Original Article

Three-dimensional assessment of the spheno-occipital synchondrosis and
clivus after tooth-borne and bone-borne rapid maxillary expansion:
A retrospective CBCT study using voxel-based superimposition

Rosalia Leonardi®; Vincenzo Ronsivalle®; Manuel O. Lagravere®; Ersilia Barbato®; Gaetano Isola®;

Antonino Lo Giudice'

ABSTRACT

Objectives: To assess changes in spheno-occipital synchondrosis after rapid maxillary expansion
(RME) performed with conventional tooth-borne (TB) and bone-borne (BB) appliances.

Materials and Methods: This study included 40 subjects with transverse maxillary deficiency who
received TB RME or BB RME. Cone-beam computed tomography images (CBCT) were taken
before treatment (T0), and after a 6-month retention period (T1). Three-dimensional surface models
of the spheno-occipital synchondrosis and basilar part of the occipital bone were generated. The
CBCTs taken at TO and T1 were registered at the anterior cranial fossa via voxel-based
superimposition. Quantitative evaluation of Basion displacement was performed with linear
measurements and Euclidean distances. The volume of the synchndrosis was also calculated for
each time point as well as the Nasion-Sella-Basion angle (N-S-Ba°). All data were statistically
analyzed to perform inter-timing and intergroup comparisons.

Results: In both groups, there was a small increment of the volume of the synchondrosis and of N-
S-Ba® (P < .05). Basion showed a posterosuperior pattern of displacement. However, no significant
differences (P > .05) were found between the two groups.

Conclusions: Although TB and BB RME seemed to have some effects on the spheno-occipital
synchondrosis, differences were very small and clinically negligible. (Angle Orthod. 0000;00:000—
000.)
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INTRODUCTION

Rapid maxillary expansion (RME) is the treatment of
choice for the correction of transverse maxillary
deficiency in growing subjects.”® The most common
design of RME is a tooth-anchored (TB) expander.®
Common undesirable results in conventional RME
have been described® and, to moderate these side
effects, clinicians have used tooth-bone-borne (TBB)
or bone-borne (BB) expanders supported by the use of
temporary skeletal anchorage devices (TSADs).?

Although the main purpose of RME is to correct
maxillary arch discrepancies, its effect is not limited to
the maxillary alveolus and midpalatal suture but is
expected to affect several other adjacent structures in
the face and the cranium.* The transverse forces
generated during rapid maxillary expansion are trans-
mitted via the pterygomaxillary connection to the
unpaired sphenoid of the cranial base where they lead
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to stress, the extent and effects of which have yet to be
determined more clearly.®

Few studies have been done on the effect of RME on
the spheno-occipital synchondrosis (SOS) and these
have dealt mainly with experimental models based on
finite element analysis (FME),>” organ culture studies,®
and animal studies.® Findings from these previous
investigations pointed out that SOS seems to be
affected by RME. Also, few studies were carried out
on human subjects by using either a bone scintigraphy
method™ or low-dose computed tomography' and
lateral cephalometric head films." In this regard, the
changes occurring at the SOS during maxillary
expansion could be of clinical relevance since the
opening of the SOS could account for forward and
downward movement of the midface which, in turn,
could favor the treatment of subjects with Class I
malocclusion." '

For the same reason, it would be interesting to
assess the changes at SOS during maxillary expan-
sion performed with TB and BB appliances, consider-
ing that previous studies evaluated only TB expanders.
In fact, existing evidence from randomized trials on
RME for transverse maxillary deficits indicated that
bone-borne RME might be associated with greater
skeletal expansion at the craniofacial bones compared
to tooth-borne (TB) RME treatment,™ but no evidence
on SOS has been ever reported. Therefore, the aim of
this study was to assess the changes in the SOS after
RME treatment with conventional TB and bone-borne
(BB) expansion via CBCT and voxel-based superim-
position, which was found to be reliable, precise, and
more accurate than landmark-based methods.'>' The
null hypothesis was that TB and BB would have no
different expansion patterns and magnitudes on the
SOS in young adolescents.

