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Neurovascular compression on the facial nerve has 
been widely accepted as the proper pathophysiol-
ogy of hemifacial spasm (HFS), which is support-

ed by a high success rate of microvascular decompression 
(MVD).2,10,22,33,44 The electrophysiological mechanism of 
HFS, however, has not been fully elucidated. Two distinct, 
yet not mutually exclusive, hypotheses have been pro-
posed: hyperexcitability of the facial nucleus versus axono-
axonal ephaptic transmission between peripheral branches 
of the facial nerve.4,9,25,29 Several electrophysiological in-
vestigation methods, including blink reflex, lateral spread 

responses (LSRs), F-waves, etc., have demonstrated that 
ephaptic transmission between facial nerve fibers ex-
isted in HFS patients, but these findings do not exclude 
more fundamental mechanisms, i.e., hyperexcitability of 
the facial nucleus.22,27,29,42 Møller and Jannetta attributed 
LSRs to ephaptic transmission alone or in combination 
with hyperexcitability of the facial nucleus.23–25 Transcra-
nial magnetic stimulation (TMS), which has been a tool 
for electrical stimulation on the cerebral cortex, spinal 
roots, and cranial nerves, can also be useful in evaluation 
of HFS. A group in Japan utilized a single-pulse TMS in 
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OBJECTIVE Microvascular decompression (MVD) is widely considered the treatment of choice for hemifacial spasm 
(HFS), but not all patients immediately benefit from it. Numerous electrophysiological tests have been employed to moni-
tor the integrity of the facial nerve prior to, during, and after MVD treatment. The authors sought to verify if facial motor 
evoked potential (FMEP) with paired transcranial magnetic stimulation (pTMS) can be utilized as a tool to predict progno-
sis following MVD for HFS.
METHODS FMEP using pTMS was performed preoperatively and postoperatively for 527 HFS patients who underwent 
an MVD treatment. Various interstimuli intervals (ISIs), which included 2, 10, 20, 25, 30, 75, and 100 msec, were applied 
for each paired stimulation and pTMS(%) was obtained. A graph of pTMS(%) versus each ISI was drawn for every patient 
and its pattern was analyzed in accordance with patients’ clinical outcomes.
RESULTS With ISIs of 75 and 100 msec, pTMS(%) was physiologically further inhibited, whereas it was relatively 
facilitated under ISIs of 20, 25, and 30 msec; loss of this specific pattern, that is, further inhibition-relative facilitation, 
indicated impaired integrity of the facial nerve. Those patients who immediately benefited from an MVD and experienced 
no relapse tended to show proper restoration of this further inhibition-relative facilitation pattern (p = 0.01). Greater re-
semblance between the physiological pattern of pTMS(%) and postoperative pTMS(%) was correlated to better outcome 
(p = 0.019).
CONCLUSIONS A simple linear graph of pTMS(%) versus each ISI may be a helpful tool to predict prognosis for HFS 
following an MVD.
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evaluation of HFS and they inferred that hyperexcitability 
of the facial nucleus was the mechanism of HFS.15,20 We 
hereby present results from our novel prospective study 
in which facial motor evoked potential (FMEP) using a 
paired TMS (pTMS) was performed in 527 HFS patients, 
prior to and after MVD surgeries.

Methods
A total of 637 consecutive HFS patients underwent an 

MVD at our institution between January 2012 and June 
2014. Due to their past history of preoperative facial palsy 
or Botox injection, 31 and 15 patients, respectively, were 
excluded. Fifty-six patients who had developed postoper-
ative facial palsy, no matter how temporary it was, were 
also excluded from any paired comparisons between pre- 
and postoperative assessment. With the exclusion of 8 
more patients whose clinical results were unclear, a total 
of 527 patients were included in the postoperative analysis 
and they all went through an FMEP with pTMS test, both 
prior to and after the MVDs. The postoperative FMEP 
was performed approximately 3 weeks after the MVD.

There were 372 (70.6%) female and 155 (29.4%) male 
patients. Patient age ranged from 18 to 80 years and the 
mean age was 51.5 years. Two hundred fifty-three patients 
presented with right-sided spasm and 274 with left-sided 
spasm. The mean duration of symptoms was 5.2 years. 
Pure tone audiometry and speech discrimination tests 
were preoperatively performed in all patients. The mean 
follow-up period was 38.6 (24–54) months and all ques-
tionnaires concerning postoperative outcomes were ad-
ministered and recorded by one nurse practitioner (J.L.) in 
order to minimize interinvestigator bias.

