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Chapter 25
The Role of TMS for Predicting Motor 
Recovery and Outcomes After Stroke

Cathy M. Stinear and Winston D. Byblow

Abstract Transcranial magnetic stimulation (TMS) is a safe, non-invasive tech-
nique for studying the human motor system. It can be used to evaluate primary 
motor cortex (M1) function after stroke, by stimulating the ipsilesional M1 and 
recording motor-evoked potentials (MEPs) from the paretic limbs. In this chapter, 
we first outline the measures of M1, intracortical and interhemispheric function that 
can be made with TMS. The presence or absence of MEPs is the simplest and most 
reliable measure that can be made with TMS. In general, patients in whom TMS can 
elicit MEPs from the paretic limbs make a better motor recovery and experience 
better functional outcomes than those patients without MEPs. We provide an over-
view of recent research showing that MEP status is a particularly useful biomarker 
for patients with initially severe motor impairment. The limitations and potential 
benefits of MEP status as a biomarker for patient selection in stroke rehabilitation 
trials are discussed.
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FM-UE Fugl-Meyer Upper Extremity Scale
GABA Gamma-aminobutyric acid
IHI Interhemispheric inhibition
iSP Ipsilateral silent period
M1 Primary motor cortex
MEP Motor-evoked potential
MRC Medical Research Council
MRI Magnetic resonance imaging
MSO Maximum stimulator output
NPV Negative predictive value
PLIC Posterior limb of the internal capsule
PPV Positive predictive value
RMT Resting motor threshold
SAFE Shoulder abduction finger extension
SICI Short-latency intracortical inhibition
SP Silent period
TMS Transcranial magnetic stimulation

25.1  Principles of Transcranial Magnetic Stimulation

Transcranial magnetic stimulation (TMS) is a safe, non-invasive and painless tech-
nique that can be used to investigate the excitability of the primary motor cortex 
(M1) and its descending pathways. TMS was first introduced by Barker and col-
leagues [1] to provide a safe and painless alternative to transcranial electrical stimu-
lation, thus making the study of human motor cortex physiology more widely 
possible. With TMS a magnetic stimulus is applied via a coil (5–10 cm in diameter) 
through which a large but brief pulse of electrical current is passed from a high- 
voltage capacitor discharge system. With the coil held over the scalp, the discharge 
generates a brief magnetic field that induces electrical currents in the underlying 
tissues. These electrical currents can depolarise neurons in the cortex of the brain, 
causing them to fire.

A magnetic field of up to 2.5  Tesla can be generated in large circular coils. 
However, there is a trade-off between intensity and focality. Figure-of-eight coils 
consist of two smaller diameter coils wound together and provide more focal stimu-
lation than circular coils. As well as type, size and orientation of the coil, the effects 
of stimulation are also dependent on whether the electrical pulse through the coil is 
monophasic or biphasic. Normally, coil orientation and waveform shape are set to 
induce posterior-anterior current in the brain which is optimal for M1 stimulation 
[2]. The interested reader can find further technical information, including safety 
procedures and contraindications for TMS, detailed elsewhere [3].

By using TMS, it is possible to probe various properties of the motor cortex and 
its descending pathways, including nerve conduction velocities, membrane 
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 excitability, intracortical inhibition and facilitation, interhemispheric transfer and 
central nervous system reorganisation. Most of these properties exhibit interesting 
dynamics after stroke as will be discussed below. A very brief description of the 
main measures of interest is provided here. Most measures are based on character-
istics of the motor-evoked potential (MEP) observable in the EMG of the target 
muscle (Fig. 25.1). After stroke, it might not be possible to elicit a MEP due to a 
lesion affecting M1 itself, the descending white matter of the corticospinal tract 
(CST), or at the level of the brainstem. As such, the presence or absence of an MEP 
from TMS applied to the ipsilesional M1 early after stroke is informative about the 

