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Abstract

The current grading of facial nerve function is based on subjective impression with the established assessment scale of House
and Brackmann (HB). Especially for research a more objective method is needed to lower the interobserver variability to a
minimum. We developed a semi-automated grading system based on (facial) surface EMG-data measuring the facial nerve
function of 28 patients with vestibular schwannoma surgery. The sSEMG was recorded preoperatively, postoperatively and
after 3—12 months. In addition, the HB grade was determined. After manual selection and preprocessing, the data were
subjected to machine learning classificators (Logistic regression, SVM and KNN). Lateralization indices were calculated
and multivariant machine learning analysis was performed according to three scenarios [differentiation of normal (1) and
slight (2) vs. impaired facial nerve function and classification of HB 1-3 (3)]. The calculated AUC for each scenario showed
overall good differentiation capability with a median AUC of 0.72 for scenario 1, 0.91 for scenario 2 and multiclass AUC of
0.74 for scenario 3. This study approach using SEMG and machine learning shows feasibility regarding facial nerve grading
in perioperative VS-surgery setting. SEMG may be a viable alternative to House Brackmann regarding objective evaluation
of facial function especially for research purposes.

Keywords House—Brackmann - Facial EMG - Facial nerve function - Grading system - Interobserver variability - Vestibular
schwannoma

1 Introduction Committee of the American Academy of Otolaryngology-
Head and Neck Surgery in 1984 [5]. However, since then

Vestibular schwannomas are brain tumors located in the its reliability and suitability has been discussed constantly

cerebellopontine angle (CPA) which affect the facial nerve
in several ways. Its location may lead to compression of
the facial nerve with potential impact on its function [1].
Furthermore, VS surgery itself may damage the facial nerve
and results in postoperative facial palsy. This may have con-
sequences for patient health and quality of life [2—4].
Currently, the House-Brackmann facial nerve grading
system (HBGS) is the standard method to assess facial
nerve function. First introduced in 1983 it was endorsed
as the main grading system by the Facial Nerve Disorders
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[6,7].

Next to HBGS, many other facial grading systems have
been developed to classify facial nerve function. The Yanagi-
hara grading system for instance was already developed and
applied in 1976 as a regional classification system measur-
ing ten separate aspects of facial function summarized into
a total score [8]. New systems like the Nottingham [9], the
Sydney [10], the Sunnybrook Facial Grading Systems [11]
or the MoReSS [12] as a modification of the HBGS were
evolved in the following years.

Although all these grading systems and modifications
have been developed, the common issue of observer subjec-
tivity remains a significant source of variability and inaccu-
racy [6, 13]. Smith et al. compared multiple leading systems,
including HBGS, and found similar interobserver variation
in all of them [14]. The HBGS was updated in 2009 by the
Facial Nerve Disorders Committee to incorporate a regional
scoring scale and to limit interobserver variability [15].
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Nevertheless, this resulted in only moderate improvements
and limited impact on clinical practice as Scheller et al. [6]
showed in 2017. Despite its easy application and ability to
identify clinically relevant facial palsy, the limited interrater
reliability of also the updated HBGS impacts its sensitivity
and robustness required to evaluate smaller differences.

These remaining issues can also be seen in ongoing pub-
lication of novel approaches utilizing more modern tech-
niques like video-analysis, e.g. as developed by Banks et al.
[16, 17]. Their system is based on subject video assess-
ment, albeit using a detailed and robust approach, consider-
ing static, movement and synkinesis parameter. However,
availability and simple operability of these systems remain
problematic which prevents their wider adoption as a stand-
ard facial grading system for clinical routine.

The ability to document more subtle differences in facial
nerve function with low interrater variability has limited rel-
evance for clinical practice. However, this aspect becomes
especially important for research. Large interrater variability
significantly constrains development and optimization e.g. of
neuromonitoring approaches and pharmacotherapy [18-20].
The surface electromyography (SEMG) based method in the
current study is intended to meet such requirements of low
examiner-dependence with limited added measuring effort.