MATERIALS AND METHODS

The research protocol of this study was approved by
the Ethics Review Board of Indiana University—Purdue
University (IRB protocol number: 1708606623) and
included a retrospective sample of young subjects
treated with TB or BB RME at the Orthodontic Clinic of
the University of Alberta (Edmonton, Canada, USA).

The sample consisted of 20 individuals (17 boys, 23
girls) with a mean age of 12.7 = 1.17 years, into the TB
group (11 girls, nine boys; mean age: 12.6 = 1.09
years) and BB group (12 girls, eight boys; mean age:
12.9 = 1.28 years).

The inclusion criteria were: skeletal transverse
deficiency; good-quality pretreatment (TO) and post-
retention (T1) CBCT scans; synchondrosis closure
stages scored as completely open (Stage 0, Unfused)
or partially closed (Stage 1, fused endocranially).”” The
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exclusion criteria were: dentofacial deformities and/or
facial asymmetry; previous orthodontic treatment,
maxillofacial surgery or facial trauma; temporomandib-
ular joint disorder; impacted/unerupted mandibular
tooth/teeth; and anterior crossbite.

The characteristics of the RME protocol used in this
study were previously described.® In the TB group, the
Hyrax expander was anchored with bands on the
permanent first molars and first premolars. In the BB
group, two miniscrews were inserted in the palate
between the permanent first molar and the second
premolar (length: 12 mm; diameter: 1.5 mm; Strau-
mann GBR [guided bone regeneration] System, And-
over, MA) and connected with the expander (Palex Il
Extra-Mini Expander, Summit Orthodontic Services,
Munroe Falls, OH). The activation rate was 0.25 mm/
turn of the screw in both groups, the RME protocol
included two turns per day and activations were
stopped once overexpansion was achieved. Finally,
the appliance was kept in place for 6 months.

Cone-beam computed tomography images were
acquired with the i-CAT machine (Imaging Sciences
International, Hartfield, PA) using the same setting
protocol (120 kVp, 23.87 mAS, 8.9-second exposure
time, large field of view [FOV], 0.3-mm voxel size),
before treatment (TO) and immediately after appliance
removal (T1) (mean interval, 6.7 months = 0.8).

DICOM (Digital Imaging and Communications in
Medicine) files of CBCTs taken at TO were imported
into the Dolphin 3D software (Dolphin Imagingi,
version 11.0, Chatsworth, CA, USA) to perform the
reorientation of the skull according to a validated
protocol.”®*° Figure 1 illustrates the coronal, sagittal,
and axial reconstruction slices after head orientation.
Once CBCTs were reoriented, the following steps were
carried out to measure Basion (Ba) displacement in
two and three dimensions.

STEP 1 Voxel-Based Superimposition

The anterior cranial base area was selected using
the sub-region box in Dolphin software (Figure 2).
Using the defined edges, the software matched the
voxels of each CBCT in this area and automatically
superimposed them between TO and T1. Then, the
CBCT taken at T1 was exported as a new DICOM file.

STEP 2 Segmentation of Synchondrosis and
Basilar Part and Na-S-Ba Angle Measurements

TO and T1 CBCTs were imported into Mimics
Research software (version 21.0.0.406, Materialise
NV, Leuven, Belgium) to generate the segmentation
masks and to obtain the 3D volumetric models (Figures
3 and 4). Also, in the multiple planar section of the
software, the Nasion, Sella, and Basion points were
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Figure 1. Head reorientation in the axial, sagittal and coronal planes of CBCT scans. The 3D image shows the head orientation in 3D space.
Lines represent the reference axes. CBCT indicates cone-beam computed tomography; 3D, three-dimensional.
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Figure 2. Voxel-based superimposition on the anterior cranial base. The red box is used to define, in three dimensions, the area of the cranial
base to be used as a stable reference for the superimposition.
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Figure 3. Procedure of segmentation of the spheno-occipital synchondrosis and generation of the 3D rendered model.

identified on the midsagittal plane to calculate the
Nasion-Sella-Basion angle (Na-S-Ba°®) (Figure 5).

