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1. Introduction 

In the context of improving surgical techniques and botulinum neurotoxin (BoNT) 

injection practice in the upper face, clinical importance of anatomical knowledge of 

extraocular and forehead muscles increases. Usually, this knowledge is obtained 

by a combination of muscle dissection and histochemical methods in cadavers. 

However, simple dissection can be insufficient, e.g., to define the innervation zone 

for a muscle (Borodic et al. 1991). A motor unit (MU) represents the smallest 

functional element of a muscle, defined as single motor neuron and the muscle 

fibers innervated by this neuron (Sherrington 1929). High density surface 

electromyography (HDsEMG) provides the opportunity to gather functional 

anatomical information at motor unit level in a non-invasive manner. The 

development of highly flexible multi-electrode arrays allowed the application of this 

method to facial muscles. Before, application to these muscles was impossible 

due to the high technical demands related to the special anatomical characteristics 

of the facial muscle system (Lapatki et al. 2004). Additionally, improved methods of 

signal processing provide a more and more automatic and secure decomposition 

of the raw EMG signal into the contributions of individual motor units (Holobar et 

al. 2010). 

By placing electrodes over the entire surface of a muscle, temporal and spatial 

information of its MUs are gathered (see Roeleveld et al. 2002 for a review). Thus, 

innervation zone location and main muscle fiber orientation of the MU are 

revealed. Combining this information of the detected MUs with the placement of 

the electrode grids relative to certain landmarks, MUs can be topographically 

mapped. Similarly, the motor endplate zones and distribution over the muscle can 

be depicted. Motor endplate zones of skeletal muscles can be arranged in a 

narrow band in the center of the muscles, in eccentric position or evenly spread 

(Christensen 1959, Happak et al. 1997). Concerning the upper facial musculature, 

this information is sparse despite its high clinical relevance, e.g. in therapeutic 

muscle weakening using BoNT (Lapatki et al. 2011).  

HDsEMG was already used successfully to obtain topographical information from 

the lower and midfacial musculature (Lapatki et al. 2006, Matt 2013). The aim of 

this study is the topographical characterization of the upper facial musculature at a 

motor unit level using similar HDsEMG techniques. 
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1.1 The formation of the EMG-Signal 

1.1.1 Resting membrane and action potential 

The resting membrane potential of muscle and nerve cells holds about -60mV. 

This potential is caused by the asymmetric distribution of ion concentrations 

between the interior and exterior of the cell, as a balance of equilibrium between 

concentration and electric forces. The sodium-potassium adenosine triphosphate 

(ATP)-dependent pump keeps this balance stable. In case of a depolarization to a 

certain threshold, voltage-gated ion channels open. As sodium channels open first, 

sodium ions rush into the cell and amplify the depolarization until the membrane 

potential holds about +30mV. Then the sodium channels become inactive. The 

following repolarization is caused by the opening of potassium channels, which 

release potassium ions from the interior of the cell. To enable provocation of 

another action potential, the sodium channels need to be reactivated, which 

happens in the late phase of repolarization. This period of inactivity is called the 

absolute refractary period. It limits the repeatability of action potentials. By 

depolarization of a membrane segment, the neighbouring membrane segment 

depolarizes as well. After passing the threshold there, a new action potential 

occurs according to the all-or-nothing principle. In this manner, the electric signal 

propagates along the muscle fiber membrane (Speckmann et al. 2005). 

1.1.2 Neuromuscular junction 

Each muscle fiber is innervated by an alpha-motoneuron, which splits up in 

several branches just before reaching the skeletal muscle fiber. Each muscle fiber 

is supplied with a terminal nerve ending, forming a neuromuscular junction, the so-

called motor endplate. The terminal nerve ending contains numerous vesicles filled 

with the neurotransmitter acetylcholine. As soon as the motoneuron depolarizes at 

its terminal region, the vesicles empty the transmitter into the synaptic cleft. The 

transmitter diffuses to the muscle fiber's membrane and binds to corresponding 

receptors, which then open cation channels. The resulting depolarization is 

propagated electrotonicaly and causes the opening of voltage-dependent 

channels, which in turn evoke an action potential along the muscle fibers 

membrane. Now the voltage-gated release of calcium ions starts the contraction of 

the muscle (Lüllmann-Rauch 2009, Speckmann et al. 2005). 
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1.1.3 Motor unit (MU) 

A motor unit consists of a motor neuron and the muscle fibers innervated by it 

(Sherrington 1929). It represents the smallest functional unit of a muscle. 

Depending on whether a muscle takes precision tasks or coarse movements, one 

motor unit may contain <100 (e.g. facial muscles) or >1000 (e.g. back muscles) 

fibers. The fibers of a motor unit do not form groups within the muscle, but are 

mixed with fibers of other motor units (Lüllmann-Rauch 2009, Loeb et al. 1986). 

The action potentials of a motor unit's muscle fibers add up to a motor unit action 

potential (MUAP), which is detectable by EMG (Fuglevand et al. 1992). 

Muscle force can either be controlled by recruiting inactive motor units or by 

increasing firing frequency of active units, so called rate coding. According to the 

size principle (Henneman 1957), at least in isometric contractions, recruitment of 

motor units occurs in a fixed order, starting with MUs with the lowest threshold. To 

increase force very fast, S-fibers ("slow", slow increase in force, heavily fatigable) 

are activated first, followed by FR-fibers ("fast, fatigue resistant") and FF fibers 

("fast, fast-fatigable"). By increasing the firing frequency of a MU, the muscle 

twitches add up to a more powerful contraction and fine gradation of tension can 

be achieved (Speckmann et al. 2005). The innervation ratio describes the number 

of muscle fibers innervated by a motor neuron. Muscles with a small innervation 

ratio (e.g. facial muscles) mainly control muscle force by changing firing frequency 

(Speckmann et al. 2005, Enoka 1995). 

1.1.4 Motor unit action potential (MUAP) 

The electric signal detected by surface or needle electrodes in EMG is produced 

by voltage gradients propagated along the muscle fibers (Loeb et al. 1986). 

The part of the muscle fiber's membrane, where sodium ions stream into the 

interior of the cell, is depicted as a current sink in the EMG signal. As sodium ions 

are drawn into a region of higher negativity, the sink occurs as a negative peak. In 

the typical EMG signal, the negative peak of the current sink is surrounded by two 

smaller positive waves, referred to as current sources. The beginning positive 

wave is formed by a passive depolarization, caused by adjacent actively 

depolarizing regions. An instant later, this region becomes the current sink. The 

subsequent wave of current source can be explained as the active repolarization 

of the membrane, which is to reestablish the membrane's steady state potential.  
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If a single recording electrode is positioned directly above the endplate, the current 

sink is detected first, showing a negative deflection, which is followed by a 

positive, second current source. However, a nearby electrode would show the 

typical pattern of source-sink-source (Loeb et al. 1986, Dumitru 2000). In terms of 

volume conduction e.g. through the human body, this tripole is commonly 

described as a leading and a trailing dipole (+ - - +), shown in figure 1 (Dumitru et 

al. 1993, Stegeman et al. 1997). 

 

Figure 1. A single muscle fiber is depicted with three recording electrodes (E-1A), (E-1B), and (E-1C). An 

action potential is generated at the endplate zone (+ − − +). (A–H) The relationship of the electrode and 

various portions of the propagating potential determines what each recording electrode detects with respect to 

waveform configuration. (Reprinted from Dumitru D, King J, Stegeman D: Endplate spike morphology: a 

clinical and simulation study. Arch Phys Med Rehabil, 79: 634-640 Copyright 1998, with permission from 

Elsevier) 
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1.1.5 Surface electromyography 

Every electrical potential measurement represents a voltage difference between 

two electrodes. In case of a monopolar recording, the reference electrode is 

attached far away from the recording electrode on the muscle. Higher order 

derivations can be achieved by combining one or more nearby electrodes. The 

classic derivation is two nearby electrodes over a muscle, resulting in a bipolar 

recording (Zwarts et al. 2003). The double differential- (Broman et al. 1985) and 

laplacian derivation are higher order derivations. The laplacian derivation, e.g., is 

composed of one central electrode connected to four sourrounding electrodes 

(Disselhorst-Klug et al. 1997). To enable purpose-dependent selection afterwards 

with respect to the desired montages (bipolar, Laplacian, etc.), and to the way in 

which the EMG-signal is displayed, the signals are recorded monopolarly (Zwarts 

et al. 2003). Using several bipolar electrodes placed in line along the muscle fiber 

direction may reveal the endplate region and the MUAP propagation along the 

muscle fiber. The motor endplate zone can be detected by its low amplitude and 

opposite polarity, when comparing the two directions of MUAP propagation 

(Masuda et al. 1983). Figure 2 compares EMG signals from a column of 

electrodes placed parallel to a muscle’s fibers. The highest amplitude in the 

monopolar recording (Figure 2 A) and the opposite signal polarity in the bipolar 

recording (Figure 2 B) reveal the localization of the motor endplate between the 

upper second and third electrode. With increasing distance to the motor endplate 

the signal amplitude declines (Zwarts et al. 2003). 
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A    B 

 

Figure 2: Comparison of surface electromyography (sEMG) signals from a column of electrodes placed 

parallel to a muscle’s fibers. The highest amplitude in the monopolar recording (Figure 2 A) and the opposite 

signal polarity in the bipolar recording (Figure 2 B) reveal the localization of the motor endplate between the 

upper second and third electrode. (Reprinted with permission from Blok J H, Van Dijk J P, Drost G, Zwarts M J, 

Stegeman D F: A high-density multichannel surface electromyography system for the characterization of single 

motor units. Rev Sci Instrum, 73: 1887-1897, Copyright 2002, AIP Publishing LLC) 

 

Several, evenly distributed electrodes arranged in a grid are called high-density 

surface EMG (HDsEMG) (e.g. Lapatki et al. 2004, Kleine et al. 2000).  

