessment “before” and “after” the intervention; RC = 

recruitment curve; pMEP = peak motor evoked potential; CSP = cortical silent period;  
†
 denotes difference is significant within-intervention (p < 0.05); 

*
 denotes difference is significant between-interventions (p < 0.05). 



 

60 
 

 

 

 

Table 3.4 Correlation between hand dexterity improvement and the notable change in the 

corticomotor excitability outcomes after PNS 

n = 17 
Change (%) 

Percent change in Purdue pegboard score 

dexterity score: 24.23  54.07 

Spearman rank 

correlation 

coefficient 

p-value 

Lesioned hemisphere    

    RC slope 23.72  47.42     0.201 0.440 

    pMEP amplitude 23.45  37.04   -0.074 0.779 

    

Non-lesioned hemisphere    

    RC slope 15.74  43.04   -0.028 0.915 

    pMEP amplitude 19.14  37.14   -0.131 0.617 

    CSP duration   7.94  18.42   -0.307 0.230 

RC = recruitment curve; pMEP = peak motor evoked potential; CSP = cortical silent period.  
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3.4 Discussion 

Previous studies showed that a relatively long 2-hour of somatosensory stimulation to the 

median nerve of the paretic UL could not alter the inhibitory or facilitatory intracortical synaptic 

activities in the lesioned (Conforto et al., 2010) or non-leisoned (Conforto et al., 2008) 

hemisphere of stroke patients. On the contrary, the present study showed that PNS to the ulnar 

and radial nerves of the paretic UL for 1 hour at higher current intensity (2 to 3 times sensory 

thresholds) increased the RC slope and pMEP amplitudes in both the lesioned and the non-

lesioned hemisphere of subjects with chronic stroke. pMEP amplitude revealed the extent of 

maximal excitation from recruitment of the corticospinal pathways with TMS (Devanne et al., 

1997; Rothwell, 2005), while the slope of RC illustrated the neurophysiological strength of the 

intracortical and corticospinal connections (Malcolm et al., 2006). The bi-hemispheric increase 

in pMEP and RC slope for the contralateral FDI after PNS has indicated enhanced activation of 

corticomotor synaptic connections and the corticospinal pathways to the contralateral FDI in 

respective hemispheres. Did the raised cortico-spinal excitability occur at the cortical level, or 

the spinal/peripheral level? In healthy subjects, Kaelin-Lang and colleagues (2002) have 

demonstrated 2 hours of PNS on ulnar nerve led to a rise in MEP amplitudes evoked in the 

contralateral M1 for the abductor digiti minimi muscle innervated by the nerve. However, there 

were no obvious changes in the amplitudes of M-response of the muscle. Using similar PNS 

protocol, Ridding and colleagues (2000) confirmed that the size and prevalence of F-waves for 

the intrinsic hand muscles were not changed. Schabrun’s group (2012) applied 30 minutes of ES 

to the abductor pollicis brevis muscle using current intensity sufficient to induce thumb 

abduction. The team revealed that after ES, both the somatosensory evoked potentials and TMS-
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evoked MEPs amplitudes for the corticospinal projections to the thumb muscle were raised but 

the MEP response evoked at the brachial plexus level was not altered. These results suggested 

that the PNS-associated neuroplastic adaptations have taken place in the cortical level. In the 

present experiment, afferent signals from PNS of the radial and ulnar nerves of the paretic UL 

were transmitted mainly by the large diameter fibres to the thalamus along the anterior 

spinothalamic and dorsal column tracts. Subsequently, these sensory impulses would have been 

projected to the primary sensory cortex (S1) of the lesioned hemisphere, the area representing the 

skin and muscles innervated by the nerves (Schabrun et al., 2012). Via the cortico-cortical 

projections between S1 and primary motor cortex (M1), signals from S1 might have modulated 

the synaptic efficacy of M1 for the muscles of similar somatotopic representation activated by 

the PNS (Schabrun et al., 2012). 

The present results confirmed that neuroplastic adaptations associated with unilateral PNS 

indeed took place in both hemispheres. Such bi-hemispheric corticomotor excitability up-

regulation resulted from unilateral PNS might have been mediated via the corpus callosum. It is 

notable that the lesioned and non-lesioned hemispheres did not respond to PNS to the same 

extent in terms of RC slopes. The magnitude of the increase in the RC slope was larger in the 

lesioned hemisphere (Cohen’s d = 0.23) than in the non-lesioned hemisphere (Cohen’s d =0.16) 

after PNS. The corticomotor synapses in the lesioned hemisphere might have been activated 

more readily with the unilateral PNS to the paretic UL. On the contrary, CSP duration was 

significantly prolonged in the non-lesioned hemisphere but non-significant in the lesioned 

hemisphere after PNS. MEP amplitudes reflect the net sum of local excitatory and inhibitory 

input on pyramidal cells within the motor cortices (Di Lazzaro et al., 2004; Werhahn et al., 2007). 

Therefore, it remains to be verified if the RC slope and pMEP increase in the lesioned 
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hemisphere is the after effect of increased intra-cortical inhibitory processes in the non-lesioned 

hemisphere (Chen et al., 1999; Hallett, 2007).  

The physiological effects of electrical stimulation have been known to depend on the 

frequency and intensity of the stimuli as well as the pattern of stimuli (Chipchase et al., 2011a, b; 

Perez et al., 2003). Some studies have shown that 2 hours of somatosensory PNS to the median 

and/or ulnar nerves of the paretic UL could increase pinch strength in people with stroke 

(Conforto et al., 2002; Klaiput and Kitisomprayoonkul, 2009), while hand task performance was 

improved after a session of repetitive task training preceded by a similar 2-hour PNS intervention 

(Celnik et al., 2007). The present study did not involve any task practice but introduced 1-hour 

PNS to the ulnar and radial nerves with current intensity high enough to elicit some muscle 

twitches without causing pain or discomfort (Charlton et al., 2003; McKay et al., 2002; Ridding 

et al., 2000, 2001). The lack of improvement in pinch strength might be related to shorter PNS 

for 1 hour instead of 2 hours (Conforto et al., 2002; Klaiput and Kitisomprayoonkul, 2009), or 

the two nerves stimulated were radial and ulnar nerves so that the finger flexors innervated by 

the median nerve had not been optimally addressed to effect in pinch strength. Although the PNS 

intervention did not pair any task practice, a modest gain in hand dexterity was shown (Cohen’s 

d = 0.22). Hand dexterity improvement has never been reported in previous studies with stroke 

subjects exposed to PNS at current intensity for somatosensory stimulation. The dexterity 

function gained after PNS in the present study was coherent with another report which applied 1-

hour motor stimulation directly on 2 hand muscles of healthy subjects (McDonnell and Ridding, 

2006). Hence, current intensity for PNS might be a factor mediating the effect on hand dexterity 

performance. 
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We found the hand dexterity improvement was not related to the increased descending 

excitatory projection to the target FDI, in terms of RC slope and pMEP amplitude in either 

hemisphere. A previous study on patients recovered from subcortical stroke, has also noted that 

MEP evoked in the lesioned M1 was not correlated with dexterity performance of the paretic UL 

(Thickbroom et al., 2002). We would suggest that hand dexterity function might not be directly 

related to the excitability of cortico-spinal projections to the hand muscles (Thickbroom et al., 

2002). Whether there has been intracortical inhibitory or facilitatory synaptic modulation by PNS 

to account for the hand dexterity improvement should be examined in future study. 

At the time of recruitment, subjects in this study had already recovered some motor 

functions in their paretic hand. However, the pMEP amplitude was smaller with CSP duration 

longer in the lesioned hemisphere, implying less excitable corticomotor pathways and more 

intra-cortical GABA-b mediated inhibitory activities when compared to the non-lesioned 

hemisphere. The 1-hour PNS induced non-discriminant bi-hemispheric up-regulation in 

corticomotor excitability. This might on one hand, implying the unilateral PNS was not able to 

correct the asymmetry in corticomotor excitability for the target hand muscles across 

hemispheres. In unilateral UL movements, interhemispheric inhibition (IHI) has been shown to 

rise from the contralateral motor cortex to the ipsilateral motor cortex in order to limit the co-

activation of mirror neurons in the ipsilateral motor cortex (Ferbert et al., 1992; Takeuchi et al., 

2012). IHI is regarded as an innate neurophysiological mechanism in maintaining hemispheric 

dominance for the control of unilateral movements (Bloom and Hynd, 2005; Shin and Sohn, 

2011). After stroke, the M1 of the lesioned hemisphere has been shown to reduce in IHI 

influence targeting the healthy hand, but M1 of the non-lesioned hemisphere has become actively 

involved during movements of the paretic UL (Murase et al., 2004; Ward et al., 2003, 2005). The 
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present study has noted a small effect of PNS on the excitability of the corticospinal projections 

to FDI of the paretic hand (effect sizes ranged from 0.22 to 0.23), together with corticomotor 

excitability enhancement in the non-lesioned hemisphere. In order to counteract the dominating 

influence from the non-lesioned hemisphere in the control of paretic UL functions, intervention 

strategies should localize the up-regulation of corticomotor excitability in the lesioned 

hemisphere so as to promote optimal motor function gain in the paretic UL. Furthermore, the 

extent to which the present PNS protocol might augment additional therapy in fostering effective 

corticomotor plastic adaptation and functional recovery in the paretic hand post-stroke should be 

investigated. 

Nevertheless, interpretation of results in the present study was limited by the measurement 

of immediate effects after a single session of PNS, and the inclusion of subjects recovered with 

mild to moderately affected hand function in their chronic stage of stroke. 

 

3.5 Conclusion 

Based on the study sample with mildly to moderately impaired upper limb in chronic stroke 

stage, one hour of PNS of the paretic upper limb could increase the corticomotor excitability 

function in both the lesioned and non-lesioned hemispheres, together with improved dexterity 

performance in the paretic hand. 
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CHAPTER 4 

 

Does Peripheral Nerve Electrical Stimulation  

Paired with Action Observation Improve 

Corticomotor Excitability of the Paretic Upper Limb 

after Stroke? 
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Abstract 

Objective: To investigate if peripheral nerve electrical stimulation (PNS) paired with action 

observation (AO) could increase the corticomotor excitability of the lesioned hemisphere for a 

paretic hand muscle in people with stroke. 

Design: A single-blind randomized cross-over study. 

Interventions: 20 subjects with chronic stroke received in separate sessions 1-hour PNS or sham 

PNS (PNSsham) by which were applied to the ulnar and radial nerves of the paretic arm. AO was 

introduced in the last 30 minutes of each intervention during which subjects watched video 

demonstration of a hand performing 4 different tasks that involved index finger movements. 

Outcome measures: TMS-evoked corticomotor in the stroke-lesioned hemisphere for the 

contralateral first dorsal interosseous muscle in terms of (1) slope of the motor evoked potential 

(MEP) recruitment curve (RC), (2) peak motor evoked potential (pMEP) amplitude, and (3) the 

duration of cortical silent period (CSP). The secondary outcome was dexterity of the paretic hand 

scored with Purdue pegboard. 

Results: All the corticomotor excitability measurements were not altered with the interventions, 

although the pMEP amplitude showed a near significant increase after PNS plus AO (p = 0.082). 

PNS combined with AO improved the dexterity score (p = 0.028) but not changed with the 

control, PNSsham plus AO. The between-intervention effect was not significant. 