Our approach evaluates facial nerve function using sur-
face sSEMG. sEMG measures the activation of muscle fibres
which is related to the level of contraction of motor units.
Ryu et al. and Kim et al. showed that there is indeed consid-
erable correlation between SEMG and clinical assessment
tools (House—Brackmann scale, Yanagihara grading system,
Sunnybrook facial grading system) [21, 22]. Despite these
studies on SEMG to assess facial function, there is a lack of
studies on neurosurgical patients undergoing VS surgery.

Consequently, there is still a need for a new objective
measurement technique for clinical research in this area with
the aim of improving surgical treatment, specifically regard-
ing facial nerve function. Our exploratory study shows that
sEMG may be a potential solution.

2 Method
2.1 Patients

Twenty-eight patients undergoing elective surgery for ves-
tibular schwannoma were recruited for the study from April
2017 until July 2018 in the order in which the patients had
their surgery appointment or control investigation.

Inclusion criteria were (1) indication for vestibular
schwannoma surgery due to suspected VS, independent of
primary tumor or recurrence, tumor size and postoperative
histological diagnosis and (2) adult age.
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The exclusion criteria were (1) neurofibromatosis, (2)
tumor at a different location with the consequence of other
surgical procedures (e.g. ependymoma/ metastasis of the
posterior cranial fossa with similar symptoms) and (3) pre-
operative facial palsy caused by central nerve disease.

The study was positively reviewed by the institutional
review board of the University Hospital Halle (Saale). All
patients gave their written informed consent to participate
in the study.

2.2 Recordings

SEMG was recorded with a Grass-Telefactor 15LT biosignal
amplifier (West Warwick, Rhode Island) which is also used
for standard procedures, such as continuous EMG and intra-
operative monitoring (IOM) at the Department of Neuro-
surgery at the University Hospital Halle (Saale) and already
described in earlier studies [18].

SEMG was recorded at defined time points: 1day before
surgery, between the fifth and tenth postoperative day and
at follow-up evaluations at 3, 6 or 12 months after surgery.
EMG amplitudes from seven different facial poses were
recorded (Fig. 1). These poses where chosen to ensure high
comparability between measurements and clinical evalua-
tion. They were the same movements as those used in the
examination of the HBGS. In addition, they show the highest
EMG activity of the representative facial nerve innervated
muscles [23, 24].

One electrode pair was placed on the forehead, one on the
nasolabial fold and one was positioned underneath the lips
on the lateral chin (Fig. 1). A ground electrode was posi-
tioned on the right wrist. Before application of the elec-
trodes, the skin was cleaned with alcohol swipes to reduce
impedance.

Before the measurement, the movements were demon-
strated by the examiner and the patients were encouraged to
practice every movement to guarantee correct performance.
The patients were also motivated to perform the movements
as strongly as they could to record the maximum muscle
activity. EMG activity was recorded during three repetitions
for each pose to capture intraindividual variability. The ten-
sion time was about 1 s, the relaxation time 3 s. All measure-
ments were done by the same person (author MH) who was
fully familiar with the measurement method and instrument
to prevent the effect of variability due to different examiners.

2.3 Assessment scale
The House-Brackmann Grade was determined by a sin-

gle examiner (author JP) with the aid of photographs of all
poses. These were routinely taken at all defined time points.
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Fig. 1 Demonstration of the
seven different facial poses and
electrode placement

rest tone
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nose wrinkling
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cheek puffing

pursing lips pulling down

mouth corners

electrode placement with and without cables

2.4 Data processing

As a first step, 500 ms epochs containing the maximum
amplitudes of each movement were manually selected.
(in-house software). Data were then rectified to obtain
the absolute amplitude and smoothed with 100ms win-
dow running average. Calculation of the 95th percentile
then yielded a single EMG amplitude value per channel.
An overview of the various methodological and analytical
steps in chronological order is shown in Fig. 2.