By decomposing HDsEMG signals into single MUAPs, it is possible to gain 

information on the properties of single MUs. The localization of the motor endplate, 

the orientation and length of muscle fibers, the propagation velocity of the 

potential, its discharges and the depth of the MU can be detected. The MU's depth 

can be estimated by the amount of decline of the MUAPs amplitude over a muscle 

(see figure 4). In case of a superficial MU, the amplitude declines fast with 

increasing distance to the endplate. Deeper MUs show less relative amplitude 
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decline circumferentially (Roeleveld et al. 2002, Roeleveld et al. 1997b, Roeleveld 

et al. 1997c). 

A 

 

B 

 

Figure 3: Surface EMG patterns from a selection of electrodes of a high-density electromyography (EMG) grid 

(A) Bipolar signals presented in the direction perpendicular to the muscle fibers show the variability of surface 

EMG amplitude over the muscle in medial–lateral direction. Visually traceable motor unit (MU) firings are 

numbered. (B) Bipolar signals in the fiber direction from the same time segment as in (A) show the position of 

the motor endplate at the third row from below and the propagation of surface motor unit action potentials 

(MUAPs) along the muscle fiber in two directions from there. (Reprinted from Kleine B U, Blok J H, Oostenveld 

R, Praamstra P, Stegeman D F: Magnetic stimulation-induced modulations of motor unit firings extracted from 

multi-channel surface EMG. Muscle Nerve, 23: 1005-1015 (2000), with permission from John Wiley and Sons, 

Inc.) 
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1.1.6 MU-size 

The size of MUs in HDsEMG can be estimated from the amplitude of the largest 

MUAP in the template in monopolar montage. Theoretically, it can be deduced that 

the larger a MUAP, the larger the sum of muscle fibers generating the MUAP. As a 

motor unit’s amplitude is also dependent on its localization within the muscle, i.e. 

its depth, a „depth correction“ of the MUAP amplitude is necessary, using MUAP’s 

spatial characteristics. Usually, makro-EMG is used to determine the MU-size. 

When compared to HDsEMG, good correlation coefficients could be found (Zwarts 

et al. 2003, Roeleveld et al. 1997b).   

 

Figure 4: Schematic representation of motor units (MUs) at different depths. Superficial MUs in (a) and (c) 

compared to deep MUs in (b) and (d). Monopolar motor unit action potentials (MUAPs) in (a) and (b), bipolar 

MUAPs in (c) and (d). Note the high amount of decline in amplitude of superficial MUs. (Reprinted from 

Roeleveld K, Stegeman D, Vingerhoets H, Van O, A.: The motor unit potential distribution over the skin surface 

and its use in estimating the motor unit location. Acta Physiol Scand, 161: 465-472 (1997) with permission 

from John Wiley and Sons, Inc.) 
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1.2 The facial muscles 

 

Figure 5: Upper facial muscles: frontalis muscle (FM), corrugator supercilii muscle (CSM), procerus muscle 

(PM), depressor supercilii muscle (DSM), and orbicularis oculi muscle (unlabeled). (ZM) zygomatic major 

muscle. Temporal (TB) and zygomatic branch (ZB) of the facial nerve. Note that the temporal branch of the 

facial nerve is shown supplying the frontalis muscle, superior orbicularis oculi muscle, transverse head of 

corrugator supercilii muscle and the superior end of procerus muscle. Note that the zygomatic branch of the 

facial nerve is shown supplying the inferior orbicularis oculi muscle, inferior end of the procerus muscle, the 

depressor supercilii muscle, the oblique head of the corrugator supercilii muscle, and the medial head of 

orbicularis oculi muscle. (Reprinted from Knize D M: Muscles that act on glabellar skin: a closer look. Plast 

Reconstr Surg, 105: 350-361 (2000), with permission from Wolters Kluwer Health, Inc.) 

 

The facial or “mimic” musculature belongs to the skeletal musculature, originates 

from the second branchial arch and is innervated by branches of the facial nerve. 

It differs from other muscles of the human body in several respects: its 

subcomponents do not have membranous fasciae and are partially located in the 

subcutaneous adipose tissue with muscle fibers ending in the skin. Most of the 

facial muscles are flat, straplike and do not have a typical muscle belly. They 

perform highly differentiated functions such as facial expression, reflectory 

protection, forceful activity during mastication and integrated synergism during 

phonation (Standring et al. 2008, Freilinger et al. 1990).  
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The following paragraphs describe the individual facial muscle subcomponents 

investigated in this study. 

1.2.1 Frontalis muscle (FRO) 

The frontalis muscle, or venter frontalis of occipitofrontalis muscle, covers the 

forehead and adheres to the superficial fascia. It has no bony attachment, but the 

fibres blend with those of the adjacent muscles (orbicularis oculi muscle (OOC), 

corrugator supercilii muscle (CSC), procerus muscle (PRO)) and ascend to join 

the epicranial aponeurosis in front of the coronal suture (Standring et al. 2008). 

The FRO inserts into the bundles of OOC on the superior border of the eyebrow at 

the middle and medial side of the eyelid. At the lateral side, it inserts just below the 

superior border of the eyebrow. At the medial side of the eyelid, the most distal 

part of FRO is located deeply under PRO and superficial to CSC (Hwang et al. 

2005). The FRO is innervated by temporal branches of the facial nerve. It raises 

the eyebrows and the skin over the root of the nose, or, fixed at the bottom, draws 

the scalp forwards and produces horizontal wrinkles on the forehead (Standring et 

al. 2008). 

 

Figure 6 Isolated contraction of frontalis muscle. 

1.2.2 Orbicularis oculi muscle (OOC) 

The OOC is a flat, elliptical muscle surrounding the circumference of the orbit. It 

consists of orbital, palpebral and lacrimal parts.  

The orbital part arises from the nasal part of the frontal bone, the frontal process of 

the maxilla and medial palpepral ligament. The fibres form complete ellipses and 



11 
 

are not interrupted at the lateral side because of a lack of bony attachment. The 

superciliary fibres blend with FRO and CSC, as well as many fibres insert into the 

skin and the subcutaneous tissue of the eyebrow (Standring et al. 2008). The 

inferior orbital part lies superficial to the zygomatic major and levator labii 

superioris muscle group (Spiegel et al. 2005). 

The palpebral part arises from the medial palpebral ligament and the bone above 

and below the ligament, lying directly beneath the skin of the eyelid, covering the 

tarsal plate. The fibers unite at the lateral commisure to form the lateral palpebral 

raphe.  

The lacrimal part arises from the upper part of the lacrimal crest and passes 

behind the nasolacrimal sac. Some fibres insert into the tarsi of the eyelids close 

to the lacrimal canaliculi, the most fibres, however, continue across and interlace 

in the lateral palpebral raphe (Standring et al. 2008). 

The upper portion of the OOC is innervated by temporal branches of the facial 

nerve (Hwang et al. 2004), the medial portion of the lower OOC is innervated by 

the buccal branch, the middle portion is innervated by the zygomatic branch, and 

the lateral portion is mainly innervated by zygomatic branches, with possible 

participation of temporal branches (Hwang et al. 2001). 

OOC is the sphincter-like muscle of the eyelids. Contraction of the upper orbital 

portion produces vertical furrowing above the bridge of the nose, narrowing of the 

palpebral fissure, and bunching and protrusion of the eyebrows. Eye closure is 

consisting of lowering the upper eyelid as well as elevation of the lower eyelid. The 

palpebal portion of the OOC closes the lids either gently, as in sleep, or reflexly, as 

in blinking. The lacrimal portion draws the eyelids and the lacrimal papillae 

medially, which helps the drainage of tears by dilatating the lacrimal sac (Standring 

et al. 2008). 
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A 

 

B 

 

C 

 

Figure 7 Orbicularis oculi muscle contractions. (A) Palpebral part, (B) Orbital part, (C) all parts.  
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1.2.3 Corrugator supercilii muscle (CSC) 

The CSC is composed of two heads. The transverse head originates from the 

superomedial aspect of the orbital rim to insert into the skin at the middle third of 

the brow while interdigitating with the OOC and FRO. The oblique head is smaller, 

with its fibers commonly running parallel to those of the depressor supercilii 

muscle after insertion into the medial brow (Janis et al. 2007). 

