é){vi% diagnostics

Article

Electromyography of Extrinsic and Intrinsic Ear Muscles in
Healthy Probands and Patients with Unilateral Postparalytic
Facial Synkinesis

Hanna Riischenschmidt !, Gerd Fabian Volk 123, Christoph Anders ¢ and Orlando Guntinas-Lichius 12%*

Citation: Riischenschmidt, H.; Volk,
G.F.; Anders, C.; Guntinas-Lichius,
O. Electromyography of Extrinsic
and Intrinsic Ear Muscles in Healthy
Probands and Patients with
Unilateral Postparalytic Facial
Synkinesis. Diagnostics 2022, 12, 121.
https://doi.org/10.3390/
diagnostics12010121

Academic Editor: José M. Millan

Received: 4 December 2021
Accepted: 3 January 2022
Published: 5 January 2022

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2022 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (http://crea-

tivecommons.org/licenses/by/4.0/).

1 Department of Otorhinolaryngology, Jena University Hospital, 07747 Jena, Germany;
hanna.rueschenschmidt@web.de (H.R.); fabian.volk@med.uni-jena.de (G.F.V.)

2 Facial Nerve Center, Jena University Hospital, 07747 Jena, Germany

3 Center for Rare Diseases, Jena University Hospital, 07747 Jena, Germany

¢ Division for Motor Research, Pathophysiology and Biomechanics, Department for Trauma-, Hand- and
Reconstructive Surgery, Jena University Hospital, 07743 Jena, Germany; christoph.anders@med.uni-jena.de

* Correspondence: orlando.guntinas@med.uni-jena.de; Tel.: +49-364-1932-9301; Fax: +49-364-1932-9302

Abstract: There are currently no data on the electromyography (EMG) of all intrinsic and extrinsic
ear muscles. The aim of this work was to develop a standardized protocol for a reliable surface EMG
examination of all nine ear muscles in twelve healthy participants. The protocol was then applied
in seven patients with unilateral postparalytic facial synkinesis. Based on anatomic preparations of
all ear muscles on two cadavers, hot spots for the needle EMG of each individual muscle were de-
fined. Needle and surface EMG were performed in one healthy participant; facial movements could
be defined for the reliable activation of individual ear muscles’ surface EMG. In healthy participants,
most tasks led to the activation of several ear muscles without any side difference. The greatest EMG
activity was seen when smiling. Ipsilateral and contralateral gaze were the only movements result-
ing in very distinct activation of the transversus auriculae and obliquus auriculae muscles. In pa-
tients with facial synkinesis, ear muscles’ EMG activation was stronger on the postparalytic com-
pared to the contralateral side for most tasks. Additionally, synkinetic activation was verifiable in
the ear muscles. The surface EMG of all ear muscles is reliably feasible during distinct facial tasks,
and ear muscle EMG enriches facial electrodiagnostics.

Keywords: auricular muscles; facial muscles; human; facial palsy; electrophysiology; ear wiggling

1. Introduction

The human auricle contains three extrinsic and six intrinsic muscles [1]. These mus-
cles have been considered vestigial in humans, and are rarely under voluntary control [2].
Like the mimic muscles, all ear muscles are innervated by the facial nerve [1]. Needle and
surface electromyography (EMG) are part of routine electrodiagnostics in patients with
facial nerve dysfunction, mainly for facial palsy [3]. In these patients, EMG is routinely
performed from the mimic muscles. EMG data on human ear muscles are sparse. Berzin
and Fortinguerra published data for the three external muscles (anterior, superior and
posterior auricular) of 30 healthy men [4]. They showed EMG activity in all these muscles
but never isolated activity in only one muscle during smiling and yawning. Serra et al.
analyzed the posterior auricular muscle in patients with acute facial paralysis [5]. Due to
the acute paralysis, EMG activity disappears in this ear muscle like in mimic muscles.
Posterior auricular muscle EMG activity preceded the recovery of EMG signs in other
facial muscles by 10-30 days. Furthermore, they revealed in patients with postparalytic
facial synkinesis synchronous EMG activity with the orbicularis oculi muscle during eye
blink. This is a sign that the ear muscles are also involved in the process of postparalytic
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synkinesis. Recently, such postparalytic facial-auricular synkinesis was also reported in a
case report [6]. The ear muscles are not only of interest in patients with facial palsy. The
ear muscles are part of a complex neural brainstem network for the postauricular reflex
[7]. Therefore, the measurement of ear muscle EMG activity offers so-far unexploited po-
tential for the monitoring of emotional states, brainstem lesion diagnostics or stroke man-
ifestations [2]. Finally, the ear muscles are beneficial for individuals with quadriplegia
because these muscles are usually not affected by high-level spinal lesions [2]. For in-
stance, such patients can learn to steer a wheelchair with ear muscle activation [8]. This
also opens the field for other neuroprosthetic applications based on auricular muscles.