Conclusions: PNS paired with AO improved dexterity performance in the paretic hand but any 

corticomotor excitability modulation in the lesioned hemisphere was not significant. 
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4.1 Introduction 

The quality of life after stroke is adversely affected by the disability associated with a 

paretic upper limb (UL) (Desrosiers et al., 2005). Transcutaneous electrical stimulation is a 

treatment commonly applied in such cases, with small to modest effects on motor recovery 

(Nascimento et al., 2014). Two hours of electrical stimulation applied to the peripheral nerves 

(PNS) of the paretic upper limb using current below the motor threshold has been shown to 

improve the grip strength (Conforto et al., 2002) and UL performance in tasks which were well 

trained after the PNS (Celnik et al., 2007, 2009; Conforto et al., 2007). In their study published 

in 2007, Celnik’s group showed that PNS prior to task training also reduced short-interval 

intracortical inhibition in the lesioned hemisphere of the corticospinal projections to the first 

dorsal interosseous muscle (FDI). Though Conforto’s group (2010) subsequently did not detect 

any change in corticomotor excitability after their subjects had completed 12 treatment sessions 

of a similar intervention protocol. 

Study 2 of this dissertation has confirmed that one hour of PNS on the radial and ulnar 

nerves using a current intensity twice to 3 times the sensory threshold increase the corticomotor 

excitability in both the lesioned and contralateral hemisphere representations of the FDI muscle 

together with increased dexterity of a paretic hand (see Chapter 3, pages 40-62). Such 

corticomotor excitability effects in terms of the slope of motor evoked potential (MEP) 

recruitment curve (RC) and the peak MEP (pMEP) amplitude in either hemisphere were small, 

however. The lesioned cortex being less efficient in corticomotor excitability after stroke 

suggests it is disadvantaged in taking part in motor control for the paretic UL in the presence of 

interhemispheric competition (Murase et al., 2004; Ward, 2005). Results of Study 2 suggests that 

the bi-hemispheric enhancement in corticomotor excitability after PNS applied to the paretic UL 
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alone, without motor-function-related interventions might not be enough to maintain or 

consolidate the corticomotor plastic changes in the lesioned hemisphere and improved motor 

function in the paretic hand. 

Action observation (AO) involves observing another person performing a task which the 

observer would like to perform. Observing another performing a motor skill apparently fosters 

subsequent kinematic reproduction of the action’s performance (Zentgraf et al., 2011). Previous 

studies have shown that AO of fine, simple or sport-specific movements can improve the motor 

skills of both elite and novice level athletes (Ashford et al., 2006; Baudry et al., 2006). 

Functional magnetic resonance imaging (fMRI) of the brain during AO reveals that the neuronal 

structures involved in the actual execution of the observed action are recruited in the observer’s 

brain as if the observer were actually performing the observed actions (Buccino, 2014). When 

AO was applied with monkeys, “mirror neurons” in the premotor and parietal cortices became 

activated even though the monkeys did not perform any movements (Fogassi et al. 2005; Gallese 

et al. 1996). Such a mirror system was subsequently proven to exist in the corresponding areas of 

the human brain (Grèzes et al., 2001; 2003). In healthy adults who were watching another person 

performing some hand tasks, the MEPs evoked in the corticospinal projections to the hand 

muscles corresponding to those used in the observed tasks increased in amplitude (Fadiga et al., 

1995). In another study involving 6 days of AO, subjects were required to observe another 

person performing 25 resisted abductions of the right index finger daily. The subjects’ maximum 

voluntary contraction for index finger abduction increased in both hands, but more in the right 

hand (Porro et al., 2007). Celnik and colleagues (2008) introduced AO to subjects in the chronic 

stage of stroke. It involved watching 30 minutes of video showing thumb abduction-adduction 

movements. The subjects showed enhanced performance in the trained movement, together with 
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increased ratio of MEP specifically for the agonist and antagonist muscle of the trained 

movements after the intervention. Ertelt and colleagues (2007) recruited people with chronic 

stroke to complete 18 sessions of AO that involved watching video recordings of UL task 

performance followed by intensive active practice compared to a control programme of 

practicing similar UL tasks after watching static images. In their case-controlled study, the 

experimental group showed better performance of the paretic UL in manual tasks than the 

control, as well as presenting more activity signals in their ventral premotor cortex, superior 

temporal gyrus and supplementary motor area of both hemispheres and supramarginal gyrus of 

the stroke-lesioned hemisphere examined with a hand grip task under fMRI (Ertelt et al., 2007). 

Such results on cortical plastic adaptions and motor performance with AO supported that AO 

may promote recovery of motor functions after stroke. To date, AO has not been a conventional 

treatment in stroke rehabilitation. 

With reference to the Hebbian view of synaptic plasticity (Hebb, 1949), concomitant firing 

of presynaptic neurons persistently would strengthen the corticomotor synaptic plasticity if the 

postsynaptic neuron is already depolarized or in an active state. PNS has been shown to modulate 

excitability of the corticomotor pathways via the cortico-cortical connections in the sensory and 

motor cortices (Schabrun et al., 2012, also refer to Chapter 3, pages 40-62 - Study 2 of this 

dissertation). AO is shown to activate the mirror neurons in the frontal and parietal cortices 

(Buccino et al. 2001; Fogassi et al., 2005; Gallese et al., 1996). It could be possible that PNS 

might compliment AO in augmenting desirable corticomotor plastic modulation in the stroke-

lesioned hemisphere for motor function improvement in the paretic hand. 

Study 3 of this dissertation was therefore designed to examine the effect of PNS 

supplemented with AO on corticomotor excitability for the target hand muscle in a stroke-
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lesioned hemisphere in people with chronic stroke. We hypothesized that one hour of PNS 

applied to a paretic hand combined with AO would increase corticomotor excitability in the 

region corresponding to the target hand muscle and increase the dexterity of the paretic hand 

more effectively than the control intervention with sham PNS (PNSsham) combined with AO. 

 

4.2 Methods  

A single-blind, randomized cross-over design was adopted.  

4.2.1 Subjects 

Twenty stroke survivors were recruited from community self-help groups using 

convenience sampling. The inclusion criteria were: (1) age 45 to 80 years; (2) a first stroke 6 or 

more months earlier; (3) able to abduct the index finger contralateral to the lesioned hemisphere 

with detectable electromyographic signals in the FDI during the finger abduction; (4) medically 

stable; (5) able to comprehend instructions. Candidates were excluded if they had (1) a history of 

pathologies other than stroke affecting the paretic UL; (2) recurrent stroke; (3) cognitive 

impairment indicated by a score lower than 24 in the Mini-mental State examination; (4) visual 

impairment not correctable by optical lenses; (5) a history of epilepsy, presence of metal inbrain 

and skull region, or cardiac pacemaker which were regarded as contraindications for TMS (Rossi 

et al. 2009). The study protocol was approved by the Human Subjects Ethics Sub-committee of 

the Hong Kong Polytechnic University (Appendix II). All of the subjects gave informed, written 

consent (Appendix IV) prior to the assessments and the experimental and control interventions. 
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4.2.2 Procedure 

All of the subjects were required to attend 3 sessions conducted in a university laboratory. 

The first session involved baseline assessments of the functional status of their paretic ULs due 

to stroke. These assessments included the UL component of the Fugl-Meyer Assessment for 

scoring the sensorimotor impairment (Fugl-Meyer et al., 1975), the Composite Spasticity scale 

for quantifying UL muscle tone (Levin et al. 1992), index finger pinch strength measured with a 

Jamar digital pinch gauge (Sammons Preston, Roylon, Bolingbrook, IL), the Action Research 

Arm Test (ARAT) (Lyle, 1981) to quantify the paretic limbs’ ability to perform 19 gross arm 

movement, grasping, gripping and pinching. Dexterity was quantified using the Purdue pegboard 

test (Tiffin et al. 1948). The subjects were then introduced to the transcranial magnetic 

stimulation (TMS) procedure for examining excitability in the primary motor cortex (M1) of 

lesioned hemisphere for contralateral FDI muscle. The subjects later returned for 2 separate 

sessions at least one week apart. Each involved a one-hour intervention plus assessment before 

and after. The intervention protocols for the 2 sessions were either PNS or PNSsham, each with 

additional AO. The order of administration was randomly assigned using a coded lot picked by 

the subject from an envelope before the second session began. 

 

4.2.3 Interventions 

PNS+AO: During the intervention, subjects sat comfortably on a chair with the back and 

feet supported, while both forearms were supported on a desk in front. The PNS involved 60 

minutes of electrical stimulation applied to the ulnar and radial nerves of the paretic upper limb 

simultaneously via surface electrodes, with currents generated from 2 channels of the Cefar 

Physio 4 stimulator (Cefar Medical AB, Lund, Sweden). This is the same PNS protocol adopted 
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in the former study reported in Chapter 3 (pages 40-62). The electrical current involved 

intermittent, biphasic 450ìs pulse delivered at 50Hz modulated with 10Hz. The current intensity 

was set to elicit muscle twitches in the paretic hand without causing pain or discomfort. After 30 

minutes of PNS, AO was introduced in addition during the last 30 minutes of the electrical 

stimulation. During the AO the subjects were required to watch 4 video clips shown sequentially 

on a computer screen which was set 60-cm in front of the subject. Each video lasted 7.5 minutes 

and demonstrated a hand performing a task that required index finger abduction or a pinching 

action:  

Video 1 task - with an elastic band looped round the ulnar 4 fingers, the index finger 

performed abduction repeatedly at a rate of 0.5Hz to stretch the elastic band;  

Video 2 task - the index finger and thumb together perform pincer movements to pick 

and transfer a number of checkers, one after the other from one side of the support 

surface to the other; 

Video 3 task - a tweezer was held between the index finger and thumb to pick up pins one 

by one to be inserted into the holes of a pegboard; 

Video 4 task - the index finger performed abduction to push aside a series of marbles 

lined up on a support surface.  

In all the 4 videos the hand was oriented in the same direction as if the subject were viewing his 

or her own affected hand. Such “first person observation” has been shown to induce the 

maximum modulation of corticomotor excitability (Maeda et al., 2002). To ensure subjects had 

been paying attention to the video demonstrations during AO, subjects were required to note and 

report to the examiner the number of atypical task performance which was different from the 
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master task demonstrated in each of the videos. These atypical demonstrations were: abduction 

of the little finger against the rubber band instead abducting the index in video 1; the checkers 

had not been transferred to the opposite side in video 2; the insertion of pins into the pegboard 

had omitted one hole along the column in video 3; the marbles had been omitted from being 

displaced by the index finger which was performing abduction in video 4. 

PNSsham+AO: This control intervention involved exposing the subjects to sham electrical 

stimulation for 60 minutes. PNSsham was executed with the current at the instrument’s lowest 

output intensity – the same protocol used in Study 2. AO was applied for 30 minutes during the 

last 30 minutes of the PNSsham intervention, using the same videos as that applied in the 

experimental intervention. 

 

4.2.4 Outcome measurements 

4.2.4.1 Primary outcome: Corticomotor excitability 

Corticomotor excitability was measured in the lesioned hemisphere for the corticospinal 

projections of the FDI of the paretic hand using TMS. The Magstim TMS unit (Magstim 

Company Ltd., Whitland, Dyfed, UK) and its 70mm figure-of-eight coil was used to generate 

briefly a magnetic field of the desired intensity. When the coil was placed on the scalp ipsilateral 

to the lesioned hemisphere and over the hot spot for contralateral FDI, the intermittent magnetic 

field from the coil induced a rapidly changing electric field to trigger depolarization of the 

intracortical synapses and corticospinal axons.  

For the TMS assessment, the subjects sat on a high-back chair with the neck and back 

supported. Corticomotor excitability was quantified in terms of the RC, the pMEP amplitude and 
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the CSP duration for the FDI of the paretic hand, as previously described in for Study 2 (Chapter 

3, pages 40-62). The only difference was that the RC was constructed with MEPs against the 4 

TMS intensities (100%, 110%, 130% and 150% of rMT) for saving time in this pilot study. 

4.2.4.2 Secondary outcome: Dexterity of the paretic hand 

Hand dexterity was evaluated with the Purdue pegboard test. The subjects sat in front of a 

table with their hands resting on both sides of the pegboard. They were instructed to use pincer 

grip with the index finger and thumb of the paretic hand to pick up small pins, one at a time, 

from a cup and inserted them in a column of holes ipsilateral to the affected hand. The dexterity 

score was the number of pins inserted into the holes in 30 seconds. 