2.5 Statistical analysis

From the ipsi- and contralateral EMG amplitudes of the
orbicular oculi, nasalis and orbicular oris muscles and each
repetition, lateralization indices (LI) were calculated accord-
ing to the formula:

LI = (EMG_ipsi — EMG_contra)/(EMG_ipsi + EMG_contra).
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Fig.2 Overview of the methodological and analytical steps

While absolute EMG amplitudes likely contain informa-
tion about facial nerve function, intraindividual asymmetries
of ipsi- vs. contralateral facial muscles strongly influence
clinical evaluation of HB grades. Furthermore, LI take inter-
individual variability of facial muscle movement as well as
small differences in recording setup into account. Due to
the limited sample size we only used LI for analysis and did
not additionally include absolute values. Furthermore, most
HB grades were in the range of HB 1-3, which are charac-
terized by subtler changes which might be more apparent
by comparing ipsi- to contralateral EMG intraindividually
(overview shown in Fig. 3).

Multivariate machine learning analysis was performed
with scikit-learn version 0.24.2 (https://scikit-learn.org/),
applying three algorithms: Logistic Regression, support
vector machines (SVM using gamma = 1/number of fea-
tures) and k nearest neighbor classification (KNN using k
=5 and distance weighting of neighbors). The aim was to
take advantage of an automatic learning system which is
able to recognize patterns between input and output data
and to make predictions based on this process. To evaluate
the viability of estimating HB grades from EMG data, we
evaluated three classification scenarios: (1) Differentiation
of normal vs. impaired facial nerve function (HB 1 vs. HB
2-6), (2) normal or slight vs. moderate impairment (HB 1-2
vs. HB 3-6) and (3) classification of HB grades 1-3. Further
differentiation of individual classification of each possible
HB grade (1-6) were not evaluated due to the limited sample
size. Consequently, scenarios 1 and 2 represented a binary
classification problem, whereas scenario 3 aims at multi-
class classification. For the latter, the ordinal scaling of HB
grades was not taken into account; multinomial classifica-
tion was attempted. Due to the low sample size we did not
optimize parameters of the three algorithms.

Cross-validation for training and testing utilized a “leave
one out” strategy. This means that during each training-
testing run, data from all patients except one were used for
training, and testing was performed using the remaining.
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Rectification into absolute
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Smoothing: running
average, 100ms windows

Prediction of House
Brackmann Grading
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This was repeated until data from each patient had been left
out and used for testing once, which aims to limit overfitting.
This training aims to let the respective algorithm learn
the pattern between in- and output data, which can then be
applied to estimate output data associated with never seen
input data. The degree of correct estimated output data is
then used to evaluate the performance. During the testing,
the corresponding HB grades were estimated based on the
learned patterns and compared to the actual HB grades.

Classification results, respectively class probabilities of
only this testing split were accumulated and compared to
the true clinical HB grades for estimation of performance.
We calculated receiver-operator characteristic (ROC) and
area-under-the-curve (AUC) values for scenarios 1 and 2.
For scenario 3, the multiclass “one versus one” AUC was
calculated, which computes the average AUC of all possible
pairwise combinations of classes. Due to the largely imbal-
anced dataset with most patients with lower HB grades, we
preferred AUC over accuracy due to the lower albeit still
present susceptibility to this issue.

Additionally, an analysis was carried out to determine
the over- and underestimation of each classifier compared
to the clinical examined HB (for this purpose, only the test
data from HB 1-3 of the leave-one-out strategy was used).

3 Results
3.1 Baseline data

Overall, 28 patients were recruited for SEMG-measurement.
Mean age was 50 years (range 23-77); 75% were female.
Mean tumor size was Koos 3 (range 1-6) [25] and 75% of
the tumors were located on the left side. The postoperative
histological examination revealed vestibular schwannoma in
24 patients (86%) and other histologies in four cases (14%,
three meningiomas and one intermedius neurinoma). In
a total of 59 measurements, 30 times a clinical HB 1, 17
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Fig.3 Overview of the
lateralization indices (LI) of
the individual muscle groups
for all sevenmovements for

the respective HB grades. A

LI of one would result from
SEMGe-activity only ipsilateral
tothe operated side, respectively
a LI of —1 would show only
contralateral SEMG
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times a clinical HB 2, 5 times a HB 3, 3 times a HB 4 and
2 times a HB 5 was evaluated. There were no HB grade 6
measurements. In two measurements (1 preoperative and 1
postoperative, each from different patients) the correspond-
ing clinically evaluated HB was missing.

