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Abstract

Objectives: Facial reanimation surgery may be needed to improve facial soft tissue
function/movements and normalize the facial form in patients with facial paralysis. Critical for
normalization is the dynamics of the nasolabial folds (NLFs). The objective of this prospective,
observational study was to determine 3D morphologic dynamics of the NLFs during different
facial expressions in patients with unilateral facial palsy and normal subjects.

Settings and Sample Population: 3D facial soft tissue movement data collected from adult
patients with acute, unilateral, flaccid facial paralysis (Bell’s Palsy); and (2) an age- and sex-
frequency matched control group.

Materials and Methods: The 3D movement data of specific facial landmarks were collected
during repeated animations from the study participants. Measurements were made of
displacement and asymmetry of the right and left NLF, nasal, and circumoral landmarks; and
displacement of the commissure and NLF landmarks relative to the lower lip midline. Two
sample ¢ tests were used to test for significant group differences.

Results: Patients had significantly less displacement and greater asymmetry of the NLF
landmarks compared with the controls during animations. The movement of the right and left
NLFs was highly coordinated in the controls but uncoordinated in the patients. For both groups
during the smile, the NLF and commissure landmarks had approximately similar magnitudes of
displacement.

Conclusion: In patients with facial paralysis, an immobile NLF is an unnatural feature of facial
animations especially during smiling, and surgical treatment strategies that address impaired

NFL movements must be considered to create a more natural surgical outcome.
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INTRODUCTION

Facial palsy is a disabling and disfiguring condition that results in impaired facial soft tissue
function/movement. The impact is profound. Afflicted patients consistently report negative
psychosocial sequelae and functioning.! Many patients experience permanent disfigurement
either flaccid weakness or non-flaccid hypertonicity, and may require reanimation surgery to
improve facial function and expression. Critical to successful surgical outcomes is a thorough
understanding of the soft tissue muscle anatomy during facial expression movements. For
example, an obvious and important factor to surgically recreate for a smile movement is oral
commissure excursion, the degree to which the corner of the mouth moves from rest. In normal
subjects, this movement ranges from 7 to 22 mm.!> Equally important for normal esthetics is the
dynamics of the nasolabial fold (NLF), the natural crease between the nose and mouth (Figure
la). The orientation, depth, and direction of the NLF movement during smiling is a major
predictor of paralysis severity and patients’ quality of life (QOL).> Anatomically, the NLFs are
facial crease lines or rhytids made visible by shadow formation at the junctions of the upper lip,
cheek, and nasal alar on either side of the face.*® With age, they become more pronounced. An
important aspect of reanimation surgery is normalization of facial form and dynamics, of which
the NLFs are a critical component; however, NLF dynamics remain poorly understood.
Recently, we developed a suite of objective three-dimensional (3D) measures to dynamically
characterize and map facial soft tissue movements for diagnosis and assessment of treatment
outcomes in patients with facial paralysis.”-® In this study, the objective was to use these
measures to determine the 3D morphologic dynamics of the NLFs during different facial

expressions in normal subjects and patients with unilateral facial palsy. Emphasis was placed on
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understanding the NLF differences between patients and controls when the patients first

presented for treatment.

MATERIALS AND METHODS
The study participants were recruited as part of a prospective study _
_ to determined changes in facial soft tissue movements in adults with unilateral facial
paralysis, and to compare the patients’ facial movements with control participants.’-8

Consecutive participants were recruited between June 2016 and March 2018 on first presenting

for treatment at the |, ! the
controls were patients and volunteers from _

_ who were invited to participate either by personal contact or by responding to a
posted flyer/advertisement. Eligible participants were screened by telephone based on selection
criteria (Table 1 Suppinfo.pdf). Those who agreed to participate attended - Facial
Animation laboratory where they were consented and data-collection completed. Based on
previously published power calculations,® the final study sample consisted of two groups:
Patients (n=36; mean age = 43.3 yrs. £12.9) with acute, unilateral, flaccid facial paralysis (Bell’s
Palsy); and an age- and sex-frequency matched ‘normal’ control group (n=68; mean age = 42.7
yrs. £14.5). The patient group consisted of 18 males and 18 females. Five patients self-
identified as Hispanic, one as Black, two as Asian, and 28 as Caucasian. The control group
consisted of 34 males and 34 females. Four of the control participants self-identified as

Hispanic, five as Black, six as Asian, and 53 as Caucasian. Study consent and HIPAA

Orthodontics & Craniofacial Research
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documents were approved by the _ IRB. All participants had facial

movement data collected.

