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ABSTRACT 

BACKGROUND: Within the first 72 hours after stroke, active finger extension is a strong predictor of 

long-term dexterity. Transcranial magnetic stimulation may add prognostic value to clinical assessment, 

which is especially relevant for patients unable to follow instructions. 

OBJECTIVE: The current prospective cohort study aims at determining whether amplitude of motor 

evoked potentials of the extensor digitorum communis (EDC) can improve clinical prediction after 

stroke when added to clinical tests. 

METHODS: the amplitude of motor evoked potentials of the affected EDC muscle at rest was measured 

in 18 participants within 4 weeks after stroke, as were the ability to perform finger extension and 

the Fugl-Meyer Motor Assessment of the upper extremity (FMA_UE). These three determinants were 

related to the FMA_UE at 26 weeks after stroke (FMA_UE26), both directly, and via the proportional 

recovery prediction model. The relation between amplitude of the motor evoked potentials and 

FMA_UE26 was evaluated for EDC. For comparison, also the MEP amplitudes of biceps brachii and 

abductor digiti minimi muscles were recorded. 

RESULTS: Patients’ ability to voluntarily extend the fingers was strongly related to FMA_UE26, in our 

cohort there were no false negative results for this predictor. Our data revealed that the relation between 

amplitude of motor evoked potential of EDC and FMA_UE26 was significant, but moderate (rs = 0.58) 

without added clinical value. The other tested muscles did not correlate significantly to FMA_UE26. 

CONCLUSIONS: Our study demonstrates no additional value of motor evoked potential amplitude of 

the affected EDC muscle to the clinical test of finger extension, the latter being more strongly related 

to FMA_UE26.

ABBREVIATIONS

FMA_UE1  Fugl-Meyer Motor Assessment of the upper extremity within one week after stroke

FMA_UE26  Fugl-Meyer Motor Assessment of the upper extremity 26 weeks after stroke 

ΔFMA_UE26 Difference between FMA_UE1 and FMA_UE26

EDC-MEP  resting motor evoked potential of the affected common digit extensor muscle

BB-MEP  resting motor evoked potential of the affected biceps brachii muscle

ADM-MEP  resting motor evoked potential of the affected abductor digiti minimi muscle

FAV    EXPLICIT-stroke study participants in the subgroup with favorable prognosis, based 

on ability to perform voluntary extension of at least 10 degrees of the affected thumb 

and/or two fingers upon inclusion

UNF    EXPLICIT-stroke study participants in the subgroup with unfavorable prognosis, 

on inability to perform voluntary extension of at least 10 degrees of the affected thumb 

and/or two fingers upon inclusion

rs     Spearman’s rho; rank correlation of nonparametric variables

MSO   Maximal Stimulator Output
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INTRODUCTION 

Stroke is a leading cause of disability, especially in the elderly population.109 After 
stroke, about one third of all patients suffer from impaired upper limb function which 
hampers their participation in society.7,8 To select appropriate therapy for specific 
patient groups with impaired upper limb function after stroke, prognostic factors 
have been identified that help predict long-term dexterity.11,25 

To predict long-term outcome and to determine the intervention for the upper 
paretic limb, the combination of voluntary finger extension and shoulder abduction 
within the first days after stroke was found to be informative.17,18 An advantage of 
this clinical predictor is that it can be readily tested by any trained clinician. The 
Fugl-Meyer Motor Assessment of the upper extremity (FMA_UE), a more extensive 
clinical test to determine hand impairment, is also described for the acute phase 
after stroke. It has been integrated in the “proportional recovery model.” This model 
assumes that, measured at 26 weeks after stroke (FMA_UE26), most patients 
eventually reach around 70% of the maximal possible increase in score.15,16 

