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Can MRI quantify the volume changes of denervated facial muscles?
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Abstract

Could manual segmentation of magnetic resonance images be used to quantify the effects of
transcutaneous electrostimulation and reinnervation of denervated facial muscle? Five patients
with unilateral facial paralysis were scanned during the study while receiving a daily surface
electrostimulation of the paralytic cheek region, but also after reinnervation. Their facial muscles
were identified in 3D (coronal, sagittal, and axial) and segmented in magnetic resonance imaging
(MRI) data for in total 28 time points over the 12 months of study. A non-significant trend of
increasing muscle volume were detected after reinnervation. MRI is a valuable technique in the
facial paralysis research.
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segmentation

Facial expressions are fundamental to one’s sense of
well-being and ability to integrate into society. Impaired
facial expressions due to facial paralysis potentially
result in social anxiety and emotional distress, crippling
the individual in daily life.! Untreated severe facial palsy
leaves patients with incomplete recovery, poor facial
function and low quality of life in addition to numerous
other complications.? There are invasive and noninvasive
interventions available to restore symmetry. Direct repair
of the facial nerve was first reported in the year 1821.3
Dynamic reanimation of the face can only be achieved by
reanimation of functional muscle units on the affected
regions of the face. In addition to those procedures
designed to reanimate the facial movements, a large
number of procedures exist to provide static support to
the paralyzed areas. Furthermore, in cases where the
facial paralysis is localized to a particular region of the
face, if post-paralytic synkinesis occurs, or to supplement
previous surgical attempts, contralateral chemo-
denervation of the healthy facial musculature is a
common treatment option to improve facial symmetry.*5
Noninvasive treatment options are an essential adjunct to
the aforementioned invasive techniques. A spectrum of
interventions exists with continuing debate of their
effectiveness as an isolated treatment. These range from
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stretching exercises to electrical stimulation® through
neuromuscular retraining. The prime interest of many
researchers are the significant consequences of facial
nerve paralysis and new techniques that have been
introduced throughout the years.” Denervation of the
muscle causes mass loss, a decrease in cross-sectional
area of muscle fibers, and a decrease in muscle force
production.® Reduction of muscle atrophy of the target
muscle improves the functional capacity of the muscle.
On this regard, several authors suggested a beneficial
effect of electrical muscle stimulation during the nerve
regeneration process.®%1% And also, electrical stimulation
is the most direct method suggested for minimizing
muscle atrophy during the denervation period. Bueno et
al., conducted an experiment on tibial muscles in rats
showing that electrical stimulation minimized muscle
atrophy in cases with chronic denervation.!! Patients with
paraplegia were studied by Kern et al., in that study they
used 1 year-long home-based daily FES-training on the
denervated limb muscles. They recorded the increase in
muscle bulk,® and after a second year of training they
studied the achievements in a small series of biopsies
muscle tissue and reported myofiber size increase. So, if
the FES-training serves well with limb denervated
muscle,? can we apply it to the facial musculature?
Recently, we conducted a research that proves that FES
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for facial musculature is tolerable and does not delay or
in any way interrupt the reinnervation process and does
not contribute to the synkinesis.’** What we are
interested in, is the use of FES training therapy in cases
of complete peripheral facial paralysis and the use of
MRI as a method to quantify the changes.

Materials and Methods

Approval for the study was obtained through the local
institutional review board and written informed consent
was obtained from all study participants. Five patients [4
females, aged 30-60 years (MD = 44.2, SD = 12.3)] with
complete unilateral facial paralysis were recruited to
participate in the study. Needle-EMG was used to
exclude any innervation of the paralyzed hemiface before
including a patient into the study.'® During the study,
every four weeks a facial needle-EMG was repeated to
detect the reinnervation processes. Stimulette r2x
(Schuhfried, Vienna, Austria) served as a home training
device. Detailed instructions were given to the patients to
place two self-adhesive surface electrodes (40x60 mm
Flextrode Plus; Krauth + Timmermann, Hamburg,
Germany) on the skin above the zygomaticus, depressor
anguli oris and depressor labii inferior muscles to be
trained. Every month during the follow-up visits FES
confirmation or correction and adjustments of FES
training parameters were performed. All the participants
kept home-training diaries. The MRI data was acquired
with a Siemens Prisma 3T scanner (Siemens, Erlangen,
Germany) equipped with 64-chanel head/neck coil
provided by the manufacturer. Due to organisational
reasons, not for every follow up visit but only around
every second or third one a MRI scan was performed. The
imaging protocol consisted of T1-weighted inversion
recovery sequence,’® with the following sequence
parameters: TE=2.07 ms, TR=2300 ms, TI=900 ms,
Matrix-size=256x256 pxls, FOV=256x256 mm, slice