Therefore, we thought that it would be worthwhile to systematically investigate: 1)
the exact localization of all extrinsic and intrinsic ear muscles in cadaver preparations for
optimal placement of the EMG electrodes, 2) the EMG activity in all extrinsic and intrinsic
ear muscles in healthy individuals and 3) the changes of EMG activity in patients with
postparalytic facial synkinesis.

2. Material and Methods

This study was approved by the Ethics Committee of Jena University Hospital (No.
2018-1103-BO). All participants provided written informed consent. Twelve healthy pro-
bands (8 female, 4 male; age: 18-29 years) were examined by one-channel and multi-chan-
nel EMG. Additionally, needle EMG was performed in one healthy proband only. Surface
EMG was performed in all 12 probands. Seven patients (4 female, 3 male; age: 18-60 years)
with postparalytic facial synkinesis after acute unilateral (5 right side, 2 left side) periph-
eral facial paralysis (mean time since onset: 34.7 months) were examined. The patients
received surface one-channel EMG. All measurements were performed on both sides of
the face. Additionally, the anatomical preparations were performed on two hemifaces.

2.1. Cadaver Preparations

First, cadaver preparations were performed to better understand the exact localiza-
tion and size of the ear muscles. The anatomical preparations were carried out on two
hemifaces from body donors at the forensic medicine department of the University Hos-
pital Hamburg-Eppendorf, Germany. First, the pre-, supra- and postauricular cutis and
subcutis were dissected. The scalp was detached from ventral to dorsal around the carti-
laginous auricle. As the auricular muscles are not different to other facial muscles, they
were not covered by fascia. After removing the subcutaneous fat tissue, the three extrinsic
ear muscles could be visualized. For the preparation of the ventral side of the auricle, the
cutis was dissected away from the cartilage and the cartilaginous tragus exposed. For fur-
ther dissection of the tragicus muscle, the cartilage was slit on the dorsal posterior margin
of the tragus so that the cartilage could be unfolded. The helicis major and helicis minor
muscles were exposed on the crus helicis. Following the course of the helix, the skin was
detached down to the earlobe and the antitragicus muscle was exposed. Finally, the trans-
versus auriculae and the obliquus auriculae muscle were dissected on the back side after
removal of the cutis.

The photographic documentation of the prepared ear muscles was compared with
anatomical drawings from anatomy atlases [1,9-12]. Both were used as a guide for the
positioning of the fine needle electrodes and surface electrodes. Graphics were created
which illustrate the size and position of the ear muscles and on which the exact position-
ing of the electrodes could be displayed.

2.2. One-Channel Needle and Surface Electromyography Setting

Needle EMGs were first performed in one healthy proband using optimal recording
spots based on the cadaver dissections. The region of optimal signaling was thereafter
used for the surface EMG recordings. A standard EMG system was used (Medelec Syn-
ergy T5, VIASYS Healthcare, Hochberg, Germany; high-pass filter: 20 Hz; low-pass filter:
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5 kHz). For needle EMG, concentric electrodes were used (Neuroline concentric needle,
50 x 0.45 mm; Ambu, Bad Nauheim, Germany). For surface EMG, surface electrodes were
applied (Neuroline 720 Neurology Surface Electrodes 72015- K/10, Ambu, Bad Nauheim,
Germany).