A disadvantage of these clinical prediction methods is that not all patients in the 
acute phase are capable of following the related instructions, for instance due to 
aphasia, cognitive impairment or impaired consciousness. An alternative approach 
for prognostication after stroke is Transcranial Magnetic Stimulation (TMS), which 
assesses local neural excitability and corticospinal integrity.40,48,100,110–114 It does not 
require active participation of the patient. Review studies describe a more favorable 
outcome for dexterity when so-called Motor Evoked Potentials (MEPs) are present 
in the surface EMG of upper extremity muscles.24,25,33,115 Thus far, tests for the 
predictive capacity of MEPs typically involved intrinsic muscles, such as the first 
digital interosseus (FDI) and the abductor digiti minimi (ADM), or upper arm muscles 
such as the biceps brachii (BB). However, given the usefulness of the aforementioned 
clinical tests 17,18 one may argue that MEPs particularly from muscles involved in 
finger extension and shoulder abduction should be included. Unfortunately, for a 
clinical application, MEPs from muscles used for shoulder abduction come with 
many methodological challenges. Along this line, Byblow and co-workers sought 
to predict stroke recovery by combining clinical assessment, Diffusion weighted-
MRI and the presence of MEPs of the extensor carpi radialis muscle (ECR; 22). 
They concluded that intact corticomotor function, as reflected by the presence 
of MEPs, is a prerequisite for adequate prediction of the proportional recovery 
model. Likewise, Hoonhorst and co-workers (2018) evaluated the additional value 
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of presence of MEPs in ADM to clinical tests of shoulder abduction and finger 
extension.116 They did not find an added value and recommended to study the 
combination of clinical tests with MEPs of finger extensors instead, expecting these 
muscles to better reflect corticospinal tract integrity. Recent reviews on the use 
of biomarkers in prognostication after stroke also recommend the combination 
of MEP parameters and clinical tests .23,117 Accordingly, the group of Stinear and 
co-workers developed a stepwise prediction model, PREP-2, incorporating clinical 
tests and MEP status (present or absent). 19,115 

Our main objective was to explore whether the MEP amplitude recorded as a 
continuous measure at the common digit extensor muscle (EDC-MEP), can further 
improve existing accuracy in the prediction of FMA_UE26. It may in particular 
add to those situations in which no active movements can be made, because for 
passive TMS recordings no active participation from the patient is required. We 
referred our MEP results to (i) the clinical assessment of finger extension and (ii) the 
proportional recovery model based on FMA_UE1 measured within one week after 
stroke. We hypothesized that MEP amplitude of upper extremity muscles within 
two weeks after stroke is significantly associated with FMA_UE26. We presumed 
that there is a partial, but not complete, overlap between EDC-MEP amplitude and 
clinical assessment as predictors, so that combining the methods would improve 
prediction. Moreover, we expected the predictive value of the EDC-MEP amplitude 
to be stronger than that of MEP amplitudes obtained from BB and ADM muscles, 
measured in the same session. 

METHODS 

SUBJECTS
This study is part of the multicenter EXPLICIT-stroke (EXPLaining plastICITy after 
stroke) program, existing of two randomized clinical trials in which patients received 
(i) modified Constraint-Induced Movement Therapy (CIMT) or (ii) EMG-triggered 
NeuroMuscular Stimulation (EMG-NMS) during the first weeks after stroke. The 
patients were stratified for one of the two trials dividing those with a favorable (FAV; 
modified CIMT) and those with an unfavorable prognosis (UNF; EMG-NMS) before 
randomization, depending on whether they could perform a voluntary extension of at 
least 10 degrees of the affected thumb and/or two fingers.118 Participants underwent 
measurements using validated tests for upper limb function and dexterity such as 
the Action Research Arm Test (ARAT), FMA_UE and Motricity Index (MI), weekly 
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during the first five weeks and at eight, 12 and 26 weeks after stroke.118 In addition, 
underlying pathologic and/or recovery processes were followed in subgroups of 
the cohort applying fMRI, TMS, kinematic analysis and a haptic robot, with the 
purpose of adding prognostic information. 

Participants enrolled in the EXPLICIT-stroke study after being admitted to one of 
the associated medical centers with a first-ever stroke in the territory of the middle 
cerebral artery as confirmed by CT or MRI, leading to paresis of the upper limb. 
Exclusion criteria were comorbidities related to upper limb function, severe limitations 
of communication and cognition, or having had thrombolytic therapy for stroke.118 
All participants gave written informed consent and the study procedures adhered 
to the 1975 declaration of Helsinki. The study is registered at the Netherlands Trial 
Register (TC 1424). 

Across the cohort of the EXPLICIT-stroke program, informed consent was obtained 
separately for the biometric assessments such as TMS. For logistic reasons, only 
patients admitted to three participating academic centers were included for the 
TMS prospective cohort study. Additional exclusion criteria related to the use of 
TMS were: epileptic insults in the medical history, electromagnetic device implants, 
pregnancy. TMS measurements were performed preferably within 14 days after 
acute stroke.