STEP 3 Basion Displacement Measurement and
Euclidean Distances Registration

The TO and T1 CBCTs and the 3D models were
imported into 3D Slicer software (version 4.11, https://
www.slicer.org) to evaluate the displacement of Basi-
on. In this regard, Basion was landmarked in the
multiplanar sections and prelabeled with a 0.2-mm
spherical dot and inter-timing point-to-point displace-
ment was assessed using the Q3DC extension of the

software.?" Displacement was considered as the linear
projection in the multiplanar 2D Cartesian coordinates
(X, Y, and Z) between time points. Positive and
negative values (mm) indicated Basion displacement
along the X, Y, and Z coordinates according to the
following pattern:

« In the X direction, a negative value denoted lateral
displacement while a positive denoted medial dis-
placement.

« Inthe Y direction, a negative value denoted posterior
displacement and a positive value denoted anterior
displacement.
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Figure 4. Procedure of segmentation of the basilar part of the occipital bone and generation of the 3D rendered model.
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Table 1. Inferential Statistics of the Volumetric Measurements of
the Spheno-Occipital Synchondrosis Before Treatment (TO) and After
Retention (T1) Stages®

Mean 95% Cl

Volume Upper Lower
Timing N (mmd) SD Limit Limit ~ Significance*

B TO 20 431.84 69.68 399.23 464.45 P < .05
T 20 437.34 67.89 405.56 469.11

BB TO 20 355.29 49.97 331.91 378.68 P < .05
T 20 363.13 52.96 338.35 387.92

* TB, tooth-borne group; BB indicates bone-borne group; ClI,
coefficient interval; N, sample number; SD, standard deviation.
* Significance set at P < .05 and based on paired Student’s t-test.

- In the Z direction, a negative value denoted superior
displacement and positive value denotes inferior
displacement.

- Finally, the 3D changes (Euclidean distance) of
Basion between time points were recorded.

Statistical Analysis

Calculation of sample size power was carried out
using data from 20 subjects (10 in the TB group and 10
in the BB group). The analysis indicated that 28
patients were required to reach the 80% power to
detect a mean difference of 0.32 mm in Basion
displacement after RME with a confidence level of
95% and a beta error level of 20%. However, according
to the inclusion criteria, 40 subjects were recruited,
which increased the robustness of the data.

A preliminary evaluation of the normal distribution
and equality of variance of the data was performed with
Shapiro-Wilk normality test and Levene’s test. Paired
Student’s t-test was used for inter-timing assessments,
unpaired Student’s ttest and Mann-Whitney U-test
were used for intergroup comparisons.

Ten patients were randomly selected and the entire
procedure was repeated by the same expert investi-
gator (ALG) after 4 weeks. The same patients were
also remeasured by a second expert operator (VR).
Intra-examiner and interexaminer reliability were as-
sessed using intraclass correlation coefficient (ICC)
and the analysis of the method error was performed
using Dahlberg’s formula.

Figure 5. Identification of the Nasion, Sella, and Basion points on the
midsagittal plane and calculation of the Nasion-Sella-Basion angle
(Na-S-Ba°).

RESULTS

In both TB and BB groups, there was a slight
increment of the volume of the SOS, which increased
at T1; the changes were statistically significant in both
groups (P > .05) (Table 1). However, no significant
differences were found in the TO-T1 volumetric
changes between the TB (5.50 mm?® = 8.45) and BB
(7.84 mm?® = 7.37) groups (P > .05) (Table 2).

Both TB and BB groups showed a small increment of
the N-S-Ba® at T1 that was statistically significant (P <
.05) (Table 3). However, no significant differences
were found in the TO-T1 changes of the N-S-Ba° values
between the TB (0.62° = 0.57) and BB (0.53° = 0.43)
groups (P > .05) (Table 4).

Table 5 shows the linear displacement of Basion
between the TO and T1 time points in the projected X,
Y, Z axes and the Euclidean 3D distance. Positive
values indicate displacement to the right (X), back-
ward (Y), and upward (Z); negative values indicate
displacement to the left (X), forward (Y), and
downward (2).