All MVDs were performed by a single surgeon (K.P.). 
The routine retromastoid suboccipital approach was em-
ployed, which was followed by opening of the dura ma-
ter and gentle retraction on the cerebellar tonsil. Upon 
inspection of the compressing vessels on the root entry 
zone (REZ) of the facial-vestibular and cochlear nerve 
complex, decompression commenced. Several pieces of 
Teflon sponge ball were inserted between the compressing 
vessels and the REZ, during which the greatest care was 
taken not to touch the REZ. What needed to be manipu-
lated to complete the decompression was limited to com-
pressing vessels along with the arachnoid trabeculae and 
perforating arteries. Throughout the surgery, between the 
initiation of general anesthesia and completion of stitches 
on the dura, brainstem auditory evoked potential and fa-
cial electromyography (EMG) were performed. The ex-
perimental protocol and informed consent were approved 
by the Institutional Review Board, and all subjects gave 
informed consent.

FMEP With pTMS
FMEP with pTMS was performed using a commer-

cially available 70-mm figure-8 coil and 2 Magstim 200 
stimulators (Magstim Co.) connected by a Bistim module. 
Relaxation of examinees was crucial for accurate results. 
TMS was not initiated until the examinee’s whole body, 
not to mention the face, was fully relaxed in a comfort-
able reclining chair. Surface electrodes were applied for 

recording. The active electrode was placed 2 cm below 
the lower lip and 2 cm lateral to the midline, whereas the 
reference electrode was positioned inferior to the mouth 
angle. For stimulation, the center of the figure-8 coil was 
positioned over the ipsilateral mastoid process retroau-
ricularly, and then a more optimal site for each individual 
was determined as it was able to yield the maximal am-
plitude of MEP. The motor threshold (MT) was defined as 
the lowest intensity that was adequate to induce an MEP 
higher than 50 μV during at least 5 successive trials. The 
single MEP was measured following a stimulus with su-
pra-threshold (150% of MT) intensity.

Two consecutive stimuli constituted a paired TMS: the 
conditioning stimulus (CS) and the test stimulus (TS). The 
former was set to 80% of MT, while the latter was ad-
ministered using 150% of MT. The applied interstimuli 
intervals (ISIs) between CS and TS included 2, 10, 20, 25, 
30, 75, and 100 msec. MEP following a pair of stimuli was 
obtained so that a pTMS(%) value consistent with each ISI 
was calculated as pTMS(%) = (MEP after a paired stimu-
lation/single MEP) × 100.

The average of 5 consecutive pTMS(%) values was 
used for the statistical analysis and was obtained for each 
ISI. A line graph with an x-axis of 7 different ISIs and a 
y-axis of pTMS(%) was drawn for each patient (Figs. 1–3).

Statistical Analysis
The data processing was carried out using commer-

cially available software (IBM SPSS Statistics, version 
24). The Kruskal-Wallis one-way ANOVA test was uti-
lized to compare data from FMEP with pTMS in relation 
to patient clinical outcomes. A linear-by-linear association 
test was employed when analyzing cross tables between 
groups.

Results
In accordance with their clinical outcomes, all patients 

were categorized into 4 groups, grade I, II, III, or IV 
(Table 1). The grade I group included those patients who 
became asymptomatic immediately after an MVD, then 
stayed spasm free. The grade II group consisted of patients 
whose symptoms persisted more than a month after an 
MVD but eventually disappeared in the long term. Suc-
cessful groups, i.e., grades I and II, accounted for nearly 
90% of the study patients (71.3% and 18.6%, respectively). 
Patients with unsatisfactory postoperative outcomes fell 
into the grade III or IV groups. Patients whose MVD re-
sulted in an immediate improvement that was followed by 
a long-term relapse were considered grade III, whereas 
those who had no or little benefit from the MVD were 
categorized into the grade IV group. As mentioned above, 
8 patients (1.5%) were excluded from the postoperative 
analysis because their clinical outcomes were too variable 
to fit into one of the 4 groups.