TMS RECORDINGS
Each measurement started with morphometric measurements of both arms 
(maximal circumference and length of upper arm, forearm and hypothenar, based 
on bony landmarks). Adhesive disposable Ag/AgCl 24 mm electrodes (G.TEC 
medical engineering, Schiedlberg, Austria) were attached to the arms in a belly-
tendon configuration. For BB, the proximal electrode was placed at the distal third 
on a line from acromion to fossa cubit, the distal electrode was placed at the fossa 
(Fig. 6.1). For EDC, the proximal electrode was placed at a proximal third between 
lateral epicondyle and ulnar head. The distal electrode was placed at the ulnar 
head. For ADM the proximal electrode was positioned halfway the hypothenar, the 
distal electrode was placed at the proximal phalanx of the little finger. 

The measurements started at the unimpaired arm. For each muscle, first a 
compound motor action potential (CMAP) was elicited at supramaximal stimulus 
intensity. To that end, the musculocutaneous and radial nerves were electrically 
stimulated at the Erb’s point, the ulnar nerve volarly of the ulnar head. Next, 



117

C
H

A
P

TE
R

 6

117

transcranial magnetic stimuli were applied with the patient in supine position, arms 
lying on the stomach and muscles kept at rest by visually appraised complete 
relaxation during real-time EMG-monitoring. We used a Magstim 200 stimulator 
(The Magstim Company Ltd, Whitland, UK) with a single circular coil (diameter 
90 mm). A round coil was chosen to limit the measurement duration because it 
avoids hotspot determination. This choice also means easy performance of the 
measurement for intended translation to clinical practice. The center of the coil 
was manually positioned at the vertex, with the handle pointing in a laterodorsal 
direction and the electrical current directed counterclockwise to stimulate the left 
hemisphere or clockwise for the right hemisphere.52 

FIGURE 6.1. sEMG electrode locations of the upper extremity in relation to surface anatomy (X = 

anatomical landmark; green dot = electrode; 1 and 2 = respectively proximal and distal electrode; 

violet arrows = equal parts of the distances between landmarks). Biceps brachii muscle proximal 

electrode: distal third on a line from acromion to fossa cubit; distal electrode: fossa. Common digit 

extensor muscle proximal electrode: proximal third between lateral epicondyle and ulnar head; distal 

electrode: ulnar head. Abductor digiti minimi muscle proximal electrode: halfway the anatomical 

hypothenar borders; distal electrode: proximal phalanx of little finger.
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The number of stimuli presented below is a part of all stimuli given to the participants. 
For the purpose of communicating the total number of stimuli that the participants 
received, the complete procedure is described here.119 Stimulus intensity started 
at 20% of maximal stimulator output (MSO).52,120 It was increased every 5 to 15 
seconds in 5% steps up to 100% MSO, at which five stimuli were applied. Following 
the set of stimuli with muscles at rest, the same series were repeated with voluntary 
contraction (facilitation) of the muscle under investigation (i.e. BB, EDC or ADM). All 
TMS assessments were carried out by the first author or (in three cases) by a single 
experienced substitute. Whenever the participant expressed the need to rest, the 
measurement was paused. After completion of all series for the unimpaired arm, 
the procedure was repeated for the impaired arm.
Only the recordings at 100% MSO with muscles at rest are reported here. If a 
stimulus intensity of 100% MSO was not reached because of discomfort, five MEPs 
at highest stimulus intensity available were included in the analyses. 

The EMG system (Medelec Synergy T-EP-EMG/EP, CareFusion, San Diego, USA) 
had five bipolar input channels, which allowed for BB, EDC and ADM of one body 
side to be recorded simultaneously. The EMG-signals were recorded with an on-
line bandpass filter of 20 Hz to 3 kHz, using a recording time of 15 ms before and 85 
ms after each stimulus using Medelec Synergy Software (version 14.1, Carefusion, 
San Diego). Sampling rate of the EMG system was 20 ksamples/s. 

The data were analyzed with customized programs coded in Matlab computing 
software (version 2011b, The Mathworks Inc., Natwick MA) including semi-
automated marker placement and subsequent computation of MEP amplitudes. 
The current study only includes peak-to-peak MEP amplitudes at 100% MSO (or 
the highest intensity available). 

