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Abstract

Objectives Facial asymmetries in oculoauriculovertebral
spectrum (OAVS) patients might require surgical corrections
that are mostly based on qualitative approach and surgeon’s
experience. The present study aimed to develop a quantitative
3D CT imaging-based procedure suitable for maxillo-facial
surgery planning in OAVS patients.

Materials and methods Thirteen OAVS patients (mean age
3.5 + 4.0 years; range 0.2-14.2, 6 females) and 13 controls
(mean age 7.1 £ 5.3 years; range 0.6-15.7, 5 females) who
underwent head CT examination were retrospectively en-
rolled. Eight bilateral anatomical facial landmarks were
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defined on 3D CT images (porion, orbitale, most anterior
point of frontozygomatic suture, most superior point of
temporozygomatic suture, most posterior-lateral point of the
maxilla, gonion, condylion, mental foramen) and distance
from orthogonal planes (in millimeters) was used to evaluate
the asymmetry on each axis and to calculate a global asym-
metry index of each anatomical landmark. Mean asymmetry
values and relative confidence intervals were obtained from
the control group.

Results OAVS patients showed 2.5 + 1.8 landmarks above the
confidence interval while considering the global asymmetry
values; 12 patients (92 %) showed at least one pathologically
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asymmetric landmark. Considering each axis, the mean num-
ber of pathologically asymmetric landmarks increased to
5.5+ 2.6 (p = 0.002) and all patients presented at least one
significant landmark asymmetry.

Conclusions Modern CT-based 3D reconstructions allow ac-
curate assessment of facial bone asymmetries in patients af-
fected by OAVS. The evaluation as a global score and in
different orthogonal axes provides precise quantitative data
suitable for maxillo-facial surgical planning.

Clinical relevance CT-based 3D reconstruction might allow a
quantitative approach for planning and following-up maxillo-
facial surgery in OAV'S patients.

Keywords Oculoauriculovertebral spectrum - Goldenhar
syndrome - Facial asymmetry - Computed tomography - Image
reconstruction

Introduction

Oculoauriculovertebral spectrum (OAVS, OMIM 164210) [1]
is a rare congenital condition (incidence 1:3500-5600 live
births) [2—4] characterized by variable underdevelopment of
facial structures originating from the first and second pharyn-
geal arches on one (85 % of cases) or both sides [3, 5]. The
disease mostly results in jaw abnormalities with consequent
hemifacial microsomia and facial asymmetry. The most severe
cases present also with eye or spine involvement and are
known as Goldenhar syndrome.

Craniofacial anomalies include mandibular, zygomatic,
and maxillary bone and soft tissue structure abnormalities that
might affect breathing, swallowing, and ability to speak and
variably impair esthetic appearance. In addition, jaw ankylosis
and malocclusion can affect masticatory function [6].

Surgical correction can restore facial symmetry and masti-
catory performance. Treatment plans must be tailored to each
patient. Surgical planning is mostly based on surgeon experi-
ence but might be improved by current imaging techniques [7].
“Cephalometric radiography,” based on plain radiographs, has
been used since 1930. Since the introduction of CT and dedi-
cated software, 3D reconstructions have been suggested as a
valuable tool for planning and monitoring corrective surgery
[8]. A highly accurate 3D assessment allows the surgeon to
properly plan the surgical procedures. The quantitative data also
enable the clinician to objectively evaluate the post treatment
outcome. Hitherto, very few studies addressed this issue pro-
viding quantitative evaluation of facial asymmetry [9, 10], and
no standardized approach is currently available. An asymmetry
index obtained from the sum of the side-to-side differences with
respect to the three reference orthogonal planes has been pro-
posed. A global index should allow a better categorization of
facial landmark asymmetry and improve the comparison of
different populations but does not provide any information
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about the asymmetry severity of facial landmark along each
orthogonal axis. This information might be pivotal for tailoring
the proper corrective surgery. We performed a CT study on
OAVS patients proposing a score that, besides providing a glob-
al quantification of asymmetry, can also be decomposed ac-
cording to the different orthogonal axes giving precise quanti-
tative data suitable for maxillo-facial surgical planning.