After RME, Basion showed a posterosuperior pattern
of displacement with a mean displacement of 0.77 mm
in the vertical plane, 0.54 mm in the sagittal plane, and

Table 2. Comparisons of Mean Changes of the Spheno-Occipital Synchondrosis Volume Between Tooth-Borne (TB) and Bone-Borne (BB)

Groups®
Timing Groups N Mean Differences (mm?) SD Median Differences (mm?®) Minimum Maximum Significance*
TO-T1 B 20 5.50 8.45 9.51 -13.10 23.85 NS

BB 20 7.84 7.37 7.65 —7.70 238.72

2 N indicates sample number; SD, standard deviation; TO, before treatment; T1, after maxillary expansion; T2, after retention.

* Significance set at P < .05 and based Mann-Whitney U-test.
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Table 3. Inferential Statistics of the Nasion-Sella-Basion (N-S-Ba”)
Values Before Treatment (TO) and After Retention (T1) Stages®

N-S-Ba 95% Cl
Angle Upper Lower
Timing N (Mean) SD Limit Limit  Significance*
B TO 20 133.68 8.16 129.87 137.50 P < .05
T1 20 134.30 8.24 130.44 138.16
BB TO 20 13191 7.11 12858 13524 P < .05

T 20 13244 7.01 129.16 135.72

2 TB, tooth-borne group; BB indicates bone-borne group; ClI,
coefficient interval; N, sample number; SD, standard deviation.
* Significance set at P < .05 and based on paired Student’s t-test.

0 mm in the horizontal plane in the BB group and a
mean displacement of 0.62 mm in the vertical plane,
0.52 mm in the sagittal plane, and 0.01 mm in the
horizontal plane in the TB group. No statistically
significant differences were found between the TB
and BB groups in the 3D Euclidean changes of Basion
as well as in the linear displacement along the Y axis
(P > .05).

The reliability of the methodology was high, with
correlation indices ranging from 0.889 to 0.987
between intra-operator readings and from 0.896 to
0.966 for interoperator readings. The random error
ranged from 0.71 mm?® to 0.80 mm?® for volumetric
measurements, from 0.01° to 0.02° for angular
measurements, and from 0.01 mm to 0.005 mm for
the assessment of three-dimensional (3D) displace-
ment.

DISCUSSION

Cranial base synchondroses are regarded as impor-
tant growth centers of the craniofacial skeleton,
affecting development of the maxilla, midface, and
lower facial complex.?® Therefore, the role of the SOS
is of great importance since it completes the ossifica-
tion process later than the intersphenoidal and
ethmoidal synchondroses, which could increase its
influence on the position of the maxillary-mandibular
complex if modifications occur.®

The factors governing the growth of synchondroses
remain a controversial topic in the literature. Some
researchers associated SOS with the epiphyseal
cartilage in the lone bone growth plate and thus
considered SOS as an independent growth center of
the cranium. Others asserted that the growth pattern of

SOS was influenced by external mechanical force as
demonstrated in organ culture studies.® In this regard,
chondrocytes of the cranial base cartilage are sensitive
to exogenous mechanical stimuli, and the increase in
the recruitment of osteoblasts and chondroclasts
directly contributes to the removal of cartilage and the
deposition of bony tissues, leading to enhanced
endochondral ossification in the SOS.®

Accordingly, the involvement of the SOS during
expansion therapy has important research and clinical
implications, which could explain the useful treatment
effect of RME in certain malocclusions. In fact, the
opening of the SOS could account for the forward and
downward movement of the midface during RME
therapy, and this could be favorable for Class Il
malocclusion patients.'"'®

Recent evidence suggested that BB expanders
seemed to produce greater orthopedic effects com-
pared to TB expanders.™ Such differences could be
attributed to the different treatment concepts since BB
expanders are attached to the bones while TB
expanders are anchored to the dentition, which can
lead to the difference in the tensile forces transmitted to
further structures. Thus, the knowledge of whether BB
RME can produce greater orthopedic changes at the
SOS level compared to the TB RME appears of clinical
relevance since it would help clinicians in choosing the
type of expander appliance according to specific
clinical conditions.