All EMG examinations were performed in supine position. The auricle and surround-
ing skin were disinfected and degreased with a skin disinfectant. The reference electrode
was positioned on the spinous process of the seventh cervical vertebra. Only before per-
forming the needle EMGs were the puncture sites anesthetized with an anesthetic cream
(EMLA; 25 mg/g lidocaine plus 25 mg/g prilocaine, Aspen, Munich, Germany). In healthy
probands, the examinations started on the left side, followed by the right side. In patients,
first the contralateral side and then the affected sided was analyzed. The sequence of re-
cordings was always the same: auricularis anterior, auricularis superior, auricularis pos-
terior, tragicus, antitragicus, helicis major, helicis minor, transversus auriculae and finally
obliquus auriculae muscle. The probands had to perform the following mimic exercises,
always in the same sequence: smiling, pursing lips, nose wrinkling, frowning, drawing
eyebrows together, ipsilateral gaze, contralateral gaze and finally ear wiggling. Each task
was performed 48 times. The movements were demonstrated by the examiner and prac-
ticed together with the examiner before starting the recordings. For quality control, all
EMG recordings were video-documented (Supplementary Figure S1). The amplitude of
the EMG signal from the recorded ear muscle during the specific exercise was evaluated
off-line using the video recordings and the following standard 4-point classification sys-
tem [3]: no increase compared to baseline activity in resting state (= 0), slight increase (=
1), moderate increase (= 2) and strong increase (= 3). Examples for the classification are
shown in Supplementary Figure S1.

2.3. Multi-Channel Surface Electromyography Setting

For multi-channel EMG, a standard EMG system (Tower of Measurement, DeMeTec,
Langgons, Germany) and amplifier (Biovision, Wehrheim, Germany; sampling rate: 4096
Hz; amplitude resolution: 60 nV/bit) were used. Three ear muscles (auricularis superior,
auricularis posterior, tragicus), a mimic muscle (risorius) and two chewing muscles (tem-
poralis, masseter) were synchronously recorded. The recordings were performed in a sit-
ting position. Surface electrodes (Kendall EGC electrodes H935G, 42 mm x 24 mm;
Covidien, Dublin, Ireland) were applied (Supplementary Figure S2). These electrodes
have the advantage that they can be trimmed. By trimming, electrode overlap can be
avoided. The probands had to perform the following mimic exercises, always in the same
sequence as described for the single-channel recording (see above). In addition, the fol-
lowing tasks were performed: showing teeth, clenching teeth, chewing on the ipsilateral
side and chewing on the contralateral side. All EMG recordings were video-documented.
For classification of the EMG activity, the same classification systems as for the single-
channel analysis were used (see above).

2.4. Statistical Analysis

Statistical analyses were performed using Microsoft Excel (V.2016, Microsoft Corpo-
ration, Seattle, Washington, USA) and using IBM SPSS v.26.0 statistical software for Win-
dows (Chicago, Illinois, USA). If not otherwise reported, mean values + standard devia-
tions of the EMG recordings of the healthy probands or the patients are presented. Differ-
ences between two dependent subgroups (right versus left side in healthy probands or
postparalytic side versus contralateral side) for ordinal EMG classification data were com-
pared with the Wilcoxon test. For all statistical tests, significance was two-sided and set
to p <0.05.
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3. Results
3.1. Cadaver Preparations of the Extrinsic and Intrinsic Ear Muscles

Supplementary Figure S3 summarizes the preparations of the ear muscles. Nearly all
muscles could be detected. The helicis minor muscle could not be clearly depicted in both
cadavers. The tragicus and the antitragicus were located within the tragal and antitragal
cartilage, respectively. The auricularis posterior muscle had two muscle bellies in one ca-
daver. The transversus auriculae muscle was clearly visible in only one preparation. Op-
timal spots for the surface EMG recordings of all ear muscles (Figure 1) were defined
based on the cadaver preparations and needle EMG results (see below).

|

Figure 1. Localization of the extrinsic and intrinsic ear muscles for EMG analysis. (A): M. auricularis
anterior. (B): M. auricularis superior. (C): M. auricularis posterior. (D): M. tragicus. (E): M. antitrag-
icus. (F) M. helicis major. (G): M. helicis minor. (H): M. obliquus auriculae. (I): M. transversus au-
riculae.