Material and methods
Subjects

We retrospectively evaluated CT exams (whole head or maxillo-
facial CT) of 13 patients (mean age 3.5 + 4.0 years; 0.2-14.2, 6
females) affected from hemifacial microsomia and microtia (see
Table 1). Eight patients also presented with ocular or vertebral
abnormalities and fulfilled the criteria required for Goldenhar
syndrome (mean age 3.5 + 4.8 years; 0.2-14.2, 4 females). A
whole head CT was available in 8/13 OAVS patients.

All subjects were outpatients referring to our
Otolaryngology Department and were evaluated by a multi-
disciplinary team (maxillo-facial surgeon, ENT specialist, au-
diologist, geneticist, neuroradiologist).

Thirteen subjects (mean age 7.1 + 5.3 years; 0.6-15.7, 5
females) who underwent head CT for reasons different
from facial asymmetry (extracranial malignancy, spinal
muscular atrophy, respiratory fungal infection, histiocytosis,
polytrauma) represented our control group.

CT data acquisition and image processing

CT scans were acquired with different scanners (21/26 with
Brilliance 6, Philips, Best, The Netherlands; 2/26 with
Somatom Sensation Cardiac 64, Siemens, Forchheim,
Germany; 2/26 with Brilliance 64, Philips, Best,
The Netherlands; 1/26 with HiSpeed, GE Healthcare,
Waukesha,WI, USA).Due to different scanners used, the CT
acquisition protocol varied significantly in terms of mAs (me-
dian 160 mAs, range 51-500), KVp (median 120, range 90—
140 KVp), and slice thickness (median 1 mm, range 0.75-2).
A 512 x 512 matrix was used in all acquisitions; the field of
view range was 128-348 mm (median 200 mm) with recon-
struction voxel range 0.18-0.68 mm (median 0.39 mm). The
CTs were acquired in axial plane with spiral/helical scan; cor-
onal and sagittal multiplanar reconstructions were available
but not used in this study. All exams (axial images) were
transferred from our PACS to a workstation (Planning
Station 6.0, BrainLAB®) and processed with iPlan® software
(Stereotaxy and CMF).

In particular, axial images were reconstructed with surface
rendering techniques by optimizing the Hounsfield unit value
for the best representation of the bone structures according to
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Table 1  The main clinical findings of the oculoauriculovertebral spectrum group

Patient #01 #02 #03 #04 #05 #06 #07 #08 #09 #10 #11 #12 #13
Sex F M F F F M M M F M F M M
Age (years) 3.2 0.5 1.6 22 0.7 0.2 6.2 1.8 14.2 6.6 0.5 1.2 6.3
Side R B R R L L R L R R B

Aural atresia + + + + + + + + + + + + +
Hemifacial microsomia + + + + + + + + + + + +
Vertebral abnormalities - + - - + + - + + + + - -
Eye abnormalities + + - - - - B 4 - — _

]

F female , M male , Rright, L left , B bilateral,(+) presence, (-) absence

ocular or vertebral anomalies were present

the age of the patient. The midsagittal plane was defined by
specific anatomical landmarks, namely the nasion (Na) iden-
tified by the midpoint of the frontonasal suture, the bregma
(Br) identified by the crossing of the coronal and sagittal su-
tures on top of the skull, the opisthion (Op) identified by the
posterior midsagittal point on the posterior margin of the fo-
ramen magnum. Whenever the Br was not reliably identifiable
(e.g., in newborns) the interincisal point (iip) was used. The
transverse plane was considered as the plane orthogonal to the
sagittal plane oriented according to the Frankfurt horizontal
plane, i.e., from the most superior point of the external acous-
tic meatus (porion, Po) to the most inferior point of the
infraorbital rim (orbitale, Or). In patients with asymmetry of
the abovementioned points (Po and Or) in the z-axis, the mid-
point of the left and right points was adopted for identifying
the axial plane. The coronal plane was considered as the or-
thogonal plane with respect to the midsagittal and axial planes,
passing through the Po. Table 2 reports all points considered
useful by our maxillo-facial surgeons while evaluating facial
asymmetry severity. After defining the reference planes and

