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Abstract
Objectives The purpose of this study was to evaluate mandibular asymmetry in youngsters with posterior unilateral crossbite
(PUXB), through cone-beam computed tomography and reverse engineering technique, before and after rapid maxillary expan-
sion (RME) treatment.
Materials and methods Forty cone-beam computed tomography (CBCT) images were obtained from all patients at two time
points, namely T0 acquired before the placement of a Hyrax expander and T1 after appliance removal. The CBCT scans were
segmented and volume rendered into a surface there-dimensional (3D) mesh model. Thereafter, mandibular models were
digitally registered by using a “best-fit” algorithm. Surface and volumetric changes, between T0 and T1, were compared by
using Student’s t tests.
Results A slight increase of 0.45 cm3 of the total mandibular volume was found at T1 when compared with T0 (p < 0.001). The
mandibular hemi-volume on the crossbite side (CB) was slightly smaller than the non-crossbite side both at T0 and T1. However,
the mean differences of hemi-volume from the CB (crossbite) and non-CB side between T0 and T1 show a decrease of 0.26 cm3

(p < 0.001). Findings for the surface-to-surface deviation analysis demonstrated a fine percentage of matching at T0 which
slightly improved at T1 (p < 0.001).
Conclusions Youngsters affected by PUXB showed a very slight and not statistically significant volumetric and morphological
asymmetry between CB side and non-CB side at T0. However, the change in mean differences of 0.26 cm cannot be considered
clinically relevant.
Clinical relevance Mandibles in young PUXB patients exhibit only a very mild mandibular asymmetry. Although the statistically
significant mean change found right after RME removal cannot be considered clinically relevant, a more consistent sample and a
longer follow-up could be of interest in explaining the short-term findings.
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Introduction

Posterior crossbite is characterized by the presence of one or
more upper teeth of the posterior group occluding lingually to
the buccal cusps of the corresponding mandibular teeth [1, 2].
Posterior unilateral crossbite (PUXB) is the most common
form of posterior crossbite, with a prevalence reported from
8.7 to 23% among malocclusions [3–5]. It can be defined as
either a functional posterior crossbite or a true unilateral pos-
terior crossbite. In youngsters with PUXB, the mild bilateral
constriction of the maxillary arch creates occlusal interfer-
ences that leads to a functional shift of the mandible toward
the crossbite side from the centric to intercuspidal position [6,
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7]. This displacement is usually in a transverse and antero-
posterior direction. The displacement is corrected at maxi-
mum aperture and normally disappears when the crossbite is
corrected [8].

It has been postulated by some authors that PUXB, if left
untreated, could lead to skeletal asymmetry of the mandible
due to the persistence of an asymmetrical position of the con-
dyles with respect to the glenoid fossa [8]. In fact, it is believed
that this mandibular functional deviation, together with an
asymmetric masticatory muscle activity may induce remodel-
ing of mandibular bone resulting in an asymmetry being the
crossbite (CB) side smaller than the non-crossbite side [9].
However, any existing relationship between PUXB and man-
dibular morphology is still controversial, and no definitive
conclusion has been reached [10–12]. This may be due to
the methods used to assess the skeletal asymmetry which were
mainly based on two-dimensional (2D) radiographs [10, 11,
13–17] and to the lack of follow-up studies.

The advent of cone-beam computed tomography (CBCT)
has added the third dimension and has allowed to overcome
2D radiograph limitations [18]. Accordingly, some studies
have used CBCT to assess mandibular dimensions in young
patients affected by PUXB [9, 19–21]. However, findings
from these investigations were based exclusively on linear
and/or angular 2Dmeasurements of condyle, ramus, and man-
dibular body, which were carried out on 3D images or 3D
models. This measurement approach, however, can underes-
timate the real dimension of any curved surface, the chord of a
surface being measured rather than the real contour of the
bone. Only one study [9] assessed mandibular asymmetry in
youngster PUXB patients, using a volumetric evaluation of
hemi-mandibular dimensions, while, in the same investiga-
tion, 2D surface measurements of linear distances were still
carried out. These were all observation studies of untreated
subjects. The only study [22] that has examined PUBX man-
dibular asymmetries before and after rapid maxillary expan-
sion (RME) was still based on angular and linear cephalomet-
ric measurement. This study [22], however, was still based on
angular and linear measurements between cephalometric
points.