Fig. 25.1 Single- and paired-pulse TMS can be used to examine M1 cortical excitability, inhibi-
tion and disinhibition as shown in these EMG traces recorded from the first dorsal interosseous 
muscle. (a) MEP from single-pulse TMS at a stimulus intensity of 130% of RMT. (b, c) The MEP 
in panel (a) is suppressed by a subthreshold conditioning stimulus at 90% of active motor threshold 
delivered 2.5 ms (b) and 1 ms (c) prior to test stimulus. The decrease in MEP amplitude reflects 
synaptic GABAA receptor-mediated inhibition in M1 (2.5  ms) and extra-synaptic GABA-ergic 
tone (1 ms). (d) Silent period produced in the EMG trace of a preactivated muscle by single-pulse 
TMS at 130% RMT. The silent period reflects GABAB receptor-mediated inhibition in M1. (e, f) 
Suprathreshold conditioning and test stimulation (both at 130% RMT) elicit late intracortical inhi-
bition (LICI) with an interstimulus interval of 150 ms (e) and late cortical disinhibition with an 
interstimulus interval of 250 ms (e) due to activation and then presynaptic inhibition of GABAB- 
ergic neurons within M1. Calibration bars: 0.5 mV and 50 ms (Figure courtesy of Ronan Mooney)
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extent of stroke damage and recovery potential, as will be discussed in greater detail 
below.

Assuming MEPs can be elicited, the most common TMS measures are those 
which characterise the excitability of pyramidal neurons in M1 that form the 
CST. The MEP threshold is one such measure. Threshold depends on the excitabil-
ity of neural elements including cortico-cortical axons, their synaptic contact with 
pyramidal neurons and the initial axon segments of the pyramidal neurons [4, 5]. 
The threshold can be determined with the target muscle at rest (RMT) or preacti-
vated during slight voluntary contraction (AMT) and is defined as the minimum 
stimulator intensity required to consistently produce a MEP of a given amplitude 
(e.g. RMT = 50 uV; AMT = 100 uV; [6]). There are several methods to determine 
threshold including the relative frequency method, which is the most common, and 
adaptive methods which allow more rapid determination of threshold when using 
threshold tracking techniques [7]. Threshold is measured in units of stimulator out-
put, normally expressed as a percentage of maximum (e.g. 50% MSO).

The size of the MEP (amplitude or area) for a given stimulus intensity can be 
used to track changes in corticospinal excitability over time. Stimulus intensity may 
be set relative to maximum stimulator output (e.g. 80% MSO) or threshold (e.g. 
120% RMT), and stimuli are delivered at a single, optimal stimulation site. A 
stimulus- response curve characterises excitability by plotting MEP amplitude 
across a range of intensities from threshold to plateau. Although the curve is nor-
mally sigmoidal in shape, the slope of the linear region is often used as an index of 
corticospinal excitability [8]. In contrast, TMS mapping involves recording MEPs 
elicited by a constant stimulation intensity (e.g. 110% RMT) delivered at several 
stimulation sites. Map size (area, volume) and centre of gravity can be determined 
for a given muscle representation [9]. The added advantage of mapping is that it can 
be sensitive to shifts in representation position or area which may be evident after 
stroke [10]. The disadvantage is that it takes a considerable amount of time to per-
form, although recent advances with ‘rapid mapping’ make it more feasible for 
exploring spontaneous or treatment-related cortical reorganisation after stroke [11].

The cortical silent period (SP) is another measure that can be derived from 
single- pulse TMS, delivered while the target muscle is preactivated. This procedure 
involves suprathreshold TMS of the contralateral M1 (e.g. 80% MSO, 130% RMT) 
which is large enough to produce a period of EMG silence in the range of 150–
250 ms, followed by the return of voluntary muscle activity. The duration of the SP 
is indicative of the excitability of GABAB receptor-mediated inhibitory function 
within M1 [12]. For some patients, the SP can be challenging or even impossible to 
obtain from stimulating the ipsilesional M1 because the patient is unable to volun-
tarily contract muscles on the paretic side [13].