3.2. One-Channel Needle Electromyography of the Extrinsic and Intrinsic Ear Muscles in One
Healthy Proband

Except for the transversus auriculae muscle on the left side and the obliquus auricu-
lae muscle on the right side, needle EMG was feasible for all extrinsic and intrinsic ear
muscles (Supplementary Table S1). The optimal hot spots for the needle EMG of individ-
ual ear muscles are shown in Supplementary Figure S4. Overall, the external muscles
showed higher activity than the intrinsic muscles. The strongest activity was seen in all
muscles during ear wiggling and smiling. The obliquus auriculae showed the weakest
activity. The transversus auriculae was only activated during lateral gaze. Frowning only
activated the extrinsic ear muscles, whereas the same muscles showed no activity during
drawing of the eyebrows together. The activity pattern during needle EMG was not sig-
nificantly different from surface EMG in the one individual receiving both needle and
surface EMG analyses (data of the comparison not shown).
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3.3. One-Channel Surface Electromyography of the Extrinsic and Intrinsic Ear Muscles in
Healthy Probands

Surface EMG could be recorded from all ear muscles in all healthy subjects. There
was no significant right-left side difference (Table 1). In general, the ear muscle EMG ac-
tivity was highest during smiling and ear wiggling. The lowest activity was seen during
ipsilateral or contralateral gaze. Only the obliquus auriculae and the transversus auriculae
muscle showed a robust activity during the isolated lateral gaze.

Table 1. Healthy probands: average surface single-channel EMG activity” in the different ear mus-
cles during mimic tasks on right and left sides.

Muscle/ Right  Left Muscle/ Right  Left Muscle/ Right

Exercise Side Side P Exercise Side Side P Exercise Side Left Side  p
M. auricularis Mean + Mean + M. tragi Mean + Mean + M. helicis mi- Mean+ Mean +
ant. SD  SD (HABIUS gy gp nor SD SD
. 291+ 283+ . 2.90 + . 2.77 + 2.77 +
Smiling 0.8 0.38 0.586  Smiling 0.30 3.00+0 0.341 Smiling 0.44 0.44 1.000
. . 141+ 1.66=+ . . 154+ 181+ . . 1.00 + 144 +
Pursing lips 0.79 0.88 0.339 Pursing lips 0.82 0.60 0.277 Pursing lips 111 101 0.272
Nose wrin- 066+ 141+ Nose wrin- 090+ 0.80 % Nose wrin- 0.11 + 0.77 +
0.069 0.780 0.050
kling 0.65 1.08 kling 0.87 0.78 kling 0.33 1.09
. 191+ 133+ . 145+ . 1.55+ 1.33 +
Frowning 116 115 0.189 Frowning 1+0.89 103 0.096 Frowning 133 141 0.347
Drawing eye- 0.33+ 0.58+ Drawing eye- 0.18+ 090+ Drawingeye- 0.11+ 044+
0.491 0.054 0.347
brows 0.88 0.66 brows 0.60 0.94 brows 0.33 1.01
. 041+ 058+ Ipsilateral 027+ 0.18=+ Ipsilateral 0.33 +
Ipsil 1 504 .77 + 1
psilateral gaze 5 (79 00 gaze 000 04 7777 gae 00 4y 019
Contralateral 0.45 + Contralateral 0.18+ 0.27 + Contralateral 0.22 + 0.22 +
0 0.016 0.756 1.000
gaze 0.52 gaze 0.60 0.64 gaze 0.44 0.44
L. 275+ 275+ L. 242+ 242+ L.
Ear wiggling 0.7 0.7 NA Ear wiggling 078 0.97 1.000 Ear wiggling 2.83+0.42.5+1.22 0.363
M auricularis M. antitragi- M. trans. au-
sup. cus riculae
. 283+ 283+ . 291+ 283+ . 291+
Smiling 0.38 0.38 1.000  Smiling 0.28 0.57 0.339  Smiling 3+0 0.28 0.339
. . 116+ 141+ . . 141+ 133+ . . 1.16 + 1.16 +
Pursing lips 102 0.9 0.339 Pursing lips 0.79 0.98 0.795 Pursing lips 0.83 071 1.000
Nose wrin- 091+ 0.66+ Nose wrin- 058+ 0.58 + Nose wrin- 0.66 = 1.08 +
. 1. 137
kling 1.08 0.77 0.389 kling 0.79 0.79 000 kling 0.88 0.90 0.13
. 225+ 225+ . 145+ 154+ . 1.66 1.50 +
Frowning 0.96 0.96 1.000 Frowning 101 101 0.756  Frowning 130 104 0.504
Drawing eye- 050 0.75+# Drawing eye- 033+ 1.00+ Drawing eye- 050+ 041z
brows 0.90 0.96 0.191 brows 0.77 1.04 0.071 brows 1.00 0.66 0.586
. 083+ 1.00+ Ipsilateral 050+ 0.25+ Ipsilateral 116+  1.00+
Ipsilateral 674 . .61
psilateral gaze ) 1 (g5 06 gaze 090 045 ¥ o 111 o085 OO
Contralateral 0.25+ 0.33+ 0723 Contralateral 0.66+ 0.33+ 0.220 Contralateral 1.25+ 1.00 + 0.463
gaze 0.62 0.65 gaze 0.77 0.49 gaze 0.96 0.95
o 287+ 275+ L 285+ 257+ L 275+ 2.50 +
Ear wiggling 0.35 0.46 0.351 Ear wiggling 0.37 113 0.356 Ear wiggling 0.46 0.92 0.170
M auricularis M. helicis ma- M. obliq. au-