Data Collection

The methods and analyses for the collection of the facial movement data specific for patients
with facial paralysis were described in previous publication,’”® and a brief summary is provided
here. A video-based motion tracking system (Motion Analysis ™, Motion Analysis Corporation,
Santa Rosa, CA, USA; Figure 1b&c) was used to record the movement during eleven facial
animations of 64 retro-reflective markers placed on specific facial soft tissue landmarks (Figure
Ib—facial landmarks in gray). The animations were gentle eye closure (gec), natural smile
(nsm), and the following maximum movements— brow raise (br), tight eye closure (tec), “ee”
sound (ee), “00” sound (00), smile (msm), grimace (gr), lip purse (Ip), check puff (cp), and
mouth opening (mo). Each animation was repeated ten times by the subjects. The raw data were
tracked oft-line, and the tracked data consisted of a time series of 3-D vectors defined by x, y, z

where X, y and z represented the position in space at 60 frames per second (60 Hz) for 4 seconds.

Data Analysis

For each repeated movement of an animation, the average “at-rest” facial landmark
configuration of each participant was computed by extracting the first “at-rest” frames and
computing the Procrustes mean. Then, the mean at-rest facial landmark configuration for the
control participants was computed. This mean control face was symmetrized and rotated into a

level and upright position and served as a standardized template upon which the at-rest faces of

Orthodontics & Craniofacial Research



oNOYTULT D WN =

Orthodontics & Craniofacial Research Page 6 of 26

each participant were rotated onto using Procrustes conformation. Then for each animation, each
frame of the movement was rotated on to the corresponding at-rest frame for that participant, and
the frame at which the greatest distance from rest occurred was selected. The latter was
translated so that the landmark on the bridge of the nose coincided with the rest frame. The nose
bridge landmark was considered a fixed point during the movements. Further analysis focused
on two landmarks on each side of face that localized the right and left NLFs and landmarks on

the nose and around the mouth (Figure 1b—facial landmarks highlighted in white).

Three different comparisons of displacement were made of the right and left NLF landmarks
of the patients and controls. For these calculations, the data were reflected so that the left side of
the patients’ face was always the affected (paralyzed) side. Also, given that there were ten
replicates for each participant/animation combination, this was reduced to a single measure by

taking the median.

(1) NLF Displacement

For the control participants, the mean displacement of the left and right
pairs of NLF landmarks was computed; and for the patients the mean
displacement of the NLF landmark pairs for the affected or paralyzed left

side of the face and the contralateral right side of the face was computed.

(2) NLF Asymmetry. For each control and patient participant, the mean

absolute difference in displacement between the two NFL landmarks on

Orthodontics & Craniofacial Research
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the left and the corresponding two landmarks on the right sides of the face

was calculated.

oNOYTULT D WN =

10 (3) Lateral, Vertical, and Depth (Antero-Posterior) NLF Displacement.

For the right and left landmark pairs located at the upper and lower ends of
15 the NLFs, respectively, the distance (mm) travelled from rest to maximum
17 displacement was calculated for each animation. For the patients and
controls, further analyses were based on separate plots of the mean

22 displacement in the lateral, vertical, and depth (antero-posterior) facial

24 planes of space for upper and lower NLF landmark pairs.

29 In addition, to determine the displacement of the NLFs relative to the mouth corners or

31 commissures, the distances at rest and at the maximum of each animation were calculated from
33 the landmark on the midpoint of the lower lip to the right and left commissure landmarks, the
right and left upper NLF landmarks, and the right and left lower NLF landmarks. The midpoint

38 of the lower lip landmark was considered relatively stable during smiling.

Statistical Analysis

45 A 2-sample #-test was used to test for significant differences in displacement and asymmetry

47 between the patients and control participants.