Decrease of pTMS(%) in Postoperative Versus 
Preoperative FMEP With pTMS 

The mean of the postoperative pTMS(%) was 35.4% 
(± 12.37%) and it was substantially lower than the pre-
operative value, which was 43.0% (± 8.64%) (p = 0.000). 
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The postoperative decrease of the mean pTMS(%) was 
noted in 418 (79.4%) of 527 HFS patients. To verify the 
relationship between the extent of decrease in pTMS(%) 
and the postoperative clinical outcome, the perioperative 
pTMS(%) ratio (PPR), the ratio of the postoperative to the 
preoperative pTMS(%), was calculated as PPR = mean of 
postoperative pTMS(%)/mean of preoperative pTMS(%).

A lower PPR indicated that pTMS(%) had decreased 
more after the surgery. PPRs of the grade I and II groups 
were 0.82 (± 0.37) and 0.85 (± 0.41), whereas those of the 
grade III and IV groups were 1.00 (± 0.59) and 0.94 (± 
0.33) (Fig. 4). The PPRs of the groups with better out-
comes seemed lower than those of the groups with poorer 
outcomes. Statistical analysis using the Kruskal-Wallis 
test, however, failed to prove a direct correlation between 
PPR and clinical outcomes (p = 0.063).

Facilitation and Inhibition of FMEP With pTMS in 
Accordance With Various ISIs: Preoperative Analysis

When an FMEP with pTMS test was applied to 
an asymptomatic (i.e., physiological) facial nerve, the 
pTMS(%) appeared to be higher when the applied ISIs 
were 20, 25, and 30 msec than when the ISIs were 75 and 
100 msec. In other words, the pTMS(%) seemed to be “rel-
atively facilitated” under ISIs between 20 and 30 msec, 
whereas it appeared “further inhibited” under ISIs of 75 
and 100 msec. An example of a line graph of pTMS(%) 
with ISIs of 2, 10, 20, 25, 30, 75, and 100 msec on the 
asymptomatic side is shown in Fig. 1A. Physiological 
further inhibition of pTMS(%) occurred when ISIs were 
75 and 100 msec, so that the graph resembled a “fedora.” 
pTMS graphs for 511 of 527 (97.0%) patients showed the 

FIG. 1. Comparison of preoperative pTMS(%) of a sample patient with 7 different ISIs shown on the x-axis. A: Asymptomatic side. 
B: Symptomatic (spasm) side.

FIG. 2. Comparison of preoperative and postoperative pTMS(%) for a successfully treated patient. A: Preoperative pTMS(%) 
showing no physiological inhibition at ISIs of 75 and 100 msec. B: Postoperative pTMS(%) showing restoration of physiological 
inhibition: a “fedora” shape.
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typical further inhibition when the ISI was 75 or 100 msec 
on their asymptomatic side. On the other hand, the inhibi-
tion of pTMS(%) under ISIs of 75 and 100 msec disap-
peared when an FMEP with pTMS test was used on the 
symptomatic facial nerve (Fig. 1B). The graph no longer 
looked like a fedora since the pTMS(%) did not drop when 
ISIs were 75 and 100 msec. pTMS(%) graphs for 502 of 
527 (95.2%) HFS patients did not show physiological “fur-
ther inhibition” on their symptomatic sides.

Facilitation and Inhibition of FMEP With pTMS in 
Accordance With Various ISIs: Postoperative Analysis

For postoperative FMEP with pTMS testing, the typical 
graph for successfully treated patients showed the restora-
tion of physiological inhibition under ISIs of 75 and 100 
msec, with a shape resembling a fedora (Fig. 2B). Graphs 
for those patients who did not benefit from the MVD did 
not show the fedora pattern, because the physiological in-
hibition of pTMS under ISIs of 75 and 100 msec was not 
sufficiently restored (Fig. 3B).

Whether or not a patient’s pTMS(%) graph restored the 
physiological further inhibition was determined by calcu-
lation of the inhibited-facilitated pTMS(%) ratio (inhibit-
ed-facilitated ratio [IFR]) with the following formula: IFR 
= mean pTMS(%) under ISIs of 75 and 100 msec/mean 
pTMS(%) under ISIs of 20, 25, and 30 msec.