post. jor riculae
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241+ 258+ 281+ 2.90 +
Smiling 1+ 0?68 6+ 0339 Smiling  3.00+0 3 4+ 0.167  Smiling o?§o+ 3+0 0341
091+ 116+ 118+ 09= 1.00+ 1.18=
Pursing li 0.389 Pursing li 0.465 Pursing li 0.506
TEMETPS 09 093 CMETPS 098 13 TMETPS 089 098
Nose wrin- 058+ 0.75+ Nose wrin- 118+ 09+ Nose wrin-  0.72+  0.90 +
0.551 0.341 0.441
kling 0.79 0.75 kling 1.25 0.83 kling 1.00 1.04
. 141+ 183+ . 245+ 19+ . 190+ 190
Frowning 144 146 0.210 Frowning 0.93 1.04 0.052 Frowning 129 10 1.000
Drawing eye- 050+ 0.83+ Drawing eye- 0.63+ 0.72+% Drawing eye- 090+  0.63+
2 81 .082
brows 0.90 1.19 0266 brows 0.92 1.00 0810 brows 1.13 0.80 0.08
. 1.00+ 0.83+ Ipsilateral 036+ 0.36+ Ipsilateral 127+  1.00+
Ipsilateral 0.586 1.000 0.432
PSTaleralgaze o5 057 gaze 08 05 gaze 090  0.89
Contralateral 0.66+ 0.75+ 0.809 Contralateral 0.18+ 0.18+ 1,000 Contralateral 1.18+ 127z 0.821
gaze 1.07 0.75 gaze 0.4 0.4 gaze 0.98 1.10
62+ 275+ 286+ 286 87+ 250
E iggli 0.351 E iggli NA E iggli 0.197
ATVIBETE 074 046 WSS 037 037 ATWIBETS 035 092
*EMG classification: 0 =no increase compared to baseline activity in resting state, 1 = slight increase,
2 = moderate increase, 3 = strong increase.
3.4. Multi-Channel Surface Electromyography of the Extrinsic and Intrinsic Ear Muscles in
Healthy Probands
The mimic exercises (smiling, pursing lips, nose wrinkling, frowning, drawing eye-
brows together, showing teeth) activated the risorius as a mimic muscle, but also synchro-
nously at least two ear muscles and one or both chewing muscles (Table 2). Ear wiggling
showed the strongest co-activation of all recorded muscles. The co-activation during the
lateral gaze was weaker but clearly visible in mimic and ear muscles, but very weak in the
temporalis muscle. The masseter showed no activity during the lateral gaze movements.
The chewing tasks (clenching teeth, chewing ipsilateral, chewing contralateral) triggered
a strong activation in all muscles except for the auricularis posterior muscles. This muscle
remained silent during chewing tasks.
Table 2. Healthy probands: average surface multi-channel EMG activity* synchronously in several
ear muscles, chewing muscles and one mimic muscle during different tasks summarized for both
sided of the face.
Exercise M. risorius M. aur1c1.11ar1s M. aur1c1.11ar1s M. tragicus M. temporalis M. masseter
posterior superior
Mean+SD  Mean + SD Mean * SD Mean+SD Mean+SD  Mean + SD
Smiling 2.64 +0.50 0+0 2.64 +0.50 1.91+1.51 2.00+0 1.64 +0.50
Pursing lips 2.27 +1.01 0+0 1.91 +0.30 0.64 +0.50 1.82+040  0.64+0.50
Nose wrinkling 1.09 + 0.30 0+0 1.36 + 0.50 0.64 +0.50 1.00+0 0+0
Frowning 1.64+050 1.36+0.50 2.91+0.30 1.36 + 0.50 3.00+0 1.00+0
Drawing eyebrows 236+050  0.36+0.50 2+0 1.09+1.51 2.36 +0.50 1.00+0
Ipsilateral gaze 1.82 +0.98 0+0 1.64 + 0.50 0.36 + 0.50 1.73+1.01 1.09 +1.51
Contralateral gaze 1.64 +0.92 0+0 2.36 +0.50 1.00 +1.41 1.73+1.01 1.09 +1.51
Ear wiggling 1.64+092 1.27+1.01 3.00+0 227 +0.47 3.00+0 1.64 +0.92
Showing teeth 3.00+0 0.64 +0.50 227 +0.47 3.00+0 2.64+0.50 1.36 + 0.50
Clenching teeth 3.00+0 0+0 1.36 + 0.50 1.09+030  2.64+050 2.27+1.01
Chewing ipsilateral 2.27+1.01 0+0 2.18+0.98 2.09+094  2.18+098 1.73+1.42
Chewing contralateral 255+0.52  0.36+0.50 3.00+0 2.27+1.01 291+0.3 2.27+1.01