3.2 Participant flow

There were no patient dropouts before preoperative data
acquisition. In case of three patients, preoperative SEMG,
in two patients the first postoperative SEMG and in 18
patients the long-term measurements were missing because
of logistical reasons and limitation of the follow-up period.
A total of 23 patients underwent both pre- and postoperative
measurements, eight of them additionally during follow-up.
Regarding House—Brackmann assessment, one preoperative
evaluation was missing and one of the follow-ups.

In two cases of preoperative measurements, data of single
repetitions and complete movements were missing because
the patient could not perform the movement correctly or
strong enough to achieve a representative EMG amplitude
for further analysis. In one case smiling and blowing out
cheeks was not possible, wrinkling the nose was accom-
plished just a single time. In the other case smiling was
accomplished just one time instead of the three required tri-
als. Such missing values were replaced with either the values
of the available single measurement (nose wrinkling), so that
there was virtually no mean value or the average of all other
movements (in case of completely missing data of a move-
ment). This procedure guarantees that the missing values
are replaced by similar numbers instead of e.g. leaving those
values out or by zeroing the missing values, which would
distort the learning procedure.

3.3 Estimation of facial nerve function

The first and second scenarios showed the following AUC
depending on each classificator: Evaluating the differentia-
tion of normal vs. impaired facial nerve function (HB 1 vs.
HB 2-6) resulted in an AUC of 0.76 (Logistic Regression),
0.68 (SVM) and 0.73 (KNN). Differentiation of normal or
slight vs. moderate impaired facial nerve function (HB 1 and
2 vs. HB 3-6) showed an AUC of 0.88 (Logistic Regres-
sion), 0.97 (SVM) and 0.89 (KNN). The multiclass AUC
of HB 1, 2, and 3 carried out for scenario 3 yielded in an
AUC of 0.74 (Logistic Regression), 0.70 (SVM) and 0.78
(KNN) each.

In addition, under- and overestimation by each algorithm
were analyzed with the test data of HB 1-3, scenario 3.
Logistic Regression was concordant in 66% and underes-
timated in 20% of the cases, i.e. it predicted a “better” HB
grade than the actual clinical HB. There were 14% over-
estimated cases by Logistic Regression. SVM showed a

@ Springer

concordance of 63% and predicted a “better” HB than it
was clinically evaluated in 36% of cases, and it predicted
a “worse” HB in 2%. For KNN the concordance was 66%,
underestimation 27% and the overestimation 7%.

4 Discussion

To the best of our knowledge this is the first study to use
sEMG and machine learning as an objective assessment tool
before and after VS-surgery for comparison with HBGS.

Our results show that there is an overall good differentia-
tion capability of the estimated HB with machine learning
compared to the clinical determined HB and clinically rel-
evant differences can be distinguished.

4.1 Machine learning vs. clinical assessment

HB grades estimated by machine learning algorithms
showed a good differentiability and especially clinically
relevant gradings of facial nerve function could be distin-
guished. Differentiation between slight (HB 1-2) and mod-
erate impaired facial nerve function (HB 3-6, scenario 2)
showed with 0.88-0.97 the best results. In addition, the
AUC of scenario one (0.68-0,73, differentiation of normal
vs. impaired facial function) confirms an overall acceptable
performance and motivates to further studies with larger
data sets beyond the exploratory character of our current
investigation.

A general concern when comparing the estimated results
with the clinical assessment is the lack of a true gold stand-
ard. A main question of our new approach is whether it cat-
egorizes the facial function better and more precisely than
the previous grading systems. While HB is the de-facto clini-
cal standard, its evaluation is subjective and suffers from
considerable interrater variability [6]. We tried to minimize
interobserver variability as much as possible by having
the same investigator determine the HB grade. A high or
even perfect correlation between our method and HB is not
expected nor desirable as this would require reproducing the
subjective variability.