Table 2  Anatomical landmarks

Shadowed columns are Goldenhar syndrome patients, i.e., beside hemifacial microsomia and aural atresia,

after positioning manually the landmarks, the software provid-
ed the distance in millimeter of the abovementioned points
from the three planes. The side-to-side difference of the three
measures in the orthogonal planes represented the landmark
asymmetry. The global asymmetry was calculated according
to the following formula [9]:

Global asymmetry = 1/ (Rdx — Ldx)® + (Rdy — Ldy)® + (Rdz — Ldz)?

with dx, dy, and dz, being the distance of any one point from
midsagittal, coronal, and axial planes respectively; R and L
refer to the patient’s right and left side.

The control group provided the reference values (mean and
standard deviation, SD). Among our patients, severe landmark
asymmetry was considered when the calculated global
asymmetry of each landmark was above the confidence
interval (mean of normal subjects +1.96 SD). Beside
global asymmetry, asymmetries in the different axes were
also considered.

Landmarks Definition

Br Bregma Crossing of the coronal and sagittal sutures on top of the skull

Na Nasion Midpoint of the frontonasal suture

Op Opisthion Posterior midsagittal point on the posterior margin of the foramen magnum

iip Interincisal point Most mesial point of the tip of the crown of each upper central incisor

Po? Porion Most superior point of the external acoustic meatus

or* Orbitale Most inferior point of the infraorbital rim

Fz* Frontozygomatic suture Most medial and anterior point of the frontozygomatic suture at the level of the lateral orbital rim

TZ* Temporozygomatic suture Most superior and anterior point of the temporozygomatic suture

Masc® Maxilla Most postero-lateral point of the maxilla

Go* Gonion The point at mandibular angle that is defined by dropping a perpendicular from the intersection
point of the tangent lines to the posterior margin of the mandibular vertical ramus and inferior
margin of the mandibular body or horizontal ramus

Cd* Condylion Most lateral point of the condylar head

FM* Mental foramen Central point of the mental foramen

?Bilateral landmark points
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Moreover, after defining the midsagittal plane (see above)
with iPlan CMF®, the left hemifacial bone structures
were mirrored and superimposed to the right side bone
structures and represented with multiplanar reconstruc-
tion and surface rendering technique, thus providing a
visual though measurable representation of the head
bone asymmetry.

Statistical analysis

All measures were compared between patients and controls by
means of Student’s ¢ test when data were normally distributed
or Mann-Whitney U test, when the considered landmark mea-
sures were not normally distributed or included less than 10
cases per group. The Kolmogorov-Smirnov test was applied
to verify the normality of data.

All the previously defined procedures were carried out by
two independent observers. Intra- and interrater reliability was
then evaluated. For intrarater reliability, the landmarks during
image processing were evaluated by re-measuring after a 2-
week interval the asymmetry data for 22 subjects randomly
chosen among patients and controls. For interrater reliability,
the same 22 subjects were evaluated by a second observer. In
addition, the absolute difference (in mm) between first and
second measures was calculated. Reliability was tested by
using the Pearson’s 7. The covariance analysis was performed
testing the significance of dependence between test and retest
values of the anatomical measures, considering as dependent
variable the second sample and as independent variable the
first sample. Significance was set at p < 0.05.