*EMG classification: 0 =no increase compared to baseline activity in resting state, 1 = slight increase,
2 = moderate increase, 3 = strong increase.
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3.5. One-Channel Surface Electromyography of the Extrinsic and Intrinsic Ear Muscles in Pa-
tients with Postparalytic Facial Synkinesis

Like in healthy individuals, the strongest EMG activity in ear muscles was seen dur-
ing smiling on both sides, and for ear wiggling on the contralateral side (Table 3). Inter-
estingly, the activity on the postparalytic side was much lower during ear wiggling. Es-
pecially, nose wrinkling showed a much higher activity on the postparalytic side than in
normal individuals. The average EMG activity was always higher on the postparalytic
side than on the contralateral side. An example for the anterior and posterior muscles is
shown in Figure 2. Even in this small sample size, the difference was significantly different
(p < 0.05) for several muscles and tasks. EMG activity was also seen in other ear muscles
than the obliquus auriculae and the transversus auriculae muscle.

Table 3. Patients with postparalytic facial synkinesis: average surface single-channel EMG activity*
in the different ear muscles during mimic tasks on postparalytic and contralateral sides.

Muscle/  Postpara- Contrala- Muscle/  Postpara- Contrala- Muscle/  Postpara- Contrala-
exercise lytic teral P exercise Iytic teral P exercise lytic teral P
M. auricularis Mean = Mean + SD M. tragicus Mean + Mean + SD M. helicis mi- Mean + Mean + SD
ant. SD - 11ag SD nor SD
. 2.71 + . 2.28 + . 2.85+
Smiling 0.48 2.85+0.37 0.356 Smiling 0.75 2.71+0.48 0.078 Smiling 0.37 2.57+0.53 0.172
. . 1.71 + . . 1.57 + . . 1.85+
Pursing lips 1.00 +£0.57 0.140 Pursing lips 0.71+0.48 0.001 Pursing lips 0.57+0.53 0.012
1.25 0.78 1.06
in- 1.71 + in-
Nose wrinkling 2+1 1284125 0310 |\oS¢ Wrin t 1004100 0.094 NOSEWHNT o 057 071095 0.022
kling 0.75 kling
. 2.28 + . . 2.14 +
Frowning 0.75 1.85+0.89 0356 Frowning 2+081 142+097 0280 Frowning 0.69 1.28+0.75 0.078
Drawing eye- 1.85=* Drawing eye- 1.71+ Drawing eye- 1.85%
42 +0. .01 .85 +0. .04 .14 +0.37 0.007
brows 1.21 042+0.53 0.016 brows 0.48 0.85+089 0.045 brows 0.89 0.14+0370.00
. 1.28 . 0.42 + . 1.14 +
Ipsilateral gaze 0.75 0.42 +0.53 0.078 Ipsilateral gaze 0.53 1.00 +1.15 0.103 Ipsilateral gaze 0.89 0.28 +0.48 0.045
Contralateral  0.42 + 057+ 0.78 0.604 Contralateral 0.42 + 071111 0.604 Contralateral 0.28 + 042+ 053 0.604
gaze 0.78 gaze 0.53 gaze 0.48
L 1.33 + L. 1.33 + L. 1.33 +
Ear wiggling 115 2.66 +0.57 0.270 Ear wiggling 152 2.33+0.57 0.225 Ear wiggling 152 2.66 +0.57 0.184
M auricularis M. antitragi- M. trans. au-
sup. cus riculae
. 2.57 + . 242 + . 2.71 +
Smiling 0.78 2.85+0.37 0.356 Smiling 0.53 2.71+0.48 0.172 Smiling 0.48 2.57+0.53 0.356
Pursing lips 228+ 1.28 £0.75 0.018 Pursing lips 185 0.57£0.78 0.035 Pursing lips 185 1.00+0.81 0.078
1.11 1.06 0.69
L. 2.28 + Nose wrin- 2.28 + Nose wrin- 242 +
