
INTRODUCTION

Although a prior history of stroke, older age, urinary and
bowel incontinence, and visuospatial deficits have been iden-
tified as poor prognostic indicators of an independent function
(1), there is no established objective and reproducible indica-
tor of the stroke outcome. Fisher et al. (2) reported that the H
reflex and F wave studies provided information regarding the
amount of excitable motor neurons but there is no definite
evidences as to how well they work. On the other hand, Drory
et al. (3) reported that the serial changes in the F wave param-
eters (persistence, maximal and average duration, amplitude,
and area) in acute stroke patients were significantly lower on
the hemiplegic side. McComas et al. (4), in a study of 27 hemi-
plegic patients, reported that the functioning motor units from
the foot intrinsic muscles were observed to decrease by 50%
on the hemiplegic side within two months of a cerebrovas-
cular accident. In the chronic stage, the average F wave am-
plitude and area on the hemiplegic side increased, which is
similar to or larger than those of the unaffected side. How-
ever, the correlation with the muscle strength and the changes
in tone was poor (3). Therefore, they concluded that the spinal
motor neuron excitability was low during the acute stage, and

would tend to normalize or even exceed the unaffected side in
the chronic stage. Higashi et al. (5) used a new method to com-
pare the excitability of the motor neuron pools of spastic hemi-
plegic patients; the ratio of the developmental slope of the H-
reflex to the slope of the M response. The lack of marked aug-
mentation of the gamma-activity in spastic patients suggests
that there was higher alpha motor neuron pool excitability in
the monosynaptic reflex arc of the spastic side in hemiplegic
patients than in unimpaired subjects (6). Recently, Sohn and
Han suggested the clinical utility of an F-wave evaluation in
stroke patients (7).

A motor unit number estimation (MUNE) is important for
the prognostic factor of the motor recovery (8). The antecedent
F-wave motor unit number estimation (F-MUNE) study, one
of the easily accessible methods, is performed by computer
analysis with special software and was taken as the negative
peak area for MUNE study by Stashuk et al. (9). However,
the use of the negative amplitude for MUNE is acceptable for
practical simplicity, not requiring special computer analysis.
Hara et al. (10) used the F wave method to reduce the ‘‘alter-
ation effect’’, which causes calculation errors in electrophysi-
ological MUNE methods such as the incremental method.
Doherty and Brown (11) reported that the degree of variabil-
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The Correlation between F-wave Motor Unit Number Estimation
(F-MUNE) and Functional Recovery in Stroke Patients

The aim of this study was to follow up the changes in the number of motor units ac-
cording to the Brunnstrom stage through a motor unit number estimation of the F-
wave (F-MUNE) after a stroke, and to identify the functional significance of F-MUNE.
Twenty-five patients (15 men, 10 women) with a first unilateral stroke were recruited.
The maximal M-potential was evoked by the supramaximal stimulation of the medi-
an nerve at the wrist, and the maximal stimulation intensity was determined on both
hemiplegic and unaffected hands. The reproducible all-or-none F-wave was evoked
in 30% of the maximal stimulation intensity and was constantly stimulated at that
level. The prototypes of the F-wave were chosen, and the values of F-MUNE were
calculated by dividing the amplitude of the maximal M-potential by the mean ampli-
tude of the F-prototype. The changes in F-MUNE were compared according to the
progression of the Brunnstrom stage and correlated with those of the functional scales.
The mean motor unit numbers decreased significantly in the hemiplegic side com-
pared with the unaffected side. According to the progression of the Brunnstrom
stage, the values of F-MUNE were reduced significantly by increasing the ampli-
tude and recruitment of the F-prototype, and the functional scores also improved.
These results show that the F-MUNE equation did not show a functional recovery-
related increase in stroke patients.
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ity in the average surface motor unit action potentials (S-
MUAPs) was substantially reduced, after which the average
value remained relatively stable. A practical F-MUNE recent-
ly showed that even submaximal stimuli, in which 10% to
30% of the stimulation intensity that evokes the maximal
M-potentials, can evoke a sample of S-MUAPs in the F-re-
sponse. For this, Hara et al. (10) confirmed the stability and
reproducibility of the F-MUNE method in the same bilat-
eral muscle of healthy volunteers after acquiring at least 10
S-MUAPs or more based on the total sum of the average
amplitude of submaximal stimuli-evoked S-MUAPs satis-
factorily reflecting the number of functional motor units.
They used the F-MUNE method, where the MUNE equals
the negative peak amplitude of the maximum M-potential
divided by the average negative peak amplitudes of the S-
MUAPs in the submaximal-stimulated F-response on the
abductor pollicis brevis (APB) muscle. They suggested that
a decrease in the F-MUNE in hemiplegic limb might reflect
the trans-synaptic degeneration of motor neurons in patients
with moderate-to-severe hemiplegia. However, there have
been no prospective studies on the longitudinal changes in
F-MUNE in the same stroke patients over a sufficiently long
duration to investigate the subsequent enlargement of the
remaining motor units with sprouting morphologically sug-
gested by Benecke et al. (12) and Dattola et al. (13).