 

4.2.5 Data analysis and statistics 

The data were analyzed using version 20.0 of the SPSS software suite. Descriptive statistics 

were computed to summarize the demographic and background impairment status of the affected 

upper limb due to stroke. Paired t-tests were used to examine the difference in baseline 

assessments between the 2 intervention sessions (PNS+AO versus PNSsham+AO) and the changes 

in the outcome measurements within each intervention. The effect on outcomes across 

interventions was examined using repeated-measures analysis of variance (ANOVA) with 2 

measurement levels (pre- and post-intervention) for the within-subject factor, and 2 intervention 

levels (PNS+AO versus PNSsham+AO) for the between-subject factor. A p-value of 0.05 was set 

as the threshold of significance. 
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4.3 Results 

Table 4.1 presents the demographic data and a summary of the paretic UL characteristics of 

the 20 subjects, as well as their baseline corticomotor excitability for the FDI measured at their 

first attendance. Three subjects had rMTs higher than 66% of the TMS maximum output 

intensity, their TMS stimulation intensity was therefore increased to 130% of the rMT in the 

assessment of RC. All of the subjects completed the three sessions. Nine of them were randomly 

assigned the control protocol PNSsham+AO in the first intervention session. 

Paired t-test showed that the baseline corticomotor excitability and hand function values 

were not significantly different between the two intervention sessions (p > 0.05). No significant 

change in average corticomotor excitability was observed after either PNS or sham-PNS 

combined with AO (p > 0.05) (Table 4.2). However, pMEP revealed a near to significant 

increase after PNS+AO (p = 0.082) (Table 4.2). Repeated-measures ANOVA confirmed the 

between-intervention difference on corticomotor excitability were not significant (intervention × 

assessment interaction: for rMT, F = 0.352 and p = 0.551; for RC slope, F = 0.358 and p = 0.553; 

for pMEP amplitude, F = 0.963 and p = 0.333; for CSP duration, F = 1.031 and p = 0.316) (Table 

4.2). 

The PNS+AO treatment was, however, a significant predictor of improved Purdue pegboard 

score (p = 0.030, Cohen’s d = 0.17) while PNSsham+AO was not (p = 0.330) (Table 4.2). The 

between-intervention difference on the dexterity score was not significant (repeated-measures 

ANOVA: intervention × assessment interaction, F = 0.765 and p = 0.387) (Table 4.2). 
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Table 4.1 Baseline characteristics of all subjects   

Demographic characteristics Means ± SD 

Gender, male: female   15 : 5
†
 

Age (years)   60.25 ± 8.23 

Weight (kg)     65.60 ± 10.97 

Height (cm) 161.80 ± 7.88 

Time since stroke (months)     79.38 ± 44.57 

Stroke type, ischaemic: haemorrhage     14 : 6 
†
 

Hemisphere with stroke lesion, right: left         9 : 11 
†
  

Paretic upper limb status:  

Fugl-Meyer Assessment (0-66)  60.10 ± 6.32 

Composite Spasticity Evaluation (0-16)    6.00 ± 2.27 

Action Research Arm Test (0-57)    50.55 ± 10.73 

Pinch strength (Kg)    6.15 ± 2.12 

Purdue Pegboard scores    7.50 ± 3.55 

Corticomotor excitability evaluated in lesioned M1 

rMT (%)    51.10 ± 11.42 

RC slope    0.22 ± 0.26 

pMEP amplitude (mV)    1.12 ± 1.23 

CSP duration (ms)    210.29 ± 109.68 

† is a ratio; M1 = primary motor area for the contralateral first dorsal interosseus hand muscle; rMT = resting motor threshold; RC = 

recruitment curve; pMEP = peak motor evoked potential; CSP = cortical silent period. 
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Table 4.2 Comparisons of within- and between-intervention on the corticomotor excitability in lesioned hemisphere and paretic hand 

dexterity function 

Outcome measure  

(n=20) 

Within-intervention  Between-intervention 

PNS+AO  PNSsham+AO  Repeated measures ANOVA 

Pre Post 
p 

 
Pre Post 

p  
Intervention 

Intervention x 

Assessment   

Mean  SD Mean  SD  Mean  SD Mean  SD F p F p 

Corticomotor excitability            

rMT (%)   50.70  11.09   50.20  11.16 0.070    51.15  11.23   51.00  11.23 0.527  0.024 0.877 0.362 0.551 

    MEP amplitude (mV)             

        110% rMT   0.25  0.24   0.33  0.32 0.134    0.28  0.34   0.30  0.40 0.756  0.000 0.995 0.484 0.491 

        130% rMT   0.83  0.90   0.84  0.84 0.803    0.78  0.80   0.79  0.86 0.924  0.036 0.850 0.007 0.932 

        150% rMT   1.24  1.28   1.43  1.24 0.153    1.29  1.18   1.37  1.33 0.339  0.000 0.986 0.577 0.453 

    RC slope   0.21  0.26   0.24  0.24 0.274    0.22  0.24   0.23  0.26 0.573  0.003 0.960 0.358 0.553 

    pMEP amp (mV)   1.09  1.23   1.27  1.23 0.082    1.12  1.16   1.19  1.30 0.366  0.004 0.949 0.963 0.333 

    CSP duration (ms)   214.25107.62   217.61101.98 0.449   216.67100.92 212.4197.25 0.495  0.002 0.966 1.031 0.316 

            

Hand dexterity function            

    Purdue Pegboard score  7.45  3.33   8.00  3.32 0.030
*
    7.45  3.39   7.70  3.56 0.330  0.020 0.888 0.765 0.387 

PNS = peripheral nerve electrical stimulation; AO = action observation; rMT = resting motor threshold;  

MEP = motor evoked potential; RC = recruitment curve; CSP = cortical silent period;  

* difference is significant, p < 0.05 
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4.4 Discussion 

Up to the present, no report has been published describing the motor effects on stroke 

sequelae of PNS combined with AO. The present pilot study on 20 subjects with chronic stroke 

showed that 1-hour of PNS to a paretic arm paired with 30 minutes of AO did not increase 

corticomotor excitability in the stroke-lesioned hemisphere, although finger dexterity of the 

paretic hand did improve. One recent report has described increased TMS-evoked corticomotor 

excitability of the left M1 region contralateral to the target abductor pollicis brevis muscle in 

terms of MEP amplitude and RC slope in healthy subjects after they were given 14 minutes of 

median nerve stimulation concurrently with watching a video demonstration of right thumb-

index finger tapping movements as AO (Bisio et al., 2015). The corticomotor plasticity effect 

was found to last for at least 45 minutes. The difference in results between this pilot study and 

Bisio’s group could be related to lower efficacy of the cortical pathways after stroke to respond 

to the PNS+AO intervention. Moreover, the PNS applied in this study aimed to potentiate the 

corticomotor synapses and corticospinal pathways for the AO input in modulating the synaptic 

activities of the FDI representation area in the lesioned hemisphere. In contrast, the PNS stimuli 

applied by Bisio and colleagues (2015) were introduced in phase of the thumb abduction 

movement of the tapping task demonstrated in AO. Therefore, the corticomotor excitability 

effect of PNS+AO of the 2 studies could not be compared directly. 

Liepert and colleagues (2014) studied 18 subjects in the subacute stage of stroke and found 

that the TMS-evoked MEP amplitudes in both the lesioned and intact hemispheres were 

increased when they were watching a short video demonstrating pinch grip activities. Celnik and 

coworkers (2008) demonstrated that when AO of thumb abduction movements was combined 
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with concurrent physical training of the thumb movement for 30 minutes, the thumb abduction 

became faster. This effect was also associated with differential modulation of the TMS-evoked 

MEP of the muscles in the trained thumb, being increased in the cortical representation for the 

agonist but decreased in the antagonist’s for the movement trained. This pilot Study 3 involving 

the combined protocol PNS+AO, however, did not include motor training which was adopted by 

Celnik’s group (2008) nor document the corticomotor excitability response during the AO 

intervention as that observed by Liepert and colleagues (2014). 

Prior to this pilot study, the same 1-hour PNS protocol applied on 32 subjects with stroke 

could increase corticomotor excitability in both the lesioned and the non-lesioned hemisphere as 

measured by RC slope and pMEP amplitude (see Chapter 3, pages 40-62). On the contrary, the 

present study found no significant impact on corticomotor excitability after PNS+AO. The lack 

of response in corticomotor excitability might have been related to a sample of 20 subjects being 

included. With the statistical software G*Power 3.1.4, applying an effect size of 0.41 for the 

change of pMEP amplitude in the lesioned hemisphere after PNS+AO and including a drop-out 

rate of 10%, a sample of at least 75 would lead to notable within-intervention enhancement of 

corticomotor excitability in the lesioned hemisphere. 

AO did show an obvious impact on people with left-hemisphere stroke. Marangon and 

colleagues (2014) have shown that patients with left-hemisphere stroke demonstrate increased 

MEP for the contralateral FDI and abductor digiti minimi muscles after AO of reach-to-grasp 

actions. In contrast, patients who had experienced a right hemisphere stroke did not revealed any 

such change in the MEP amplitudes. This might suggest that the AO’s modulation of 

corticomotor excitability is limited to the left brain hemisphere (Marangon et al., 2014). 

Fecteau’s group (2005) has also reported increased MEPs in the left hemisphere but not in the 
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right hemisphere of a split-brain patient when he observed video demonstration of finger 

movement. If AO affects only left-hemisphere stroke, that too might partially explain the lack of 

significant changes in corticomotor excitability after PNS+AO and PNSsham+AO observed in the 

present pilot study. Nine of the 20 subjects (45%) had suffered a right-hemisphere stroke. 

A group led by Maeda (2002) has demonstrated that the magnitude of the MEP changes 

induced by AO is related to the specific target muscles involved in the movements demonstrated 

to the observers. They showed in healthy subjects that the cortically evoked MEP size was 

significantly greater for abductor pollicis brevis during observation of thumb abduction and for 

FDI during observation of index finger abduction. This muscle-specific modulation of 

corticospinal excitability during AO has also been confirmed in studies by Romani’s group 

(2005) and Loporto’s group (2013). In this present study the excitability was measured after the 

1-hour interventions with AO applied during the last 30 minutes. It might be argued that some 

effects might have been present during the AO but expired immediately after. Although the 4 

activities in the videos involved isotonic FDI muscle work, 2 of the AO activities demonstrated 

picking and transferring checkers/pins with a pinch grip of the thumb to the index finger. If any 

neuro-plastic responses would be arisen in AO, the effect might have been diverted for the FDI 

and thumb muscles. Any excitability changes in the cortico-motor and corticospinal projections 

of the FDI after AO, if present, might not be adequately significant. The lack of corticomotor 

excitability responses for FDI after the PNSsham+AO intervention would indicate revision of the 

AO protocol. The movement tasks demonstrated in AO might better involve mainly the work of 

the target FDI muscle whose corticomotor excitability adaptation was the outcome to be 

monitored. 
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This Study 3 revealed that a single session of PNS+AO could improve paretic hand 

dexterity in Purdue pegboard test. Since Study 2 has proven that the same 1-hour PNS 

intervention could improve the hand dexterity score but not the case with PNSsham, one might 

question whether the present effect of PNS+AO was from PNS, AO or the combined protocol. 