The CSC is innervated by the temporal (Hwang et al. 2004) as well as zygomatic 

or zygomaticobuccal branches of the facial nerve (Tzafetta et al. 2010). It 

cooperates with the OOC in frowning by drawing the eyebrows medially and 

downwards to produce vertical wrinkles on the forehead (Standring et al. 2008). 

 

Figure 8 Isolated contraction of corrugator supercilii muscle. 

1.2.4 Procerus muscle (PRO) 

The PRO arises as a small pyramidal muscle from a fascial aponeurosis attached 

to the periosteum of the lower nasal bone, the lateral nasal cartilage and the 

aponeurosis of the transverse part of nasalis muscle. It inserts into the glabellar 

skin over the lower part of the forehead between the eyebrows and is often 

partially blended with FRO. It draws the medial angle of the eyebrow downwards 

and produces horizontal wrinkles over the bridge of the nose (Standring et al. 

2008). The PRO is innervated by the buccal branch of the facial nerve (Hwang et 

al. 2006). 
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Figure 9 Contraction of procerus muscle, with co-contractions of corrugator supercilii and nasalis muscle. 

1.2.5 Depressor supercilii muscle (DSC) 

The DSC arises as a distinct muscle from the frontal portion of the maxillary bone. 

Along its superior course, the DSC passes over the origin of CSC, medial to the 

medial portion of OOC and lateral to PRO, to insert in the dermis at a point 

approximately 14 mm to 15 mm directly above the medial canthal tendon. Together 

with CSC and PRO, it participates in forming oblique glabellar frown lines (Cook et 

al. 2001). 

1.3 Applications of facial EMG  

Since EMG provides a multitude of information and facial muscles perform a lot of 

different functions such as speech, facial expression and mastication, there are 

various applications of facial EMG.  

As an example, surface EMG can be a tool in speech analyses for detecting 

stuttering and disfluency. It also helps in masticatory function evaluation, 

measuring muscle force during mastication activity or biting force, which can 

support diagnosis of disorders such as temporomandibular dysfunction (Cheng-

Ning Huang, Chun-Han Chen, Hung-Yuan Chung 2004). Stimulated single fiber 

EMG of OOC is a proven diagnostic tool in myasthenia gravis (Mercelis et al. 

2011). In psychophysiology, surface EMG is commonly used to assess emotional 

states. For this purpose, surface EMG recorded from CSC, which is involved in 

frowning, and from zygomaticus major muscle, which is involved in smiling, is 

capable of differentiating the pleasantness and intensity of subjects’ emotional 
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reactions (Cacioppo et al. 1986). Surface electrodes placed on CSC and 

zygomaticus major muscle to investigate reactions to pictures of happy and angry 

faces demonstrated that CSC shows higher reaction to angry faces, and 

zygomaticus major muscle shows higher reaction to happy faces, even if the test 

subjects are told to react with the opposite muscle or not to react in any way 

(Dimberg et al. 2002).  

1.4 Application of botulinum neurotoxin (BoNT) in the upper face 

The native botulinum toxin is a metabolic product of the bacterium Clostridium 

botulinum. BoNT inhibits the release of the neurotransmitter acetylcholine, causing 

a blockade of impulse transmission from nerve to muscle. As the toxin is first 

incorporated in the presynaptic terminal by endocytosis, (in the case of BoNT-A) 

the protein SNAP-25 is proteolytically cleaved. Thus, the fusion of acetylcholine 

vesicles with the presynaptic membrane and the exocytosis of neurotransmitter 

into the synaptic cleft is inhibited. This results in flaccid paralysis of the affected 

muscles, which lasts for about three months (Imhof et al. 2012). According to the 

S1-guideline of the German Dermatologic Society regarding aesthetic BoNT-

therapy, the on-label indication for BoNT is the application in the glabellar area. 

Proven off-label indications are, inter alia, forehead, eyebrow lift, crow's feet and 

suborbital region (Imhof et al. 2012). Application areas in the non-cosmetic field 

include focal dystonias (e.g. cervical dystonia and blepharospasm), strabismus, 

crocodile tears, hyperhidrosis, urological disorders like hyperreflexive bladder or 

vaginismus (Truong et al. 2009) 

The guideline of the German Dermatological Society suggests detailed injection 

procedures for the upper facial muscles. For the treatment of vertical wrinkles on 

the forehead BONT is injected in CSC, PRO and the medial aspect of OOC by a 

total of 6 injection points. In the forehead region, FRO is paralyzed for the removal 

of horizontal wrinkles with a total of four to six injection points. Especially for 

raising the eyebrow, BONT is injected above the orbital rim along OOC. For the 

treatment of crow's feet at the lateral orbital rim three injection points are needed 

(Imhof et al. 2012). In addition to these schemes, which are based on a consensus 

recommendation (Sommer et al. 2007), there are other injection techniques, e.g. 

marking the wrinkles with a marker during voluntary contraction and subsequently 

injecting along the demarcated line, or patients can be asked to raise their 
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forehead and eyebrows while injection is given to these areas (Rohrich et al. 

2003). Especially for non-cosmetic indications there are other techniques present, 

e.g. electric stimulation, or imaging techniques, such as ultrasonography, 

computed tomography (CT) and magnetic resonance tomography (MRT) 

(Ceballos-Baumann 2010). Electromyographic guidance by a needle-EMG 

technique is possible as well. It consists of acoustical magnification of extracellular 

potentials, detected by the tip of the inserted injection needle, so that active or 

contracting muscles can be located accurately (Klein et al. 1998). Although this 

method shows significant benefit, e.g. in treatment of spasticity in hemiplegic 

patients (Ploumis et al. 2013), it is often regarded as being of limited use. In 

aesthetic treatment of palpable and visible muscles (e.g. facial wrinkles), it is not 

routinely used (Klein et al. 1998). Although studies reveal that motor endplate 

targeted injections potentiate the effect of botulinum neurotoxin (Lapatki et al. 

2011), these methods do not consider endplate positions and distributions. 

2. Materials and Methods 

2.1 Subjects 

The study group consisted of 15 voluntary subjects (9 men, 6 women, mean age: 

30,6; minimum: 22, maximum: 49). Inclusion criteria were that the subjects had no 

known neurological or systemic diseases and showed willingness to shave their 

eyebrow on one side. Before participation in the study, each subject was 

individually trained to perform selective contractions of the target muscles. The 

Ethics Commission of the Ulm University approved the protocol of the study 

(protocol nr. 20/13). 

2.2 Electrod grids and grid positioning 

To entirely cover the upper facial musculature, the measurements had to be done 

with two different electrode grid setups and measurements. 

The first setup was conducted with two rectangular grids, each consisting of 9x14 

electrodes with an inter electrode distance (IED) of four mm. These HDsEMG grids 

(Digiraster Tetzner, Stuttgart, Germany) have been successfully used to obtain 

topographical information of the lower facial and midfacial musculature (Lapatki et 

al. 2006, Matt 2013). Both grids were positioned next to each other on the right 
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forehead in a medial-lateral direction with the lateral grid had been shifted about 

three electrode rows cranially (figure 10). The medial grid was positioned on the 

root of the nose to cover PRO. To prevent limitation of the visual field, a triangle of 

six electrodes was cut out in the area of the medial corner of the eye resulting in a 

total of 246 single electrodes. Between the two grids the IED of four mm was 

maintained. Generally, the lower electrode rows of both grids were attached 

parallel to the bipupillary line. The vertical distance to the bipupillary line was 

adapted to the individual anatomical situation (on average, the medial grid’s border 

was nine mm above this line). This electrode grid setup allowed large-area 

covering of FRO, PRO, CSC, DSC as well as OOC in its medio-cranial part. 

 

 

Figure 10: Two 9x14 electrode grids with medial grid shifted three rows compared to the lateral one. The 

triangle over the medial corner of the eye was cut. Frontalis, corrugator supercilii, depressor supercilii, 

procerus and upper orbicularis oculi muscle are covered, to perform high-density surface electromyography 

(HdsEMG) measurements of upper facial muscles. Department of orthodontics, University of Ulm, 2013. 

 

To be able to collect topographical information of OOC's orbital part, a second 

electrode grid setup (setup 2) was required. This consisted of electrode grids with 

256 electrodes with 2,5 mm IED (figure 11) originally designed to fit the upper lip 

region (Radeke et al. 2014). For our application this grid was cut in two halves.  
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Figure 11: Electrode grid designed to fit the upper lip region.  

High-density surface electromyography (HdsEMG) measurements of upper facial muscles (15 subjects). 

Department of orthodontics, University of Ulm, 2013. 

 

The two parts of the grid were assembled by rotating the left part by 180 degrees, 

in such way that the OOC was covered by a c-shaped grid (figure 12). Thus, the 

area of the lateral corner of the eye as well as upper and lower OOC were 

included, except for certain medial portions. Again, the grid's horizontal rows were 

attached parallel to the bipupillary line. The intersection of upper and lower grids 

was located 10 mm lateral to the outer canthus, and on the same horizontal level. 

The IED of 2,5 mm was maintained between the two electrode grids. Both 

electrode grid setups were tested by pilot measurements. 