This study investigated the prospective changes in the F-
MUNE after a stroke according to the Brunnstrom stage, how
these changes correlate with the clinical state, and the func-
tional significance of F-MUNE.

MATERIALS AND METHODS

Twenty-five patients (15 men, 10 women), who had suffered
from first unilateral stroke with consequent motor deficits,
were examined with given informed consent. The mean age
was 60.9±10.4 yr, and the duration from the onset of hemi-
plegia to the initial examination was within a week. The
mean period of follow-up study was 11.32±9.7 weeks. The
study was confined to patients with a cerebral infarction on
the middle cerebral artery that was diagnosed by brain mag-
netic resonance imaging (MRI). The patients with cervical
spondylosis, diabetes mellitus, or peripheral neuropathy ac-
cording to their clinical history, physical and neurological
examination, and/or electrophysiological study were excluded.

All patients had moderate-to-severe hemiplegia with Brunns-
trom stage 1 in the upper extremities including hand paral-
ysis. Each patient’s motor recovery stage was assessed using
the six Brunnstrom stages judged by clinical observation
(14) (Table 1). We checked the neurological examination
five days a week for 2 months and then followed up every
week for 9 months. The number of cases at each Brunnstrom
stage were as follows: 25 cases at stage I, 13 cases at stage II,
17 cases at stage III, 9 cases at stage IV, 8 cases at stage V,
and 8 cases at stage VI. Seventeen patients had not been prog-
ressed until the Brunnstrom stages VI.

An electrophysiological examination was performed using
a Viking 4 Plus (Nicolet�, U.S.A., 1999) electrodiagnostic
machine with the patients lying supine in a warm room main-
tained at 22-24℃. The patients were encouraged to relax in
order to prevent voluntary activity interfering with the data
collection. A 1.1 cm-diameter Ag-AgCl surface electrode was
used for the MUNE. The active recording electrode was posi-
tioned over the anatomical midpoint of the APB muscle, and
the reference recording electrode was positioned over the
metacarpal phalangeal (MP) joint of the thumb. A ground
electrode was positioned between the stimulation and active
recording electrode.

The maximum M-potential (MMP) on the APB muscle was
taken by the supramaximal stimulation of the median nerve at
the wrist, and the maximal stimulation intensity (MSI) was de-
termined on the both hemiplegic and unaffected hands (10).
The stimulus current intensity was initiated from the minimal
level, where neither the F-wave nor MMP was evoked, and ad-
justed to evoke the reproducible all-or-none F-wave on 30% of

*Reprinted from the reference (14).

Stage 1 No activation of the limb
Stage 2 Spasticity appears, and weak basic flexor and extensor synergies are present
Stage 3 Spasticity is prominent, the patient can move the limb voluntarily but muscle activation is all within the synergy patterns
Stage 4 The patient begins to activate the muscles selectively outside the flexor and extensor synergies
Stage 5 The spasticity is decreased, most muscle activation is selective and independent of the limb synergies
Stage 6 Isolated movements were performed in a smooth, phasic and well-coordinated manner