Results

Compared to controls, OAVS patients showed significant dif-
ferences in the global score for the Or, Masc, FZ, TZ, Cd, Go,
and FM landmarks. Considering each of the three orthogonal
axes, significant asymmetry was observed for Or, Cd, and FM
in the X plane; for FZ, TZ, and Go in the Y plane; and for
Masc and Cd in the Z plane (see Table 3).

Twelve patients (92 %) showed global asymmetry values
above the confidence interval for at least one landmark.
Considering each orthogonal axis, 11/13, 10/13, and 11/13
patients showed abnormal asymmetry values with respect to
the X, Y, and Z planes, respectively. All patients presented at
least with one asymmetric landmark in at least one axis.

Asymmetries of all single patients affected by the OAVS
are plotted in the electronic supplementary material; in partic-
ular, global asymmetry and asymmetry with respect to the
three orthogonal axes are represented in the corresponding
diagrams that also show normal references calculated in our
control group (Online Resource 1). The diagrams and the table
(Online Resource 2) report the asymmetry in millimeter, thus
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Table 3  Comparison of asymmetry of anatomical points for control
and oculoauriculovertebral spectrum group

Landmarks Control group OAVS group P
Mean SD Mean SD

Global asymmetry
Or 1.24 0.45 2.06 1.17 0.03
Masc 1.92 0.79 4.45 2.89 0.01
FZ 2.20 0.78 3.51 1.47 0.01
Po 1.52 1.24 1.16 0.57 0.78"
TZ 2.12 0.97 4.01 1.99 0.01
Cd 325 1.33 7.74 534 0.01
Go 3.76 2.08 6.75 2.67 0.01
FM 4.14 297 11.02 7.62 0.05"

X plane asymmetry
Or 0.65 0.39 1.44 1.14 0.03
Masc 0.94 0.45 1.73 1.86 0.15
Fz 0.90 0.50 0.89 0.96 0.98
Po 1.34 1.26 1.06 0.64 0.87°
TZ 1.10 0.79 1.73 1.05 0.10
Cd 1.30 0.81 2.89 2.50 0.04
Go 2.50 2.04 1.86 2.37 0.53
FM 3.08 3.00 8.66 7.04 0.02*

Y plane asymmetry
Or 0.84 0.41 1.10 0.90 0.35
Masc 0.88 091 2.36 1.42 <0.001
FZ 1.32 0.75 247 1.66 0.03
Po 0.37 0.28 0.16 0.14 0.13*
TZ 1.23 0.81 2.69 2.31 0.04
Cd 1.95 1.25 4.11 5.61 0.19
Go 1.02 0.60 3.60 2.71 0.01
FM 1.47 0.90 241 2.23 0.83"

Z plane asymmetry
Or 0.34 0.23 0.40 0.41 0.66
Masc 0.94 0.76 2.83 2.52 0.02
FZ 1.11 0.77 1.72 1.09 0.12
Po 0.21 0.15 0.30 0.21 0.53*
TZ 0.92 0.59 1.53 1.15 0.10
Cd 1.72 1.05 431 2.86 0.01
Go 223 1.27 4.07 2.83 0.08
FM 1.57 1.43 4.65 5.21 0.42°

OAVS oculoauriculovertebral spectrum, SD standard deviation

#The Mann-Whitney (U test) was used,; in all other cases, the Student’s ¢
test was applied

providing the surgeon a measure of the correction needed to
re-establish facial symmetry.

To note, global asymmetry seems to be more sensitive
when considering the whole group, but in each patient, the
single-axis evaluation revealed more frequently significant
asymmetries. In fact, in our cohort 2.5 + 1.8 landmarks were
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Fig. 1 Bone and skin surface rendering technique of patient #04
(right lateral and frontal view). All the landmarks used in the
current study are reported except the porion, since the patient
presented with right aural atresia; for this reason, asymmetry of

found above the confidence interval (mean value +1.96 SD
obtained from controls) when considering the global asymme-
try. Considering the asymmetry in all axes, the number of
pathologic landmarks increased significantly to 5.5 + 2.6
(p =0.002).