A measure of transcallosally mediated inhibition can be obtained from supra-
threshold single-pulse TMS of the M1 that is ipsilateral to the contracted muscle 
(iSP). The iSP is detected as a period of reduced EMG activity 30–70 ms post- 
stimulus [14]. The iSP permits the examination of ipsilesional M1 function in more 
severely impaired patients, many of whom are unable to activate the paretic side 
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[15]. The iSP can be sensitive to post-stroke reorganisation that occurs with long- 
term motor practice [16].

Paired-pulse TMS is often used to investigate M1 intracortical and interhemi-
spheric inhibition and facilitation, indicative of GABAergic and glutamatergic func-
tion within M1. Paired-pulse TMS involves delivering both a conditioning and test 
pulse in close succession (1–200  ms). Intracortical function can be assessed by 
delivering both pulses through the same coil placed over M1 and measuring the 
decrease or increase in size of the test MEP compared to that obtained with the test 
stimulus alone. Short-latency intracortical inhibition (SICI) is examined with a sub-
threshold conditioning stimulus and an interstimulus interval between 1 and 5 ms 
[17], reflecting GABAA receptor-mediated processes, which may be downregulated 
post-stroke [18]. Intracortical facilitation is examined with an interstimulus interval 
of 6–15 ms, with 10 or 15 ms intervals being most common, but this measure is not 
routinely investigated after stroke.

Dual-coil TMS can be used to examine interhemispheric inhibition (IHI) between 
M1s and provide a measure of transcallosally mediated inhibition similar to the 
ipsilateral SP measure. To examine IHI, each M1 is stimulated with a separate coil, 
delivering a suprathreshold pulse (e.g. 120% RMT). Inhibition of the test MEP is 
evident at short (10–15 ms) and long (40 ms) intervals, indicative of excitability of 
different populations of GABA receptor-mediated inhibitory neurons [19, 20].

Measures of functional connectivity between different cortical areas (e.g. 
premotor- motor, intrahemispheric or interhemispheric) can also be examined with 
dual-coil TMS. These approaches may reveal functional reorganisation after stroke 
[21], but to date, they have not been widely used, perhaps owing to the size of stimu-
lating coils and difficulty in accurately targeting adjacent cortical regions.

25.2  TMS in Stroke

In general, greater interhemispheric asymmetry in measures obtained with TMS is 
related to worse motor performance at the time of testing, at the group level of 
analysis. It is well established that the ipsilesional M1 is less excitable than the 
contralesional M1  in patients with motor deficits after stroke [22–24]. This is 
reflected by higher resting and active motor thresholds, and smaller MEP ampli-
tudes, compared to the contralesional M1 and to healthy controls [24]. As noted 
above, there is evidence of altered intracortical function, with reduced SICI in the 
ipsilesional M1 at the subacute stage of recovery [22, 24]. Conversely, studies of 
interhemispheric inhibition after stroke have produced more variable results. A 
recent meta-analysis did not detect any differences in the amount of IHI passed from 
the contralesional to ipsilesional M1 and vice versa nor in the amount of IHI pro-
duced by stroke patients and healthy controls [24]. Furthermore, this meta-analysis 
found no differences between the contralesional M1 and healthy controls on any 
TMS measure made at the subacute or chronic stage of stroke [24]. This indicates 
that the neurophysiological effects of stroke are most readily detected by TMS 
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measures of ipsilesional M1 excitability and SICI, rather than interhemispheric or 
contralesional measures. TMS measures made from muscles distal to the elbow 
produce very similar results [24]. The choice of target muscle is therefore less criti-
cal than using optimal TMS and EMG techniques.