57 RESULTS

60 Orthodontics & Craniofacial Research
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Tables 1 and 2 give the results for mean displacement and asymmetry in the patient and
control groups. There was less displacement and greater asymmetry of the NLFs for the patients
especially for the maximum smile (msm), natural smile (nsm), and grimace (gr) animations. For
both displacement and asymmetry, the differences were strongly significant with the following
exceptions: For displacement, gentle eye closure (gec), tight eye closure (tec), and mouth
opening (mo) were not significant, and for asymmetry both gentle (gec) and tight eye closure

(tec) were not significant.

Lateral Movement of the NLF

Figures 2 is a plot of the lateral displacement of the control subjects’ right and left landmark
pairs at the upper end of the NLF for each animation. The horizontal axis shows the
displacements of the landmark on the left side of the face where values to the left of the origin
(‘0%) indicate displacement to the left of the face (displacement outwards). The vertical axis
show the displacements of the landmark on the right side where values above the origin indicate
movement to the right side of the face (displacement outwards). Points close to and on the
origin would indicate little or no displacement as seen for brow raise (br) and gentle eye closure
(gec). In general, the plots show a strong negative correlation which is expected since normal
displacement would be symmetric (outwards on either side of the face). For the smile
animations (nsm & msm) and ‘eeee’ sound (ee), both landmarks are in the upper left quadrant
because they both move outwards while the landmarks for lip purse (Ip) animation and ‘0000’
sound (00) are in the lower right quadrant because they move inwards. Figure 3 shows the same

plot for the patients. As can be seen, the strength of the correlation is much reduced.

Orthodontics & Craniofacial Research
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Vertical Movement of the NLF

The vertical displacement of upper NLF landmark pairs for the control subjects is shown in
Figure 1 Suppinfo.pdf. The correlations are strong and positive because both landmark pairs
move in the same direction—either upwards or downwards. For the patients
(Figure 2 Suppinfo.pdf), similar plots show a weaker correlation but stronger overall than the

plots for the lateral displacement.

Depth (Antero-Posterior) Movement of the NLF

The depth displacement for the control subjects upper NLF landmark pairs is shown in
Figure 3 Suppinfo.pdf. Again, the correlations are strongly positive. For some animations, the
landmark pairs move mostly forward such as for lip purse (Ip) and cheek puff (cp) and ‘00’
sound (00). For other animations, the landmark pairs move mostly backwards, for example,
both smiles (msm & nsm) and the ‘ee’ sound (ee). The plots for the patients
(Figure 4 Suppinfo.pdf) show a weak correlation. Plots for landmark pairs at the lower end of

the NLFs demonstrated similar correlations and these plots are available upon request.

Figure 4 is a composite set of schematic plots for each animation comparing the mean
positions of the NLFs at rest and at maximum displacement for the patient and control groups.
As stated previously, the left side of the face was set as the affected or paralyzed side. The mean
landmark positions for the control face at rest is in black and lines connect the landmarks on the

nose, mouth, and NLF regions. The upper and lower NLF landmarks at maximum displacement

Orthodontics & Craniofacial Research
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are connected by a red line for the control group and by a blue line for the patient group. The
plots show that the greatest differences in maximum displacement of the NLFs between the
patients and controls for the affected (left) side are seen for the smile (msm and nsm) and

grimace (gr) animations and ‘ee’ sound.

Tables 2 Suppinfo.pdf and Table 3 Suppinfo.pdf give the mean displacement from rest to
the maximum of the smile movements, of the upper NFL landmarks, lower NLF landmarks, and
commissure landmarks relative to the middle of the lower lip for the patients and controls,
respectively. Because the smile animation is the focus of facial reanimation surgery, the results
for the smile are reported here. The results for the other animations are available on request.
Overall, for the smile, the difference in mean displacement from rest for these landmarks ranged
from 11.3 to 14.0 millimeters for the control group and 7.2 to 10.2 millimeters for the patient
group. For the patients and controls, the upper and lower NLF landmarks had approximately
similar magnitudes of displacement relative to the commissure landmarks (~ 1cm for the controls
and variable for the patients). There were significant differences between the patients and
controls for the ‘at rest’ distances from the middle of the lower lip to the upper NLF landmarks
(p<0.05) and the commissure landmarks (p<0.01)—these distances were significantly less for the

patients.