Nose wrinkling 0.75 1.00 +1.15 0.093 Kling 0.75 0.57 +1.13 0.011 Kling 0.53 1.14 +1.06 0.063
. 2.28 + . . 1.71 +
Frowning 0.75 1.85+1.06 0.510 Frowning 2+0.81 1.14+0.37 0.017 Frowning 0.95 142 +0.53 0.522
Drawing eye- 228 Drawing eye- 128+ Drawing eye- 1.71+
brows 111 0.42 +0.53 0.004 brows 195 0.28 +0.75 0.038 brows 075 0.71+0.95 0.062
. 1.28 + . . 0.85 +
Ipsilateral gaze 111 1.00 +1.00 0.457 Ipsilateral gaze 1+0.57 0.57 +0.53 0.078 Ipsilateral gaze 0.69 1.28+0.95 0.289
Contralateral  0.85 + 071 +0.75 0.766 Contralateral 0.42 + 042 +0.78 1.000 Contralateral 0.57 + 142+113 04111
gaze 1.21 gaze 0.53 gaze 0.53
Ear wiggling 2+1 233+057 0.742 Ear wiggling 1+1.73 2.00+1.00 0.225 Ear wiggling 1i3:2i 2.00+1.00 0.667
M auricularis M. helicis ma- M. obliq. au-
post. jor riculae
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. 2.71 + . > 2.71 +
Smiling 0.48 228+048 0200  Smiling 3+0 3000 NA Smiling 0.48 2.57+0.53 0.356
. . 1.85 + . . 1.71 . . 1.85+
Pursing lips 0.89 0.71+0.75 0.005 Pursing lips 111 0.57£0.53 0.047 Pursing lips 1.06 0.71+0.95 0.103
L. 2.57 + Nose wrin- 242 + Nose wrin- 2.28 +
Nose wrinkling 0.53 1.14 +1.21 0.008 Kling 0.53 1.42+1.13 0.086 Kling 0.48 1.14+1.21 0.066
. 214 + . 2.57 + .
Frowning 0.69 1.57+1.27 0413 Frowning 053 1.71£0.95 0.017 Frowning 2+1 1.85+0.89 0.604
Drawi - Drawi - 214+ D i - 171+
FAWINE €YE 94115 0.28+048 0.007 o 8 EYE *0.28+0.750.0001 o8 €Ye T 043+054 0.022
brows brows 0.69 brows 0.75
. 1.14 . 0.85 + . 0.71 +
Ipsilateral gaze 1.06 1.00 +£0.81 0.736 Ipsilateral gaze 0.69 0.28 +0.48 0.030 Ipsilateral gaze 0.48 128 +1.11 0.231
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Figure 2. Example of a patient with postparalytic facial synkinesis on the left side. For most mimic
tasks, the single-channel EMG activity was heavily increased on the postparalytic side in compari-
son to the contralateral side, here shown for the auricularis anterior and superior muscles.

4. Discussion

With this work, data are available for the first time on the implementation of EMGs
on all intrinsic and extrinsic ear muscles. The co-activation of the ear muscles when smil-
ing, pursing the lips, wrinkling the nose and making other facial movements could be
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shown by means of surface and needle EMG recordings. The results of the needle EMG
with its very high spatial resolution and a measuring field of only approximately one cu-
bic millimeter were important to define the hot spots for the recording and to confirm that
the measured activity actually came from the inserted ear muscles of interest and not from
the much larger neighboring muscles (e.g., the masseter muscles). Surface EMGs of all
extrinsic and intrinsic ear muscles were feasible and meaningful, since individual activity
patterns could be determined during co-activation through facial movements. Synchro-
nous activation of ear muscles was the rule, and isolated activation was the exception.
Hence, the results of Berzin and Fortinguerra could be confirmed for all ear muscles [4].