As noted above, most TMS measures require a MEP to be generated, with the 
exception of MEP status. The use of TMS to evaluate ipsilesional M1 excitability 
and SICI is therefore limited to patients with a functional ipsilesional M1 and 
CST. In general, measurement error is lower, and reliability is higher for measures 
of corticospinal excitability obtained with single-pulse TMS, than for measures of 
intracortical function obtained with paired-pulse TMS [25–27]. This may be due to 
the fact that inhibition or facilitation measures are strongly affected by the test MEP 
amplitude, which may be compromised, or variable, or both after stroke. It remains 
to be determined whether paired-pulse inhibition and facilitation measures may be 
more reliable if obtained using modern threshold tracking techniques, which address 
the limitation of test MEP variability [28–30]. A further consideration is that TMS 
does not readily test the function of alternative descending motor pathways that may 
become more important for motor performance after stroke, such as the reticulospi-
nal and rubrospinal tracts [31]. Finally, TMS can’t be used with all patients due to 
contraindications, in the same way that not all patients can have an MRI scan. 
Despite these limitations, TMS can be used to make predictions for individual 
patients about motor recovery and outcomes after stroke. The most commonly used 
TMS predictor is MEP status, because it doesn’t require a MEP to be generated and 
has good to excellent reliability [32].

25.3  TMS for Prediction After Stroke

It is important to note that we use the term ‘predict’ in the clinical rather than statis-
tical sense. That is, we will discuss TMS measures made at one time point that can 
make a prediction about motor performance at a later time point. This is in contrast 
to TMS measures that are associated with motor performance at the time of 
testing.

TMS performed within the first few days after stroke can predict subsequent 
motor outcomes and motor recovery. Motor outcomes describe the level of impair-
ment or function at a specific time point post stroke, regardless of performance 
immediately after the stroke. The disadvantage of measuring outcomes is that they 
provide no information about whether performance has improved, remained stable 
or deteriorated over time. This is overcome by measuring motor recovery, which is 
the change in motor impairment or function over time. Recovery can be quantified 
as the difference in a measure of motor performance between two time points, such 
as the difference in a clinical score obtained 1  week and 6  months after stroke. 
Recovery can also be expressed as a proportion of the available improvement, and 
this is described in further detail below.
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25.3.1  Motor Outcomes

25.3.1.1  Upper Limb

The first reports of the prognostic value of MEP status at the subacute stage of 
stroke were published in the early 1990s. These early studies typically used MEP 
status as a predictor for upper limb motor outcomes and were systematically 
reviewed in 2002 [33]. This review of five studies including 255 patients concluded 
that the presence of MEPs in the paretic hand within 7 days of stroke predicted bet-
ter outcomes for motor impairment and function. Motor impairment was evaluated 
with the Medical Research Council (MRC) grades, the Motricity Index and the 
Fugl-Meyer Upper Extremity (FM-UE) Scale, while function was evaluated with 
the Barthel Index [33]. This review also calculated odds ratios for studies with at 
least 50 patients and found that the odds of a good outcome for MEP+ patients 
ranged from 5.49 to 13.50 relative to MEP− patients.

These findings are supported by a more recent systematic review of 14 studies 
that included 480 patients [34]. The majority of studies evaluated MEP status in 
intrinsic hand muscles within 2  weeks of stroke and found that the presence of 
MEPs predicted better outcomes for both motor impairment and function. Motor 
impairment was typically evaluated with MRC grades, while function was most 
commonly evaluated with the Barthel Index [34]. None of the studies reviewed 
utilised a measure of functional outcome that was more specific to the upper limb, 
such as the Wolf Motor Function Test or Action Research Arm Test [35].

Positive predictive values (PPV) for MEP status range between 86% [36] and 
93% [37], indicating that the presence of MEPs is a reasonably robust predictor of 
good upper limb motor outcome. Several authors have noted that MEP status is a 
particularly useful predictor for patients with initially more severe motor impair-
ment [33, 38], with one study reporting a PPV of 100% in this subset of patients 
[37]. However, negative predictive values (NPV) for MEP status range between 
35% [39] and 95% [38] demonstrating that the absence of MEPs does not necessar-
ily mean a poor outcome.