DISCUSSION
This study is the first to provide an in-depth analysis of the NLF dynamics and associated

asymmetry in patients with facial paralysis and control subjects. Previous methods of

Orthodontics & Craniofacial Research
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quantification involved the use of 2D measures and analyses® ! and focused on the asymmetry of
the brow, upper and lower eyelids, and oral commissures—much more limited in scope
compared with the analyses presented here. Moreover, the issue of validity of 2D analyses is a
concern.”® In our study, an objective and highly detailed 3D facial movement analysis was
conducted that provided insights into both normal NLF animation dynamics and the dynamics of
the folds in patients with unilateral facial paralysis. Such an analysis is important to understand
the relationships of normal movement of the NLF in all three planes of space—transversely,
vertically, and antero-posteriorly (depth), but as demonstrated, the analysis also can be used to

diagnose impaired movements in patients as well as assess outcomes of reconstructive surgeries.

Currently, there is no universal agreement on a measurement system or outcome measure for
facial palsy.!" A more recent review of the literature highlighted the need for multiple validated
outcome measures in order to capture all domains of successful surgical reanimation and
included Patient-Reported Outcome Measures, Automated and Clinician-Graded Facial Palsy
Grading Systems, Layperson Assessment Equivalent, and Spontaneous Smile Analysis.!! In the
present study, the focus was on measuring facial soft tissue movement with an emphasis on the
NLFs. One popular measure for this purpose is the eFACE which is a scale used by clinicians to
grade the severity of the facial paralysis using specific software.!?!3 The clinician subjectively
rates or scores facial regions according to the degree of facial symmetry at rest and at the
maximum of the smile movement only. Experts who rated patients’ disfigurement with this
scale deemed that the NLF morphology and symmetry were two very influential parameters

when assessing paralysis.!4

10
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In fact, static NFL suspension is one of the most common ancillary surgical procedures
performed in treating facial palsy because the cheek position at rest, as delineated by the NLFs,
is of critical importance. From a dynamic perspective, we found herein that there was
considerable movement of the NLFs during smiling and other animated movements. During
normal smiling, the mean 3D movement of the NLFs was of similar magnitude to that of the oral
commissures, around the order of one centimeter. In addition, symmetry of the normal NFL
movements was highly coordinated in all three planes of space between the right and left sides of
the face. However, in affected patients the movement was limited in magnitude and highly
uncoordinated, and the movement in the lateral and antero-posterior directions was much more
uncoordinated than the vertical movements. These findings suggest that an immobile NLF is an
unnatural feature of the smile movement/animation, and that surgical treatment strategies that
address impaired NFL movements during animations must be considered to create a more natural
surgical outcome. It is likely that the level of NFL dynamism will need to be tailored to an
individual patient’s dynamic anatomy, and the 3D outcome measures described in this and other

studies afford an approach to personalize facial soft tissue movement outcomes in patients.

CONCLUSION
This study is the first to provide an in-depth, 3D analysis of the NLF dynamics in patients
with facial paralysis and control subjects. This analysis can be used to diagnose impaired facial
soft tissue movements in patients as well as assess outcomes of reconstructive surgeries. From a

dynamic perspective based on the analysis we found considerable movement of the NLFs during

11
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smiling and other animated movements. During normal smiling, movement of the NLFs was

highly coordinated, symmetrical, and of similar magnitude to that of the oral commissures—

oNOYTULT D WN =

around the order of one centimeter. Affected patients had highly uncoordinated and

10 asymmetrical movements that were limited in magnitude suggesting that an immobile NLF is an
unnatural feature of the smile movement/animation, and surgical treatment strategies tailored to a
15 patients’ specific needs that address impaired NFL movements during animations must be

17 considered to create a more natural surgical outcome.

55 12

60 Orthodontics & Craniofacial Research



oNOYTULT D WN =

Orthodontics & Craniofacial Research Page 14 of 26

REFERENCES

Snyder-Warwick AK, Fattah AY, Zive L, Halliday W, Borschel GH, Zuker RM. The
Degree of Facial Movement following Microvascular Muscle Transfer in Pediatric Facial

Reanimation Depends on Donor Motor Nerve Axonal Density. Plast Reconstr Surg

2015;135(2):370e-381e.

Manktelow RT, Zuker RM, Tomat LR. Facial paralysis measurement with a handheld
ruler. Plast Reconstr Surg 2008;121(2):435-442.