The midsagittal plane was also used for mirroring the
healthy or less affected side to the contralateral side in order
to represent the severity of asymmetry of the bone segments.

this landmark was not calculable in most patients. Br bregma, Na
nasion, Op opisthion, iip interincisal point, Or orbitale, FZ
frontozygomatic suture, 7Z temporozygomatic suture, Masc maxilla,
Go gonion, Cd condylion, FM mental foramen

Figures 1, 2, and 3 show surface rendering technique and
multiplanar reconstructions in the three orthogonal planes of
a patient: all these images are easily obtained and available for
surgery planning.

Test and retest values and interrater measurements correlat-
ed very well (r = 0.95, p < 0.000001 and » = 0.93,
p < 0.000001, respectively). Analysis of covariance showed
no significant association between test and retest values and

Or Masc FZ Po TZ Cd Go ™M

Global Asymmetry X plane Asymmetry
20 20
18 18
16 16
14 14
- C.| 12 ..
#04 20 #04
8
—M 6 M
4
2
0
Or Masc FZ Po TZ Cd Go M
Y plane Asymmetry Z plane Asymmetry
20 20
18 18
16 16
14 14
12 [} 12 L[
10 #04 10 B #04
8 8 =
6 M 6 . —M
: i ; N
: T T : g W g m -
o 14—_-_M_-_-_t 04

or Masc FzZ Po Tz Cd Go M

Fig. 2 Diagrammatic charts reporting the global and single (X, Y, Z)
orthogonal plane asymmetry values of bone landmarks of patient #04.
The line and the upper limit of the shadowed area represent the mean
value (M) and the confidence interval (CI = M + 1.96 SD) of the normal

values, respectively. The bars represent the patient’s asymmetry value
(see Online Resource 2). Bars above the shadowed area indicate
significantly asymmetric landmarks
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Fig. 3 CT-based reconstructions of patient #04 obtained to better show
the bone structure asymmetry. The /left column report the native images
while in the right column the left hemiskull is mirrored on the right side.
a, b Surface rendering technique, frontal view. ¢—h Multiplanar
reconstruction images on axial (¢, d), coronal (e, f), and sagittal (g, h)
planes. In this patient, both maxilla and mandible are particularly affected

the anatomical measures. Mean absolute difference between
first and second samples was 0.83 +0.78 mm (95 % CI 0.73—
0.93). Mean absolute difference between rater was
0.68 £ 0.82 mm (95 % CI 0.62—0.75). For all landmarks, the
mean absolute interobserver and intraobserver difference was
<2 mm in all orthogonal planes.

Discussion
This study applied modern reconstruction techniques to inves-

tigate facial bone asymmetry in patients affected by hemifacial
microsomia. Almost all OAVS patients showed global
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asymmetry values above the confidence interval and all had
abnormal asymmetry values when considering the orthogonal
axes. According to this study, the evaluation in the three or-
thogonal axes showed to be more sensitive to asymmetry than
the global score and likely provides more information on the
correction required to re-establish the symmetry. In fact, the
global score [9, 10] provides a measure of the asymme-
try and it is useful to improve the characterization of a
study cohort and allows population comparison across
different studies. Nonetheless, the global score does
not give any information on intervention needed to cor-
rect the asymmetry in the single patient. For this reason,
single-axis asymmetry index should be provided in routine
surgical planning.