Figure 12: 256 electrode grid with 2,5 mm inter electrode distance, covering upper and lower orbicularis oculi 

muscle, to perform high-density surface electromyography (HdsEMG) measurements of upper facial muscles. 

Department of orthodontics, University of Ulm, 2013. 
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2.3 Electrode-to-skin contact 

Shaving of the right eyebrow in the run up to the measurement was required to 

achieve good electrode-to-skin contact.  

The electrode grids were attached to the skin using a double-sided adhesive tape 

(3M, St.Paul, Minnesota, USA), 100 μm thick and congruent with the grid. This 

tape is specially developed for the application with the electrode grids by creating 

matching perforation patterns (Lapatki, 2004). For both electrode grid types 

corresponding adhesive tapes have been produced.  

First, the tape was applied to the skin in the correct position. Then, electrode 

cream (Marquette-Hellige, Freiburg i.Br., Germany) was applied to the tape's 

perforations. The surplus of cream was removed. Due to removal of the protective 

film covering the adhesive tape, only electrode perforations were selectively filled 

with electrode cream. Next, the electrode grids were attached to the tape. The task 

of accurately placing each electrode inside its particular hole on the adhesive tape 

was facilitated by additional perforations for alignment on the electrode grid as well 

as the adhesive tape (Lapatki et al. 2004, Radeke et al. 2014).  

2.4 Data acquisition 

The EMG signal was recorded using a 256-channel monopolar amplifier 

(ActiveTwo, BioSemi, Amsterdam, The Netherlands), with reference to an 

electrode positioned on the nasal dorsum. A common mode sense (CMS) 

electrode on the nasal dorsum and a driven right leg (DRL) electrode on the 

mastoid process were used to optimize signal stability (see Metting van Rijn et al. 

1990 for technical details). EMG signals were sampled at 4096 Hz, applying a 

bandpass filter to the 0–800 Hz range. The A/D converter offered a resolution of 

31.25 nV over an amplitude range of ±262 mV (24 bits). The lead wires to the 

amplifier were attached to a headset to guarantee a stable attachment of the grids 

as well as mobility of the head. The non-commercial data acquisition software 

(Myodaq) was developed by our group and allows for monitoring output during the 

measurement process by selecting a line of channels for calculating either 

monopolar, bipolar, or other electrode montages. 
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2.5 Recording procedure 

After attachment of the electrode grids and the headset, subjects were again 

trained in performing the facial poses. Next, attempted selective contractions of 

the target muscles at different levels (i.e., 5%, 10%, 20%, 30% and 50% of 

maximal voluntary contraction (MVC) level) were performed. Measurement setup 1 

included contractions of the FRO, CSC, PRO and OOC muscles, and 

measurement setup 2 contractions of the OOC and CSC muscles. Each 

contraction was hold as constant as possible for about 30 s. A bar diagram 

showing the root mean square value for selected channels was displayed to the 

subjects so that they were able to control the stability of the contraction level 

during the measurements. After each contraction, a pause of about 60 s was 

introduced to prevent muscle fatigue. 

2.6 Decomposition  

The recorded EMG signals were filtered by a 10 Hz, high-pass, second-order 

Butterworth filter and decomposed into contributions of individual motor units by 

convolution kernel compensation (CKC) technique (see Holobar et al. 2007 for 

details). The CKC method determines exact discharge times of identified MUs 

(Holobar et al. 2009, 2010). Prior to the decomposition, signal quality was 

manually assessed and bad channels, e.g. due to insufficient electrode-to-skin 

contact, were deleted. By averaging the raw interference EMG signal around and 

time-locked to the identified discharge times (so-called “spike triggered averaging”) 

(Milner-brown et al. 1973, Kakuda et al. 1991), the MUAPs can be estimated very 

accurately. By repeating this procedure for every measurement point, a 4-

dimensional (2D-space, amplitude and time) representation (“template”) is 

obtained. This representation is also referred to as the “fingerprint” of a MU 

(Zwarts & Stegeman 2003, Radeke et al. 2014). 

2.7 Selection of representative contraction levels 

After decomposition and review of the entire decomposed data, the contraction 

level with the highest amount of MUs was selected for every subject and electrode 

setup (table 1). The aimed parameters were then determined in the MUs found in 
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selected contraction levels. This way, repetitive appearance of MUs in the different 

contraction levels is excluded to the greatest possible extent. 

 

Table 1: Selected contraction levels in electrode grid setup 1 and 2.  

High-density surface electromyography (HdsEMG) measurements of upper facial muscles (15 

subjects). Department of orthodontics, University of Ulm, 2013.  

Selected contraction level in % 

Subject  Setup 1 Setup 2 

1 20 20 

2 30 30 

3 20 20 

4 10 10 

5 5 5 

6 10 10 

7 5 5 

8 10 10 

9 10 10 

10 20 20 

11 30 20 

12 20 20 

13 5 5 

14 30 50 

15 5 10 

Mean 10 10 

2.8 Localization of motor endplates, muscle fiber orientation, MU-size 

The averaged monopolar MUAP can either be depicted as a template (figure 13) 

or as a sequence of amplitude maps (figure 14), which displays an overview of 

activity distribution within the recorded area (“MUAP movie”). In both ways of 

representation the MU’s anatomical properties can be derived. Onset and end 

position of the propagating MUAP correspond to the location of the motor endplate 

and the main muscle fiber orientation, respectively. In the MUAP movies, shades 

of red and blue are used to approximate motor unit depolarization and 

repolarization. The motor endplate can be localized at the electrode grid location of 

maximal amplitude. By observing the MUAP's propagation for the complete 

amplitude map sequence, the terminal stage of signal propagation is determined. 

Two vectors pointing from endplate zone to the MUAP's termination point then 

characterize the orientation of the MU's muscle fibers (Lapatki et al. 2006, Radeke 

et al. 2014). 

MU size can be estimated from the measured amplitude of the surface MUAP in 

monopolar montage (Roeleveld et al. 1997a). Accordingly, the amplitude and the 
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area under the curve in the range from 20 ms before to 20 ms after of the most 

negative potential wave, i.e. the electrode nearby the motor endplate, was 

calculated.  

A 

 

B 

 

Figure 13: Exemplary monopolar motor unit action potentials (MUAPs) in the multichannel representation in 

both electrode grid setups. (A) Motor unit (MU) of frontalis muscle in measurement setup 1 and (B) MU of 

orbicularis oculi muscle in measurement setup 2. Red stars indicate the electrode grid location of maximal 

amplitude, which corresponds to the motor endplate location and determines the point for MU-size 

measurement. High-density surface electromyography (HdsEMG) measurements of upper facial 

muscles (15 subjects). Department of orthodontics, University of Ulm, 2013.  
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A    B        C           D              E    

     

Figure 14: Sequence (A-E) of monopolar amplitude maps topographically illustrates the initiation and 

propagation of a motor unit action potential (MUAP) along frontalis muscle (left half of the electrode grid is 

cut). MUAP initiation and termination points determine the motor endplate localization (circle, (B)) and muscle 

fiber orientation (vectors, E). High-density surface electromyography (HdsEMG) measurements of 

upper facial muscles (15 subjects). Department of orthodontics, University of Ulm, 2013.  

2.8.1 Normalization of the topographical data 

Before the grids were removed from the skin, photographs and two 3D face scans 

(optoTOP-HE, Breuckmann GmBH, Meersburg, Germany) were taken from each 

subject (figure 15). These scans were necessary to create a 2D normalised face 

with the subjects’ average data.  

Figure 15: 3D face scan of a subject with attached electrode grids (measurement setup 2). 

High-density surface electromyography (HdsEMG) measurements of upper facial muscles (15 subjects). 

Department of orthodontics, University of Ulm, 2013. 

 

The immanent coordinates of the 3D data make it possible to measure exact 

distances between points. This provided the opportunity to measure width and 
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height of individual faces using characteristic landmarks. The distance between 

the lateral corners of the eyes was used as horizontal scaling parameter, and the 

distances between medial corners of the eyes and both corners of the mouth for 

vertical scaling. These values were averaged to create a 2D normalized face. For 

every subject, precise scaling factors were determined in relation to the averaged 

data. In the same way, the exact electrode grid position was assessed in relation 

to the subjects’ facial landmarks. Thus, it was possible to reproduce each subject’s 

grid position and combine all subjects’ data in one schematic representation.  

The normalized topographical data of the MUs were used to gain mean values of 

the examined muscles, both of each subject as well as overall mean values of all 

15 subjects. This was automatically conducted via Matlab (The Mathworks, Natick, 

MA).  

 

2.9 Assignment of decomposed MUs to certain facial muscles 

As OOC, PRO, DSC and CSC intermingle in the glabellar area and show similar 

fiber directions, precise criteria had to be determined to distinguish these muscles. 

A decisive criterion for OOC was the superficial localization and the therefore 

characteristic fast decline of amplitude wave in monopolar montage (Roeleveld et 

al. 1997c). Further criteria were the elliptic fiber orientation and the known 

anatomic topography of OOC. As PRO originates from the root of the nose, DSC 

shows a cranial and cranial-medial fiber orientation and CSC is located more 

deeply, it was possible to distinguish OOC from the other surrounding muscles. 