The non-significant results in motor behavior outcomes after PNSsham+AO suggested that the 30-

minute AO as the active component should have little contribution to the hand dexterity 

improvement. In another randomized and controlled study examining the motor effects of AO 

after stroke, Franceschini and colleagues (2012) applied 30-minutes of AO daily for 4 weeks 

watching the performance of UL reach-and-grasp tasks followed by engaging the paretic UL in 

active task practice. Compared to the control group who were shown static images, the 

experimental group revealed improved hand dexterity as measured by the Box and Block test, 

with effect lasted for 4 to 5 months (Franceschini et al., 2012). A desirable motor effect of AO in 

the stroke group might need to involve repetitive sessions followed by motor training. The 

present pilot study did not include motor training after the PNS+AO or the control intervention. 

It is therefore essential to examine the extent to which PNS or the combined PNS+AO might 

have an impact on motor training for improving hand dexterity performance of the paretic UL 

post-stroke. An understanding of the associated corticomotor excitability modulation that may 

underlie the motor function changes with or without PNS would inform more evidence to 

support PNS as an evidence-based intervention in stroke rehabilitation. 
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4.5 Conclusions 

In conclusion, 1-hour PNS to the paretic UL combined with 30-minute AO could improve 

dexterity performance in the paretic hand, but the modulation on corticomotor excitability in the 

lesioned hemisphere was not obvious in this pilot sample with history of chronic stroke.
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CHAPTER 5 

 

The Effect of Pairing Peripheral Nerve Electrical 

Stimulation with Action Observation in 

Motor Training of the Paretic Hand in People with 

Chronic Stroke 
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Abstract 

Objective: To investigate if peripheral nerve stimulation (PNS) of the paretic hand combined 

with action observation (AO) augments motor training by enhancing corticomotor excitability in 

the lesioned hemisphere and improving dexterity of the paretic hand in people with stroke.  

Design: A single-blind randomized cross-over study. 

Interventions: 20 subjects with chronic stroke received 3 separate intervention sessions in 

random sequence: (1) PNS+AO+Training, (2) PNS+AOsham+Training and (3) 

PNSsham+AOsham+Training. Each intervention consisted of 30-minute active practice of index 

finger abduction of the paretic hand (Training) preceded by 60 minutes of PNS or sham PNS 

(PNSsham) of the ulnar and radial nerves of the paretic upper limb (UL) with AO demonstrating 

index finger abduction in videos or a sham AO (AOsham) introduced during the second 30 

minutes. 

Outcome measures: TMS-evoked excitability of the cortico-motor pathways for the first dorsal 

interosseous muscle (FDI) contralateral to the stroke-lesioned and non-lesioned hemispheres was 

measured in terms of the amplitude of peak motor evoked potential (pMEP) amplitude and the 

slope of the MEP recruitment curve (RC). The secondary outcomes were pinch strength and 

dexterity of the paretic hand. 

Results: Corticomotor excitability for FDI evoked in the stroke-lesioned hemisphere increased 

only after PNS+AO+Training (p ≤ 0.030 for RC slope and pMEP amplitude). Excitability 

modulation was not apparent in the non-lesioned hemisphere. PNS+AO+Training and 

PNS+AOsham+Training resulted in significant improvement in the hand dexterity score (p ≤ 

0.003), with improvements maintained for at least 24 hours. PNS+AOsham+Training led to a 

significant gain in pinch strength 24 hours after the intervention. PNSsham+AOsham+Training did 
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not result in improvement in pinch strength or dexterity. Two-way repeated measures ANOVA 

confirmed that PNS+AO led to greater improvement in hand dexterity than PNSsham+AOsham 

before motor training was introduced (p = 0.007); dexterity was more improved immediately 

after PNS+AOsham+Training than after PNSsham+AOsham+Training (p = 0.016), but the gain after 

PNS+AO+Training was superior to PNSsham+AOsham+Training at the 24-hour reassessment (p = 

0.009). PNS+AO+Training and PNS+AOsham+Training were no different in their effect on hand 

dexterity improvement. 

Conclusions: Motor training for 30 minutes without active PNS and AO does not improve 

corticomotor excitability or hand motor function in people with chronic stroke. One-hour PNS to 

the paretic UL, irrespective of a concurrent AO or sham condition, can augment motor training 

and increase hand motor function. However, active PNS paired with AO effectively augments 

motor training by up-regulating corticomotor excitability in the stroke-lesioned hemisphere and 

improving dexterity in the paretic hand. 
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5.1 Introduction 

Rehabilitation therapies emphasize active practice of the movements impaired by stroke. 

Use-dependent plasticity in the hand area of the primary motor cortex (M1) has been shown to 

take place in constraint-induced movement therapy applied to the paretic upper limb (UL) 

(Liepert, 2006). However, active exercise is difficult for patients with more severe stroke. 

Electrical stimulation of the paretic limb is commonly used to promote recovery of motor 

function after stroke (Laufer et al., 2011; Ng and Hui-Chan, 2009; Yan and Hui-Chan, 2009). In 

people with chronic stroke, a single 2-hour session of peripheral nerve electrical stimulation 

(PNS) applied to the paretic UL at sub-motor threshold intensity has been shown to improve 

pinch strength (Conforto et al., 2002; Klaiput and Kitisomprayoonkul, 2009) and promote the 

effect of training on task performance in the paretic hand (Celnik et al., 2007; Conforto et al., 

2007). The underlying neurophysiological mechanism for such effects in response to the PNS 

could not be concluded according to the systematic review and meta-analysis reported earlier in 

Chapter 2. Study 2 of this dissertation has demonstrated that 1-hour PNS applied to the radial 

and ulnar nerves of the paretic UL of people with chronic stroke can increase transcranial 

magnetic stimulation (TMS)-evoked excitability of corticomotor pathways in both hemispheres 

projected to the contralateral first dorsal interosseous (FDI) hand muscle, and also improve 

dexterity in the paretic hand. The corticomotor excitability enhancement in the stroke-lesioned 

hemisphere after 1-hour PNS might be due to a short-term plastic response in the corticomotor 

synapses and corticospinal pathways of the target hand muscle. Raised corticomotor excitability 

may potentiate corticomotor pathways and thereby improve the motor outcomes of other 

therapies for the paretic UL. The bi-hemispheric effect of PNS suggests that additional therapies 
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should be incorporated to strengthen the plastic corticomotor adaptation specifically for paretic 

UL control. 

Action observation (AO), which involves observing others performing a task that the 

observer desires to perform can induce neuroplastic changes in the observer’s M1 (Stefan et al., 

2005). Monkey models have shown that “mirror neurons” in the premotor and parietal cortices 

become activated during AO (Gallese et al., 1996; Fogassi et al., 2005). These mirror neurons 

fired when the monkeys were performing a goal-directed motor act and when they were 

observing someone performing a similar action (Gallese et al., 1996; Fogassi et al. 2005). In 

healthy human subjects, observing a hand grasping task led to raised TMS-evoked corticospinal 

MEP amplitudes for the extensor digitorum communis, flexor digitorum superficialis, opponens 

pollicis and the FDI during the AO (Fadiga et al., 1995). Besides cortical effects, repeated AO 

involving a demonstration of resisted abduction by the index and middle finger resulted in 

increased index-middle finger abduction strength (Porro et al., 2007).  

In people with chronic stroke, a 30-minute intervention of AO with concurrent active 

practice of thumb movements identical to that in the AO tasks was found to enhance thumb 

motion speed (Celnik et al., 2008). The effect was also associated with differential modulation of 

the TMS-evoked MEP of the muscles in the trained thumb - the cortical representation being 

increased for the agonist but decreased for the antagonist for the movement being trained (Celnik 

et al., 2008). Another case-control study showed that an intensive program of daily AO for stroke 

patients combined with active practice of the observed actions, 90 minutes per day for 18 days, 

resulted in significant improvement in task performance by the paretic UL, together with raised 

activity in the ventral premotor cortex, superior temporal gyrus and the supplementary motor 
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area in both hemispheres and in the supramarginal gyrus of the stroke-lesioned hemisphere 

examined with functional magnetic resonance imaging (fMRI) (Ertelt et al., 2007). 

It has been suggested that any neural or motor effects detectable during AO will disappear 

after the intervention if motor training has not been incorporated (Bisio et al., 2015). Study 3 of 

this dissertation showed that 1-hour PNS intervention when supplemented with 30 minute’s AO 

of 4 index-finger tasks led to increased hand dexterity evaluated with the Purdue pegboard. 

However, this improvement in motor function was not accompanied by changes in corticomotor 

excitability in the lesioned hemisphere. The near significant increase in peak MEP amplitude for 

the FDI of the paretic hand might indicate the need to increase the sample size to 75 to reveal 

any corticomotor excitability effects. On the other hand, the 30-minute AO paired with a sham 

PNS condition did not influence corticomotor excitability or dexterity, suggesting AO by itself is 

not effective in alleviating motor problems after stroke. 

 Based on the Hebbian principle of synaptic plasticity (Hebb, 1949), converging inputs from 

presynaptic neurons concomitant to an active postsynaptic neuron will potentiate synaptic 

efficacy and enhance cortical plasticity for the desired motor behaviour. Noting the corticomotor 

and behavioural effects of PNS determined in Study 2, and for PNS paired with AO shown in 

Study 3, it can be postulated that PNS might potentiate corticomotor pathways. When paired 

with AO, the concomitant synaptic activations in the sensorimotor loops might promote the 

efficacy of motor training for the desired function of the paretic hand. The main objective of this 

Study 4 was to investigate the effects on corticomotor excitability and hand motor function of 1 

hour PNS with concurrent 30-minute AO prior to motor training in people with stroke. The 

hypotheses of this study were as follows: 
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(1)PNS paired with AO augmented task training of the paretic hand by increasing 

corticomotor excitability for the target hand muscle in the lesioned hemisphere in people 

with stroke. 

(2)PNS paired with AO augmented task training of the paretic hand by enhancing pinch 

strength and hand dexterity in people with stroke. 

(3)PNS paired with active AO augmented hand task training better than sham interventions 

by enhancing corticomotor excitability and motor functions of the paretic hand in people 

with stroke. 

 

5.2 Methods 

5.2.1 Subjects 

Twenty subjects with a history of stroke were recruited by convenience in the community. 

The inclusion criteria were: (1) age between 45 and 80 years; (2) first hemispheric stroke; (3) 

history of stroke for 6 months or more; (4) presence of electromyographic signals in FDI during 

active abduction of the index finger contralateral to the lesioned hemisphere; (5) medically stable; 

and (6) able to comprehend instructions. The patients were excluded if they had: (1) history of 

musculoskeletal or neurological pathology affecting the paretic UL; (2) recurrent stroke; (3) 

cognitive impairment (Mini-mental state examination (MMSE) < 24); (4) visual impairment not 

correctable by optical lens; (5) presence of metal in the head region or a cardiac pacemaker, 

which are regarded as contraindications for TMS (Rossi et al., 2009). 
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5.2.2 Procedure 

A single-blind randomized cross-over design and was adopted and approved by the Human 

Subjects Ethics Sub-committee of the Hong Kong Polytechnic University (Appendix II). 

Subjects gave written informed consent (Appendix IV) before the experiment and attended a 

session to evaluate baseline sensori-motor impairment in their paretic UL caused by the stroke 

using the Fugl-Meyer assessment for upper limbs (Fugl-Meyer et al., 1975) and the Composite 

Spasticity Score (Levin and Hui-Chan, 1992). Functional ability of the paretic UL was assessed 

using the Action Research Arm Test (Lyle et al., 1981). Subjects were also introduced to the 

assessment procedure for measuring corticomotor excitability with TMS. After 1 week, subjects 

attended 3 other sessions consisting of different intervention protocols, each incorporated a 

conditioning period with 1-hour PNS or sham PNS (PNSsham). AO or sham AO (AOsham) was 

introduced in the second 30 minutes of the procedure, followed by a motor training period of 30 

minutes of active task practice with the paretic hand. 