A previous study compared an asymmetrical group (10
adult subjects with Menton deviation >4 mm from the facial
midline) with a control group (11 adult subjects with Menton
deviation <4 mm from the facial midline) among subjects who
underwent whole head CT. The study showed a significantly
increased asymmetry index of all the nine considered bone
landmarks in the asymmetrical group [10]. We obtained a less
optimal result most probably for two reasons: (1) the different
approach used in the present study that did not subdivide the
patients “a priori” according to the measured asymmetry and
(2) the different age range with a prevalence of pediatric pa-
tients. The effect of age is particularly important when the
asymmetry is provided as millimeter without taking into ac-
count the size of the head or bone structure. We preferred to
provide row data (i.e. in mm) in order to assist the surgeon in
planning the surgical correction instead of aiming to provide a
tool for facial asymmetry diagnosis that is usually obtained by
clinical observation. Indeed, the decision of surgical correc-
tion is based on esthetic reasons or masticatory impairment,
while the CT examination should provide the surgeon with the
measure needed to regain optimal facial symmetry. Besides
providing a more precise characterization of facial asymmetry
for surgery planning and follow-up, a quantitative approach
would allow an improved comparison among OAVS popula-
tions and, therefore, an improved comparison in terms of sur-
gical results. Some concern has emerged from the literature
regarding the reproducibility of some landmark measurement
[11]. In our study, all landmarks showed “high” (i.e., differ-
ence between observers <2 mm) or “very high” interobserver
reproducibility (i.e., difference between observers <1 mm)
supporting this method as reliable for surgical purposes.

A major problem of ours and previous studies using head
CT evaluation was the definition of normative values. In fact,
whole head exams in patients performing CT for a reason
different from skull asymmetries are uncommon. Beside the
abovementioned large age span of controls and patients, the
relatively small number of controls likely explains the rela-
tively large confidence interval found for the majority of land-
marks. The enrolment of a higher number of controls, for
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example, by sharing whole head CT scans obtained in differ-
ent centers, will likely reduce the confidence interval and pro-
vide age classes-related values, thus improving the sen-
sitivity and specificity of the asymmetry index. The us-
age of an index would be likely useful when evaluating
the development of facial asymmetry along patient’s growth
to minimize the age interference, but focused studies are
needed.

In addition, CTs performed under sedation often imply an
incomplete mouth occlusion that might interfere with the sym-
metry evaluation of some landmarks on the mandible. Indeed,
the latter might be partially displaced on one side altering the
measurements of the relative landmarks, especially Go and
FM as the condyle is fixed by the capsule and ligamentous
elements of the temporomandibular joint. This might explain
why FM and Go had the wider range among controls (see
Fig. 2) and might reduce the reliability of this measurement
when evaluating sedated OAVS patients. The retrospective
design of our study did not allow to control the position of
the mouth. Future studies will hopefully address these meth-
odological aspects by controlling the position of the mandible
during sedation.

As most of the patients are evaluated during childhood, the
use of cone beam CT that administer a significantly lower
radiation dose [12] should be preferred to conventional mul-
tislice CT. In fact, in spite of a higher resolution (the slice
thickness can be less than 200 um) cone beam CT radiation
dose might be up to 90 below those of clinical multislice CT
protocols [12]. The decreased ability of cone beam CT to
investigate soft tissues compared to multislice CT
should not be a problem in OAVS patients since a brain
MRI is usually included in the diagnostic work-up. On
the other hand, study limitations along the z-axis might
limit cone beam CT to small children, when a whole
head scan is required. In any case, the technique pre-
sented in this study can be easily applied also to images
obtained with cone beam CT.

Conclusions

Craniofacial anomalies in oculoauriculovertebral spectrum
patients might require surgical correction for restoring facial
asymmetry and masticatory performance. So far, the approach
for surgical planning was mostly based on surgeon’s experi-
ence (qualitative approach). Modern CT-based 3D reconstruc-
tions represent an efficient tool for evaluating facial bone
asymmetries in patients affected by oculoauriculovertebral
spectrum. The evaluation both as a global score and in the
different orthogonal axes provides precise quantitative data
that are suitable for maxillo-facial surgical planning and fol-
low-up. The collection of a large multicenter database of

normative values is warranted to further improve the reliabil-
ity of this technique. CT-based 3D reconstructions might al-
low a quantitative approach for the planning of maxillo-facial
surgery in OAVS patients.
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