CLINICAL TESTS
In the EXPLICIT-stroke study, all clinical tests were performed serially at fixed 
moments after stroke for all participants.118 In this study, we only included the first 
(within one week after stroke) and final assessment (after 26 weeks) of the FMA_UE. 

ANALYSIS
Statistical analysis of the data was realized using SPSS statistical software (IBM 
SPSS Statistics 24, IBM corporation, Armonk, New York, US). Independent 
samples Student’s t-tests were performed comparing EXPLICIT-stroke participants 
with and without TMS results available, and with TMS available within two and 
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within four weeks after stroke, to control for sample selection bias. Next to the total 
FMA_UE scores, five items of the FMA_UE were analyzed separately. The FMA_UE 
has four wrist extension items (wrist stability and wrist flexion/extension, both with 
elbow at 0 or 90˚ flexion) and one hand extension item. These items address the 
ability to perform a specific movement and have an ordinal scale of 0-1-2 (unable-
partial-full performance). Two-tailed Spearman’s rho correlations were estimated 
between EDC-MEP amplitude and those five items to confirm a relationship (rs > 
0.60) between nerve conductivity and voluntary muscle control. 

The FMA_UE26 was predicted from the value in the acute phase, FMA_UE1, using 
the proportional recovery model by Prabhakaran et al. (2008) which reads: ΔFMA_
UE26predicted = 0.7·(66-FMA_UE1) + 0.4. The model is based on the distance (Δ) to 
a maximal possible score (maximal FMA_UE = 66). A low value represents a high 
initial score and thus little potential for improvement, which renders a favorable 
prognosis. The predicted outcomes were first visually compared to the observed 
outcomes at 26 weeks using scatterplots which indicated two groups: those that 
fitted the proportional recovery model and those that did not. Similar to the study 
of Winters and co-workers (Winters et al., 2015) we assigned participants to these 
groups via hierarchical clustering using the correlation distance (see Matlab’s 
Statistics toolbox, version 8.1).

MEP results are often dichotomized in whether or not a MEP is present.22,24,116 We 
used continuous values of MEP amplitude and a six-point scale: 0 mV, 0-1, 1-2, 
2-3, 3-4, ≥4 mV to differentiate this outcome. These six groups were formed during 
analysis and chosen with the aim of dividing the values that were found into equal 
intervals. 
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FIGURE 6.2. Flowchart of the in- and excluded stroke patients for the current study, from 

the EXPLICIT-stroke study cohort (EDC-MEP = MEP rest amplitude in mV of the affected 

common digit extensor muscle measured in the subacute phase).

159 patients with first-ever stroke leading to paresis of upper limb, 
were admitted between October 2008 and November 2013

(Explicit-stroke cohort)

64 patients participated in 
prognostic assessments

(TMS, fMRI, haptic robot, kinematic 
studies)

95 patients were excluded from 
prognostic assessments 
(TMS, fMRI, haptic robot, 
kinematic studies)

32 patients engaged in TMS 
measurement

32 patients were excluded from TMS
• logistic restrictions
• comorbidities
• patient motivation

23 patients were included for  their 
first TMS measurement within 4 

weeks after stroke 

9 patients were excluded because 
their first TMS measurement was more 
than 4 weeks after stroke

18 patients were analysed
• 11 included within 2 weeks after stroke
• 7 included between 2 and 4 weeks after stroke

5 patients had incomplete 
data for the affected EDC-MEP 
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RESULTS

PATIENT CHARACTERISTICS
Figure 6.2 shows a flow chart of recruitment of stroke patients for the present 
study. From the 159 patients in the EXPLICIT-stroke cohort, 18 underwent 
TMS measurements within four weeks after stroke (expanded time interval, see 
discussion) of whom 11 within the preferred two weeks. An independent samples 
t-test demonstrated no significant differences with regard to EDC-MEP amplitude, 
FMA_UE1 and FMA_UE26, between the participants measured within 2 weeks, 
and those within 4 weeks. Mean age of these 18 participants at the time of the 
stroke was 63 years (range 45-80, SD 11 years). Seven of them were female.  