bandwidth=230 Hz/pixel, flip angle=9, sagittal
orientation, covering the whole head including the face.
The procedure lasted approximately 10 minutes in total.
The MRI procedure was explained to all of the
participants by the radiologist on duty, who again
screened for exclusion criteria and confirmed the absence
of major pathologies according to the T21-weighted
anatomical images after measurements. Patients received
ear protection with earplugs. The patients were placed in
the supine position with their arms on either side of their
body. Manual segmentation of the facial muscles
(corrugator supercilia, depressor anguli oris, oculi oris
and zygomaticus) was performed and facial muscle
masks were created using 3D slicer 4.10 software
package (https:/iwww.slicer.org/). After the
segmentation, the mask volumes and mean gray values
were available. The duration of muscle set segmentation
was measured with the stopwatch. For the statistical
analysis, paired t-test was conducted with IBM SPSS
statistics software (Version 25; IBM, New York, USA)
to compare the volume change of the denervated muscles
during the FES-training but also before and after the
reinnervation.

Results and Discussion

The case Patient001, a female, presented a complete
unilateral facial paralysis post parotidectomy and facial-
nerve-suture after removal of an intraparotideal facial
nerve schwannoma. She was included into the study one
week after the operation. Four months after inclusion into
the study and start of daily FES (Sept. 2018), the patient
showed the first signs of reinnervation. As it is shown on
Figure 1 (Volume change in % of the zygomaticus
muscle of Pat001 over a time of 12 months.) the volume
of the targeted zygomaticus muscle on the affected side
increased with a delay after reinnervation. The first signs
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Fig 1. Volume (in %) change of zygomaticus muscle of Pat001 over time of 12 months. The first signs of
reinnervation were detected in at least one of the muscles during the monthly needle EMG check-up
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different colors represent the time course of measurements.

of reinnervation were detected in at least one of the
muscles during the monthly needle EMG check-up. A
closer look to the changes in muscle volumes invoked by
the FES training and beginning of the reinnervation
processes is provided in Figure 2. The beginning of the
reinnervation process was defined as the time point when
in any of the routinely checked muscles (frontalis,
zygomaticus, orbicularis oculi and oris muscles) during
the needle-EMG any voluntary muscle activity was
detected. For Patient001 the reinnervation processes
were detected in all the muscles except the frontalis on

the September 2018 visit. The decrease of the volume
went on until the next MRI scan in October 2018. The
interesting part is that the beginning of the reinnervation
that was detected during the third monthly visit in
September 2018 did not immediately stop the atrophy
processes. However, the increase of the muscle volume
was observed from October 2018 (4th month) on and
could be explained by the slowly ongoing process of
reinnervation, when few reinnervating axons reached the
denervated muscle fibers. The volume of the
zygomaticus muscle on the non-affected side was
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Fig 3. Volume Changes in zygomaticus muscle over the training- and reinnervation-time for the five patients of
the study. The mean distance between two columns is 71 days (min: 21 days, max: 239 days). The first signs
of reinnervation were detected in at least one of the muscles during the monthly needle EMG check-up.
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Table 1.Volumes of zygomaticus muscles in the four of the five patients in which reinnervation process started.
Date
Last MRI befqre number of months into st MRI after the reinnervation Date.
reinnervation the study) number of months into the study)
3 10.10.2018 3 05.02.2019
pat001 578 mm 4 months 1208 mm 8 months
3 18.07.2018 3 06.11.2018
pat002 667 mm 1 month 473 mm 5 months
pat003 N/A N/A N/A N/A
3 14.08.2018 3 09.07.2019
pat004 533 mm 1 month 814 mm 12 months
3 10.10.2018 3 19.02.2019
pat005 803 mm 3 months 663 mm 7 months
M, SD M =687.5, SD = 93.03 M =789.5, SD = 311.94