Table 1. The Brunnstrom stages and the clinical observation*

F-waves
5 mV F-SNS: 500 uV 5 ms

22 OmA
22 OmA
22 OmA
22 OmA
22 OmA
22 OmA
22 OmA
22 OmA
22 OmA
22 OmA
22 OmA
22 OmA
22 OmA
22 OmA
22 OmA
22 OmA

F-prototypes

Fig. 1. The prototypes of the F-wave, identically matched two or
more F-waves with the same latency, amplitude, and shape were
selected among the entire products of individual F-waves.
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MSI. After the bipolar stimulator had been stabilized at the
wrist, successive stimulation was performed at that level (150
repetitions). The signals detected were displayed using a band
pass of 2 Hz to 2 kHz. The stimulation frequency was 1 Hz,
and the duration was 200 milliseconds. The entire product of
the individual F-waves was collected, and the prototypes of
the F-wave that had two or more F-waves with the same laten-
cy, amplitude and shape were chosen (Fig. 1). In order to deter-
mine this, a candidate F-prototype was selected and visually
compared individually with every other remaining response
in the raster using the screen and printing. Identical responses
were grouped and removed from the list to be analyzed later,
and a new candidate F-prototype was selected and compared
in the same manner. The average negative peak amplitude of
the F-prototype was calculated from the selected F-prototypes.
The F-MUNE value was calculated by dividing the negative
peak amplitude of MMP by the average negative peak ampli-
tude of F-prototypes. The serial changes in F-MUNE was inves-
tigated according to the progression of the Brunnstrom stage,
and the functional recovery by Functional independence mea-
sure (FIM) and modified Barthel index (MBI) (15).

Statistical analyses were performed. The mean values along

with their standard deviations are presented. An independent
t-test was used to compare the mean motor unit numbers of
the F response from the hemiplegic side with those from the
unaffected sides among the patients, and repetitive measure
analysis was used to investigate the significance of the serial
changes in the F-MUNE according to the progression of the
Brunnstrom stage and functional recovery.

RESULTS

Mean number of motor unit F-waves at Brunnstrom stage I

The mean numbers of motor unit F-waves on the unaffect-
ed side and the hemiplegic side were 35.4±11.4 and 23.9
±12.5. The mean number of motor unit F-waves in the
hemiplegic side was significantly smaller than in the unaf-
fected side (p=0.01).

Maximal M-potential 

The peak amplitude of MMP in the hemiplegic side was
significantly smaller than in the unaffected side (p=0.000), but
there were no significant changes according to the progression
of the Brunnstrom stage on both sides (p>0.05, Fig. 2).

Functional changes

The functional scores by the FIM and MBI were significant-
ly improved according to the progression of the Brunnstrom
stage (p=0.000, Fig. 3). 

F-MUNE in stroke patients

The frequency of the F-prototypes was increased progres-
sively (p=0.000) according to the Brunnstrom stage of motor
recovery. However, the F-MUNE was significantly lower
according to the progression of Brunnstrom stage (p=0.000,
Fig. 4) : 46.6±2.1 at stage 1, 32.3±3.2 at stage 2, 23.3±
2.5 at stage 3, 16.6±1.3 at stage 4, 14.0±1.9 at stage 5
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Fig. 2. The peak amplitude of the maximal M-potential (MMP) in the
hemiplegic side was significantly smaller than in the unaffected side
(p=0.000, between groups), but there was no significant changes
according to the progression of the Brunnstrom stage on both sides
(p>0.05, within groups). Repetitive measure analysis was used to
examine the significance of the serial changes in the MMP accord-
ing to the progression of the Brunnstrom stage.

Fig. 3. The functional scores by the functional independence mea-
sure (FIM) and modified Barthel index (MBI) were significantly im-
proved according to the progression of the Brunnstrom stage (p=
0.000, repetitive measure analysis). 
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Fig. 4. The frequency of the F-prototypes was increased progres-
sively and estimation of the number of motor units showing the F-
wave (F-MUNE) decreased significantly according to the progres-
sion of the Brunnstrom stage (p=0.000, repetitive measure anal-
ysis).
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and 11.1±1.3 at stage 6.

DISCUSSION

The F wave, which was first described by Magladery and
McDougal (16) in 1950, is the motor response produced by
supramaximal antidromic stimulation of the motor nerve fibers
without a synaptic component. The persistence of F waves
recorded after a train of antidromic stimuli indicates the state
of excitability of the motor neurons in the neuronal pool ex-
amined (17). In addition to the extensive reports on the F re-
sponse in peripheral nervous system disorders, there are few
reports on the influence of the central neurological processes
(18). Since all central motor dysfunctions must ultimately in-
volve motor neuron discharge, the F response can be a valuable
tool for investigating the central excitability state of motor
neurons as well as in gaining a better understanding motor
system physiology in upper motor neuron disorders (7, 19).