TABLE 6.1. Demographic and disease characteristics of participants with 
complete data for the affected EDC-MEP 

Characteristic Total

N 18

gender (male/female) 11/7

age (mean years; range) 63; 45-80

paretic body side (right/left) 6/12

dominant body side affected (N) 6

stroke type (LACI/PACI/TACI) 10/6/2

interval between stroke and TMS measurement (mean days; range) 13.8; 6-26

maximal stimulus intensity (mean %, range) 99; 90-100

subgroup (FAV/UNF) 11/7

group (therapy/control) 9/9

interval between stroke and FMA_UE1 (mean days; range) 6,3; 2-12

FMA_UE1 (mean score; range)(max. score=66) 26; 0-60

FMA_UE26 (mean score; range)(max. score=66) 44; 6-66

neurologic comorbidities (N and severity) 1 minor

skin and musculoskeletal comorbidities (N and severity) 5 minor to moderate

EDC-MEP = MEP rest amplitude in mV of the affected common digit extensor muscle measured in the 

subacute phase, N = number, LACI = lacunar infarct, PACI = partial anterior circulation infarct, TACI = 

total anterior circulation infarct, FAV = favorable prognosis group: active finger extension at inclusion, 

UNF = unfavorable prognosis group: no active finger extension at inclusion, FMA_UE1 = Fugl-Meyer 

Motor Assessment of the upper extremity within a week after stroke, FMA_UE26 = Fugl-Meyer Motor 

Assessment of the upper extremity at week 26 after stroke
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Patient characteristics and timing of TMS measurements are presented in Table 
6.1. An independent samples t-test revealed no significant differences between the 
participants included here and the EXPLICIT-stroke group as a whole with regard 
to age (p = 0.59), gender (p = 0.50), hand dominance (p = 0.76), affected body side 
(p = 0.96), type of stroke (p = 0.23) and FMA_UE at 1 or 26 weeks after stroke 
(respectively FMA_UE1; p = 0.19 and FMA_UE26; p = 0.22; all p-values refer to two-
tailed significance). Two participants did not tolerate 100% MSO. One of the two 
participants was stimulated until 95% MSO, the other until 90% MSO. Both had EDC-
MEP amplitudes at these intensities between 1 and 2 mV, and both had relatively 
good hand function at inclusion (FMA_UE of 58/66 and 53/66, respectively).

THE EDC AS MUSCLE OF FOCUS
The correlations of FMA_UE26 with the MEP amplitudes of the three paretic muscles 
are summarized in Table 6.2. The EDC was the only muscle having a significant, 
albeit moderate, correlation with FMA_UE26 (rs = 0.58; p ≤ 0.05, two-tailed 
significance). Hence, we restricted further analyses to the EDC-MEP amplitude.  

TABLE 6.2. Spearman’s rho correlations between FMA_UE26, EDC-MEP, 
    BB-MEP, ADM-MEP and the difference between FMA_UE26 
    and FMA_UE1

CORRELATIONS

  FMA_UE26 ΔFMA_UE ADM-MEP BB-MEP

Spearman’s rho EDC-MEP rs 0.58* -0.01 0.87** 0.53*

N 18 18 18 16

BB-MEP rs 0.20 -0.26 0.56*

N 16 16 16

ADM-MEP rs 0.45 0.04

N 18 18

ΔFMA_UE rs 0.31

N 18

FMA_UE26 = Fugl-Meyer Motor Assessment of the upper extremity at week 26 after stroke, FMA_

UE1 = Fugl-Meyer Motor Assessment of the upper extremity within a week after stroke, EDC-MEP = 

MEP rest amplitude in mV of the affected common digit extensor muscle measured in the subacute 

phase, BB-MEP = MEP rest amplitude in mV of the affected biceps brachii muscle measured in 

the subacute phase, ADM-MEP = MEP rest amplitude in mV of the affected abductor digiti minimi 

muscle measured in the subacute phase. * Correlation is significant at the 0.05 level (2-tailed). ** 

Correlation is significant at the 0.01 level (2-tailed). 
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FIGURE 6.3. Scatterplot indicating the relation between individual scores for EDC-MEP amplitude and 

FMA_UE26. Distinctions are indicated between favorable (FAV) and unfavorable (UNF) on basis of clinical 

finger extension tests. TMS measurements within and after two weeks after stroke are distinguished 

by color (there are 2 overlapping points: both EDC-MEP=0, FMA_UE26=11, subgroup=UNF; one of 2 

was measured > 2 weeks after stroke) (EDC-MEP = MEP rest amplitude in mV of the affected common 

digit extensor muscle measured in the subacute phase; FMA_UE26 = Fugl-Meyer Motor Assessment 

of the upper extremity at week 26 after stroke, range 0-66). 