CSC-MUs were distinguished by a flat decline of amplitude from the endplate to 

lateral-cranial and medial-caudal. This indicated the deeper localization of CSC-

MUs. The MUs' territories comprised the anatomical topography of CSC from its 

origin at the superomedial aspect of the orbital rim to its insertion in the area of the 

lateral eyebrow.Criteria to identify DSC were the anatomical topography of DSC 

located between PRO and OOC's medial portion. Furthermore, fiber direction and 

characteristic waveform of superficial located MUs in the templates helped to 

identify DSC. Accordingly, MUs rising from medial palpebral ligament in cranial or 

latero-medial direction were identified as DSC.  

Subjects’ photographs, 3D-face scans and normalized data were used to assign 

the MUs to the facial muscles. 
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3. Results 

3.1 Co-activaction of MUs in attempted selective muscle contractions 

Table 2 shows how many MUs were extracted from the attempted selective 

contractions of the muscles included in setup 1, and to which upper facial muscle 

these MUs belong. The total number of MUs was 501. MUs belonging to all 

muscles lying in the recording area could be identified.  

Table 3 shows a total of identified MUs of all subjects in grid setup 1. MUs of FRO 

and OOC were found in every subject, CSC in 13 subjects and PRO in 12 of 15 

subjects. In only 6 subjects MUs belonging to DSC were detected.  

In grid setup 2 (table 4), all subjects showed MUs of OOC (163 in total in the 

selected contraction level). Indeed, grid setup 2 covered CSC’s lateral portion of 

some subjects; however, no CSC-MUs with endplates lying on the electrode grid 

could be definitely delimited. MUs with an oblique fiber orientation most likely 

belonging to CSC, but with the endplates located outside the electrode grid were 

excluded, as the accurate position of the endplate zones could not be determined. 

 

Table 2: Number of motor units (MUs) found in attempted selective contractions of the muscles listed in the 

third row (electrode grid setup 1). The corresponding muscles are in the left column. The column on the right 

shows the total sum of identified MUs of one muscle, with the total sum of analyzed MUs at the bottom. CSC: 

corrugator supercilii muscle, FRO: frontalis muscle, OOC: orbicularis oculi muscle, PRO: procerus muscle, 

DSC: depressor supercilii muscle.  

High-density surface electromyography (HdsEMG) measurements of upper facial muscles (15 subjects). 

Department of orthodontics, University of Ulm, 2013.  

Setup 1             

    Contracted muscles    

   CSC FRO OOC PRO 
Sum 
(=100%) 

  CSC 17 (35%) 3 (6%) 16 (33%) 13 (27%) 49 

MUs  FRO 53 (17%) 120 (39%) 66 (22%) 65 (21%) 304 

identified OOC 18 (26%) 2 (3%) 30 (44%) 18 (26%) 68 

  PRO 18 (29%) 3 (5%) 11 (17%) 31 (49%) 63 

  DSC 5 (29%) 3 (18%) 4 (24%) 5 (29%) 17 

          Total sum 501 
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Table 3: Number of motor units (MUs) found in individual subjects in setup 1. The sum of MUs is depicted in 

the column on the right, with total sum of MUs at the bottom. CSC: corrugator supercilii muscle, FRO: frontalis 

muscle, OOC: orbicularis oculi muscle, PRO: procerus muscle, DSC: depressor supercilii muscle.  

High-density surface electromyography (HdsEMG) measurements of upper facial muscles (15 subjects). 

Department of orthodontics, University of Ulm, 2013. 

Setup1             

Subject  COR FRT OOC PRC DPS Sum 

1 3 5 14 0 4 26 

2 7 4 5 7 0 23 

3 5 14 1 8 3 31 

4 5 55 6 6 1 73 

5 3 13 4 1 4 25 

6 2 11 5 5 0 23 

7 3 17 2 6 0 28 

8 0 31 10 4 0 45 

9 4 13 3 2 0 22 

10 4 32 1 0 0 37 

11 4 66 4 0 0 74 

12 4 6 3 10 2 25 

13 0 11 3 6 0 20 

14 1 13 4 5 0 23 

15 4 13 3 3 3 26 

          Total sum 501 
 

 

Table 4: Motor units (MUs) of orbicularis oculi muscle (OOC) of each subject of the study group identified 

using electrode grid setup 2. Total sum of identified MUs on the selected contraction levels at the bottom. 

High-density surface electromyography (HdsEMG) measurements of upper facial muscles (15 subjects). 

Department of orthodontics, University of Ulm, 2013. 

Setup 2   
Subject  OOC 

1 14 
2 12 
3 4 
4 14 
5 9 
6 21 
7 10 
8 9 
9 15 

10 19 
11 4 
12 5 
13 10 
14 7 
15 10 

Total sum 163 
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3.2  Motor endplates and muscle fiber orientations 

3.2.1 Frontalis muscle 

In all 15 subjects FRO-MUs were found. Figure 16 and 17 show two representative 

templates of FRO-MUs in monopolar and bipolar-vertical montage. In figure 16, a 

MU in the electrode grid's lateral part is depicted. The MUAP propagates in cranio-

lateral and caudo-medial direction, whereas figure 16 shows a more medial 

located MU, propagating in a straight cranial and caudal direction.  

FRO endplates were predominantly localized in the upper forehead's half. In 

medio-lateral direction they were either evenly distributed in a band-shaped area 

or, in one-third of the subjects, could be divided into a medial and lateral cluster. 

Subjects’ data in figure 18-1 (A) and (B) show a high amount of FRO-MUs, 

exemplifying the above mentioned pattern. From the majority of endplates 

propagation of activity in two opposite directions was detected. The superior fibers 

were oriented in a cranial and cranio-lateral direction, however, the propagation in 

cranio-lateral direction increased with a more lateral MU localization. Electrode 

grid expansion often limited the detection of the superior fiber end. The inferior 

fibers were oriented in caudal and caudo-medial direction. In Figure 18-2, FRO-

MUs of all subjects are combined. The MU's territories stretch out over parts of or 

the entire forehead, sometimes intermingling with territories of OOC and PRO. 
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A      B 

 

 

Figure 16: Representative templates of a motor unit (MU) in the lateral portion of frontalis muscle in monopolar 

(A) and bipolar-vertical montage (B), derived from electrode grid setup 1. The motor endplate is located in the 

upper half of the forehead, revealed by the bipolar montage. The motor unit action potential (MUAP) 

propagates in cranio-lateral and caudo-medial direction. The MU shows a large territory in cranio-caudal 

direction and blends with orbicularis oculi muscle at its caudal termination.  

High-density surface electromyography (HdsEMG) measurements of upper facial muscles (15 subjects). 

Department of orthodontics, University of Ulm, 2013. 

 

 

A      B 

   

 

Figure 17: Representative template of a motor unit (MU) in medial portion of frontalis muscle in monopolar (A) 

and bipolar-vertical montage (B), derived from electrode grid setup 1. Just as the MU in figure 18, the motor 

endplate is located in the upper half of the forehead, revealed by the bipolar montage. However, the motor unit 

action potential (MUAP) propagates in a straight cranial and caudal direction.  

High-density surface electromyography (HdsEMG) measurements of upper facial muscles (15 subjects). 

Department of orthodontics, University of Ulm, 2013. 

 



29 
 

A     B        

 

Figure 18-1: Motor units (MUs) belonging to frontalis muscle (FRO) identified in electrode grid setup 1 

depicted in the normalised face. Data of two individual subjects in (A) (n=66) and (B) (n=32). Motor endplates 

are evenly distributed in medio-lateral direction (A) or clustered in a medial and lateral muscle region (B). 

High-density surface electromyography (HdsEMG) measurements of upper facial muscles (15 subjects). 

Department of orthodontics, University of Ulm, 2013. 
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A     B 

 

C      D 

 

Figure 18-2: All found frontalis motor units (MU) (n=304) combined in the normalized face, with (B) and without 

(A) fiber direction. The MU's territories stretch out over parts or the entire forehead, sometimes intermingling 

with territories of orbicularis oculi and procerus muscle. Mean values of individual subjects in (C) (n=15) and 

overall mean value in (D).  

High-density surface electromyography (HdsEMG) measurements of upper facial muscles (15 subjects). 

Department of orthodontics, University of Ulm, 2013. 
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3.2.2 Orbicularis oculi muscle 

The OOC was examined in electrode grid setup 1 and 2. In both setups, OOC-

MUs were found in each subject. Figure 19 shows representative templates of 

MUs derived from setup 1 (A) and setup 2 (B). 

OOC’s MUs in setup 1 were mainly located along the inferior border of the 

electrode grid, which oftentimes limited the observation of MUAP propagation. 

However, the endplates were distributed over the entire area of OOC, which was 

covered by the grid. Figure 20-2 (C) and (D) illustrates all OOC-MUs found in 

setup 1. The MUs show the elliptic fiber orientation at the medial orbital rim. The 

MUs found on the lateral grid were typically located at the bottom row, therefore a 

caudal MUAP propagation often could not be depicted.  