Nowadays, with progress in radiographic techniques and
the use of sophisticated reverse engineering software, 3D bone
structures obtained from CBCT scans can be mirrored and
then superimposed or just superimposed without mirroring.
The purpose is to evaluate growth/treatment changes through
the Euclidean distance measurements between surfaces of the
two 3D models. A 3D color map of the changes in different
colors can also be viewed with some specific software.

Accordingly, the aims of this study were to evaluate and
compare in youngsters the following: (1) mandibular and
hemi-mandibular volumes from the CB and non-CB sides in
the same patient before (T0) and after (T1) therapy with RME
and (2) mandibular surface matching percentage of CBCT 3D

models at T0 and at T1 (inter- and intra-time comparisons) in
order to assess the effects of RME on the mandible.

Materials and methods

In order to avoid radiation exposure and in accordance with
the “as-low-as-reasonably achievable” (ALARA) principle
[23], this study was conducted using CBCT data set from
previous published materials [24–26] of patients who required
maxillary expansion as part of their comprehensive orthodon-
tic treatment. The study followed the Helsinki Declaration on
medical protocols. Ethical approval was obtained from the
Institutional Review Board of Indiana University-Purdue
University (IRB protocol number: 1708606623).

The sample consisted of 20 subjects (10 boys, 10 girls)
with a mean age of 13.8 ± 1.1 years and C4 skeletal maturation
stage determined according to the cervical vertebral matura-
tion method (CVM), at T0. The inclusion criteria were the
following: PUXB malocclusion involving at least two poste-
rior teeth, mandibular shift with the lower midline deviation to
the crossbite side 2 ≤ and ≤ 3 mm [22], availability of com-
plete initial (T0), and final records following RME treatment
(T1) including good quality CBCT scans with a large field of
view (FOV), photographs, dental casts, medical history of
each patient, and good general health. The exclusion criteria
were presence of dento-facial deformities and/or facial asym-
metry (based on clinician’s facial examination/perception and
confirmed by CBCT), medical history of a previous orthodon-
tic treatment, maxillofacial surgery, or facial trauma; TMJ
disease; impacted/unerupted mandibular tooth/teeth (except
the third molar); anterior crossbite; poor quality CBCT scans;
or missing records.

The appliance used was a tooth-borne hyrax expansion
appliance with bands on the permanent first molars and first
premolars. The appliance was activated by the parent, and the
patients were checked regularly during active expansion. The
regime used was a quarter turn (0.25 mm) twice a day until the
palatal cusp of the upper molars was touching the buccal cusp.
That is, the appliance was activated until the palatal cusps of
maxillary first molars were in contact with the buccal cusps of
mandibular first molars. After active expansion treatment, the
appliance was kept in place passively for 6 months. During
this period, no other orthodontic treatment was done on all
patients.

All the CBCT images were acquired with I-CAT machine
(120 kVp, 23.87 mAS, 8.9 s exposure time, large field of view
(FOV), 0.3 mm voxel size) with the patient in maximum
intercuspation and Frankfort horizontal plane parallel to the
floor following common CBCT imaging protocols [27].
CBCT scans were performed before (T0) and after treatment
(T1), immediately after appliance removal (mean interval, 6.7
months ± 0.8). The DICOM slice data were converted into 3D
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volumetric images using Mimics Research software (vr.
19.0.0.347, Materialize NV, Liege, Belgium) and installed
on a personal computer (Lenovo IdeaPad L340 Gaming,
Intel Core i7-9750H processor, 15.6 in. monitor) for further
analysis of data.

The protocols used in this study for segmentation, model
rendering, and deviation analysis (Fig. 1) were previously
validated and clearly described [28–30].

Step 1. Generating the segmentation mask The first step was
performed to develop the segmentation mask (Fig. 2a–c). The
“automatic threshold” function of the Mimics Research soft-
ware was set to “compact bone” and each scan was adjusted to
automatically detect the voxel density values and boundaries
of the mandibular bone. Afterwards, in order to improve the
quality and precision of the mandible segmentation, the mask

was cropped by using the “Split Mask” function and the ex-
cess parts of the segmentation mask outside the mandibular
bone’s boundaries were removed. Then, the inner part of the
mandible was filled.