FAV <2 weeks

FAV 2-4 weeks

UNF <2 weeks

UNF 2-4 weeks

EDC-MEP (mV)

FM
A

_U
E

26

0 1 2 3 4 5

20

40

60

Figure 6.3 depicts the relation between the EDC-MEP amplitude and FMA_UE26 
together with the patient’s FAV (rhomboids) or UNF (circles) score from the finger 
extension test. The fully colored items represent participants included later than 
two, but before four weeks after stroke.

THE RELATION BETWEEN OUTCOME MEASURES
The extent to which the EDC-MEP amplitude as a single measure may predict FMA_
UE26 is illustrated in figure 6.3. Four quadrants can be conceptually distinguished. 
If a strong positive relation is present, it shows in the lower left field and upper right 
field. For the EDC-MEP amplitude to be a perfect predictor, no data points should 
be in the other two quadrants. This is the case for the lower right quadrant (no false 
positives with respect to the MEP amplitude scores). However, the data points in 
the upper left quadrant imply that a low EDC-MEP amplitude within four weeks 
after stroke could just as likely be followed by a low as by a high score for FMA_
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FIGURE 6.4. Scatterplot showing the relation between the observed difference ∆FMA 

between FMA_UE26 and FMA_UE1 for the total EXPLICIT-stroke population (∆FMA_

UE26observed) and the predicted improvement following the proportional recovery model: 

∆FMA_UE26predicted = 0.7·(66 - FMA_UE1) + 0.4. A low value represents a high initial score 

and thus little potential for improvement, which renders a favorable prognosis. Points that 

reasonably fit the model are closed circles. (FMA_UE26 = Fugl-Meyer Motor Assessment 

of the upper extremity at week 26 after stroke, range 0-66; FMA_UE1 = Fugl-Meyer Motor 

Assessment of the upper extremity within one week after stroke, range 0-66).

UE26. Most importantly, for the EDC-MEP amplitude to identify false negatives in 
the prediction based on early finger extension, the UNF subgroup with unexpected 
high FMA_UE26 scores (circles higher up along the y-axis) were anticipated in the 
upper right quadrant (higher EDC-MEP amplitude scores). 

PROPORTIONAL RECOVERY MODEL
Figure 6.4 visualizes the relation between predicted improvement ΔFMA_
UE26predicted following the proportional recovery model and the observed difference 
ΔFMA_UE26observed between FMA_UE26 and FMA_UE1 for all 159 participants of 
the EXPLICIT-stroke study. The data in this figure are not limited to the population 
our study focuses on. It is added to demonstrate that the complete cohort of 
the EXPLICIT-stroke study had a similar distribution, including the clustering 
applied in this model, as the cohort of Winters and co-workers.15 It fits as well 
to the proportional model results presented by Byblow and co-workers.22 A low 
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value along both axes represents a little potential for improvement because of 
a high FMA_UE1 score and thus a favorable prognosis. Open vs. closed circle 
coding was given by hierarchical clustering (see above). In figure 6.5 we depict 
the same variables, but only for the participants of the current study. Comparison 
with figure 6.4 confirms that the participants in our study appear randomly 
sampled from the whole study population. The size of the circles corresponds 
to MEP amplitudes, grouped into six ranges. Five participants had no EDC-MEP 
amplitude at 100% MSO. Five others had low EDC-MEP amplitudes between 0,14 

EDC-MEP = 0 mV

0 mV< EDC-MEP < 1 mV

1 mV≤ EDC-MEP < 2 mV

2 mV≤ EDC-MEP < 3 mV

3 mV≤ EDC-MEP < 4 mV

EDC-MEP ≥ 4 mV

∆
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A
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26
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ic
te
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FIGURE 6.5. Scatterplot showing the relation between the observed difference between 

FMA_UE26 and FMA_UE1 for participants in the subgroup with EDC-MEP outcome available 

(∆FMA_UE26observed) and predicted improvement following the proportional recovery model 

(∆FMA_UE26predicted). Model ‘fitters’ are dark green circles, ‘non-fitters’ are light green 

circles. EDC-MEP amplitude was grouped into 6 ranges, represented by the size of the 

circles as indicated. Despite some overlap, all individual points are visible. (FMA_UE26 = 

Fugl-Meyer Motor Assessment of the upper extremity at week 26 after stroke, range 0-66; 