To gain better information about the topographical distribution of OOC’s MUs, 

electrode grid setup 2 allowed for a more extensive covering of OOC around the 

eye. Results of setup 2 revealed that OOC motor endplates were distributed over 

the entire muscle, with high inter-individual variability. Figure 20-2 shows the 

combined data of all subjects with (B) and without (A) muscle fiber orientation, 20-

3 (A) and (B) show the combination of OOC MUs from setup 1 and 2. The motor 

endplates appear evenly distributed, a clustering of endplates cannot be 

distinguished in this representation. In 20-1 (A) to (D), the results of four subjects 

in setup 2 are displayed. In all four examples a broad distribution of endplates and 

occurrence of clusters can be observed, with high inter individual variability 

between subjects. Subjects 20-1 (A) and (B) both show a cluster lateral to the 

outer canthus. Other clusters appeared in the latero-cranial part of OOC, as well 

as cranial and caudal of the pupil. Endplates in the latero-caudal part of OOC were 

unfrequent. Subjects in 20-1 (C) and (D) exemplify the high inter-individual 

variability of endplate distribution in OOC. In 20-1 (C), the subject shows two 

predominant endplate localizations in a latero-cranial and a caudal section below 

the pupil. The subject in 20-1 (D) shows a clear cluster in the area lateral to the 

outer canthus. Due to the illustration of fiber direction as vectors, it was not 

possible to reproduce OOC´s elliptic course of muscle fibers around the eye as 

seen in the MUAP-movies. Despite this fact, in most cases two fiber directions 

originating from the motor endplate were found. However, OOC muscle fibers 

showed a high variability in terms of fiber length. 
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A 1          A2  

 

          

B 1          B2 

  

Figure 19: Representative templates of motor units (MU) of orbicularis oculi muscle in monopolar (A1, B1) and 

bipolar-horizontal montage (A2, B2). Short, superficial MU in the lateral electrode grid in setup 1 (A), 

representative data derived from setup 2 in (B). Opposite signal polarity in the bipolar templates illustrates the 

localization of the motor endplates.  

High-density surface electromyography (HdsEMG) measurements of upper facial muscles (15 subjects). 

Department of orthodontics, University of Ulm, 2013. 
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A       B 

 

C      D 

 

Figure 20-1: Motor endplate localizations and muscle fiber orientations of orbicularis oculi muscle (OOC). 

Individual data of representative subjects derived from electrode grid setup 2 (A-D): endplate clusters are 

distinguishable nearby the lateral corner of the eye, in the lateral-cranial section and cranial and caudal of the 

pupil in (A) (n=21) and (B) (n=19). The data of another two subjects in (C) (n=15) and (D) (n=14) proves the 

high inter-individual variability by showing predominant endplate clusters nearby the corner of the eye (C) and 

in the lateral portion of upper and lower OOC (D).  

High-density surface electromyography (HdsEMG) measurements of upper facial muscles (15 subjects). 

Department of orthodontics, University of Ulm, 2013. 
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A      B 

 

C      D 

 

Figure 20-2: Motor endplate localizations and muscle fiber orientations of orbicularis oculi muscle (OOC). In 

the combined data of electrode grid setup 2 (n=163) ((B) motor endplates with and (A) without muscle fiber 

orientation), the endplates appear evenly distributed and no clustering can be distinguished. Results derived 

from grid setup 1 (n=68) are depicted in (C) and (D): (C) Combined OOC motor endplates found in setup 1, 

with added muscle fibre orientation in (D). The MUs represent the elliptic fibre orientation at the medial orbital 

rim, MUs found on the lateral grid were typically located at the bottom row.  

High-density surface electromyography (HdsEMG) measurements of upper facial muscles (15 subjects). 

Department of orthodontics, University of Ulm, 2013. 
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A      B 

 

C      D 

 

Figure 20-3: Motor endplate localizations and muscle fiber orientations of orbicularis oculi muscle (OOC). 

OOC motor units found in setup 1 and 2 combined (n=231) in (A): motor endplates, and (B): motor endplates 

plus fiber directions. Setup 2 mean values of motor endplate location and muscle fibre orientation of individual 

subjects (n=15) in (C) and overall mean value in (D).  

High-density surface electromyography (HdsEMG) measurements of upper facial muscles (15 subjects). 

Department of orthodontics, University of Ulm, 2013. 

3.2.3 Corrugator supercilii muscle 

In 13 of 15 subjects MUs of CSC were detected. Figure 21 shows the 

characteristic appearance of CSC in the template in monopolar and bipolar-

horizontal montage.  

Figure 22-2 illustrates the combined motor units of all subjects with and without 

muscle fiber orientation. The motor endplates concentrate in a cluster in the medial 
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third of the muscle. No endplates were found in the lateral third of CSC. Single 

additional endplates were found in the middle third of CSC. Propagation of the 

MUAP generally occurred in two directions, i.e. in medio-caudal and latero-cranial 

direction. MUs with a medial endplate localization and one fiber in a latero-cranial 

direction were found as well. Typically, CSC's fibers spanned the entire muscle. 

Figure 22-1 (A) and (B) exemplify the individual results in two subjects. The 

endplates are typically arranged in a cluster in the medial third of the muscle, but 

also appear as single, additional endplates in a more central position. Muscle 

fibers are either oriented in a latero-cranial direction or in two directions from the 

motor endplate.  

 

A 1      A 2 

 

 

Figure 21: Characteristic corrugator supercilii muscle (CSC) motor unit (MU) in monopolar (A 1) and bipolar-

horizontal (A 2) representation (electrode grid setup 1). The decline of amplitude indicates the deep 

localization of the MU. The fiber direction reflects the straight muscle fiber orientation of CSC from origin to 

insertion. The motor endplate can be located by the opposite signal polarity between second and third bottom 

row.  

High-density surface electromyography (HdsEMG) measurements of upper facial muscles (15 subjects). 

Department of orthodontics, University of Ulm, 2013. 
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A        B 

  

 

Figure 22-1: Motor endplate locations and muscle fiber orientations of corrugator supercilii muscle (CSC). 

Individual data of two subjects in (A) (n=5) and (B) (n=5). The endplates are typically arranged in a cluster in 

the medial third of the muscle (A), but also appear as single, additional endplates in a more central position 

(B). Muscle fibers are either oriented in one lateral-cranial direction or in two directions from the motor 

endplate.  

High-density surface electromyography (HdsEMG) measurements of upper facial muscles (15 subjects). 

Department of orthodontics, University of Ulm, 2013. 
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A      B 

 

C      D 

 

Figure 22-2: Motor endplate locations and muscle fiber orientations of corrugator supercilii muscle (CSC). 

Combined motor units of all subjects (n=49) with (B) and without (A) muscle fiber orientation. Mean values of 

individual subjects in (C) (n=13) and overall mean value in (D).  

High-density surface electromyography (HdsEMG) measurements of upper facial muscles (15 subjects). 

Department of orthodontics, University of Ulm, 2013. 

3.2.4 Procerus muscle 

PRO's MUs were found in twelve subjects. MUs were found in both left and right 

part of the face, however, the electrode grid did not entirely cover PROs left half. 

Figure 23 shows two representative templates of left (A) and right (B) PRO in 

monopolar and bipolar-vertical montages. PRO's endplates were primarily found 

as clusters in the inferior portion of the muscle near its origin. Other endplates 

were found in a loose distribution in medio-lateral direction on the lower border of 
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the electrode grid. Often, additional endplates were found in a more cranial 

location. According to motor endplate localization in the muscle's inferior portion, 

mainly one fiber direction was detected. The MUs muscle fiber directions rise up 

from the root of the nose and run in a cranial and cranio-lateral direction along the 

glabella, where they reach the forehead and sometimes irradiate far into FRO. 

Figure 24-1 displays PRO’s endplate locations and muscle fiber orientations with 

two representative subjects in (A) and (B). The motor endplates are clustered 

closely (B) or loosely distributed (A) in the inferior portion of PRO. The combined 

data of all subjects in figure 24-2 depicts the distribution of endplates in the inferior 

portion of the muscle. 

 

A 1      A2      

      

 

Figure 23: Templates of a representative motor unit (MU) of procerus muscle (PRO) in monopolar (A-1) and 

bipolar-vertical montage (A-2). Only the medial part of the electrode grid is shown. The motor endplate is 

located on the lower border of the electrode grid. The muscle fiber direction rises in medio-lateral direction 

from the endplate zone in the right part of PRO (facial midline matches the third column of electrodes on the 

subjects face).  

High-density surface electromyography (HdsEMG) measurements of upper facial muscles (15 subjects). 

Department of orthodontics, University of Ulm, 2013. 
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A       B 

  

 

Figure 24-1: Procerus (PRO) muscle endplate localizations and muscle fiber orientations. Two representative 

subjects in (A) (n=7) and (B) (n=6). The motor endplates are clustered closely (B) or loosely distributed (A) in 

the inferior portion of PRO.  

High-density surface electromyography (HdsEMG) measurements of upper facial muscles (15 subjects). 