Logistic regression, SVM and KNN showed different
degrees of under- and overestimation i.e. deviation from
the clinically rated HB. For example, an examined HB
1 was partially rated as HB 2 (overestimation for Logis-
tic regression of 14%, for SVM of 2% and for KNN of
7%) and vice versa, a HB 2 as HB 1 (Logistic regression
underestimated in 20%, SVM in 36% and KNN in 27%
of the cases). An underestimated HB could be caused by
high EMG activity, despite already present palsy, caused
by synkinesis and attempted compensation by the oppo-
site side. An overestimated HB on the other hand could
be due to subtle asymmetries in muscle activity which
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is only detectable by EMG but not yet visible for the
investigator. Alternatively, of course, fatigue or limited
patient compliance are further explanations for overes-
timated HB.

In order to additionally illustrate the advantages of the
machine learning approach regarding interrater reliability,
we evaluated concordance rates with the clinical exam-
iner. Logistic regression and KNN showed concordance
with the clinical examiner in 66% respectively, SVM in
63%. After training, the classification results provided
by all three approaches are guaranteed to be reproducible
with the same input data, leaving factors of the SEMG
recording, e.g. patient compliance, data quality, etc. as
the only sources of variability.

In comparison, the study by Scheller et al. showed an
overall concordance of only 36% and interobserver vari-
ability by one degree of 45%, by two degrees of 17% and
by three degrees of 1% [6]. Reproducibility of clinical
evaluation was not investigated. The study used patient
photos for evaluation, i.e. the reported concordance rates
already exclude variability from the clinical investigation
itself. Overall, although our concordance data is restricted
to the lower HB grades, our results suggest that a similar
or improved performance with high reproducibility using
SEMG should be viable.

4.2 Alternative methods

Many facial nerve grading systems have been developed
in the past [5, 8—12], most of them with the goal to pro-
vide clinical assessment tools. All these systems share the
approach that the clinical observer is the central evaluat-
ing component. The problem of subjectivity and interob-
server variability is therefore inherent to such assessment
tools and can only be improved to a certain extent [6, 7,
13, 14]. Their strength consists in the easy handling and
practicability in clinical routine.

Recently, the interest in computer-based systems and
SEMG as clinical tools has grown [21, 22]. However,
such systems are not yet available everywhere due to the
required technical equipment and the rather limited ease
of practical implementation and application [11]. There-
fore, clinical routine, but also randomized controlled tri-
als have to rely on such subjective assessment tools. In
2017, Scheller et al. stressed this issue as a major problem
regarding their randomized multi-center phase III trial on
the efficacy of prophylactic nimodipine treatment in ves-
tibular schwannoma (VS) surgery [19]. Potentially, they
argued, the large interrater variability of their HB grades
may have obfuscated smaller effects of vasoactive treat-
ment on postoperative facial nerve function and hearing.

4.3 sEMG for grading of facial nerve function

In patients with vestibular schwannoma surgery, other stud-
ies on the use of SEMG for grading of facial function are
not available. The general approach of sEMG-based evalu-
ation of facial function outside the surgical field however
has gained interest. For example Ryu et al. [21] investigated
SsEMG as an assessment tool for facial palsy. They conducted
sEMGs on 50 patients with peripheral facial nerve palsy at
different points in time (1, 3—4 and 5-6 weeks after onset)
and analyzed the correspondence of the individual facial
regions with nerve conduction studies (NCS) and several
clinical assessment systems including HB. Placement and
number of electrodes in their study were similar to ours and
the facial movements were almost identical. They report a
good correspondence to NCS and clinical assessment. A
study by Kim et al. [9] showed similar results when com-
paring sSEMG recordings of 21 patients with peripheral nerve
palsy with three common clinical assessment scores (HBGS,
Sunnybrook Facial Grading System and Yanagihara grading
system).