IFR < 1 would indicate some restoration of physiologi-
cal inhibition of pTMS(%) under ISIs of 75 and 100 msec. 

The IFR of the grade I group was 0.78 (± 0.09) and those 
of the grade II, III, and IV groups were 0.81 (± 0.10), 0.79 
(± 0.09), and 0.82 (± 0.08), respectively (Fig. 5). IFR of 
the grade I group was significantly lower than those of 
the other 3 groups (p = 0.01, Kruskal-Wallis one-way 
ANOVA). Given that means of IFR from all 4 groups are 
closely distributed around 0.8, IFR < 0.8 was adopted for 
the meaningful restoration of physiological inhibition.

Based on IFR and PPR, all patients were categorized 
into 3 groups, A, B, and C. Group A included patients with 
ideal graphs: IFR < 0.8 as well as PPR < 0.8. Group C in-
cluded those whose graph satisfied neither criterion, while 
group B consisted of the remaining patients whose graph 
fit in only one of the two criteria. Cutoff values were de-
termined according to a receiver operating characteristic 
(ROC) curve that showed the sensitivity and specificity 
of IFR and PPR. IFR of 0.8 yielded 78% sensitivity and 
50% specificity; their combined value was the maximum. 
PPR of 0.8 resulted in 50% specificity and 50% sensitivity. 
As mentioned earlier, PPR by itself was unable to differ-
entiate a good outcome from a bad one. However, when 
PPR was combined with IFR to categorize graph patterns 
(group A, B, and C), the graph patterns were proven to 
correlate with the clinical outcomes (p = 0.019, Table 2).

Discussion
Introduction of TMS

The current style of TMS was first introduced by An-
thony Barker in 1985.1 TMS was developed based on the 
electromagnetic theory. Rapid alteration of magnetic puls-
es results in a secondary ionic current in the brain, which 
leads to depolarization of neurons. Stimulation would take 
place where the spatial derivative was at a maximum.14 
One of the major advantages of TMS is its noninvasive-
ness; no procedure to insert an intracortical probe is re-
quired and magnetic stimulation via the figure-8 coil sel-
dom causes any discomfort to examinees. On account of 
the ease of use, various applications of TMS have been 
attempted for many neurological diseases such as multiple 
sclerosis, stroke, brain injury, spinal cord injuries, amyo-
trophic lateral sclerosis, etc.7,14,21,32,38 Paired-pulse TMS is 
one application of TMS using inhibiting and facilitating 

FIG. 3. Comparison of preoperative and postoperative pTMS(%) for a patient whose outcome was unsatisfactory. A: Preoperative 
pTMS(%) showing no physiological inhibition at ISIs of 75 and 100 msec. B: Postoperative pTMS(%) also showing no physiological 
inhibition.

TABLE 1. Categorization according to patient postoperative 
outcomes

Grade Categorization According to Clinical Outcomes No. of Pts (%)

I Immediate improvement, no relapse 376 (71.3%)
II Delayed improvement, no relapse 98 (18.6%)
III Immediate improvement followed by persistent 

relapse
19 (3.6%)

IV No or little improvement 34 (6.5%)
Total 527 (100%)

Pts = patients.

Unauthenticated | Downloaded 05/23/23 11:21 PM UTC



Park et al.

J Neurosurg Volume 131 • December 20191784

interactions in the cortex. Depending on different ISIs, 
the MEP may be either inhibited or facilitated by TMS. 
TMS applied near the cerebral cortex using an ISI of 1–4 
msec is reported to cause inhibition of MEP (commonly 
20%–40%), whereas an ISI of 7–20 msec tends to gener-
ate facilitation (120%–300%) of the test MEP.14,18,34,45 The 
location of stimulation in our series was the retroauricu-
lar area, which differed from the location described in the 
previous literature, i.e., the cranial vault near the cerebral 
cortex. On account of that, FMEP with pTMS in our series 
resulted in only inhibition regardless of ISIs ranging from 
2 to 100 msec, although the extent of inhibition varied de-
pending on ISIs.

