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Neuromodulators at the periphery, such as neuromuscular electrical stimulation (NMES), have been developed as

add-on tools to regain upper extremity (UE) paresis after stroke, but this recovery has often been limited. To

overcome these limits, novel strategies to enhance neural reorganization and functional recovery are needed. This

review aims to discuss possible strategies for enhancing the benefits of NMES. To date, NMES studies have

involved some therapeutic concerns that have been addressed under various conditions, such as the time of post-

stroke and stroke severity and/or with heterogeneous stimulation parameters, such as target muscles, doses or

durations of treatment and outcome measures.
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1. Introduction

Stroke is a leading cause of disability, with a greater incidence in older age groups. Poststroke disabilities affect

upper extremity (UE) function. More severe UE paresis in patients with stroke more profoundly impairs the

performance of daily living activities. Full recovery from UE paresis for all survivors is the ultimate goal during

rehabilitation intervention. Neuromodulators at the periphery, such as neuromuscular electrical stimulation (NMES),

or neuromodulators over the skull, such as repetitive transcranial magnetic stimulation (rTMS) and transcranial

direct current electrical stimulation (t-DCS), have been proven to be useful tools for treating UE paresis after a

stroke . In this review, we focus on neuromodulators at the periphery.

We begin with some therapeutic concerns regarding NMES. Specifically, NMES studies have provided

heterogeneous stimulation parameters, such as target muscles, doses or durations of treatment, as well as

outcome measures and/or different conditions, such as time post-stroke, and stroke severity. To the best of our

knowledge, currently, there are only a few systematic reviews and meta-analyses due to the substantial

heterogeneity among the relevant studies . A review demonstrated a statistically significant benefit from

NMES applied within 2 months of onset . Another review supported the supplementary use of NMES in the first 4

weeks . A third review, by Howlett et al., demonstrated a major effect of NMES on upper-limb activity . On the

other hand, the superiority of NMES compared to standard care was still reportedly controversial , perhaps
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because of a lack of optimal treatment parameters for NMES application. To determine whether these factors may

influence motor recovery, we focus on the “progress rate (PR)” as an index of gains, defined as the gains in UE

function scores (Fugl–Meyer upper extremity scores) divided by treatment duration. These attempts may offer

some clues regarding the optimal parameters and/or conditions for maximizing the NMES benefits for UE motor

recovery after stroke, thereby, hopefully, overcoming the disability.

This is followed by a description of the expectations from and the possibility of repetitive peripheral neuromuscular

magnetic stimulation (rPMS), which is probably comparable to the usefulness of NMES. As might be expected, a

recent report indicated the effectiveness of rPMS in UE motor recovery in the acute phase of a stroke .

2. Time to NMES following Stroke: Is Earlier Intervention
More Effective?

In general, the greatest gain in recovery tends to occur immediately after stroke, with slower gains over time . A

previous study suggested that critical time windows exist during which the brain is more responsive to training-

dependent plasticity . In particular, the first month after stroke onset offers the highest rate of recovery. Another

study suggested that intervention training in the early phase of stroke can promote motor improvement rapidly, with

a delayed enlargement of the motor map relative to behavioral changes . With regard to the effectiveness of

rTMS, there may be optimal time windows for motor recovery as well. A recent study suggested the timing-

dependent effectiveness of rTMS applied post-stroke in the following descending order: acute phase > subacute

phase and >chronic phase . The same may be true for other neuromodulators. Therefore, we anticipated the

superiority of earlier intervention with NMES over later intervention in terms of functional recovery. However, there

was only a trend toward the usefulness of early intervention of NMES, but no significance (Figure 1). Furthermore,

there was no correlation between the time since stroke and PR. These results may, however, be mainly due to a

lack of statistical power because of the small sample size.

Interestingly, a recent report discovered the surprising role of reactive astrocytes as phagocytes in the clearance or

synaptic remodeling of the penumbra area in the acute phase (from 7 days of onset) of cerebral infarct . This

supports the concept that early intervention may provide the advantage of motor recovery after a stroke.

[11]

[12]

[13]

[14]

[15]

[16]



Neuromuscular Stimulation as an Facilitative Intervention Tool | Encyclopedia.pub

https://encyclopedia.pub/entry/18994 3/10

Accordingly, it is plausible that NMES is most effective when it is applied during the optimum therapeutic window.