The postauricular muscle reflex activates the posterior auricular muscle in response
to short and abrupt sounds [13]. This brainstem reflex is of interest because it is preserved
in case of facial nerve lesion distal to the stylomastoid foramen but disturbed after more
proximal lesions [14]. This reflex was not measured in the current study, but should be
included in future investigations. However, the oculo-auricular phenomenon (i.e., the co-
activation of ear muscles during lateral gaze) was investigated [15]. In concordance with
previous investigations, we could show that especially ipsilateral gaze led to a strong
(sometimes isolated) activation of the transversus auriculae and obliquus auriculae mus-
cles [15]. Furthermore, it could be confirmed that lateral gaze enhances postauricular mus-
cle reflex [16].

Needle electromyography is the standard method to objectively confirm facial synki-
nesis—that is, the abnormal involuntary facial movement that occurs with voluntary
movement of a different facial muscle group [3]. Surface EMG also makes it possible to
prove facial synkinesis [17]. The present study is the first to systematically show that post-
paralytic synkinesis also includes the extrinsic and intrinsic ear muscles. We showed com-
plex patterns of involuntary ear muscle activity during mimic tasks beyond the typical
synkinesis patterns seen in the mimic muscles of the patients. In most cases the EMG ac-
tivity was heavily increased in comparison to the activity normally seen in these small
muscles. One case report was published in 2020 showing oculo-auricular or oro-auricular
synkinesis during similar mimic tasks, as in the present study [6]. Analysis of the ear mus-
cles should be included into the repertoire of facial-muscle EMG analysis for patients with
facial nerve diseases. Most ear muscles are innervated by the posterior auricular nerve
[18]. Only the superior and anterior auricular muscles are innervated by the temporal
branches of the facial nerve. The posterior auricular nerve arises from the facial nerve close
to the stylomastoid foramen. Therefore, ear muscle EMG should be helpful to differentiate
between intratemporal and extratemporal facial nerve trauma.

The study had several limitations. A standard examination procedure could be es-
tablished and the ear muscle EMGs were highly reproducible, but overall the sample sizes
of healthy volunteers and patients with postparalytic facial synkinesis were low. During
most tasks, the average EMG activation was higher on the postparalytic than on the con-
tralateral side. Due to the small samples, the difference reached a statistically significant
difference only for some of these results. We expect clearer results when increasing the
sample sizes in the future. The qualitative score to assess the changes in EMG activity was
derived from clinical EMG scores used for the classification of facial muscle EMG [3].
Schmidt and Thoden use a similar score for classifying ear muscle activity [19]. To check
the reproducibility of the evaluation of the EMGs by means of the qualitative score, an
evaluation of the EMG activity changes by different examiners will be necessary in future
trials. Even better, an automated EMG analysis should be developed. Recently, such a
system was developed for the automated analysis of multi-channel mimic muscle EMG
recordings [20].

Another recent study demonstrated that the ability to activate the posterior auricular
muscle can be learned and used intuitively to steer a wheelchair with a myoelectric auric-
ular control system [8]. The present study also shows that the other ear muscles show
sufficient and reproducible activity to be used by assistive technologies even for more
complex steering or other tasks.
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5. Conclusions

Surface EMG recordings of all intrinsic and extrinsic ear muscles were feasible and
reproducible. Distinct mimic movement tasks in which the ear muscles are active were
defined. Mostly, several ear muscles were activated. Furthermore, in patients with post-
paralytic facial nerve syndrome, synkinetic activation of the ear muscles is the rule.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/diagnostics12010121/s1, Figure S1: Classification system for the
EMG activity during the mimic tasks.; Figure S2: Example for the setting of the single-channel EMG
recording with a patient in supine position on the left side and for multi-channel surface EMG re-
cordings on the right side.; Figure S3: Cadaver preparations of the ear muscles.; Figure S4: Hot spots
for needle EMG for each individual ear muscle shown on the left ear.; Table S1: Needle single-chan-
nel EMG activity* in the different ear muscles during mimic tasks on right and left side in one
healthy probands.
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