 

5.2.3 Interventions 

PNS+AO+Training: In this intervention session, subjects sat comfortably on a chair, back 

and feet supported, with both forearms supported on a desk in front of them. Dual-channel 

electrical stimulation was simultaneously applied to the ulnar and radial nerves via black carbon 

surface electrodes. For the ulnar nerve, the anode was fixed on the ulnar side of the distal wrist 

crease and the cathode was placed on the anteromedial forearm 5cm distal to the elbow crease. 

For the radial nerve, the anode was placed proximal to the radial styloid process and the cathode 

positioned 3cm distal to the lateral elbow crease. Electric current was generated from 2 channels 
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of a Cefar Physio 4 stimulator (Cefar Medical AB, Lund, Sweden), and was transmitted to the 

electrodes via 2 pairs of leads. The electrical pulses were biphasic, and were delivered at 50Hz 

modulated with 10Hz in intermittent mode. The pulse duration was 450ìs. The current intensity 

was set to elicit muscle twitches in the hand muscles but not cause pain to the subject. The PNS 

intervention lasted for 60 minutes. This PNS protocol was the same as that applied in Study 2 

(described in Chapter 3 pages. 40-62). 

During the last 30 minutes of PNS, AO was introduced in which subjects were required to 

watch a series of 4 video clips shown on a computer screen located 60 cm in front of them. The 4 

video clips, each 7 minutes long, showed a hand performing different tasks that involve index 

finger abduction at a rate of 0.5Hz. Video 1 showed an index finger abducting actively to reach a 

target (Figure 5.1a); video 2 showed an index finger abducting actively to stretch an elastic band 

that was looped around the ulnar 4 fingers from the index to the little finger (Figure 5.1b); videos 

3 and 4 showed three marbles of black and blue colour respectively lined up on a table and an 

index finger abducting actively to push the marbles away from their initial positions one at a time 

(Figure 5.1c). The order of the 4 videos presented in each session was randomized. In all 4 

videos, the orientation of the hand performing the index finger abduction tasks was the same as 

that of the subject’s paretic hand as viewed by the subject. At the end of the video demonstration, 

the subjects were required to report the number of times the index finger did not perform the 

usual master abduction task. This served to focus the subjects’ attention on the index finger 

abduction movements during AO. 

After one hour’s PNS+AO, the subjects’ pinch strength and hand dexterity was immediately 

reassessed. The subjects then proceeded to a 30-minute period of motor training of free-active 

index finger abduction with the paretic hand. During motor training, the paretic hand was palm-
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down on a desk. Subjects performed voluntary index finger abduction at a rate of 0.5Hz to reach 

a target marked on the desk at 90% of the full abduction range. The training was conducted in 

five 3-minute blocks, demanding 90 repetitions of abduction movements per training block, with 

at least 2 minutes of rest between blocks. This motor training protocol was referred with Celnik’s 

study (2009) which demonstrated that PNS of the paretic hand combined with brain polarization 

with transcranial direct current stimulation enhanced the beneficial effects of finger movement 

practice delivered as 5 blocks of 3-minutes. 

PNS+AOsham+Training: In this session, PNS was given as previously described. During 

the last 30 minutes of the PNS, subjects were shown 4 different photos illustrating a letter, a 

number or a hand. This hand was oriented in the same way as the subjects’ paretic hand resting 

on the desk. Each photo was shown on a computer screen for 7 minutes. This served as the 

AOsham condition as a control for the AO protocol. To encourage the subjects to pay attention to 

the static image on the screen, they were informed that they had to answer a question about the 

photo before reviewing the next photo. The PNS+AOsham intervention was completed in an hour 

and followed immediately by the motor training of the index finger as described in the previous 

paragraph. 

PNSsham+AOsham+Training: The 1-hour sham PNS (PNSsham) was conducted with the 

electrical stimulation unit turned on but the current was set to the lowest output intensity. The 

protocols for AOsham and motor training were the same as those described in the previous 

paragraph. 
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a 

b 

c 

Figure 5.1 AO tasks demonstrated in videos that involved index finger abduction. a: video 1 

showed an index finger abducting actively to reach a target; b: video 2 showed an index finger 

abducting actively to stretch an elastic band that was looped round the ulnar 4 fingers from the 

index to little fingers; c: videos 3 and 4 demonstrated a task involving an index finger abducting 

actively to push marbles away from their initial positions. The color of the marbles in videos 3 

and 4 was different. 
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The intervention sessions were separated by at least 7 days. The order of the 3 intervention 

protocols was randomized according to a coded lot picked by the subject from an envelope prior 

to the first intervention. To control for fatigue experienced by the subjects in each session, the 

subjects were asked to report their perceived level of fatigue on a 0 to 10 numerical rating scale 

at their baseline assessment, before and after motor training, and at their 24-hour follow-up 

assessment. A rating of 0 indicated no fatigue, 10 indicated extreme fatigue. 

 

5.2.4 Outcome measurements 

The primary outcome was corticomotor excitability in terms of the slope of the MEP 

recruitment curve (RC slope) and peak MEP (pMEP) amplitude captured for the contralateral 

FDI hand muscle in both the stroke-lesioned hemisphere and the contralateral intact hemisphere. 

The secondary outcomes were motor function of the paretic hand based on its pinch strength and 

pincer dexterity performance. 

There were 4 assessments for each intervention: a baseline assessment before the 

intervention, reassessment after the first hour of intervention immediately before motor training, 

reassessment immediately after motor training, and a follow-up assessment 24 hours after the 

intervention. The primary outcomes of corticomotor excitability were assessed at baseline and 

immediately after motor training. The secondary outcomes of motor functions were assessed 4 

times at the four time points described. Figure 5.2 presents the arrangements for the intervention 

and assessment procedure. 
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Figure 5.2 Procedure for each intervention session 

PNS+AO+Training or PNS+AOsham+Training or PNSsham+AOsham+Training 

Reassessment prior 

to motor training: 

Pinch & Dexterity 

Baseline assessment: 

Corticomotor 

Excitability + 

Pinch & Dexterity 

Follow-up 

assessment: 

Pinch & Dexterity 

Reassessment 

immediately after the 

intervention: 

Corticomotor 

Excitability + 

Pinch & Dexterity 

Conditioning period 

 

AO or sham AO (30 min) 

PNS or sham PNS (60 min) 

5 blocks of 3-minute training involving 

90 repetitive active index finger 

abduction of the paretic hand 

Motor 

training 

3-min 

 

rest 

Motor 

training 
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rest 
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rest 
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5.2.4.1 Primary outcome: Corticomotor excitability 

Corticomotor excitability in the hemispheres contralateral to the FDI hand muscle in both 

hands was examined using a TMS unit (Magstim Company Ltd., Whitland, Dyfed, UK). Using 

the 70-mm figure-of-eight coil, single magnetic pulses were intermittently delivered over the 

motor cortex to evoke depolarization in the synaptic membranes of cortico-cortical synapses and 

the corticospinal projections to the corresponding target muscle. The corticomotor excitability 

response was captured as an MEP via surface EMG electrodes mounted on the skin overlying the 

target muscle. The corticomotor excitability for the contralateral FDI muscle was evaluated with 

reference to the resting motor threshold (rMT) of the corticomotor pathways for the muscle. 

During the assessment with TMS, subjects sat on a high-back chair with the head, back and 

legs supported. They wore a nylon cap on which the location of Cz on the skull was marked as a 

reference point for locating the hand representation area in the primary motor cortex. The 

procedures for preparing the skin of the subjects’ wrist, hand and the index finger, and 

positioning the silver-silver chloride surface EMG electrodes were the same as for Study 2 (see 

Chapter 3, pages. 40-62). EMG signals of the FDI were recorded and amplified using the Viking 

EMG System (Nicolet Biomedical, Madison, WI), with signals filtered (bandpass: 2Hz-10KHz, 

50Hz filter on), then processed off-line using the CED Micro 1401 Interface and Signal software 

system for Windows (Cambridge Electronic Design, Ltd, UK). The Signal Software also 

programmed the CED system to control the frequency of single magnetic pulses generated by the 

TMS. The procedures for measuring rMT, RC and pMEP as corticomotor excitability outcomes 

for the contralateral FDI in both the lesioned and contralateral intact hemispheres were the same 

as those described in Study 2 (see Chapter 3, pages. 40-62). 
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5.2.4.2 Secondary outcome: Motor function of the paretic hand  

The outcome measurements on the paretic UL were: 

(1) Pinch grip - the maximal lateral index pinch grip force of the paretic hand measured 

with the Jamar Digital Pinch Gauge (Sammons Preston, Rolyon, Bolingbrook, IL) while the 

subjects were sitting, with the elbow kept in 90º flexion and forearm in neutral pronation. The 

mean of 3 trials of maximal pinch force was applied in statistical analysis. 

(2) Hand dexterity - this was evaluated by the Purdue pegboard test. Subjects were required 

to pick up small pins one by one using a pincer grip of the index finger and the thumb of the 

paretic hand, and insert the pins into holes along the column ipsilateral to the paretic hand. The 

hand dexterity score was the number of pins inserted into the holes in 30 seconds. 

 

5.2.5 Data analysis and statistics 

Outcome data were analyzed using SPSS 20.0. Descriptive statistics were used to analyze 

the demographic and background impairment status of the paretic UL due to stroke. ANOVA 

was used to compare baseline data across the 3 different intervention sessions. For the primary 

outcomes of corticomotor excitability, the paired t-test was used to examine inter-hemispheric 

differences and analyze within-protocol changes in rMT, RC slope and pMEP amplitude after 

each of the 3 interventions. For subjects’ perceived fatigue, and the secondary outcomes of pinch 

strength and hand dexterity, one-way repeated-measures ANOVA was applied to analyze the 

within-protocol differences across the 3 assessment levels (baseline, immediately before and 

immediately after the motor training). The possible lasting or latent effect on the motor function 
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outcomes 24 hours after the interventions was examined using a repeated-measures ANOVA to 

compare the 24-hour follow-up assessment with the post-intervention and baseline measures. A 

p-value of 0.05 was adopted as the level of significance. To address hypothesis 3, a comparison 

of effects across the 3 intervention protocols was analyzed with two-way repeated-measures 

ANOVA. For significant interactions of interventions by assessments, post-hoc pairwise 

comparisons were conducted to examine between-group differences at the interim reassessment 

before motor training, immediately after motor training, and at the follow-up assessment 24 

hours afterwards, with the Bonferroni-adjusted alpha set at 0.0167. 

 

5.3 Results 

Table 5.1 presents the demographic characteristics of the 20 subjects. Table 5.2 describes 

their site of stroke lesion based on the imaging reports available in medical records. All subjects 

completed the 3 intervention sessions. Five of them were randomly assigned to receive 

PNS+AO+Training and 11 to receive PNS+AOsham+Training in the first session. In the second 

session, 5 subjects were assigned PNS+AO+Training and 4 were assigned 

PNS+AOsham+Training. For the last session, 10 subjects received PNS+AO+Training and 5 

received PNS+AOsham+Training. 

The baseline rMT of 2 of the subjects was greater than 66% of the TMS maximum output 

intensity, so their RC was examined with TMS stimulation intensity from 100% to 140% of rMT 

value. The baseline measurements of perceived fatigue, outcomes of corticomotor excitability 

and motor functions were comparable across the 3 intervention sessions (ANOVA: p = 0.791 for 

fatigue rating; p = 0.995 for rMT, p = 0.857 for RC slope and p = 0.863 for pMEP amplitude in 
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lesioned hemisphere; p = 0.934 for rMT, p = 0.592 for RC slope, and p = 0.566 for pMEP 

amplitude in non-lesioned hemisphere; p = 0.812 for pinch strength and p = 0.974 for paretic 

hand dexterity). 