MEP status primarily reflects the functional integrity of M1 and the CST and is 
not sensitive to the potential contributions of other areas of motor cortex and alter-
nate descending motor pathways to motor outcomes. This may explain the lower 
NPV for MEP status. Patients who are initially MEP− may still have some capacity 
for recovery of motor output via cortical reorganisation and the upregulation of 
transmission via alternate ipsilesional motor pathways [31, 40, 41]. There is also 
some evidence for upregulation of transmission via uncrossed corticospinal projec-
tions after stroke [22]. This can be evaluated with TMS of the contralesional M1; 
however, the prognostic utility of ipsilateral MEPs at the subacute stage is currently 
unknown.

Some of the limitations of TMS as a predictor of motor outcomes can be over-
come by combining TMS measures with other biomarkers. We have developed one 
approach to this, called the Predict Recovery Potential (PREP) algorithm [42]. This 

25 The Role of TMS for Predicting Motor Recovery and Outcomes After Stroke



544

algorithm sequentially combines clinical, TMS and MRI measures to predict upper 
limb functional outcome for individual patients (Fig. 25.2). The PREP algorithm 
was initially developed with a sample of 40 first-ever ischaemic stroke patients [43] 
and has since been validated with a sample of 192 patients with first-ever or previ-
ous ischaemic or haemorrhagic stroke [44]. In brief, upper limb impairment is eval-
uated within 72 h of stroke symptom onset by grading shoulder abduction and finger 
extension strength with the MRC grades. The scores for each movement are summed 
to calculate a SAFE score out of 10. Patients with a SAFE score less than 5 at 72 h 
post-stroke are then assessed with TMS to determine MEP status. Those who are 
MEP+ are predicted to have a good functional outcome within 3 months. It should 
be noted that patients with a SAFE score of zero at 72 h post-stroke can be MEP+, 
indicating that their ipsilesional M1 and CST are functional despite their inability to 
produce voluntary muscle activity early after stroke. TMS is therefore essential for 
distinguishing between patients with initially severe motor impairment who have 
potential for a good motor outcome and those who do not. However, as described 
above, TMS of ipsilesional M1 does not evaluate all descending motor pathways, 

Fig. 25.2 The PREP algorithm combines clinical, TMS and MRI measures within the first few 
days after stroke to predict upper limb functional outcome 3 months later. The SAFE score is 
obtained by adding the MRC strength grades for paretic shoulder abduction and finger extension. 
If the score is 8 or more (out of 10) within 72 h of stroke symptom onset, the patient is likely to 
make a complete, or near-complete, recovery of upper limb function. If the score is less than 8 at 
72 h post stroke, TMS is used to determine MEP status around 5 days post stroke. Patients in whom 
TMS can elicit a MEP in the paretic wrist extensors are MEP+ and are predicted to make a notable 
recovery of upper limb function. Patients who are MEP− proceed to an MRI scan 10–14 days post 
stroke. Diffusion-weighted imaging is used to calculate the mean fractional anisotropy of the pos-
terior limbs of the internal capsules, and an asymmetry index is calculated. If the asymmetry index 
is <0.15, the patient is likely to have a limited recovery of upper limb function. If the asymmetry 
index is >0.15, the patient has essentially no potential for recovery of meaningful upper limb func-
tion (Adapted from Stinear et al. [43])
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and patients who are MEP− may still have potential for recovery of some upper 
limb function. For this reason, the PREP algorithm uses MRI to evaluate the struc-
tural integrity of the posterior limb of the internal capsule (PLIC). The mean frac-
tional anisotropy is calculated for each PLIC and an asymmetry index calculated. 
Patients with an asymmetry index <0.15 are likely to have a limited recovery of 
upper limb function, while those with an asymmetry index >0.15 are likely to have 
none.