The phenomenon of inhibition or facilitation of neu-
ral activities after a paired TMS is considered to occur 
mainly via intercortical interneurons.30 In previous studies 
involving TMS, the method was tested on patients with 
movement disorders, postinfarction palsy, psychiatric dis-
orders, etc., and yet the treatments described did not nec-
essarily include pathways to and from the brainstem. Until 
now, the existence of interneurons in the human brainstem 
has not been universally accepted, although it has been 
well documented in rats, guinea pigs, rabbits, etc.3,16,36 On 
the other hand, the literature reports the existence of direct 
projections in human brain, from the cerebral cortex to the 
facial motor nucleus, hypoglossal nucleus, nucleus ambig-
uous, and trigeminal motor nucleus, which could explain 
the connection between the intercortical interneurons and 
these nuclei.19,35 It still remains to be elucidated whether 
this inhibition-facilitation pattern is derived from hypo-
thetical interneurons in the human brainstem or intercor-
tical interneurons that project to the brainstem. Although 
our current study was focused on obtaining the MEP from 
the facial muscles, it might be feasible to collect signals 

from other nuclei if a different protocol was applied. We 
believe that in the future more studies involving neuro-
imaging and cytoarchitectonics may elucidate the precise 
mechanism of FMEP with pTMS.

Employment of Facial MEP With pTMS Versus LSR
Not every HFS patient who undergoes a successful 

MVD automatically experiences an immediate cure. As 
our previous studies suggested, the improving pattern of 
HFS following an MVD can vary from one individual to 
another; some eventually benefit from the surgery only 
after several months and some suffer a relapse.31 These 
relatively unpredictable improvement patterns have been 
a conundrum even for very experienced surgeons. Since 
Møller and Jannetta suggested in 1986 that intraopera-
tive disappearance of LSR was correlated with clinical 
outcomes,26 a number of authors have employed LSR as a 
prognostic determinant. Regarding the prognostic value of 

FIG. 4. A box plot representation of the PPR among 4 groups based on 
clinical outcomes (p = 0.063, Kruskal-Wallis one-way ANOVA).

FIG. 5. A box plot representation of the IFR among 4 groups based on 
clinical outcomes (p = 0.01, Kruskal-Wallis one-way ANOVA).

TABLE 2. Association between graph patterns and clinical 
outcomes*

Clinical Outcome
Graph Pattern

TotalGroup A† Group B‡ Group C§

Grade I 153 69 154 376
Grade II 27 17 54 98
Grade III 4 6 9 19
Grade IV 9 6 19 34
Total (n = 527) 193 98 236 527

* Linear-by-linear association (p = 0.019).
† IFR < 0.8 and PPR < 0.8.
‡ IFR < 0.8 and PPR ≥ 0.8 or IFR ≥ 0.8 and PPR < 0.8.
§ IFR ≥ 0.8 and PPR ≥ 0.8.
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LSR, however, no universal consensus has been reached. 
A meta-analysis concerning this matter deserves attention; 
based on 1301 cases available for meta-analysis by von 
Eckardstein et al.,37 the authors concluded that disappear-
ance of LSR during the MVD could predict clinical resolu-
tion of up to 90%.6,8,9,11,13,17,28,43 Persistence of LSR, however, 
does not necessarily predict a poor outcome. The authors 
insisted that LSR could be a useful tool to predict clinical 
outcomes, but it was not without limitations.

Our own previous reports also advocated the usefulness 
of LSR as a prognostic factor.12,17 Upon our more thorough 
observation, however, measurement of intraoperative LSR 
can be relatively subjective and the intraoperative change 
of LSR is not always consistent with postoperative LSR. 
In our current series, postoperatively persisting LSR was 
recorded in 83 (35.2%) of 236 patients who were nearly 
symptom free in the month following MVD; 74 (89%) of 
these 83 patients had already experienced disappearance 
of LSR during the surgery. This discrepancy would pre-
sumably be derived from the nature of LSR, i.e., its de-
pendency on peripheral stimulation yielding a peripheral 
response. LSR is generated by the application of stimula-
tion on a branch of the facial nerve and recorded from the 
facial musculature innervated by a different branch.39 One 
could assume that this relatively long pathway between the 
stimulation and response could be affected by factors that 
are not directly related to HFS itself. We attribute the in-
consistency of LSR between intraoperative and postoper-
ative measurement to this relatively long pathway. Paired 
TMS, however, does not stimulate peripheral branches of 
the facial nerve, which allows a shorter pathway.