Our results are in line with these studies and further sup-
port SEMG as a useful tool for the assessment of facial nerve
function also in a surgical setting. Above and beyond, we
developed an alternative grading method, with which an
objective classification into different degrees of severity is
possible based on the SEMG.

Another advantage of SEMG is the objective comparabil-
ity of both face halves of individual patients. This might be
useful in case of synkinesis. Bernardes et al. [26] showed
that there is significant synkinesis even in healthy patients
between both halves. This suggests a need for an objec-
tive but still comparable parameter which can evaluate the
healthy and affected half of the face separately. In compari-
son, by evaluating the HBGS, the face of the patient is only
visible to the examiner as a whole. Subjective visual assess-
ment of the degree of synkinesis and taking this into account
for facial function grading may be challenging and may be
less reliable. Our current implementation potentially suffers
from the effect of synkinesis. However, as separate measure-
ments are available, it is conceivable to extend the procedure
to take synchronization between face halves into account and
thus limit the impact of synkinesis or separately take this
into account for grading.

Regarding the optimal electrode number and placement,
Schumann et al. [23] conducted research on facial muscle
activation patterns in healthy individuals with sSEMG. They
showed objective and statistically representative SEMG
patterns of symmetric facial muscle function in 30 healthy
subjects. Their primary objective was to contribute refer-
ence data for neurological examination guidelines with the
focus on the optimal number and positioning of the elec-
trodes. Recordings used 48 electrode pairs compared to six
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electrodes in our study. An advantage of a high number of
electrodes might be the more precise detectability of the
distribution of muscle activity. However, as the authors men-
tion themselves, the high number of electrodes complicates
evaluation and interpretation in clinical routine. Fewer elec-
trodes with however optimal placement may be sufficient for
evaluation due to practical, simple, and thus reproducible
positioning. To this end, further studies with the aim of find-
ing optimal electrode placement are required.

4.4 Limitations

A major limitation of our study is the comparably small sam-
ple. This likely led to a limited accuracy of performance esti-
mation and facilitated overfitting. To minimize any depend-
ence of the training and test data the leave-one-out approach
was chosen. This strategy counteracts as well the possible
confounder of the time course as the course of disease, if
the data occur from the same patient which cannot appear
in the training and test split in one run. The performance of
all classifiers would clearly benefit from a much larger train-
ing sample. With a larger and more representative dataset,
acquired in future studies, an improved analysis could also
use the absolute EMG amplitudes instead of or addition-
ally to the lateralization indices. In summary, the reported
results probably overestimate the performance in the current
data. However, they provide a proof-of-principle to conduct
larger studies with potentially overall better performance of
the method.

A limitation in the same vein is that not all HB-grades
were equally represented. This however reflects the clinical
presentation of facial function before and after surgery [27].
Because of this issue we have evaluated the three scenarios
and also limited scenario 3 to only HB 1, 2 and 3 to coun-
teract this imbalance. Nevertheless, we believe the reported
AUC values demonstrate the viability of our approach but
are likely optimistic. Ideally, a larger dataset should be bal-
anced in terms of HB grades for optimal training success.

Although equipment to record SEMG should be available
in many neurosurgical centers, the measuring effort itself
including placing the electrodes is another disadvantage.
In addition, the patient needs to sit in an upright position
and must be able to collaborate during the time-consuming
measurement. Therefore, the procedure may in fact mostly
be viable for research purposes—corresponding to our study
aims.

4.5 Conclusions
In summary, this pilot study shows that SEMG can be used
in principle to grade facial nerve function and may be a

potential alternative or addition to HBGS, primarily for
scientific investigations. Our results showed overall good
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differentiation capacity between clinically relevant HB-
ranges. Furthermore, our machine learning based approach
is an automated method and yields reproducible results.

Given the need for even more accurate and precise classi-
fication systems our findings make an important contribution
towards more objectivity. Because of the setting as a pilot
study and limitations regarding sample size and capturing
all HB ranges further studies are planned. Above all, more
data in general as well as the different degrees of severity of
facial palsy are to be represented equally, in order to improve
and accurately evaluate performance.
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