 

Table 5.1 Demographic characteristics of subjects   

Demographic characteristic Mean ± SD 

Gender (male:female)    15 : 5
†
 

Age (years)   61.0 ± 9.3 

Weight (kg)     61.0 ± 11.1 

Height (cm)  162.9 ± 8.1 

Time since stroke (months)      89.70 ± 61.72 

Stroke type (ischemic:hemorrhage)      16 : 4
†
 

Hemisphere with stroke lesion (right:left)         9 : 11
†
 

Fugl-Meyer Assessment (0-66)      55.5 ± 11.4 

Action Research Arm Test (0-57)      47.7 ± 13.7 

Composite Spasticity Score (0-16)      6.0 ± 2.2 

† is a ratio, so mean does not apply. 
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Table 5.2 Site of stroke lesion from medical or imaging reports of subjects. 

Subject 

code 

Gender Age 

(year) 

Duration 

of stroke 

history 

(months) 

Side and stroke lesion site or involved vascular territory 

1 F 59 156 L frontal lobe 

2 F 68 153 R brainstem 

3 M 51 57 L MCA 

4 M 56 113 R thalamus 

5* M 75 126 L (lesion site not defined in the medical record) 

6 M 51 17 R centrum semiovale venous 

7 M 61 21 R partial anterior circulation 

8 M 43 57 L putamen 

9* M 68 65 R (lesion site not defined in the medical record) 

10 M 61 66 R internal capsule 

11 F 68 100 L corona radiata 

12 F 68 179 L internal capsule 

13* M 55 78 L (lesion site not defined in the medical record) 

14* M 70 15 L (lesion site not defined in the medical record) 

15 M 61 180 L frontal lobe, basal ganglia 

16 F 52 15 R basal ganglia 

17* M 80 215 L (lesion site not defined in the medical record) 

18 M 49 20 R thalamus 

19 M 60 97 L partial anterior circulation 

20 M 63 64 R pontomedullary junction 

M: male; F: female; R: right-hemisphere stroke; L: left-hemisphere stroke; MCA: middle 

cerebral artery; 

* denotes the subject whose stroke lesion site could not be traced in the medical record. 
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Table 5.3 presents the data for TMS-evoked corticomotor excitability for FDI in the 2 

hemispheres. Paired t-tests revealed that rMT was not altered in either hemisphere after the 3 

interventions. The lesioned hemisphere had lower corticomotor excitability than the intact non-

lesioned hemisphere (p = 0.006 for RC slope, p = 0.002 for pMEP amplitude). 

PNS+AO+Training resulted in a significant increase in corticomotor excitability for the 

contralateral FDI in terms of the RC slope (p = 0.030, Cohen’s d = 0.16) and pMEP amplitude (p 

= 0.009, Cohen’s d = 0.21) in the lesioned hemisphere. No significant changes were found in the 

contralateral non-lesioned hemisphere (p = 0.198 and 0.260 for RC slope and pMEP amplitude 

respectively). The inter-hemisphere difference in corticomotor excitability remained the same 

after PNS+AO+Training (two-way repeated measures ANOVA, hemisphere by assessment 

interaction effects: F = 0.07, p = 0.794 for RC slope; F = 0.277, p = 0.605 for pMEP). In contrast, 

the 2 corticomotor excitability measurements were not altered after PNS+AOsham+Training or 

PNSsham+AOsham+Training. The results of two-way repeated-measures ANOVA reveal that any 

modulation of the 2 corticomotor excitability outcomes in the lesioned hemisphere was not 

different across the 3 interventions (intervention × assessment interaction: F = 0.97 and p = 0.387 

for RC slope, and F = 1.53 and p = 0.225 for pMEP amplitude). 

Table 5.4 shows that paretic hand dexterity was significantly improved after 

PNS+AO+Training (one-way repeated measures ANOVA: F = 6.83, p = 0.003). Post-hoc tests 

revealed the dexterity score had increased by 0.80 ± 1.11 comparing the post-intervention score 

to baseline (p = 0.013). This improvement persisted to 24 hours after the intervention (gain = 

1.10 ± 0.91 compared to the baseline, p = 0.000). Similarly, PNS+AOsham+Training also led to 

improvement in hand dexterity immediately after the intervention (F = 12.47, p = 0.000). The 

gain in dexterity score was 0.90 ± 0.85 comparing the post-intervention score with that before 
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motor training (p = 0.000) and by 1.10 ± 1.33 compared to baseline (p = 0.005). The 

improvement lasted until the 24-hour follow-up assessment (gain = 0.85 ± 1.27 compared to the 

baseline, p = 0.007). Immediately after PNSsham+AOsham+Training, the dexterity score 

improvement was not significant (F = 2.77, p = 0.075). No obvious dexterity change could be 

identified at the follow-up assessment (p = 0.069). Two-way repeated-measures ANOVA 

confirmed that the hand dexterity improvement was different across the 3 interventions at the 

interim reassessment before the motor training (intervention × assessment interaction effect: df = 

2, F = 4.45, p = 0.016), immediately post-intervention (df = 4, F = 3.62, p = 0.011) and at follow-

up 24 hours after the interventions (df = 6, F = 2.63, p = 0.018) (Table 5.3). Post-hoc analysis 

revealed that a conditioning period with PNS+AO led to greater improvement in hand dexterity 

prior to motor training than did PNSsham+AOsham (two-way repeated measures ANOVA, 

intervention × assessment interaction effect: F = 8.21, p = 0.007). PNS+AOsham+Training, i.e., 

motor training after PNS+AOsham conditioning resulted in a greater improvement in dexterity 

score than PNSsham+AOsham+Training (F = 6.31, p = 0.016). At the 24-hour follow-up assessment, 

PNS+AO+Training remained superior to PNSsham+AOsham+Training (F = 7.54, p = 0.009). There 

was no difference in hand dexterity improvement between PNS+AO+Training and 

PNS+AOsham+Training at all 3 assessment levels. 

Pinch strength in the paretic hand was appeared to be reduced on the day of the 3 

interventions. One-way repeated measures ANOVA for pinch strength reduction was found 

significant after PNS+AO+Training (F = 4.53 and p = 0.028) but not after 

PNS+AOsham+Training (F = 1.41 and p = 0.256) or PNSsham+AOsham+Training (F = 1.83 and p = 

0.190) (Table 5.4). Pinch strength recovered substantially 24 hours after PNS+AO+Training to 

the level was comparable to the baseline value (p = 0.937). In contrast, PNS+AOsham+Training 
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led to a significant improvement in pinch strength at the 24-hour follow-up assessment (0.74 ± 

1.01 kg more than the baseline value, p = 0.007). Two-way repeated measures ANOVA did not 

reveal significant differences in pinch strength outcomes across interventions (intervention × 

assessment interaction: df = 6, F = 0.74, p = 0.538) (Table 5.4). 

Subjects reported increased fatigue after the conditioning period with PNS+AO (p = 0.012), 

PNS+AOsham (p = 0.023), and PNSsham+AOsham (p = 0.006). Upon finishing motor training, the 

fatigue rating was similar to the rating before motor training but it was higher than the baseline 

after PNS+AO+Training (p = 0.050) and PNS+AOsham+Training (p = 0.001). The fatigue scores 

at the 24-hour follow-up assessment were not different from the baseline values. The results of 

within- and across-intervention comparisons of the perceived fatigue ratings are shown in Table 

5.5. 
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Table 5.3 Intervention effects on corticomotor excitability for the contralateral hand muscle. 

 Within-intervention effect  
Effect across 

interventions 

PNS+AO+Training  PNS+AOsham+Training  PNSsham+AOsham+Training  
Two-way repeated 

measures ANOVA 

Assessment × 

Intervention 

F           p 
Baseline 

Post- 

intervention 

Paired 

t-test 

p 

 
Baseline 

Post- 

intervention 

Paired 

t-test 

p 

 
Baseline 

Post- 

intervention 

Paired 

t-test 

p 

 

Lesioned hemisphere 

rMT (%) 50.65±11.67 50.35±11.02 0.400  50.40±10.31 50.35±10.39 0.867  50.30±11.52 50.20±11.38 0.694  0.19 0.824 

RC slope 0.20±0.24 0.24±0.27 0.030*  0.23±0.5 0.24±0.26 0.452  0.24±0.27 0.26±0.30 0.382  0.97 0.387 

pMEP (mV) 1.02±1.12 1.27±1.28 0.009*  1.18±1.19 1.27±1.25 0.247  1.19±1.17 1.26±1.31 0.481  1.53 0.225 

Non-lesioned hemisphere 

rMT (%) 47.70±8.92 47.65±8.64 0.899  46.95±7.75 47.05±7.87 0.716  46.80±8.00 46.95±7.90 0.527  0.12 0.890 

RC slope   0.35±0.23   0.39±0.24 0.198  0.41±0.25   0.38±0.21 0.349  0.33±0.23   0.32±0.21 0.674  1.55 0.220 

pMEP (mV)   1.82±1.05   1.99±1.07 0.260  2.07±1.11   1.95±0.99 0.454  1.72±1.03   1.73±1.00 0.932  1.14 0.326 

rMT = resting motor threshold; RC slope = slope of recruitment curve; pMEP = peak motor evoked potential amplitude; * difference 

is significant (p <0.05) in paired t-test comparing the assessment after the intervention with the baseline. 
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Table 5.4 Intervention effects on motor functions of the paretic hand. 

Assessment of  

motor functions 

Within-intervention effect  
Effect across 

interventions 

PNS+AO+Training  PNS+AOsham+Training  PNSsham+AOsham+Training  
Two-way repeated 
measures ANOVA 

Mean±SD 

One-way repeated 

measures ANOVA 

across assessments 

F           p 

 

Mean±SD 

One-way repeated 

measures ANOVA 

across assessments 

F           p 

 

Mean±SD 

One-way repeated 

measures ANOVA 

across assessments 

F          p 

 Assessment × 
Intervention 

F           p 

Pinch strength (kg)    
           

Baseline 6.13±2.00    5.77±2.07    6.10±1.76      

Immediate pre-training
#
 5.94±2.06    5.58±1.95    5.63±1.57      

Immediate post-training 5.69±1.84
ab

 4.54 0.028*  5.41±1.86 1.41 0.256  5.76±1.83 1.83 0.190  0.53 0.649 

24 hours post-training 6.14±1.91
c
   

 
6.15±1.86

cd
   

 
6.18±1.84    0.74 0.538 

Purdue pegboard 

dexterity score 
   

           

Baseline 7.20±4.21    7.30±4.45    7.50±4.01      

Immediate pre-training
#
 7.75±4.48

†
    7.50±4.37    7.15±3.98    4.45 0.016* 

Immediate post-training 8.00±4.55
a
 6.83 0.003*  8.40±4.62

ab†
 12.47 0.000*  7.65±4.23 2.77 0.075  3.62 0.011* 

24 hours post-training 8.30±4.64
d†

    8.15±4.69
d
    7.85±4.30    2.63 0.018* 

#  Immediate pre-training denotes the assessment provided after the first hour of intervention with the protocols PNS+AO, PNS+AOsham or PNSsham+AOsham; 

* Difference is significant (p < 0.05) across assessments within the intervention in one-way repeated measures ANOVA, or across interventions in two-way repeated measures 

ANOVA; 
†
 Difference is significant (p < 0.0167) in post-hoc pairwise comparisons in two-way repeated measures ANOVA when compared with PNSsham+AOsham+Training at each 

assessment level; 

The superscript letters ‘a’ to ‘d’ denote significant alpha (p < 0.05) in post-hoc Bonferroni-adjusted pairwise comparisons between assessments: 

a: immediate post-training versus baseline (p ≤ 0.024), 

b: immediate post-training versus immediate pre-training (p ≤ 0.026), 

c: immediate post-training versus 24 hours post-training (p ≤ 0.006), 

d: 24 hours post-training versus baseline (p ≤ 0.007).
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Table 5.5 Perceived fatigue rated across the 3 intervention sessions. 