Step 2. 3D model rendering The mandibular segmentation
mask was rendered into a 3D surface model (.stl) with
Mimics (Fig. 2d). To improve quality and contour delineation,
the mask was smoothed and finely adjusted by using the in-
teractive “Contour Edit” function.

Step 3. 3D model rendering In order to evaluate only mandib-
ular bone and exclude teeth and alveolar ridges from the de-
viation analysis, these models were imported onto 3-matic
research software (vr. 11.0.0.109, Materialize NV, Liege,
Belgium). To achieve this objective, the mandibles were
superimposed and then the teeth and alveolar ridges were
removed according to the following described procedure.

At first, a point-based superimposition was made by
selecting the same four points on the surfaces of each mandi-
ble [31]. Namely, the points selected on the mandible were the
apical tip of the right (point 1) and left (point 2) of mandibular
lingula around the mandibular foramen and the geometric
center of the right (point 3) and left (point 4) mental foramina
(Fig. 3).

Once T0 and T1 mandible for each patient were
superimposed, two cutting plans were drawn, as follows:

1. A plane passing through the lowest alveolar ridge of
mandibular teeth (LARM) and parallel to an arbitrary mandib-
ular occlusal plane (passing through the distobuccal cusp tips
of the right and left mandibular first molars to the lower mid-
line at most occlusal level) (Fig. 4a, b).

2. A plane tangent to the arbitrary mandibular occlusal
plane and going through the most distal point of the equator
of the second molar (ESM) (Fig. 4a, b).

Then teeth and alveolar ridge were cropped from
superimposed mandibles (Fig. 4c, d), so at last two mandibu-
lar basal bones of each patient at T0 and T1, which were cut at
the same level, were obtained.

Each mandible, for each patient, at each time (T0 and T1)
was duplicated, after that, the duplicated mandibular models
were mirrored by using the mandibular symphysis plane
(MSP) as a reflecting plane (in order to change the image
orientation from right-to-left to left-to-right). This plane
passed through the mandibular symphysis, and it was drawn
through the following three reliable landmarks, specifically:
menton, genial tubercle, and supramental points as previously
described [31–33] (Fig. 5).

Thus, for every patient, four 3D models of the mandible
were available, namely: T0 before RME therapy, T0m the
same mandible mirrored, T1 after RME therapy, and T1m
the same mandible mirrored. These models were used respec-
tively for the intra-timing comparison (T0 versus T0m and T1

Fig. 1 Workflow of the study. T0, before treatment; T1, after rapid
maxillary expansion (RME) therapy; T0m and T1m, mandibular model
duplication and mirroring to obtain a specular copy of the model at T0
and T1. Surface-to-surface matching of the models for the inter- and the
intra-timing comparisons
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versus T1m), and for the inter-timing comparison (T0 versus
T1), in order to establish the degree of matching before ther-
apy and compare it thereafter, to evaluate any change before
and after maxillary expansion (Fig. 1).

Step 4. Final registration, surface-based These four models
were imported in the Geomagic Control X software (3D
Systems, version 2018.1.1, 3D Systems, USA), in order to
carry out the surface deviation analysis, which served to: (a)
evaluate changes on mandibular surface morphology deter-
mined by RME therapy, and where it has occurred, by

superimposing the mandible of each patient at T0 (before) to
T1 (after RME therapy) for the inter-timing comparison (Fig.
6); (b) compare each mandible at T0 and T1 (intra-timing
comparison), by matching each other T0 versus T0m and T1
versus T1m, in order to assess any difference in mandibular
surface morphology before and after RME (Fig. 7).

Step 5. 3D Deviation analysis After superimposition, surface-
based deviation analysis was carried out using the specific
function in the Geomagic Control X software, which automat-
ically calculates the average linear differences between the
two STL files (Euclidean distance), i.e., the two superimposed
3D mandibular models, based on data from all points of the
surface shells of the two models. These values were measured
across 100% of the surface points and represented on a color
map of the mandibular model which showed deviation in dif-
ferent colors. To better evaluate and locate any skeletal man-
dibular asymmetry, the three ranges of tolerance (A, B, and C)
were set respectively to 0.4, 0.6, or 0.8 mm.When the distance
values were greater than the positive limits of the ranges of
tolerance, they were represented in red while values smaller
than the negative limits were represented in blue. Instead, all
the values included in the tolerance range were represented in
green.