Van Veen MM, Tavares-Brito J, Van Veen BM, et al. Association of Regional Facial
Dysfunction with Facial Palsy-Related Quality of Life. JAMA Facial Plast Surg 2019;
1;21(1):32-37.

Barton FE Jr, Gyimesi IM. Anatomy of the nasolabial fold. Plast Reconstr Surg
1997;100(5):1276-1280.

Yousif NJ, Gosain A, Matloub HS et al. The nasolabial fold: an anatomic and histologic
reappraisal. Plast Reconstr Surg 1994; 93(1):60—69.

Millard DR Jr, Yuan RT, Devine JW Jr. A challenge to the undefeated nasolabial folds.
Plast Reconstr Surg 1987;80(1):37-46.

Trotman CA, Faraway J, Hadlock T, Banks C, Jowett N, Jung HJ. Facial Soft-tissue
Mobility: Baseline Dynamics of Patients with Unilateral Facial Paralysis. Plast Reconstr

Surg Glob Open 2018;4;6(10):e1955.

Trotman CA, Faraway J, Hadlock TA. Facial mobility and recovery in patients with
unilateral facial paralysis. Orthod Craniofac Res 2020;23(1):82-91.

13

Orthodontics & Craniofacial Research



Page 15 of 26

oNOYTULT D WN =

10.

11.

12.

13.

14.

Orthodontics & Craniofacial Research

Hadlock TA, Urban LS. Toward a universal, automated facial measurement tool in facial

reanimation. Arch Facial Plast Surg 2012;14(4):277-282.

Guarin DL, Dusseldorp JR, Hadlock TA, Jowett N. A machine learning approach for
Automated Facial Measurements in Facial Palsy 2018 JAMA Facial Plast Surgery.
20(4):335-337.

Dusseldorp JR, van Veen MM, Mohan S, Hadlock TA. Outcome Tracking in Facial
Palsy. Otolaryngol Clin North Am 2018;51(6):1033-1050.

Eviston TJ, Chong LSH, Clark JR. Validation of the Clinician-Graded Electronic Facial
Paralysis Assessment. Plastic and Reconstructive Surgery 2018; 141(4):615¢e-616e.

Banks CA, Bhama PK, Park J, Hadlock CR, Hadlock TA. Clinician-Graded Electronic
Facial Paralysis Assessment. Plast Reconstr Surg 2015;136(2):223e-230e.

Banks CA, Jowett N, Hadlock CR, Hadlock TA. Weighting of Facial Grading Variables to

Disfigurement in Facial Palsy. JAMA Facial Plast Surg 2016;18(4):292-298.

Orthodontics & Craniofacial Research

14



oNOYTULT D WN =

Orthodontics & Craniofacial Research

Table 1. Mean displacement (mm) of the NLF landmark-pairs for the patient (FP) and control
(NS) groups for each animation (br=brow raise, mcp=maximum cheek puff, ee=eeee
sound, gec=gentle eye closure, gr=maximum grimace, I[p=maximum lip purse,

mo=maximum mouth opening, msm=maximum smile, nsm=natural smile, c0=000h

sound, tec=tight eye closure). The displacement for the control group was calculated

as the mean of the left and right landmark-pair maximum displacement from rest; and

for the patients as the affected side maximum displacement from rest. T-tests for
significant differences between the patient and control group means.
Significance levels: NS=non-significant; *=p<0.05; **=p<0.01, ***=p<0.001. LCI

and UCI are the 95% confidence intervals for the difference.

Animations | FP NS

Mean | Mean | Tt | DF | LCI | UCI | pvalue

(mm) | (mm) | statistic
br 292 | 510 | -5.53 66.24 -2.97 -1.39 | 0.000***
cp 1454 | 18.08 | -2.79 62.37 -6.07 -1.01 | 0.007**
ee 7.27 | 17.43 | -8.28 70.27 | -12.62 -7.72 | 0.000***
gec 144 | 161 | -0.67 40.71 -0.70 0.35 | 0.509NS
gr 11.02 | 22.09 | -8.11 60.65 | -13.80 -8.34 | 0.000***
Ip 8.79 | 1554 | -7.32 67.77 -8.59 -4.91 | 0.000***
mo 17.03 | 15.40 1.38 50.68 -0.74 3.99 | 0.174NS
msm 9031|2232 | -9.94 51.39 | -15.63 | -10.38 | 0.000***
nsm 10.77 | 22.97 | -8.78 4199 | -15.01 -9.39 | 0.000***
00 7.32 | 13.21 -5.97 71.07 -7.85 -3.92 | 0.000***
tec 8.64 | 10.25 | -1.00 49.29 -4.83 1.62 | 0.322NS