The PREP algorithm capitalises on the high PPV for MEP status in patients with 
more severe initial upper limb impairment. The algorithm overcomes the low PPV 
for MEP status by using MRI to evaluate stroke damage to all tracts passing through 
the posterior limb of the internal capsule. Sequentially combining clinical, TMS and 
MRI measures is more efficient than obtaining all biomarkers from all patients. 
TMS is only required for approximately one third of patients, and MRI is only 
required for approximately one half of these [44]. Using TMS to evaluate patients 
with a SAFE score <5 efficiently leverages the high positive predictive value of 
MEP status, while using MRI in MEP− patients overcomes the lower negative pre-
dictive value of MEP status.

25.3.1.2  Lower Limb

Very few studies have evaluated the usefulness of TMS in predicting lower limb 
motor outcomes after stroke. This may be related to the technical challenges of 
eliciting MEPs from lower limb motor cortex. The location, orientation and rela-
tively smaller surface area of the lower limb M1 representation make it difficult to 
stimulate with TMS. A double-cone stimulating coil and higher stimulus intensities 
are usually required, and MEPs are typically recorded from distal muscles such as 
tibialis anterior and abductor hallucis brevis [45].

Two studies have evaluated MEP status in tibialis anterior early after stroke. The 
first study of 38 patients found that the presence of MEPs within 10 days of stroke 
predicted recovery of ankle dorsiflexion, but not independent walking, 6 months 
post-stroke [46]. In contrast, a more recent study of 14 non-ambulatory patients 
found that those who were MEP+ within 4  weeks of stroke were independently 
walking 6 months post-stroke [47]. The relevance of lower limb MEP status to func-
tional outcomes such as walking is therefore unclear. This may reflect the higher 
degree of redundancy in motor control of the lower limb compared to the upper 
limb. Upper limb function is heavily dependent on contralateral CST function, 
whereas the lower limbs receive descending commands from both hemispheres, and 
walking function is also supported by reticulospinal projections [48]. These impor-
tant differences in neuroanatomy mean that MEP status determined with TMS of 
ipsilesional M1 may not be a strong predictor of subsequent lower limb impairment 
and walking outcomes.
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25.3.2  Motor Recovery

As noted above, recovery is a dynamic process captured by a measure of change. 
Change in impairment can be measured with the upper and lower extremity portions 
of the Fugl-Meyer [49], which focus primarily on the presence of unwanted motor 
synergies which are common after stroke [50]. Recovery from impairment captures 
true biological recovery, whereas improvements in function can also reflect com-
pensatory mechanisms. Selecting appropriate measures of recovery based on an 
intervention’s mechanisms is crucial. A long-standing view is that the failure of 
many clinical trials of stroke rehabilitation may relate to the choice of outcome 
measures rather than the lack of efficacy of the study intervention [51]. In humans, 
almost all recovery from motor impairment occurs within the first 3  months of 
stroke, emphasising a time-sensitive period for spontaneous biological processes 
which give rise to recovery and the time-critical nature for interventions which may 
interact with it [52]. The dynamics of recovery from motor impairment are explored 
in further detail below.

25.3.2.1  Upper Limb

The dynamics of recovery from upper limb impairment have been the topic of con-
siderable recent investigation since an original and noteworthy observation by 
Prabhakarahn and colleagues [53–59]. Within the first 3–6 months after stroke, a 
large subset of patients recover from upper limb impairment to a fixed proportion 
that is almost exactly 70% of the available improvement. That is, for this subset of 
patients, the change in UE-FM score (∆FM) is proportional to the initial impair-
ment (FMii) such that ∆FM = β·FMii, with β values approximating 0.7 within 95% 
confidence intervals [55, 58]. This ‘70% rule’ has been observed in over 500 patients 
in countries with different rehabilitation services [53–56, 59], regardless of patients’ 
age, gender, stroke type and therapy dose [55, 56, 58].