Step 6. Matching percentage calculation Once the deviation
analysis was carried out, the percentages (%) of all the dis-
tance values within the tolerance ranges were calculated for
the three ranges of tolerance. These values represented the
degree of matching and symmetry between the pairs of

Fig. 2 Generation of the segmentation mask of the mandible by using the automatic threshold function of mimics and outline of the mandible
boundaries. a Coronal view; b axial view; c sagittal view. d Rendering of the 3D mandible model

Fig. 3 Landmarking four points on 3D mandibular model
superimposition. RML, right mandibular lingual; LML, left mandibular
lingual; RMF, right mandibular foramen; LMF, left mandibular foramen
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mandibular 3D models. The higher was the value, the better
was the symmetry.

Total volume and hemi-mandibular were also calculated.
To obtain the hemi-mandibular volumes, the 3D mandibular
models were separated into two sides as previously described
[9]. Briefly, the same plane used in step 2 as reference for the
mirroring of the mandible (Fig. 5) was used as cutting plane to
separate the mandibular 3D model and to obtain the hemi-
volume measurements.

We considered two main outcomes of the study: the mean
difference of hemi-volume at the beginning of treatment (T0),
crossbite side versus non-crossbite side, and the percentage of
matching at 0.6 mm of tolerance level.

All the digital measurements were performed by a single
examiner, with 25 years of orthodontic research experience on
CT scans of cranio-facial bones (R.L.). The examiner proc-
essed only three CBCT scans each day to avoid fatigue. The
CBCT images were randomly examined. Twenty CBCT
exams were randomly selected, and the entire work-flow in-
cluding segmentation and relative mask generation was re-
peated twice by the same operator 6 weeks apart for the
intra-observer and random error calculation.

Fig. 4 3D mandibular models of each patients are superimposed in order
to remove alveolar processes and teeth. LARM, a plane passing through
the lowest alveolar ridge of the mandibular teeth; ESM, a plane

perpendicular to LARM and passing distally through the equator of the
second mandibular molar

Fig. 5 Construction of the MSP plane passing through Me, Gt, and B
points and splitting the mandible in two halves in order to evaluate the
hemi-volumes. Me (mention), the most inferior midpoint on the
mandibular symphysis; Gt (genial tubercle), the center of the four GTs
of the mandible; B (supramental), the most concave midpoint on the
mandibular symphysis
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Fig. 7 Intra-timing comparison. Superimposed mandible (T0–T0m and
T1–T1m) and representation of linear distances between the surfaces of
the two mandibles on color maps. The green of the color scale bar, on the

right represents the range of tolerance. a Color map set to a range of
tolerance of ± 0.4 mm; b color map set to a range of tolerance of ± 0.6
mm; c color map set to a range of tolerance of ± 8 mm

Fig. 6 Inter-timing comparison.
Superimposed mandible (T0–T1)
and representation of linear
distances between the surfaces of
the two mandibles on color maps.
The green of the color scale bar,
on the right represents the range
of tolerance. a Color map set to a
range of tolerance of ± 0.4 mm; b
color map set to a range of
tolerance of ± 0.6 mm; c color
map set to a range of tolerance of
± 8 mm
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Statistical analysis

All the measurements were recorded on Microsoft Excel
spreadsheet (Microsoft, Redmond, WA, USA) and analyzed
using SPSS version 24 Statistics software (IBM Corporation,
1 New Orchard Road, Armonk, New York, USA) with p-
values of less than 0.05 considered statistically significant.
A preliminary power analysis was performed using pre-
treatment and post-treatment data, the analysis suggested that
16 patients were required to detect a mean change of 1.17 cm3

of the volumetric differences between CB and non-CB side at
T0 to T1, with 80% power, a confidence level of 95% and a
beta error level of 20%. However, according to the inclusion
criteria, we were able to include 20 subjects which increased
the robustness of the data. The Kolmogorov–Smirnov test was
used to test the normality of the data. Since data were normally
distributed, parametric tests were used to evaluate potentially
significant differences between the measurements taken at T0
and T1.