Orthodontics & Craniofacial Research
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Table 2. Mean asymmetry of the NLF landmark-pairs for the patient (FP) and control (NS)
groups for each animation (br=brow raise, mcp=maximum cheek puff, ee=eeee sound,
gec=gentle eye closure, gr=maximum grimace, Ip=maximum lip purse, mo=maximum
mouth opening, msm=maximum smile, nsm=natural smile, oo=000h sound, tec=tight
eye closure). The asymmetry for the patient and control groups was calculated as the
mean absolute difference in displacement from rest between the landmark pairs on the

left and right sides of the face. T-tests for significant differences between the patient

Orthodontics & Craniofacial Research

and control group means.

Significance levels: NS=non-significant; *=p<0.05; **=p<0.01, ***=p<0.001. LCI

and UCI are the 95% confidence intervals for the difference.

FP NS T test

Animations Mean Mean statistic DF LCI UCI pvalue
br 0.94 0.56 2.82 4454 011 0.65 0.007**
co 2.83 1.24 3.44 3291 0.65 254 0.002**
ee 6.83 1.61 5.61 3001 332 7.11 0.000*%**
aec 0.49 0.42 0.65 6099 -0.15 030 O0.516NS
ar 8.52 1.91 6.56 28.16 455  8.67 0.000***
lo 4.17 1.50 4.89 33.76 156  3.78 0.000***
mo 2.52 1.50 2.04 3463 000 2.04 0.049*
msm 10.04 1.98 7.77 2950 594 10.18 0.000***
nsm 8.74 1.80 6.56 2842 478  9.11 0.000*%**
00 3.65 1.46 3.93 31.72 105 3.32 0.000***
tec 2.45 1.76 1.37 36.73 -0.33 1.70 0.179NS

Orthodontics & Craniofacial Research
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Figure 1a,b,&c. Arrows point to the nasolabial fold areas (a&b), the facial landmarks (b), and the video-based
motion tracking system.
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Figure 3. Lateral displacement of the patients’ right and left landmark pairs at the upper end of the NLFs for
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> Figure 4. Schematic plots for each animation showing the mean landmark positions for the control face (black lines) at rest

" and a comparison of the NLF landmarks at°riaximeiidisptacement—controls in red, patients in blue.
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Patients with Facial Paralysis

Control Participants

Inclusion |A diagnosis of virally triggered, acute, |Subject interest/willingness to
unilateral, flaccid facial paralysis participate in the study;
(Bell’s Palsy) presenting within 6 |An ability to comprehend verbal
weeks of onset and with an instructions; and
estimated potential for recovery  |An age range of 18 to 68 years.
between 6-12 weeks;
Patient interest/willingness to
participate in the study;
/An ability to comprehend verbal
instructions; and
/An age range of 18 to 68 years.
Exclusion |Facial movement disorders due to Facial soft tissue surgery, orthognathic

primary muscular dysfunction or
hemifacial spasm in the absence of
synkinesis;

Complaints of facial paralysis but no
evidence of weakness on physical
examination;

Previous facial soft tissue surgery
and/or orthognathic surgery; or

Mental or hearing impairment to the
extent that comprehension or ability|
to perform the tests is hampered

surgery, and /or facial soft tissue
disorder; or

Mental or hearing impairment to the
extent that comprehension or ability
to perform the tests is hampered.

Orthodontics & Craniofacial Research
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right vertical

Figure_1 Suppinfo.pdf. Vertical displacement of the controls right and left landmark pairs at the upper end
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right vertical
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Figure_2_ Suppinfo.pdf. Vertical displacement of the patients’ right and left landmark pairs at the upper end

of the NLFs for €5¢K SAMMAtI6R. ="
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37 Figure_3 Suppinfo.pdf. Antero-posterior displacement of the controls right and left landmark pairs at the upper end
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Figure_4 Suppinfo.pdf. Antero-posterior displacement of the patients’ right and left landmark pairs at the upper end

of the NLFs for each animatio
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