However, not all patients fit the 70% rule. Earliest studies suggested that initial 
impairment may determine whether or not recovery would be proportional, but the 
criterion FM-UE score has varied markedly between studies [53, 54, 60]. This mat-
ter appears to have been resolved by using TMS. Single-pulse TMS applied to the 
ipsilesional M1 within the first 2  weeks of stroke identified those patients who 
would fit the 70% rule. TMS was used to determine MEP status of the paretic wrist 
extensor muscle, extensor carpi radialis (ECR), using stimulus intensities of up to 
100% MSO if necessary [55]. MEP status more accurately predicted which patients 
would fit the 70% rule than measures of initial impairment. Patients with MEPs 
(MEP+) could achieve a proportional recovery, regardless of initial impairment. 
MEP+ patients with initial FM-UE scores as low as 4 and 5 exhibited a proportional 
(70%) recovery, whereas MEP− patients did not even though some had higher ini-
tial FM-UE scores [55].
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Presently it is not clear why the proportion of upper limb recovery from impair-
ment is 70%, and not some other number, nor is it clear what intervention if any may 
help patients exceed 70% recovery [61]. Again, measures made with TMS have 
shed some light on these questions. Using TMS, we measured resting motor thresh-
old from the ECR of both upper limbs between 2 and 26  weeks after stroke. 
Obviously, it was only possible to obtain RMT measures from the paretic upper 
limb in MEP+ patients. We were interested in the recovery of ipsilesional M1 excit-
ability and so measured change in ipsilesional RMT (∆RMT) relative to baseline, 
computed at 6, 12 and 26 weeks post stroke. Initial impairment of RMT was calcu-
lated as the difference between baseline ipsilesional RMT and contralesional RMT 
(which was stable and normal across the entire period). A near identical propor-
tional relationship was observed in both ∆FM and ∆RMT.  Ipsilesional RMT 
improved by approximately 70% of the available improvement. The ∆FM and 
∆RMT data from the study are shown in Fig. 25.3. The RMT finding provides some 
insight into the potential neurobiological mechanisms of proportional recovery and 
led us to propose that there may be a consistent relationship between the volume of 
permanently damaged corticospinal axons and the volume of temporarily dysfunc-
tional adjacent axons. If so it may be that initial impairment measured with the FM 
scale captures both permanent and temporary axonal dysfunction, MEP status is 
sensitive to the extent of permanent axonal loss, and RMT is sensitive to the recov-
ery of temporarily dysfunctional axons [55]. These ideas warrant further 
investigation.

25.3.2.2  Lower Limb

Given the ubiquitous nature of proportional upper limb recovery, a similar propor-
tional recovery dynamic may be expressed in other domains. Little is known at 
present, but there has been some evidence for proportional recovery from aphasia 
[62]. Only one study to date has demonstrated proportional recovery from lower 
limb impairment [57]. This study found that all patients followed the 70% rule, 
regardless of tibialis anterior MEP status and despite over half of the 32 patients 
being non-ambulatory at baseline. The lack of predictive power for MEP status may 
simply reflect the technical challenges associated with stimulating the lower limb 
motor cortex. Or it could mean that preserved ipsilesional corticomotor function is 
not essential for proportional recovery from lower limb impairment since neural 
pathways such as the reticulospinal tract provide greater redundancy in the control 
of the lower limb compared to the upper limb. Interestingly, similar to the upper 
limb and despite greater contributions of brainstem-mediated pathways, recovery 
from lower limb seems to be limited to 70%, but confirmation from larger samples 
is required.
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25.3.3  TMS at the Chronic Stage

The previous section described the pivotal role that TMS can play in predicting 
whether a patient will experience proportional recovery at the subacute stage, when 
spontaneous biological recovery is evident. The logical implication of proportional 
recovery is that even patients who experience proportional recovery are left with 
some lingering impairment, precisely because motor impairment resolves incom-
pletely, to 70% of the maximum possible. As such the majority of patients tend to 
benefit from goal-directed physical therapy which allows relearning presumably via 
mechanisms of neuroplasticity which facilitate adaptation and compensation. 
Recovery from motor impairment is complete at 6 months post stroke, and this time 
point is the most commonly accepted onset for the chronic stage. What further gains 
are possible at the chronic stage, and what role can TMS play in predicting respon-
siveness to therapy or motor practice?