Rating of fatigue  

Within-intervention effect  
Effect across 

Interventions 

PNS+AO+Training  PNS+AOsham+Training  PNSsham+AOsham+Training  
Two-way repeated 

measures ANOVA 

Mean±SD 

One-way repeated 

measures ANOVA 

across assessments 

F           p 

 

Mean±SD 

One-way repeated 

measures ANOVA 

across assessments 

F           p 

 

Mean±SD 

One-way repeated 

measures ANOVA 

across assessments 

F          p 

 Assessment × 
Intervention 

F           p 

    
           

Baseline 3.35±1.76    3.40±1.39    3.10±1.25      

Immediate pre-training
#
 3.95±1.64

 a
    4.50±1.76

a
    4.15±1.31

a
    0.89 0.418 

Immediate post-training 4.15±1.84
b
 5.55 0.014*  4.95±1.64

b
 11.01 0.000*  3.95±1.32 5.87 0.006*  1.27 0.288 

24 hours post-training 2.85±1.35   
 

2.80±1.44   
 

2.70±1.49    1.06 0.383 

#  Immediate pre-training denotes the assessment provided after the first hour of intervention with the protocol PNS+AO, PNS+AOsham or PNSsham+AOsham; 

* Difference is significant (p < 0.05) across assessments within the intervention in one-way repeated measures ANOVA, or across interventions in two-way repeated measures 

ANOVA; 

The superscript letters ‘a’ to ‘c’ denote significant alpha (p < 0.05) in post-hoc Bonferroni-adjusted pairwise comparisons between assessments: 

a: immediate pre-training versus baseline (p ≤ 0.023), 

b: immediate post-training versus baseline (p ≤ 0.050). 
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5.4 Discussion 

The present study confirms that 1-hour PNS applied to the paretic UL concomitant with 30-

minutes AO can augment motor training of the paretic hand by up-regulating corticomotor 

excitability for the contralateral target FDI localized in the lesioned hemisphere and improving 

hand dexterity for at least 24 hours. 

Synaptic plasticity in the corticomotor pathways accounts, to a certain extent, for the 

recovery of motor functions after stroke (Di Filippo et al., 2008). Study 2, on 32 subjects with 

chronic stroke, found that the same 1-hour PNS led to a modest bi-hemispheric up-regulation of 

corticomotor excitability for the target FDI muscle (Cohen’s d was 0.23 for RC slope and 0.22 

for pMEP in the lesioned hemisphere, and 0.16 for RC slope and 0.22 for pMEP in the non-

lesioned hemisphere). Study 3 piloted the application of PNS+AO on 20 chronic stroke subjects 

and revealed a non-significant increase in pMEP (p = 0.082) in the lesioned M1 for the 

contralateral FDI. With a relatively small sample (n = 20), the present Study 4 demonstrated that 

PNS+AO+Training effectively enhanced corticomotor excitability for the paretic hand muscle 

localized in the M1 contralateral to the trained hand (Cohen’s d was 0.16 for RC slope and 0.21 

for pMEP). No obvious corticomotor excitability changes were found in the non-lesioned 

hemisphere. Such localization of corticomotor plastic adaptation with PNS+AO+Training might 

help to potentiate neural synapses in the lesioned M1 to respond to further sensorimotor input in 

anticipation of motor recovery in the paretic hand. 

 The interventions with PNS+AOsham or PNSsham+AOsham conditioning prior to motor 

training did not lead to any change in corticomotor excitability outcome in either hemisphere. 

Studies on healthy subjects have shown that 30 minutes of repetitive movement practiced with 
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the thumb could induce transient changes in corticomotor excitability corresponding to the 

kinematic features of the thumb movement (Butefisch et al., 2000; Classen et al., 1998). The 

neurophysiological mechanism underlying such use-dependent plastic changes has been 

confirmed to associate with increased NMDA receptor activation and/or GABA-ergic synaptic 

suppression (Butefisch et al., 2000). In subjects with chronic stroke, however, thumb movement 

training alone was unable to induce use-dependent plasticity in the lesioned M1 (Sawaki et al., 

2006). However, 12-days of intensive practice with the paretic UL while restraining the 

unaffected UL was able to increase the representation area for a defined hand muscle in the 

lesioned M1 (Liepert et al., 2000). The results of the present study agree to a certain extent with 

these observations. When PNS was inactive and AO was replaced by static images unrelated to 

index finger motion, 30 minutes of motor training after PNSsham+AOsham was not effective in 

modulating corticomotor excitability in the brain hemispheres. Even when true PNS served as a 

conditioning input before motor training, PNS+AOsham+Training did not induce corticomotor 

plastic adaptations. Conforto and colleagues (2010) have previously reported that corticomotor 

excitability in the stroke-lesioned hemisphere was unchanged after cumulative exposure to 

somatosensory PNS followed by motor training for 12 sessions. Consistent with the Hebbian 

theory of synaptic plasticity, it is possible that the PNS adopted in the present study potentiated 

the corticomotor pathways for the input of AO, which has been suggested to activate the mirror 

neuron systems in the ventral premotor and subcortical motor regions (Celnik et al., 2007, 2008). 

The joint neural effects of PNS and AO might have potentiated the sensorimotor pathways to 

uplift the efficacy of motor training of the paretic hand in confining the corticomotor excitability 

up-regulation in the lesioned M1 in the subjects with chronic stroke. To improve the efficacy of 

corticomotor excitability enhancement in the disadvantaged lesioned M1, a conditioning period 
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of PNS concomitant with AO relevant to the hand motor function is therefore recommendable to 

augment motor training for the paretic hand. 

 Regarding the intervention effects on motor behavior in the paretic hand, conditioning 

motor training with PNSsham+AOsham was not effective: the 5 blocks of repetitive index finger 

abduction were not able to improve pinch strength or pincer dexterity. It might be argued that 

FDI was the prime mover of the index finger movement in the training, so not completely 

matching the motor demands of the 2 motor outcome tests involving pinch and pincer activity. 

However, hand dexterity was improved during the course of a single session of 

PNS+AO+Training and PNS+AOsham+Training, and the improvement was sustained for at least 

24 hours. Although statistical analysis revealed that the motor function effects of these 2 

interventions were not different, each of the interventions influenced the pinch strength and 

dexterity outcomes in a different manner. PNS+AO as the conditioning input, but not 

PNS+AOsham, was able to induce significant immediate improvement in hand dexterity before 

motor training compared to the PNSsham+AOsham conditioning. It is interesting to note that the 

outstanding effect on hand dexterity of motor training after PNS+AO as compared to 

PNSsham+AOsham+Training was not immediate but latent, i.e., apparent 24 hours after the 

intervention.  

In contrast, PNS+AOsham had no effect on the motor function outcomes. The improvement 

in hand dexterity became obvious immediately after motor training as compared to before 

training and at baseline. This might imply the PNS likely augmented the 30-minute motor 

training for such dexterity improvement. It was immediately after PNS+AOsham+Training that 

hand dexterity improvement became pronounced compared to PNSsham+AOsham+Training. It is 

noteworthy that no such improvement was found after PNSsham+AOsham+Training. This might 
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imply the dexterity improvement was mainly a manifestation of the PNS augmented motor 

training rather than the 30-minute movement practice. However, such outstanding dexterity gain 

after PNS+AOsham+Training as compared to the sham-conditioned training became non-

significant by 24 hours afterwards. Previously, Celnik’s group found that prolonged 

somatosensory PNS for 2 hours could augment hand task training so that the performance speed 

was better than the control condition given task training only (Celnik et al., 2007), and the 

improvement remained superior 24 hours afterwards. The difference between their study and the 

present study was that the effect of repetitive index finger abduction practice for 30 minutes has 

been translated to the improvement in pincer performance assessed with the Purdue pegboard 

test, while Celnik’s group traced the improvement in performance speed of tasks which had been 

trained for the duration of 54 ± 9 minutes.  

Although there were signs of hand dexterity improvement during and after 

PNS+AO+Training, pinch strength was found to decrease by 0.19 ± 0.65 kg after the 

conditioning period of PNS+AO, and by 0.26 ± 0.48 kg after the 30-minute motor training 

compared to the baseline measurement. A similar but non-significant trend in pinch strength 

reduction was noticed with PNS+AOsham+Training and PNSsham+AOsham+Training. A previous 

study on healthy subjects has also demonstrated significant improvement in their performance of 

the Jebsen-Taylor Hand Function Test with associated reduction of hand grip strength after 2-

hour somatosensory PNS to 3 nerves of the UL (Sorinola et al., 2012). The present study 

recorded increased fatigue scores after the 1-hour conditioning period in all 3 interventions. 

However, fatigue might not be the factor underlying the reduction of pinch strength after 

PNS+AO+Training, because significant improvement in hand dexterity was found during the 

whole course of the intervention. 
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 It is of interest that pinch strength improved substantially 24 hours after 

PNS+AOsham+Training to a level greater than the baseline value. This might indicate a 

delitescent effect of PNS+AOsham+Training on pinch strength. However, 2 earlier studies which 

applied 2 hours of somatosensory PNS on the median and ulnar nerves of the paretic limb of 

stroke patients could lead to immediate increase in pinch strength (Conforto et al., 2002; Klaiput 

and Kitisomprayoonkul, 2009). The difference in results might be related to the PNS parameters, 

and/or that these 2 studies have involved the median and ulnar nerves which control the finger 

flexors for hand grips. 

Note that PNS with or without concomitant active AO given prior to motor training led to 

improved hand dexterity compared to training after sham PNS-AO conditioning. Therefore, AO 

might have minimal benefit to PNS in augmenting the motor training to foster motor function 

improvement in the paretic hand. 

 The notable hand dexterity improvement contrary to pinch strength reduction after 

PNS+AO+Training might indicate that the neurophysiological mechanisms underpinning the 2 

motor hand function changes are different. The AO involved video demonstrations of tasks 

performed with index finger abduction. The inclusion of AO in the PNS conditioning period 

before the 30-minute repetitive practice of index finger abduction might have recruited those 

cortical and subcortical motor pathways that are specifically related to index finger dexterity 

movements at the expense of neural control for pinch strength. Moreover, the corticomotor 

excitability up-regulation in the lesioned hemisphere after PNS+AO+Training might involve 

excitability and/or inhibitory synaptic activity modulation within the corticocortical and 

corticospinal pathways. These postulations should be verified by further studies using fMRI and 

other relevant neurophysiological methods. 
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The results of this study suggest that one hour of PNS could improve the efficacy of motor 

training in promoting motor function of the paretic UL after stroke. Furthermore, this study 

confirmed the influence of 1-hour PNS supplemented with AO on the subsequent motor training 

of the paretic hand in up-regulating the corticomotor excitability of the lesioned hemisphere, 

accompanied by lasting improvement in paretic hand dexterity for at least 24 hours. However, 

the interhemispheric imbalance in corticomotor excitability has not been corrected after one 

intervention. The lesioned hemisphere remained in a disadvantaged status. Repeated exposure to 

the same intervention (PNS+AO+Training) might further enhance the ipsilesional corticomotor 

excitability and motor behavior, and consolidate these motor effects to manifest functional 

recovery in the paretic hand. Future randomized controlled studies should determine if repeated 

sessions of PNS+AO+Training would correct the interhemispheric imbalance in corticomotor 

excitability, and promote lasting improvement in hand dexterity. 