The Student’s paired t test was used to assess the inter-
timing difference of mandibular total volumes (T0–T1), the
inter-timing difference (T0–T1) of intra-timing volumetric dif-
ference between the CB and non-CB sides at T0 and T1, and
the inter-timing difference of matching percentage between
the original and mirrored mandibular shells at T0 and T1, at
three different levels of tolerance (i.e., 0.4, 0.6, and 0.8 mm).
Independent Student’s t test was also performed to assess dif-
ferences between the hemi-mandibular volumes at T0 and T1.

Multiple regression analysis was performed to investigate
the effect of predictor variables (age and gender) on the main
outcomes investigated, i.e., the mean difference of total man-
dibular volume between T0 and T1 and the inter-timing mean
difference of the CB/non-CB volumetric differences recorded
at T0 and T1.

To assess the intra-observer reliability of the mandibular
volumetric measurements (volumetric differences between
T0 and T1), the intra-class correlation coefficient was used
(ICC). The magnitude of the random error was assessed using
the Dahlberg formula [34].

Results

All volumetric measurements were highly reliable with corre-
lation values of 0.958 for inter-timing total volume differences
and 0.881 for inter-timing difference of intra-timing volumet-
ric difference between the CB and non-CB sides. The random
error was 0.003 and 0.019 cm3 for the same outcomes. Means,
standard deviations, and comparisons of mandibular volumet-
ric and matching measurements between T0 and T1 are given
in Tables 1 and 2.

The mandibular volume was smaller at T0 (mean value,
47.90 ± 6.57 cm3) than T1 (mean value, 48.35 ± 6.65 cm3)

with a difference of 0.45 cm3 that was statistically significant
(p ≤ 0.001) (Table 1).

The CB side was found to be smaller than the non-CB
sides, with a mean difference of 1.29 cm3 at T0 and 1.03
cm3 at T1; however, these differences were not statistically
significant (p > 0.05) (Table 1).

Comparing the CB and non-CB side hemi-volume differ-
ences recorded at T0 and T1 (intra-timing difference) shows a
mean difference of 0.26 cm3, which was statistically signifi-
cant (p < 0.001) (Table 1).

Table 2 shows results of the surface-to-surface deviation
analysis for the inter-timing (Fig. 6) and intra-timing (Fig. 7)
comparisons at the three different tolerance levels both for the
intra- and inter-timing comparisons.

Matching percentages between the mandibular models be-
fore (T0) and after RME (T1) at the three levels of tolerance
selected for this study showed a nearly fair agreement at a
tolerance level of 0.8 mm being the matching percentage of
96.70% between T0 and T1. While a small higher mismatch
(87.75%) was recorded for a range of tolerance of 0.4 mm
(Fig. 6).

Results of the intra-timing comparison (T0 versus T0m and
T1 versus T1m) showed a slight degree of mismatching of
mandibular shells both at T0 and T1, in agreement with the
differences between the mandibular hemi-volumes (CB ver-
sus non-CB sides). However, matching percentage values set
at the three levels of tolerance were slightly higher at T1,
reaching an 86.66% of matching for the tolerance range of ±
0.8 mm level (Fig. 7).

Additionally, the three-dimensional color maps provided
by the surface-to-surface analysis both for the inter-timing
(Fig. 6) and intra-timing (Fig. 7) highlighted that the mandib-
ular areas expressing greater mismatches was localized at the
condyle and at the ramus.

Significant correlation was found between the main two
variables, i.e., the inter-timing mean difference of total man-
dibular volume between T0 and T1 and the inter-timing mean
difference of the CB/non-CB volumetric differences recorded
at T0 and T1 (intra-timing difference) and potential predictor
variables such as age and gender, according to the linear re-
gression models performed. The R-squared value, which re-
flects the percentage of variability in each dependent variable
attributed to the changes of the predictor (age and/or gender),
was significant only for gender and not for age (Table 3).