Department of orthodontics, University of Ulm, 2013. 
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A      B 

 

C      D 

 

Figure 24-2: Procerus (PRO) muscle endplate localizations and muscle fiber orientations. Combined motor 

units of all subjects (n=63) with (B) and without (A) muscle fiber orientation. The endplates are mainly 

distributed within the inferior portion of the muscle. Mean values of individual subjects (n=12) in (C) and overall 

mean value in (D).  

High-density surface electromyography (HdsEMG) measurements of upper facial muscles (15 subjects). 

Department of orthodontics, University of Ulm, 2013. 

3.2.5 Depressor supercilii muscle 

In six of 15 subjects MUs of DSC were detected. Figure 25 shows a representative 

template of a DSC-MU on the lateral glabella above the medial canthus. Due to 

the electrode grid extension, fibers running in caudal direction could be followed 



42 
 

over a short distance only. However, muscle fibers rising in cranial or latero-medial 

direction were detected. Figure 26-1 (A) and (B) show DSC-MUs of two individual 

subjects. All MUs found are combined in Figure 26-2 (A) and (B), mean values of 

individual subjects in (C) and overall mean value in (D). The individual data of the 

subjects show several MUs that reveal the arrangement of DSC endplates as 

clusters in the central-caudal portion of the muscle. 

 

A 1      A2     

     

 

Figure 25: Representative template of a depressor supercilii muscle motor unit in monopolar (A 1) and bipolar-

vertical (A 2) montage. The lateral part of electrode grid is cut off. The motor endplate is located on the lateral 

glabella in the area of the orbital rim above the medial corner of the eye. The caudal muscle fiber is captured 

shortly by the electrode grid, the cranial muscle fiber orientation ascents in latero-medial direction. High-

density surface electromyography  

(HdsEMG) measurements of upper facial muscles (15 subjects). Department of orthodontics, University of 

Ulm, 2013. 
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A        B 

 

Figure 26-1: Motor endplate location and muscle fiber orientation of motor units (MUs) of depressor supercilii 

muscle (DSC). Individual data of two subjects in (A) (n=4) and (B) (n=4). The endplates are clustered in the 

centro-caudal portion of the muscle.  

High-density surface electromyography (HdsEMG) measurements of upper facial muscles (15 subjects). 

Department of orthodontics, University of Ulm, 2013. 
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A                 B 

 

C       D 

 

Figure 26-2: Motor endplate location and muscle fiber orientation of motor units (MUs) of depressor supercilii 

muscle (DSC). All found DSC-MUs (n=17) combined with (B) and without muscle fiber orientation (A). Mean 

values of individual subjects (n=6) in (C) and overall mean value in (D).  

High-density surface electromyography (HdsEMG) measurements of upper facial muscles (15 subjects). 

Department of orthodontics, University of Ulm, 2013. 
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3.2.6 Overlapping motor unit territories 

Figure 27 shows all found motor units of every subject in the normalized face. 

Motor units of the single muscles are depicted in different colours to distinguish 

their overlapping motor unit territories. 

A      B 

 

Figure 27: Motor endplates (A) and motor endplates with muscle fiber directions (B) of all found MUs 

(measurement setup 1 + 2) (n=664) in the normalized face. Frontalis (red, n=304), orbicularis oculi (blue, 

n=231)), corrugator supercilii (black, n=49), procerus (green, n=63) and depressor supercilii muscle (purple, 

n=17) motor units are depicted in different colors to distinguish their overlapping motor unit territories.  

High-density surface electromyography (HdsEMG) measurements of upper facial muscles (15 subjects). 

Department of orthodontics, University of Ulm, 2013. 
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3.3 MU-Size 

The MU-size was estimated on the basis of the area under the curve of the highest 

amplitude peak in the monopolar MUAP. Table 5 shows mean values and range of 

the MU-size of each muscle in measurement setup 1 and 2.  

 

Table 5: Mean motor unit (MU) size and range of MU-size determined from highest amplitude peak in the 

motor unit action potential (MUAP) template in electrode grid setup 1 and 2. CSC: corrugator supercilii muscle, 

FRO: frontalis muscle, OOC: orbicularis oculi muscle, PRO: procerus muscle, DSC: depressor supercilii 

muscle. High-density surface electromyography (HdsEMG) measurements of upper facial muscles (15 

subjects). Department of orthodontics, University of Ulm, 2013. 

MU-Size (mVms) Mean Minimum  Maximum 
Setup 1 FRO 0,35 0,06 0,87 
  CSC 0,28 0,05 0,56 
  OOC 0,18 0,06 0,62 
  PRO 0,44 0,04 1,20 
  DSC 0,41 0,11 0,41 
       
Setup 2 OOC 0,27 0,08 0,71 
 



47 
 

4. Discussion 

4.1 Data acquisition and analysis 

4.1.1 Choice of electrode grids and positions 

Highly flexible multi-electrode surface EMG grids, specially developed for the facial 

musculature, were used in this study. Due to its mechanical flexibility, the electrode 

grids follow the facial movements without hindering and still provide good signal 

quality even on uneven facial contours (Lapatki et al. 2004, Lapatki et al. 2006). 

In this study, these electrode grids were successfully applied for the topographical 

characterization of the upper facial musculature. 

The IED has a considerable influence on EMG signal. To examine the endplate 

zone of small and superficial muscles, the IED has to be relatively small, e.g. 

3mm. For large and deep muscles, an IED of 5 mm is sufficient (Blok et al. 2002). 

Our aim was to find the best combination of electrodes and electrode positions. 

The rectangular electrode grids with 4 mm IED, which were used in setup 1, have 

successfully been applied on the midfacial and lower facial musculature before 

(Lapatki et al. 2006, Matt 2013). The relatively large IED made it possible to cover 

the glabella as well as a large area of the frontalis muscle. 

To cover OOC in the best way possible, as OOC fibers are short and 

heterogeneous in length (Lander et al. 1996), electrode grids with an IED of 2.5 

mm were used. These electrode grids have just been developed for similar 

conditions and successfully applied on the orbicularis oris muscle (Radeke et al. 

2014). 

Covering a muscle as completely as possible by the electrode grid and correct 

electrode positioning are important factors to obtain topographical characterization 

of single muscles. In case of electrode grid setup 1 a large and wide coverage of 

frontalis muscle was accomplished because electrode rows reached up to the hair 

line and electrode columns reached the outer end of the eyebrow.  

By shifting the medial electrode grid downwards to the nasal root it was possible to 

largely cover procerus muscle on both sides of the face. Shifting the medial grid 

also allowed for the coverage of corrugator supercilii muscle. Only in some 

anatomic conditions small areas of CSC above the medial corner of the eye were 
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omitted. Together with DSC, OOC was tangentially covered in its upper medial 

part.  

In electrode grid setup 2, which was specially designed for OOC, the upper and 

lower orbital parts of OOC were covered, except for minor medial parts. The upper 

portion of the omitted part could be covered by grid setup 1.  

4.1.2 Data analysis 

Low electrode-to-skin impedance reduces the noise level contained in the signal, 

raising the signal-to-noise ratio. Relatively low impedances could be achieved by 

applying electrode cream, which forms an electrically conductive film between the 

skin and the electrode. The use of electrode cream guarantees high signal quality 

despite the minimal surface area each electrode provides, both in electrode grids 

with 2,5 mm and 4 mm IED (Lapatki et al. 2004, Radeke et al. 2014).  

For the decomposition of the data, the CKC-method was applied (“convolution 

kernel compensation”) (Holobar et al. 2007), implemented in Matlab (The 

Mathworks, Natick, MA). This technique provides the decoding of the full discharge 

patterns of individual motor units. The decomposition process is fully automatic 

and requires less inspection of the results compared to previous methods. The 

CKC-method has been validated in different skeletal muscles and has been 

proven to be resistant to MUAP superimposition, noise and motor unit discharge 

synchronization (Holobar et al. 2010, Radeke et al. 2014, Holobar et al. 2007, 

Holobar et al. 2009). 

By tracking the MUAP propagation from initiation to termination point, the MU's 

motor endplate localization and main muscle fiber orientation was determined. It 

has to be considered that the vector, which depicts the muscle fiber orientation, 

does not represent a single muscle fiber, but all muscle fibers belonging to a MU. 

Potentials, which exceeded the electrode grids' borders, were depicted as vectors 

from the motor endplate to the border of the grid. A further propagation outside of 

the grid is discussed relating to each muscle. A deviation of the MUAP from the 

straight line of the vector, as well as a temporarily weakened potentials could not 

be shown. MUAPs showing propagation on the electrode grid but with a motor 

endplate clearly outside of the electrode grid, were excluded. Inaccurate 

anatomical mapping of individual MUs might be possible, due to complexity of the 

facial muscle system in terms of overlap and similarities in fiber orientation, 
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particularly in the area of CSC, DSC and PRO. MUs without distinct belonging 

(about 25 MUs/ ~ 5%) were assigned to the most likely muscle.   

Via structured-light 3D scans it was possible to measure every subject’s exact 

electrode position relative to facial landmarks and reproduce this situation in the 

normalized face. Thus, it was possible to optimize the position of the electrode 

grids in respect to individual anatomic characteristics, e.g. a dominant retraction of 

the glabella towards the root of the nose. In this way, detaching of the electrode 

grids could be prevented. The facial normalization of the glabella and forehead to 

create the schematic representation was limited by the small number of facial 

landmarks in this area. Basically it is imperative, that the higher the number of 

reference points, the more significant is the averaging of the facial contours. The 

projection of the combined results of the study group would render more precisely. 