 

5.5 Conclusions 

In people with mild to moderate UL impairment in chronic stage of stroke, PNS to the 

paretic UL for 1 hour, irrespective of the inclusion of AO, can augment motor training in 

enhancing their hand dexterity for at least 24 hours. In terms of neuroplasticity changes, PNS 

paired with AO of the relevant UL task can augment motor training in up-regulating 

corticomotor excitability confined to the lesioned hemisphere. These observed effects might be 

confined to the group with mild to moderate impairment in the paretic UL post stroke. 
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CHAPTER 6 

 

Peripheral Nerve Electrical Stimulation of the  

Paretic Upper Limb in Chronic Stroke: 

 A Summary of the Effects on Corticomotor Excitability and  

Hand Function 
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Peripheral nerve electrical stimulation (PNS) may be a promising treatment to 

promote upper limb (UL) recovery after stroke because the meta-analysis of 18 

randomized controlled trials (RCTs) reported in Chapter 2 revealed an overall 

moderate effect of electrical stimulation of the paretic UL in alleviating its motor 

impairment (cumulative effect size of electrical stimulation was 0.72). In contrast, the 

effect on improving UL functional ability and modulating corticomotor plastic 

activities in the stroke-lesioned hemisphere could not be concluded because of various 

limitations of the trial reports, such as inconsistent results, heterogeneity of stroke 

characteristics and the choice of outcome measurements. Whether PNS by itself can 

drive corticomotor plastic changes in the stroke-lesioned hemisphere or whether PNS 

plays the role in complimenting other treatments to obtain desirable neuroplastic 

responses and functional improvement in the paretic UL should be scruitinized. This 

knowledge would significantly impact evidence-based treatments of the stroke-

affected UL. 

In Study 2, the randomized cross-over study involving chronic stroke subjects 

confirmed that 1-hour PNS delivered to the ulnar and radial nerves of the paretic UL 

at an intensity of 2 to 3 sensory thresholds could lead to improved pincer dexterity 

together with increased corticomotor excitability in both the lesioned and intact 

hemisphere. Of concern was that the interhemispheric imbalance in corticomotor 

excitability was not corrected. The corticomotor pathways in the lesioned hemisphere 

remained less excitable for the paretic UL. This may be a disadvantage for achieving 

sustainable functional improvement in the paretic UL. Therefore, other therapy in 
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addition to PNS to foster corticomotor plastic modulation mainly in the lesioned 

hemisphere would be preferred. 

In people with limited functional use of the paretic UL due to stroke, studies 

showed that repeated sessions of intensive UL task practice (Liepert, 2006) and action 

observation (AO) augmented motor training (Celnik et al., 2008) could increase the 

corticomotor excitability in the lesioned hemisphere for the related hand muscle, 

together with functional improvement in the paretic hand. According to the Hebbian 

theory for synaptic plasticity, PNS might compliment AO in driving desirable 

corticomotor plastic modulation in the stroke-lesioned hemisphere. Study 3 

confirmed that AO for 30 minutes involving index finger pincer/abduction movements 

applied to the second half of the 1-hour PNS could improve the dexterity hand 

function of 20 subjects in the chronic stroke stage, with corticomotor excitability of 

the lesioned hemisphere increased to a near significant level (effect size = 0.41, Paired 

t-test, p = 0.082). The new finding of this pilot study suggested that PNS+AO might 

be comparable to PNS in enhancing motor hand function even without the inclusion 

of movement/task practice of the paretic hand. 

The main study (Study 4) of this dissertation has examined the role of PNS 

conditioning in the efficacy of motor training for the paretic hand. Based on the 

Hebbian’s rule on synaptic plasticity and the results of Studies 2 and 3, PNS would 

likely potentiate the corticomotor pathways so that movement training of the paretic 

hand after a conditioning period of PNS+AO would be more effective than training 

without the PNS-associated conditioning input. The results of this randomised cross-
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over study (n = 20) revealed that a single 30-minute session of repetitive index finger 

active abduction as motor training to the paretic hand without prior exposure to active 

PNS plus AO did not induce any corticomotor excitability or motor function changes. 

After a conditioning period of PNS with a concomitant 30-minute period of AO or 

AOsham, the same motor training improved pincer dexterity in the paretic hand, with 

the effect sustained for at least 24 hours. This suggested that the 1-hour PNS, 

irrespective of a concomitant AO input, could indeed augment the short motor 

training to achieve better dexterity function in the paretic hand. It was noteworthy that 

motor training resulted in the up-regulation of corticomotor excitability for the target 

FDI in lesioned hemisphere only with prior conditioning by PNS+AO, whereas that of 

the intact hemisphere was not altered. On the contrary, no modulation of corticomotor 

excitability occurred from the alternative application of PNS+AOsham+Training. 

Hence, PNS plus AO augments motor training in enhancing corticomotor excitability 

specifically in the disadvantaged hemisphere impaired by stroke. This is a preferred 

corticomotor plastic response rather than the up-regulation of bihemispheric 

corticomotor excitability induced by PNS alone. 

Was the effect of PNS and PNS-conditioned motor training on corticomotor 

excitability and motor hand function similar or different? Table 6.1 presents the 

results of comparison of the immediate outcomes across the 3 interventions – PNS of 

Study 2 versus PNS+AO+Training and PNS+AOsham+Training of Study 4, using two-

way repeated measures ANOVA. The corticomotor excitability and behavioural 

outcomes of the three PNS-associated interventions were not different. However, one 
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Table 6.1 Results of comparing the outcomes across the 3 PNS-associated interventions 

Outrcomes Immediate post-intervention change 

Means ± SD 

Two-way repeated measures ANOVA: 

Intervention × Assessment 

PNS PNS+AO+Training PNS+AOsham+Training df F p 

Corticomotor excitability 

Lesioned M1       

RC slope 0.06 ± 0.11 0.05 ± 0.09  0.01 ± 0.07 2 1.409 0.253 

pMEP amplitude (mV) 0.28 ± 0.50 0.26 ± 0.39  0.09 ± 0.33 2 1.240 0.297 

       

Non-lesioned M1       

RC slope 0.04 ± 0.09 0.04 ± 0.13 -0.03 ± 0.14 2 2.669 0.078 

pMEP amplitude (mV) 0.27 ± 0.35 0.18 ± 0.68 -0.12 ± 0.68 2 2.675 0.078 

 

Motor hand function 

Pinch strength (Kg) 0.14 ± 0.64 -0.44 ± 0.81 -0.36 ± 1.08 2 2.345 0.106 

Purdue pegboard score 0.76 ± 1.30 0.55 ± 1.05  1.10 ± 1.33 2 1.013 0.370 

PNS = peripheral nerve stimulation; AO = action observation; RC = recruitment curve; pMEP = peak motor evoked potential; 
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session of PNS+AO+Training but not PNS+AOsham+Training or PNS alone, could up-

regulate corticomotor excitability specifically in the lesioned hemisphere. Note that 

the demonstration of AO-hand-movement and the active training of index finger 

abduction were ipsilateral to the paretic hand. The specific effect on the up-regulation 

of corticomotor excitability with PNS+AO+Training should therefore indicate that 

PNS might carry the role of priming the stroke-lesioned hemisphere to interact with 

the sensorimotor stimuli related to the hand movements in AO and/or the training. A 

conditioning period of PNS concomitant with AO should be recommendable to 

augment the motor training effect in up-regulating the corticomotor excitability 

preferred in the lesioned hemisphere. 

On the other hand, one session of PNS+AO+Training did not correct the inter-

hemispheric imbalance of corticomotor excitability. It is not clear whether the 

enhancement of ipsilesional corticomotor excitability would persist beyond the 

assessment conducted immediately after the interventions. Although the hand 

dexterity gain after PNS+AO+Training remained obvious for at least 24 hours, further 

follow-up assessment of the corticomotor excitability outcomes should help to 

determine the extent of neuroplastic modulation with the interventions. 

Study 2 found that the gain in hand dexterity scores after PNS was not related to 

the changes in corticomotor excitability measured in either hemisphere. In Study 4, 

the improvement in hand dexterity immediately after PNS+AOsham+Training was not 

accompanied by obvious change in the peak motor evoked potential (MEP) or the 

slope of MEP recruitment curve. With the understanding that corticomotor excitability 
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is an MEP function expressed as a result of a cascade of intracortical and corticospinal 

inhibitory and excitatory synaptic responses upon the intervention, future studies 

should aim to establish the neurophysiological mechanisms underlying the 

improvement of motor behavioural outcomes after the PNS-associated interventions. 

Previous studies investigating the effects of somatosensory PNS or AO in stroke 

patients have included additional task training of the paretic hand over multiple 

sessions to reveal the motor outcomes (Conforto et al., 2010; Ertelt et al., 2007). In 

view of the favourable improvement in cortical and motor behavioural outcomes after 

only one session of PNS+AO+Training, repeated sessions of the intervention may 

foster more and/or lasting neuroplastic changes and motor function improvement. 

Further research to examine the cumulative effects of repeated interventions should be 

warranted. Establishing an optimal dose of the PNS-primed intervention would then 

allow effective clinical application of PNS for more recovery in the paretic UL in 

chronic stage of stroke. Note that a single session of PNS+AO+Training was not 

statistically different from PNS+AOsham+Training in motor function improvement. 

Further randomized controlled study comparing multiple sessions of the two 

intervention protocols might allow better appraisal of the conditioning effects of PNS 

compared to PNS-complimented AO on motor training. 

Interpretation of the present results for the effects of PNS or the PNS+AO 

conditioned training was to some degree limited by small samples of subjects who 

presented with mildly to moderately impaired UL paresis in the chronic stage of 

stroke (mean months of stroke = 86.1± 43.0 in Study 2, 79.4 ± 44.6 in Study 3 and 
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89.7 ± 61.7 in Study 4). At the time of recruitment, the mean Fugl-Meyer Assessment 

UL scores of the subjects were 58.4 ± 8.9 in Study 2, 60.1 ± 6.3 in Study 3 and 55.5 ± 

11.4 in Study 4. Hence, the present findings could not be generalized to patients with 

a more severely impaired UL or to those in the early stage of their stroke. Moreover, 

patients with mild UL impairment might respond to the PNS interventions in an extent 

different from those with moderately impaired UL. Using a cut-off score 60 of Fugl-

Meyer Assessment for moderately impaired UL, 18 subjects in Study 2, 14 in Study 3 

and 9 in Study 4 had mildly impaired UL. Future study involving larger sample in the 

two subgroups of UL impairment would provide a deeper understanding of 

intervention by subgroup effects on the motor outcomes. Intracortical and 

interhemispheric neural interactions in the early stage of stroke are different from 

those in chronic stroke stage (Feydy et al., 2002; Swayne et al., 2008). Further studies 

to ascertain the cortical and motor behavioural effects of PNS and the PNS-associated 

intervention in earlier stage of stroke would help in the evidence-based application of 

PNS in stroke rehabilitation. 

Motor and functional recovery is regarded as minimal or plateau beyond 6 

months after stroke onset (Duncan et al., 1994). Treatments that could promote further 

functional improvement accompanied by neuroplastic responses in the stroke-affected 

brain are in demand for people with chronic stroke. Up to present, effective therapies 

for the paretic UL reported in literature have involved weeks of repetitive and 

intensive motor task practice, e.g. with constraint-induced movement therapy 

(Corbetta et al., 2010), bilateral UL training (Choo et al., 2015), robotic arm training 
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(Cho et al., 2015). As conclusions from the results of studies 2 to 4, PNS would play 

an important role in promoting hand function recovery in people with mildly to 

moderately impaired UL in chronic stage of stroke. A single session of one-hour PNS 

of the paretic hand using current intensity of 2 to 3 sensory thresholds, whether 

applied alone or as a conditioning intervention before 30 minutes of finger movement 

practice, is effective in improving pincer dexterity in the paretic hand. PNS is 

therefore an effective primer for motor training of the paretic hand in chronic stroke. 

To up-regulate corticomotor excitability specifically in the stroke-lesioned 

hemisphere, together with sustainable improvement in hand dexterity, PNS combined 

with AO would be the preferred condition to support movement training of the paretic 

hand. 
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(2) Study 3 (English and Chinese version) 
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(3) Study 4 (English and Chinese version) 
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Appendix V: Fugl-Meyer Assessment-upper limb 
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Appendix VI: Composite Spasticity Score (CSS) 
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Appendix VII: Action Research Arm Test (ARAT) 
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