FMA_UE1 = Fugl-Meyer Motor Assessment of the upper extremity within one week after 

stroke, range 0-66; EDC-MEP = MEP rest amplitude in mV of the affected common digit 

extensor muscle measured in the subacute phase)
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and 0,89 mV at 100% MSO. The other eight participants had higher amplitudes. 
For the MEP amplitude to support or improve the model-based prediction, a clear 
ordering of the groups should be visible in circle size: smallest circles in the upper 
left, no small circles in the upper right. Outside the model (light green circles) 
only small circle diameters were expected. Indeed, five of six datapoints in this 
region represent a MEP amplitude below 1.0 mV. However, we also observed five 
datapoints with small MEP amplitudes within the “fitters” region (dark green circles).

 DISCUSSION

THE EDC-MEP AMPLITUDE AS AN ADDITIONAL PREDICTOR OF 
LONG-TERM HAND FUNCTION AFTER STROKE 
We sought for possibilities to contribute to the prediction of hand function after 
stroke using TMS. We hoped that adding the MEP amplitude results would help 
to decrease the incidence of false negative outcomes in clinical assessment, 
probably most useful in those situations in which no active movements can be 
made, since no active participation from the patient is required. Based on the 
predictive value of finger extension, the EDC was expected to be the most suitable 
muscle. Therefore, first the hypothesized correlation between the EDC-MEP 
amplitude and voluntary wrist or finger extension was tested using five FMA_UE1 
items concerning these movements and confirmed for all cases. Of the three 
paretic upper extremity muscles tested, the EDC indeed turned out to be the 
only muscle that had MEP amplitudes that were significantly, albeit moderately, 
correlated with the FMA_UE26 (Fig. 6.3). 

As for finger extension, the participants of interest for the research question 
would have been those that had a high score on FMA_UE26 but were in the UNF 
subgroup (no active finger extension) in the acute phase after stroke, representing 
false negatives on clinical examination. However, the findings in figure 6.3 clearly 
demonstrate that participants reaching a high score on FMA_UE26 (above 48 
points)121 all had voluntary finger extension (FAV subgroup) on inclusion. This high 
amount of true positive outcomes of the clinical tests agrees with a high sensitivity 
of finger extension as demonstrated in previous studies.84,122,123 With regard to EDC-
MEP, patients with high scores on FMA_UE26 could have had any outcome for 
EDC-MEP amplitude (left to right in the upper part of Fig. 6.3). So, MEP amplitudes 
of the EDC muscle did not add value to finger extension alone. Nijland and co-
workers 17 found the combination of finger extension and shoulder abduction to 
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have the best predictive value of clinical tests. Although in our dataset shoulder 
abduction was not included, we assume it would not have changed our conclusions 
because finger extension alone did not lead to false positive outcomes on clinical 
tests. Therefore, evidence that EDC-MEP amplitude should be added to positive 
clinical tests in the sub-acute phase after stroke could not be provided. It would be 
interesting to (further) analyze the application of EDC-MEP amplitude when finger 
extension is negative, as described in the PREP2 algorithm.19,115 However, such 
false negatives were not present in our cohort (i.e. no open circles in the upper 
portion of Fig. 6.3).
The distribution of data in the EXPLICIT-stroke cohort largely agreed with the 
different cohort data of Winters and co-workers about the proportional recovery 
model (Fig. 6.4).15 In our subpopulation with TMS results (Fig. 6.5), there were no 
false negatives of this model (lower right quadrant). With regard to false positives 
or non-fitters to the model, the different MEP amplitude sizes of the circles in the 
top half of figure 6.5 indicate that EDC-MEP amplitude does not offer solid support, 
let alone additional information. If this were the case, the smallest circles would 
have been concentrated in the top left of figure 6.5, whereas all other sizes would 
have been in the “fitters” region (dark green circles). Zarahn et al. had a similar 
distribution when not using TMS, but fMRI as alternative modality.124 To explain 
the false positive outcomes of the model, they theorize that there are more factors 
than initial damage and impairment alone that determine recovery after stroke for 
patients with severe initial impairment. A cross-sectional study design may not be 
optimal to detect relevant evolving plastic processes. Consequently, early prediction 
of hand function, even with the inclusion of additional techniques currently available 
like TMS and fMRI, remains a challenge in this group of non-fitters.