Kondo et al. (20) reported that the degree of degeneration
of the lateral corticospinal tracts appeared to be parallel to that
of fiber loss in the ventral roots in stroke patients. In addition,
Spaans and Walts (21) concluded that lesions of the central
nervous system might cause a dysfunction of anterior horn
cells, which leads to axonal degeneration in the form of a dy-
ing-back process. This dysfunction is temporary, so that axon-
al regeneration and reinnervation can soon take place. Fierro
et al. (22) suggested that the initial stages of a reduced spinal
motoneuron excitability was present in the early phase of st-
roke, followed by increased motor neuron excitability within
90 days. They also suggested that the increase in F/M% ob-
served in chronic hemiplegia might be due to the lowering of
the MMP as a result of disuse atrophy of hemiplegic limbs.
Indeed, a functional and structural rearrangement character-
ized by an increased number of type 1 fibers and type 2 atro-
phy has been observed in muscle spasticity. Similar changes
in non-hemiplegic limbs were observed possibly because of
the decrease in general physical activity.

Surprisingly, the amplitudes of MMP on the paretic side
were significantly smaller than those of the sound side, but
there were no significant differences according to the progres-
sion of the Brunnstrom stage on each side. This is because of
the decreased activity of the paretic muscles with secondary
atrophy. This finding has rarely been mentioned in previous
studies (22). There are some reports that the decrease in the
hemiplegic side M-potential reflects the decrease in the num-
ber of motor units (18). In our results, the peak amplitude of
MMP in the hemiplegic side decreased until Brunnstrom stage
4 was reached, and then tended to increase. This suggested
that the patients activated selectively their muscles along the
neurological recovery, and so the number of motor units pro-
gressively increased after Brunnstrom stage 4.

Frequently, a larger M-potential than the initial M-response
was observed in our patients on the follow-up F-MUNE study.

This suggests hypertrophy and sprouting of the remaining
motor neuron after trans-synaptic degeneration. Moreover, the
F-MUNE equation should be taken into account by adding
‘‘variables’’ associated with the hypertrophy and sprouting of
the remaining motor neuron after trans-synaptic degenera-
tion, i.e., not only the ‘‘peripheral down-regulation effect’’ but
also the ‘‘peripheral recovery effect’’. If this is not done, the
F-MUNE equation might result in misinterpretation of the
theoretical interpretation of motor recovery. 

The functional scales, such as FIM and MBI, were used to
objectively measure the degree of functional improvement
according to the Brunnstrom stage. Two neurological mech-
anisms have been implicated in the generation of the motor
performance (23). One is the number of motor units recruit-
ed, and the other is the modulation of the firing rate of a sin-
gle motor unit, which had already been recruited. The num-
ber of motor units voluntarily recruited was significantly lower
in spastic patients (10). Using the F-MUNE method, the sum
of the average submaximal stimuli-evoked S-MUAPs of 10
or more motor units might not equal the supramaximal stim-
uli-evoked MMP representative of the whole functional mo-
tor neuron excitability, and that the F-MUNE equation does
not consider the changes in the motor neurons after trans-syn-
aptic degeneration. Furthermore, most stroke patients show
relatively stable and constant MMP and MSI. This suggests
that the F-MUNE method had limitations for the general use
of MUNE, which reflects the number of functional motor
units. The mean number of F-waves from the motor units is
significantly lower in the hemiplegic side than in the unaf-
fected side, as suggested by the trans-synaptic degeneration
theory of alpha motor neurons in the hemiplegic side on ini-
tial examination within 7 to 10 days after stroke. However,
as the Brunnstrom stage and functional scores were improved,
the values of F-MUNE were significantly reduced, which is
in contrast to previously reported suggestions, due to the in-
creased amplitude and recruitment of the F-prototype. Hence,
our longitudinal study shows that F-MUNE did not indicate
a functional recovery-related increase in stroke patients.

This study revealed that the F-MUNE equation does not
show the functional recovery-related increase in stroke patients.
Therefore, the previously well-known F-MUNE statistics may
not be fairly applicable to the stroke patients, in that the con-
cept of the hypertrophy and sprouting of the remaining motor
neurons after trans-synaptic degeneration, and the relatively
unchangeable amplitude of MMP and MSI. In addition, this
equation should be modified or corrected to take into account
the motor recovery because of the paradoxically decreasing
tendency along with the progression of Brunnstrom stage and
functional recovery. Currently, there are no longitudinal-sur-
vey reports on the correlation between the estimation of the
number of motor units showing an F response and the func-
tional recovery in stroke patients.
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