Pragmatic Value of FMEP With pTMS: PPR and IFR
PPR [the perioperative pTMS(%) ratio] represents how 

much the mean pTMS(%) has decreased after the MVD 
regardless of various ISIs. IFR (the inhibited-facilitated 
ratio) symbolizes how much the physiological “further in-
hibition” under ISIs of 75 and 100 msec was restored after 
the MVD. Lower IFR means better restoration of physio-
logical inhibition, and a desirable postoperative pTMS(%) 
graph would look like a fedora. Our results demonstrate 
that PPR < 0.8 and IFR < 0.8 indicate a favorable long-term 
prognosis (p = 0.019). Moreover, lower IFR per se dictates 
better prognosis (p = 0.01). It would be advisable to draw a 
simple line graph of pTMS(%) for each patient prior to and 
after an MVD; if the postoperative graph is significantly 
lower than the preoperative one and it resembles a fedo-
ra, a better long-term prognosis can be anticipated. Even 
when a patient still suffers from residual spasms, if his or 
her pTMS(%) graph fits in an “ideal” fedora shape, a hasty 
decision for reoperation should be reconsidered.

pTMS for Better Understanding of HFS
The literature suggests that interneurons are attributable 

to the phenomenon of inhibition or facilitation according 
to various ISIs, when transcortical stimulation is presented 
in a paired fashion.20,38,39 The fact that our results clearly 
demonstrated the inhibition-facilitation pattern may dem-
onstrate the involvement of interneurons in the pathway, 
which, in turn, would advocate the hypothesis of hyperex-
citability of the facial motor nucleus. We would not deny 

the existence of ephaptic transmission, and yet, we believe 
that hyperexcitability of the facial nucleus should be the 
proper basis for decompression. This is another reason 
that the greatest care must be taken to manipulate neither 
the distal facial nerve nor its REZ, which might account 
for our relatively high success rate (89.9%) of MVD for 
HFS compared to the generally reported rate of 85.1%.41 
Wilkinson and Kaufmann insisted that their intraoperative 
FMEP using corkscrew electrodes for a single stimulation 
on the facial nucleus could favor the “hyperexcitability of 
the facial nucleus” hypothesis.40 Fukuda et al. also sug-
gested that intraoperative FMEP with single stimulation 
using corkscrew electrodes could be helpful in prediction 
of postoperative prognosis.5 These reports are consistent 
with our results, and yet our series affords its own advan-
tage, in terms of not having to place redundant electrodes 
during surgery and demonstrating relatively high predict-
ability for long-term prognosis. More detailed research on 
this FMEP with pTMS test will follow in the future, espe-
cially in regard to chronological analysis of repeated tests 
in patients with nonresponsive or aggravated spasms.

Limitations of the Study
In our protocol for employing facial MEP, prior history 

of Botox injection or facial palsy was considered to create 
a bias in obtaining results from TMS; therefore, 31 and 
15 patients, respectively, who had undergone one of these 
treatments were excluded from the analysis. Likewise, 
56 patients who had developed postoperative facial palsy 
were also removed from the study, because the objective 
of our current study was to compare data between pre- 
and postoperative assessments. However, the removal of 
the 56 patients may have contributed to a selection bias. 
We retrospectively ran additional statistical analyses com-
paring IFR among those who had developed postoperative 
facial palsy and those who had not. Postoperative IFR of 
the facial palsy group (0.782) seemed lower than that of 
the non–facial palsy group (0.801), but the difference was 
statistically insignificant (p = 0.38). Preoperative IFR for 
those who had a history of facial palsy and developed post-
operative facial palsy will be assessed and analyzed in the 
future.

The additional 8 subjects who were excluded due to 
their vague clinical courses also might have caused a bias. 
Their clinical courses had continued to fluctuate during the 
2 years of the current study, which precluded us from de-
fining the final clinical results even after the 2-year period. 
A chronological assessment for these patients with variable 
clinical status will follow in the future, when the repetitive 
FMEPs with pTMS are completed with a longer follow-up 
period.

Conclusions
FMEP with pTMS can be used as an adjunctive tool in 

diagnosis of HFS and it may offer a significant improve-
ment in prediction of prognosis following an MVD. With 
more subsequent research on the FMEP with pTMS test, 
more profound understanding of HFS may be available in 
the future.
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