To achieve consistent results, voxel-based superim-
position'® was used, identifying the anterior cranial
base as the gold-standard reference area for the
present study since previous evidence reported that its
growth is completed at nearly the age of 7.2 When
comparing the two different treatment modalities, RME
showed a similar effect on the SOS since the Basion
landmark was displaced posteriorly and superiorly in
both the TB and BB groups. Similarly, the Na-S-Ba
angle and SOS volume slightly increased with TB and
BB expanders.

The findings are hardly comparable with finite
element method (FEM) studies,>” as FEM has some
limitations. When the FEM model is constructed, the
thickness and morphology of any scanned data are
transformed to the finite element model, through the
mathematical and computational model creation, thus
attempting to simulate real-life conditions.

Table 4. Comparisons of Mean Changes of Nasion-Sella-Basion (N-S-Ba*) Angle Between Tooth-Borne (TB) and Bone-Borne (BB) Groups®

Timing  Groups N Mean Differences N-S-Ba (") SD Median Differences N-S-Ba ()  Minimum  Maximum  Significance*
T2-TO B 20 0.62 0.57 0.67 —-0.80 1.64 NS
BB 20 0.53 0.43 0.43 —-0.44 1.72

2 N indicates sample number; SD, standard deviation; TO, before treatment; T1, after maxillary expansion; T2, after retention.

* Significance set at P < .05 and based Mann-Whitney U-test.
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Table 5. Comparison of the X, Y, Z, and 3D Changes of Basion Between Pretreatment (T0) and Post-Retention (T2) Stages®

Coordinates Groups Mean (mm) SD Median (mm) Minimum (mm) Maximum (mm) Differences Mean (mm) Significance*

TO-T1 X B 0.01 0.02 0.00 -0.03 0.05 0.01 NS
BB 0.00 0.03 0.01 -0.12 0.02
y B 0.52 0.19 0.55 0.17 0.87 0.02 NS
BB 0.54 0.28 0.49 0.07 1.06
z B 0.62 0.25 0.58 0.24 1.01 0.15 NS
BB 0.77 0.44 0.74 0.18 1.70
3D B 0.81 0.30 0.81 0.29 1.33 0.17 NS
BB 0.98 0.43 0.97 0.34 1.77
2 BB indicates bone-borne; SD, standard deviation; TB, tooth-borne.
* Significance set at P < .05 and based on paired Student’s t-test.
The scientific evidence regarding the immediate CONCLUSIONS

changes in the SOS is very limited. In the study of
Lagravere et al.,”® the age range tested, and conse-
quently the degree of maturity of the SOS, differed
compared to this study. Additionally, that study
analyzed different areas of the sphenoid bone and
not the Basion displacement nor SOS volume. On the
other hand, results from the current investigation were
in agreement to some extent with those from the study
of Leonardi et al."" and those obtained by Silvestrini-
Biavati'® on lateral cephalometric x-rays taken 1 year
after treatment. In this study, the effects of BB and TB
RME on SOS were described in 3D according to CBCT
and voxel-based superimposition, in the short term.
The finding were that one appliance was not different
from the other in its influence on the SOS, since
differences in SOS volume, Basion displacement, and
Na-S-Ba° changes between TB and BB were very
small and clinically negligible. As a consequence,
within the limitations of this study, it could be assumed
that different expander designs should not interfere
with the influence of the SOS on the maxilla-mandib-
ular position.

Limitations

The absence of a control group was the main
limitation of the present study. In this regard, age-
matched untreated controls would have provided
information about normal changes occurring at SOS.
However, due to ethical concerns, unnecessary or
additional radiation exposure to the patients was
avoided®#” and the retrieved materials made possible
a comparison between two expander groups.

The acquisition protocol included an isotropic voxel
size of 0.3 mm and a slight underestimation of the SOS
volume could not be excluded due to the documented
effect of mean partial volume computation.?® However,
since subjects in both groups were scanned with the
same CBCT unit, this potential limitation did not affect
the reliability of comparative data.

- TB and BB RME appliance resulted in an increase of
Na-S-Ba angle and SOS volume while the Basion
landmark was displaced posteriorly and superiorly in
the short term. These effects were similar between
the two types of maxillary expanders and the
differences between them were very small and
clinically negligible.
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