Byblow and co-workers also evaluated the proportional recovery model in 
combination with TMS and MEPs of a forearm extensor muscle.22 As said before, their 
patient group was dichotomized depending on whether MEPs were present or not. 
They concluded that the proportional recovery model applies primarily for patients 
in which MEPs can be elicited. By this, TMS seemingly provides an extension of the 
conditions for the model to fit. Our data roughly confirm this conclusion because all 
larger circles except one appear among the fitters in figure 6.5. However, our study 
focused on whether EDC-MEP amplitude as a continuous variable is suitable to 
improve the prediction in the non-fitters of the model, which would appear in figure 
6.5 as a clear left-large to right-small distribution of circle size along the horizontal 
(ΔFMA_UE26observed) axis. The absence of this pattern demonstrates no added 
value of MEP amplitude measured within 4 weeks after stroke. Khim Kwah and 
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Herbert pointed out that neurophysiological and neuroanatomical measures in the 
acute phase after stroke have not yet proven to increase predictive accuracy.125 
With regard to MEP amplitude of EDC, BB and ADM in the (sub) acute phase after 
stroke, we are inclined to support this conclusion.

SHORTCOMINGS AND RECOMMENDATIONS
In earlier studies we found that it is difficult, if at all possible, to discriminate wrist 
and finger extensors from flexors when using surface EMG.108,126 In the current 
study, crosstalk by flexors was assumed to be present, but not clinically relevant. If 
distortion by flexors does take place, by means of signal addition, it would lead to 
false positive results, which were not found (Fig. 6.3: lower right quadrant is empty). 
Because of recurrent delay in inclusion of patients suitable for the TMS measurements 
during the EXPLICIT-stroke study, the original study protocol was adjusted and the 
period after stroke for the first TMS measurements was expanded to increase the 
number of potential participants. Since Kwakkel and co-workers found that the 
outcome in terms of dexterity is defined within the first eight weeks after stroke,127 
the cutoff point was extended to four weeks after stroke. Despite the inclusion 
of more informative data (because it was measured later in time after stroke), no 
additional predictive value could be established for EDC-MEP amplitude. This has 
been illustrated in figure 6.3: the addition of the smaller symbols did not alter the 
overall distribution of data. 

The subgroup of the current study had a limited size due to the multimodality of 
the EXPLICIT-stroke project. Therefore, possible confounders such as location of 
affected brain tissue, timing of TMS-measurement, individual items of the FMA_UE 
(shoulder abduction and finger extension), and dominance of affected body half 
could not be included in the analyses. We expanded the period after stroke during 
which patients could be included, to reach the pursued number of participants. 
It is advised for future (especially multimodal) studies to pay attention to reaching 
a larger number of participants that undergo TMS, in order to further explore 
disturbing factors that were forgone here because of insufficient numbers, and 
be able to carry out TMS measurements at a limited time window shortly after the 
stroke. 

An objective of our study was also to provide an additional predictive test for 
patients unable to follow instructions. This applies primarily to the false negative 
outcomes of clinical tests, as would have been represented by open circles in 
the upper left quadrant of figure 6.3 and large circles among the non-fitters in 
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figure 6.5. However, one of the exclusion criteria for the EXPLICIT-stroke study 
was impaired communication. Three major causes for impaired communication 
are reduced consciousness, affected cognition and aphasia. These causes are 
expected to be related to number of comorbidities, lesion sizes and extent of 
cognitive deficits. Coupar and co-workers found the latter factors not to be related 
significantly to poorer recovery of the upper limb.25 We therefore assume that our 
conclusions about EDC-MEP amplitude in the stroke population as presented, may 
apply for patients with impaired communication as well. If there was a strong and 
thus clinically applicable predictive value for the EDC-MEP amplitude, it would have 
shown despite the low numbers and theoretical mismatch of the study population. 
Nonetheless, further studies focusing on these specific patient groups are 
necessary to exclude direct relations, despite the ethical challenges of their design.

CONCLUSION

The results of this study reveal that EDC resting MEP amplitudes within the first four 
weeks after stroke have a significant but only moderate relation to FMA_UE26. The 
BB and ADM have no significant relation to FMA_UE26. Our findings suggest that 
MEP amplitude of finger extensor muscles has no additional value to predict hand 
function after six months over clinical prediction methods within four weeks after 
stroke. This applies for a simple clinical test as well as for the proportional recovery 
model. 
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