3. Stroke Severity

Although neural reorganization occurs soon after stroke, functional recovery by conventional intervention has often

been limited. The probability of motor recovery after a stroke depends on its severity, and a prognosis of functional

recovery may be formed within 12 weeks of stroke onset . Neurological impairments recover most dramatically

within 30 days of stroke onset, but patients with moderate and severe disability recover within up to 3 and 6

months, respectively . So far, the relationship between NMES benefits and severity has remained unclear. The

present findings suggest that survivors of severe stroke may be more sensitive to NMES than survivors of

moderate stroke, regardless of the length of time since stroke (Figure 2). On the other hand, our results suggest

that there is no correlation between severity and PR; this implies the existence of a therapeutic window for NMES

in terms of severity. Further study is required.
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4. Target Muscles

Our results suggest that the application of NMES to the whole UE was more effective for the UE function of stroke

survivors than its application to the wrist and finger extensors (Figure 3). These findings indicate that NMES

benefits may depend upon the muscles targeted by NMES. In the included studies, the majority of NMES studies

applied NMES to the wrist/ finger extensors. Some authors claimed that NMES was applied to the wrist/finger

extensors because of the time required to apply the multiple electrodes to cover the whole UE. Nevertheless, our

present analysis suggests that the application to the whole UE is strategically advantageous in the enlargement of

ADL as well as motor recovery compared to the wrist/fingers. A recent report also supports this view .[19]
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5. Is a Higher Dose of NMES More Beneficial?

In general, higher doses and longer duration of standard care intervention may produce better functional outcomes.

Typically, the efficacy of constrained-induced (CI) therapy may support this view. In fact, few studies seem to have

paid attention to this consideration. Intuitively, it was expected that a higher dose of NMES is more effective for

motor recovery. However, the present findings suggest that higher dose and/or longer duration may not always

produce better outcomes. The dose–response relationship between NMES and UE function for stroke patients

remains uncertain . A trial by Hsu et al. compared the NMES benefits between low doses (30 min/session)

and high doses (60 min/session) of NMES and reported no significant difference . In a study by Page et al.,

three different doses (30 min, 60 min, 120 min) of NMES were applied for the chronic phase; the authors

suggested that a dose of 120 min is most effective for UE function . They also suggested that future studies

should investigate various combinations of treatment dose administration for designing intervention programs

suitable for clinical practice. In addition, a recent study demonstrated that 20 min of NMES could facilitate UE

motor recovery in the acute phase of stroke . It implied that, by comparison, lower doses and shorter durations

of intervention ameliorate UE disability during the early acute phase of stroke. In support of this, the effective

threshold of minimal dose and duration needs to be identified.

6. Which of the NMES Modes Is More Effective?

NMES features two modes, the EMG-triggered mode and the cyclic mode. As well as EMG-triggered NMES, the

post-stroke application of cyclic NMES to UE paresis after stroke was considered effective for UE improvement .
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Most of the included studies (21/23 trials), however, used EMG-triggered NMES; therefore, we could not compare

the NMES benefits between the two modes, leaving us unable to address the issue of whether cyclic or EMG-

triggered NMES is more effective.

EMG-triggered NMES can provide weaker contraction of target muscles in severe stroke patients than cyclic

NMES, whereas survivors with moderate or mild paresis experience stronger contractions with EMG-triggered

NMES than with cyclic NMES. Actually, EMG-triggered NMES for severe paretic patients cannot enhance the fully

volitional contraction of target muscles. It is possible that insufficient muscle contraction by electrical stimulation

may be nonproductive, resulting in unsatisfactory benefits from NMES. NMES might be more effective for motor

recovery when it is appropriately decided which mode of NMES is applied to each of the paretic muscles, including

the shoulder, elbow, wrist and fingers during the early acute phase of stroke. The selection of mode may depend

upon the volitional contraction of each of the paretic muscles. Accordingly, a recent study examined the effect of

coupled cyclic and EMG-triggered NMES with whole UE on motor function . In other words, EMG-triggered

NMES was applied to each of the relatively moderate paretic muscles (stroke impairment assessment set (SIAS)

level 3), while cyclic NMES was applied to severe paretic muscles (SIAS 1–2). The results suggested that the PR

of the FMA-UE scores differed significantly between the coupled NMES group and the standard care group (2.54

for the coupled NMES group and 1.10 for the standard care group) (p = 0.036). The NMES group demonstrated a

large effect size (r = 0.50) on FMA-UE, suggesting the high clinical significance of FMA-UE. These findings suggest

that a new strategy of coupled NMES, depending on the severity of targeted paretic muscles, might be more

effective than the application of the alternative mode.