Discussion

Previous evidences [35–40] suggested an asymmetrical mus-
cle activity of masticatory muscles and differences in condyle
position within the fossa between the CB side and non-CB
side in PUXB patients. Accordingly, it was speculated that the
asymmetrical muscle activity is transferred to the mandibular
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bone. Some other investigations suggested that with the man-
dible being “rotated” posteriorly on the crossbite side when
compared with the cranial floor [41], the condyles on the
crossbite side were positioned relatively more superiorly and
posteriorly in the glenoid fossa than those on the non-crossbite
side. This displacement of the mandible seemed to be com-
pensated through an increased growth of the contralateral con-
dyle and a reduced growth of the ipsilateral condyle [41].
However, there is a lack of evidence to prove that either facial,
muscle asymmetries, or mandibular rotation have repercus-
sions at a skeletal level.

Measuring asymmetric growth patterns in individual bones
such as the mandible, however, remains challenging, if land-
mark 2D superimposition is used [42]. In fact, changes to the
location of landmarks on the mandible can be due to either
remodeling or positional displacement. Asymmetric transla-
tion of the mandible and changes to the glenoid fossa and
cranial base can all contribute to positional or “platform”
asymmetry of the mandible, thus confounding the measure-
ment of actual asymmetry [43]. Therefore, true measurement
of mandibular asymmetry over time necessitates identifying a
reliable reference [43]. Thus, studies with a 3D evaluation of

mandibular basal bone have been encouraged to elicit a rea-
sonable evidence [12]. In fact, the deformities in mandibular
asymmetry occur in all three planes of space and studies with a
3D approach are best suited to study growth and remodeling
patterns in these conditions.

To overcome this issue, new methods have been proposed
on CBCT-derived models; among these are the surface-based
and the voxel-based superimpositions [44, 45]. The combined
used of CBCT with superimposition technique could be help-
ful in demonstrating if youngster patients with PUXB should
be orthodontically treated to avoid asymmetric growth of the
mandible [46], beside the main goal of RME therapy, that is
the correction of maxillary transversal deficiency.

In this respect, two recent researches carried out on CBCT
scans demonstrated a slight mandibular asymmetry in adults
[31] and children [22] with PUXB, and also a mandibular
positional asymmetry [22].

Accordingly, in order to enrich the backgroundwith further
evidence, this study aimed to evaluate mandibular shape using
3D mandibular models from CBCT and a surface-based su-
perimposition technique, in youngsters with PUXB, before
and after treatment with RME, in order to unveil if these

Table 2 Matching percentage between T0 (before rapid maxillary expansion) and T1 (after rapid maxillary expansion) mandibular shells and between
original and mirrored mandibular shells at T0 and T1

Total % Matchinga

(mean)
SD Significance* % Matchingb

(mean)
SD Significance* % Matchingc

(mean)
SD Significance*

T0/T1 40 87.57 2.63 – 92.82 2.17 – 96.70 1.54 –

Original/mirrored (T0) 40 70.62 4.02 p < 0.001 77.67 3.79 p < 0.001 83.50 3.53 p < 0.001

Original/mirrored (T1) 40 74.00 3.50 79.81 3.06 86.66 2.66

SD, standard deviation; RME, rapid maxillary expansion

*p value set at 0.05 and based on paired Student’s t test (inter-timing comparison)

ªRange of tolerance set to 0.2 mm
bRange of tolerance set to 0.40 mm
cRange of tolerance set to 0.6 mm

Table 1 Comparison of mandibular volumetric measurements before rapid maxillary expansion (T0) and after rapid maxillary expansion (T1)

Study
group

Total Mean total
volume (cm3)

SD Mean
difference
(cm3)

Significance* Mean hemi-
volume (cm3)

SD Mean
difference
(cm3)

Significance** Significance***

T0 20 47.9 6.57 0.45 p < 0.001 CB side 23.30 3.29 1.29 NS p < 0.001
Non-CB

side
24.59 3.27

T1 20 48.35 6.65 CB side 23.65 3.36 1.03 NS
Non-CB

side
24.68 3.31

Cb, crossbite; non-CB, non-crossbite; SD, standard deviation; NS, not significant

*p value set at 0.05 and based on paired Student’s t test (inter-timing comparison); **p value set at 0.05 and based on independent Student’s t test (inter-
timing comparison); ***p value set at 0.05 and based on paired Student’s t test, for inter-timing comparison of CB/non-CB volumetric differences before
and after RME
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patients show a mandibular asymmetry before therapy and
weather if it is present, they could benefit from RME treat-
ment. We excluded from the study subjects with dento-facial
deformities and/or facial asymmetry in order to avoid biases
from these confounding factors.