This limitation is disadvantageous especially in an area of high inter-individual 

variability such as the glabella. 

4.2 Discussion of results 

The gained HdsEMG data of the upper facial musculature was decomposed and 

topographical MU parameters, i.e. motor endplate position and muscle fiber 

orientation were detected. The results were visually represented in relation to 

facial landmarks. Due to their characteristic spatial profile they were assigned to 

corresponding muscle subcomponents. The results permit a discussion on the 

basis of macro and micro-anatomical knowledge.  

Although subjects were trained in performing selective muscle contractions of the 

examined muscles prior to the measurements, contractions were not entirely 

selective. This was observed likewise in previous HDsEMG studies of facial 

muscles (Matt 2013).  

Especially FRO was easy to contract selectively. All in all, a remarkably high 

number of FRO MU was detected, not only in selective FRO contractions (120 

MUs) but also in selective contractions of other muscles (a total of 304 identified 

MUs belonging to FRO). Contractions of CSC, OOC and PRO were not as 

selective as FRO. This was expected before, as these muscles act synergetic and 

show similar fiber directions. The synergic action can be observed in the formation 

of oblique glabellar frown lines (Cook et al. 2001). However, selective contractions 

of the small DSC and PRO are not practicable. 
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The detected muscle fiber orientations conform to descriptions and drawings in 

anatomical textbooks (Schünke et al. 2009, Radlanski et al. 2012, Rohen et al. 

2002, Aumüller 2010). Studies dealing with the distribution of motor endplates in 

human facial muscles are rare. Motor endplates of skeletal muscles can be 

arranged in a narrow band in the center of the muscles, in eccentric position or 

evenly spread (Christensen 1959, Happak et al. 1997). Previous studies indicate 

that facial muscles' neuromuscular junctions are located in the immediate vicinity 

of the entrance point of the terminal nerve branches of the facial nerve, unlike 

seen in skeletal muscles of the trunk and limbs. Facial muscles typically show 

cluster-like distribution of endplates in eccentric positions, except of orbicularis 

oculi, orbicularis oris and buccinator muscle (Happak et al. 1997). This 

characteristic was proven by HDsEMG studies of the lower and midface (Lapatki 

et al. 2006, Matt 2013).  

Motor endplates of OOC were found in both electrode grid setups and in every 

subject. The obtained data of OOC-MUs and their muscle fiber orientation agree 

with the known elliptic course of the muscle fibers around the eye. The OOC motor 

endplates were spread over the entire muscle. However, endplate clustering 

occurred in certain areas such as lateral to the outer canthus, in the superio-lateral 

third and the upper and lower third of the muscle. This finding is limited by the 

observation of high inter-individual variability between subjects. 

Studies using histological methods proved OOC motor endplates to be evenly 

spread over the muscle, either isolated endplates or in a great number of clusters 

(Borodic et al. 1991, Happak et al. 1997). One HDsEMG study of the midfacial 

musculature recorded parts of the lower OOC. A predominant endplate localization 

in the nasal third of the lower OOC was revealed. The study concluded that 

numerous clusters of endplates are more likely (Matt 2013). Regarding OOC 

innervation pattern in dissection studies, an even distribution of terminal nerve 

twigs of temporal and zygomatic branches of the facial nerve underneath OOC 

was found, e.g. 5-9 terminal twigs in the lower OOC (Happak et al. 1997, Hwang 

et al. 2004, Hwang et al. 2001).  

FROs neuromuscular endplates were band-shaped and located in the muscles 

middle and upper third. They were either evenly distributed in medio-lateral 

direction or subdivided into a lateral and a medial portion. The propagation of the 

potential in cranial direction was often limited by the electrode grid's border, 
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therefore muscle fibers above a subject's hairline could not be depicted. Literature 

only provides dissection studies regarding FRO innervation pattern, yet hardly 

dealing with nerve entrance points into FRO. FRO is innervated by a middle ramus 

of the temporal branch of the facial nerve (Ammirati et al. 1993), an average of 

three small nerve branches enter underneath the inferior third of the muscle 

(Tzafetta et al. 2010). 

Motor endplates of the transverse head of CSC muscle were found in an eccentric 

position in the medial third of the muscle. The templates showed a characteristic 

wave form, which reflected the oblique fiber direction of the transverse part of the 

muscle and its deep localization underneath OOC and PRO. No motor endplates 

were found in the lateral third of the muscle. Literature discusses different 

innervation patterns of CSC. CSC is innervated by zygomaticobuccal branches, 

which reach the glabella and bifurcate just before reaching PRO and CSC 

(Tzafetta et al. 2010), and temporal branches, which enter the muscle laterally in 

the supraorbital area (Hwang et al. 2004).  

PRO is innervated by the facial nerve's buccal branch, which runs infraorbitally 

and enters the inferior third of the muscle laterally (Hwang et al. 2006). This 

agrees with the electromyographic findings of this study. In the subjects’ individual 

data PRO showed a predominant endplate clusters in eccentric position towards 

its origin. Additional endplates in a more superior position were rarely determined. 

The latter may originate from temporal nerve branches, which reach the superior 

portion of PRO muscle (Knize 2000). 

Regarding DSC, which originates above the medial canthal tendon and inserts into 

the glabellar skin few millimeters above its origin (Cook et al. 2001), only little 

research could be found in literature. Knize et al. (2000) determined that the 

zygomatic branch supplied the DSC together with the other glabellar muscles. In 

this study, motor endplates of DSC were found clustered in the inferior portion of 

the muscle.  

In estimating the electric size of MUs by surface EMG it has to be considered, that 

the electric size depends on the distance of the MU to skin surface. In principle, 

normalization of the data in relation to MU depth should be conducted. Up to now, 

such depth correction has only been developed for the zylindic bizeps brachii 

muscle, which has no use for the thin and flat facial muscles. The acquired data 
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have to be regarded on this basis. Thus, after depth correction, HDsEMG data 

provide useful information on MU size (Roeleveld et al. 1997b). 

4.3 Conclusions 

Analysis of the upper facial HDsEMG data enabled a non-invasive determination 

of facial muscles' characteristics, i.e. motor endplate position and fiber direction. 

This data contributes to the basic neuro-physiological and anatomical knowledge 

of the muscles acting on the forehead and glabella. This may especially be true for 

muscles, which are rarely mentioned in the literature such as DSC and PRO.  

The removal of horizontal and vertical wrinkles on the forehead and the glabella 

are nowadays main issues in esthetic medicine. Surgical treatment of glabellar 

frown lines focuses on either excisional surgery or denervation (Tzafetta et al. 

2010). Knowledge of facial muscles' innervation zones influences the prevention of 

adverse effects in therapy, such as muscle paralysis (Ammirati et al. 1993) and 

ectropion (Hwang et al. 2001). BoNT is routinely used to inhibit neuromuscular 

junction activity. To determine the injection point, consensus recommendation 

based schemata are used (Imhof et al. 2012). Even though endplate targeted 

injections increase BoNTs' effect (Lapatki et al. 2011), topographical information 

about motor endplate distribution has only minor influence on the BoNT application 

in this area.  

Knowledge of innervation zone location of CSC is of high clinical relevance, not 

only concerning the removal of frown lines on the glabella (Cook et al. 2001). In 

psychophysiology, CSC activity is used to detect the expression of negative 

emotions via surface EMG (Dimberg et al. Jul 2002). The obtained knowledge of 

its innervation zone location may contribute in the development of objective 

electrode placement guidelines on CSC.  
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5. Summary 

This study's aim was to gain topographical information of the upper facial 

musculature on a motor unit level, i.e. detection of motor units’ (MU) motor 

endplate position and muscle fiber orientation. 

High density surface electromyography (HDsEMG) data of 15 healthy subjects 

were analyzed, which were recorded during selective contraction of four upper 

facial muscles (Orbicularis oculi (OOC), corrugator supercilii (CSC), procerus 

(PRO) and frontalis (FRO) muscle). The EMG signals were decomposed into the 

contributions of single MUs by the CKC-method (convolutional kernel 

compensation). The decomposed motor unit action potentials revealed the 

localization of motor endplates as well as fiber directions. Afterwards, the results 

were visually respresented in a schematic mean face, which was created by 

averaging 3D-face scan data. 

Besides the MUs of the four deliberatly contracted muscles, MUs of depressor 

supercilii muscle (DSC) were identified as well. The results of the recorded MUs' 

muscle fiber directions conform to descriptions and drawings in anatomical 

textbooks and literature. The analysis shows motor endplates to be mainly 

clustered in eccentric positions towards the muscles' origin. However, OOC is an 

exception, as its endplates are distributed as clusters over the entire muscle.  

These results contribute to basic anatomical and neurophysiological knowledge of 

the complex facial muscle system and may advance surgical, non-surgical and 

aesthetic therapies in the area of the forehead and glabella. 
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