7. Sensitivity of Measure Outcomes to Motor Function

The sensitivity of outcome measures for motor function is a seemingly important factor in determining whether

NMES is effective for UE function. Which of the outcome measures are the most sensitive to changes in UE

function? It is likely that FMA-UE features almost the same sensitivity to severe UE paresis as WMFT-FAS (Figure

4a). BBT seemed less sensitive to UE function than FMA and WMFT (Figure 4b,c). More specifically, BBT marked

zero even when the FMA scores and WMFT were estimated as 40 and 35, respectively. Accordingly, it is plausible

that the included studies used FMA most frequently as outcome measures for motor recovery when applying

NMES. It is notable, however, that full FMA-UE scores do not mean full recovery from paresis. For patients with

mild paresis, FMA is saturated. Instead, BBT is available. This means that the sensitivity and suitability of outcome

measures may depend on stroke severity. In the near future, a new universal outcome measure, independent of

the severity of UE paresis, is expected to be established.
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8. Possibility of rPMS for Recovery from UE Paresis

The use of rPMS can be characterized by penetration into deeper regions of muscles without pain. Given that

peripheral stimulation for affected muscles, such as NMES, can enhance motor recovery, rPMS could improve the

motor function of UE paresis. So far, however, there have been no studies to support the effectiveness of rPMS on

upper extremity paresis despite some efforts using various parameters . Recently, a study

reported the effectiveness of rPMS in UE motor function recovery when applied to affected UE muscles (shoulder,

elbow, wrist, fingers) in the early acute phase of stroke (mean stroke duration of 9.2 days) . The PR of the FMA-

UE scores after 7.8 session-rPMS treatment (n = 10; mean scores 14.6/66 before intervention) significantly differed

from the standard care (SC) group (n = 9; mean scores 19.0/66 before treatment), i.e., 2.65 for the rPMS group

and 1.10 for the SC group, respectively (p = 0.003). The rPMS group demonstrated a large effect size (r = 0.68) on

FMA-UE, suggesting high clinical significance in FMA-UE.

The advantages and disadvantages of rPMS have been summarized . The authors of this summary pointed out

that the advantages of rPMS over NMES were the absence of pain, deeper penetration, the generation of higher

muscle torque and its applicability to children, while the disadvantages were the overheating of the coil and the

exposure of a larger area stimulated with increased intensity. So far, however, no recommendations have been

provided regarding the parameters of rPMS application, such as coil design, duty cycle, duration, frequency and

intensity.
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9. Effects of Neuromodulators: Long-Term and Long-
Lasting?

When applied over motor cortical areas to treat UE paresis, rTMS and t-DCS are both expected to be potential

tools for improving motor function after stroke by modulating cortical excitability . Both modulators not only

feature similar concerns as NMES, but also create two other issues that must be raised. One is that rTMS and/or t-

DCS have been proven to produce a short-term effect on UE function after stroke in the acute, subacute or chronic

phases, but it still remains unknown whether the beneficial effect would be long-lasting. The other is that it is

unclear whether rTMS and/or t-DCS would lead to greater motor recovery following more treatment sessions. A

recent review addressed this issue by comparing the short-term effects of rTMS on motor recovery after stroke with

the long-term effects . The review suggested the session-number-dependent effect of rTMS on UE paresis

recovery after stroke but that increasing the session number to five produced the most benefits before a plateau is

reached. Subsequently, the therapeutic effect was rapidly lost after the use of more than 15 sessions. Similarly,

after the initial five sessions of t-DCS were administrated to chronic stroke patients, the more sessions of t-DCS

were performed, the less effective they became over time . It remains unclear how or why this phenomenon

occurs. In spite of our efforts, we have not found any studies that address the above issues concerning NMES and

rPMS. It is likely that ceiling effects of NMES and rPMS may also exist. Further study is required.
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