The present findings demonstrated that youngster with
PUXB present a very slight mandibular asymmetry before
treatment, being hemi-mandibular volume at the CB side
smaller than non-CB side. Following RME therapy, there
was a small increase of hemi-mandibular volume on the CB
side compared with the non-CB side, slightly attenuating the
very mild volumetric asymmetry. According to the linear re-
gression analysis, this increment was even lower in females
probably because of the less residual potential growth com-
pared with males [47].

Also, inter-timing (T0 versus T1) superimposition of mir-
rored mandibular models and deviation analysis showed a
small increment of the degree of matching after RME (T1)
which reflected a slight improvement of very mild mandibular
asymmetry. These data were statistically significant at all the
range of tolerance set in the present investigation. All in all,
findings from the present study demonstrated (both volumet-
ric and deviation analyses) that there is a very slight and clin-
ically negligible mandibular asymmetry before therapy that
very modestly improves after RME therapy.

Weaknesses in the study are identified which were inherent
to the sample and to the surface-to-surface matching tech-
nique. In fact, it was not possible to identify the exact onset
time of the crossbite (whether it started in the primary denti-
tion, early mixed dentition, or late mixed dentition).
Accordingly, the onset of mandibular shift could not be iden-
tified, and this could affect the skeletal growth. Furthermore, a
PUXB control group was not included in the present study.
The reason behind this is that the current study considered
most importantly the ethical issues in regard to obtaining 3D
scans of untreated PUXB patients. This limited the inclusion
of an age-matched control sample.

Last but not least, the short observational period in the
current investigation could account for the relatively small
clinical not significant skeletal mandibular changes.

However, previous studies on functional appliance have
shown greater skeletal changes with even shorter observation-
al periods (6 months) [48].

As far as the surface-to-surface technique is concerned,
some bias cannot be excluded due to the technique itself. In
fact, it could be argued that there is an overestimation of dif-
ferences obtained from the comparison between smaller sur-
faces, for example, the condyle since the larger surface (body
and ramus) could guide the superimposition, leaving the
smaller surfaces (condyle) to appear more dissimilar. Last
but not least, the matching percentage was referred to the
whole hemi-mandible, making it impossible to evaluate exact-
ly which mandibular functional unit contributed to the slight
mismatching recorded in our study. It would seem from the
color map that there were some regional differences. Further
studies are required to clarify this association. In conclusion,
based on the current findings and very recent previous litera-
ture [21, 22, 31], it must be underlined that the crossbite does
not result in significant skeletal mandibular asymmetry from a
clinical standpoint. Instead, its importance is solely statistical.
Thus, the decision to treat PUXB early should not be made to
prevent possible mandibular skeletal asymmetry in youngsters
[21]. In fact, the decision, to an early treatment of PUXB,
should be based exclusively, on the fact that this malocclusion
is not self-correcting but, rather, dependent on loosening max-
illary sutures and maxillary buttress, which are most easily
obtained during early ages [21].

Conclusions

Youngsters affected by unilateral posterior crossbite showed
the following:

- A slightly smaller mandibular base volume on the
crossbite side, which increases marginally 6 months after rap-
id palatal expansion.

- Surface-to-surface matching technique illustrates through
the matching percentage how differences between the two
hemi-mandibles in crossbite patients decrease after rapid pal-
atal expansion.

Table 3 Multiple linear regression model using age and gender as independent variable (predictor) and the mean differences of total volume and the
mean difference of the hemi-volume difference (CB side/non-CB side) between T1 and T2 as dependent variables

Dependent variables Predictor
variables

R R-
squared

Coefficients t Significance 95% coefficient
interval (B)

Beta Standard
error

Lower
limit

Upper
limit

Study
group

Total volume difference (T0–T1)
(inter-timing comparison)

Age 0.946 0.896 − 0.056 0.015 − 0.675 0.509 − 0.041 0.021
Gender − 0.965 0.033 − 11.538 0.000 − 0.447 − 0.309

CB/non-Cb volume differences (T0–T1)
(inter-timing comparison)

Age 0.940 0.884 0.070 0.014 0.793 0.439 − 0.019 0.041
Gender − 0.913 0.032 − 10.353 0.000 − 0.394 − 0.260
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