In a small randomised controlled trial, we observed that MEP status was useful 
in determining response to daily upper limb motor practice undertaken by chronic 

Fig. 25.3 Recovery from upper limb impairment and of ipsilesional M1 RMT is proportional to 
initial impairment for patients with MEPs (MEP+). (a) The recovery from upper limb impairment 
is reflected by change in FM-UE score between baseline and 26  weeks post-stroke (ΔFM26w). 
Recovery is proportional to initial impairment, calculated as 66 minus baseline FM-UE score, for 
patients in whom TMS can elicit MEPs in the paretic wrist extensors (filled circles). The line rep-
resents the ‘70% rule’. Patients without MEPs (open symbols) make recovery between 0 and 70% 
of the available improvement (triangles) or make essentially no meaningful recovery (squares). 
Note that TMS is required to identify which patients with severe initial impairment will make a 
proportional recovery. (b). The recovery of ipsilesional M1 RMT is reflected by change in RMT 
between baseline and 26 weeks post-stroke (ΔRMT26w). RMT initial impairment was calculated as 
the difference between ipsilesional RMT at baseline and the average contralesional RMT, which 
was stable. For these MEP+ patients, recovery of ipsilesional M1 RMT is proportional to initial 
RMT impairment, and the line represents the ‘70%’ rule (Adapted from Byblow et al. [55])
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patients over a 1-month period. Immediately post intervention and at 1-month fol-
low- up, patients with MEPs made larger gains on the hand and arm portion of the 
FM-UE assessment than patients without MEPs [63]. Subsequently other studies 
have also reported that patients with a functionally intact CST (having MEPs in the 
paretic hand or forearm) tend to make better gains in response to therapy or inter-
vention at the chronic stage than those who do not [64, 65]. As noted in previous 
reviews, MEPs may reappear during recovery, but this does not always equate to 
clinical improvement at the chronic stage [66], and their late reappearance may have 
little predictive value [22, 33].

25.4  Conclusion

In light of the research described above, one can envisage several ways that TMS 
might contribute to translational stroke research. TMS provides researchers with a 
safe, non-invasive tool for evaluating motor system function in patients recovering 
from stroke, though it does have several limitations. Measures can be variable 
within subjects and over time and are more difficult to obtain for the lower limb. 
Furthermore, descending motor pathways other than the CST are not readily evalu-
ated with TMS and may play important roles in both upper and lower limb recovery. 
Similarly, TMS sheds little light on the role of cortical areas other than M1 in recov-
ery after stroke.

Despite these limitations, MEP status is probably the simplest and most reliable 
TMS measure and is a useful predictor of upper limb motor recovery and outcome. 
MEP status could be incorporated in the design of upper limb rehabilitation trials 
initiated in the first few days after stroke. Doing so would provide important infor-
mation for patient selection and stratification, in addition to demographic and clini-
cal measures already used. MEP status for patient selection could be particularly 
useful when recruiting patients with more severe initial motor impairment, as MEP+ 
patients are more likely to recover and achieve better outcomes than MEP− patients, 
despite similar baseline clinical scores. MEP status for patient selection might also 
be important in trials of interventions designed to enhance recovery from motor 
impairment. Matching treatment and control groups on MEP status, and therefore 
the potential for proportional recovery, could increase the trial’s sensitivity to treat-
ment effects. In addition to threshold measures, more sophisticated measures of 
intracortical and interhemispheric function may provide important mechanistic 
insights in longitudinal studies of motor recovery after stroke. These in turn could 
identify new therapeutic targets and biomarkers of treatment effects. The develop-
ment of techniques to reduce the variability of TMS measures, and algorithms for 
combining MEP status with other biomarkers, will support greater use of TMS in 
stroke rehabilitation research.
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