increased during the FES-training even before the first
signs of reinnervation and plateaued after the
electrostimulation stopped, 2 months after the first signs
of the reinnervation. That was possible because a
contraction of the zygomaticus muscle on the paretic side
of the face induced a stretch of the zygomaticus muscle
of the opposite side of the face17. In addition, we saw the
initial decrease and post-reinnervation increase in both
zygomaticus and depressor anguli oris muscle. Early
corrugator muscle volume change could be explained by
the reinnervation from the healthy side over the midline.
The changes in orbicularis oculi volume are not easy to
interpret neither by the reinnervation nor by the FES-
training effects. However, the result for the zygomaticus
muscle looked promising so we explore the changes for
all five patients. On Figure 3 the results of zygomaticus
muscle segmentation for all five patients are presented.
The muscle volume changes showed a high variability,
especially in the not affected side, but nonetheless some
showed interesting trends as in the case of Patient002.
The patient started FES-training 1 month after
denervation. During the first month of FES-training the
volume of the zygomaticus increased, but in the next
period between the second and third MRI measurements
for the last 66 (out of 111) days patient paused FES-
training due to skin condition (minor skin irritation on the
area where electrodes were placed, not related to FES)
and a substantial decrease in the volume was registered.
We assume that it could be because denervated muscles,
without FES, lose volume due to denervation atrophy.

Patient003 has an ongoing denervation since 2002 and no
signs of the reinnervation had been detected. The overall
increase trend of the affected side zygomaticus muscle
volume could be evoked by the FES-training but the
volume decrease on the non-affected side is hard to
interpret. We expect that reinnervation has the strongest
effect on the muscle volume — the muscle should start
growing again. For the further analysis, Patient003 was
excluded because no reinnervation occurred during the
period of the study. We could see the increase in muscle
volume after the reinnervation not only in Patient001, but
also in Patient004 and Patient005 (Tablel). However,
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these changes are not statistically significant when
comparing the zygomaticus muscle volumes in the last
MRI before the reinnervation (M = 645.25, SD = 119)
and last MRI after the reinnervation (M = 789.5, SD =
311.94); t(3) = 0.75, p = 0.510).

Limitations

Small sample size is a big limitation; therefore, a limited
statistical analysis was conducted. Method of manual
MRI segmentation adds to the limitations. Segmentation
of large MRI volumes is a major time-consuming task.
The average time required for one muscle-set (both sides)
segmentation was 40~60 min depending on the muscle.
Moreover, manual segmentation using the three
orthogonal views may result in uneven boundaries, which
causes difficulties in object analysis as well as the partial
volume effect (PVE) occurs and complicates the
segmentation process. In other words, in the imaging
methods several anatomical entities contribute to the
gray-level intensity of a single pixel/voxel. Segmentation
in the non-homogeneous areas with limited resolution of
the scanning hardware and the discretization procedures,
results in blurred intensities across edges. This makes the
task of accurately delineate the borders between two
connected objects difficult®®. Instead of trying to segment
the muscles in the classical anatomical definitions, using
regions of interests or groups of related muscles together
could make the task easier.

Conclusion

Can MRI quantify the effect of electrostimulation along
with denervation and reinnervation? We find MRI
segmentation a promising technique for facial paralysis
research®® and specifically muscle assessment.?® Unlike
the ultrasound, the other imaging method frequently used
in the facial palsy research, MRI captures the whole
muscle and not just a section. On an individual level or
for studies with only a small sample size, the poor signal-
to-noise ratio of the method is a limitation. We propose
automatization of facial muscles segmentation, i.e., a
semi-automatic approach that would achieve a process
standardization and that will reduce the time required for
segmentation.?*
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List of acronyms

MRI - Magnetic resonance imaging
FES - Functional electrical stimulation
EMG - electromyogram
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