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Mandibular ramus remodeling after vertical
osteotomy: a three-dimensional quantitative
and qualitative assessment with sequential
segmental-marrow superimposition

Sang-Hwy Lee'", Bong Chul Kim?', Hoon Cho®, Nam-Kyoo Kim?, Jong-Ki Huh*, Hyung Seog Yu® and
Sang-Hoon Kang®

Abstract

Background The intraoral vertical ramus osteotomy (IVRO) is a surgical technique for prognathic or asymmetric
mandible. We wanted to quantitatively and qualitatively analyze the three-dimensional (3D) remodeling pattern of
the mandibular ramus one year after IVRO.

Methods We reconstructed 3D mandibular models using 3D CT data from 108 IVRO hemi-mandibles of 54 subjects.
The immediate postoperative (Imm) proximal and distal segments were separated and individually superimposed to
one-year postoperative (Post) mandible by employing a direct segmental-isolated marrow superimposition.

Results Analysis showed extensive regional bone resorption and apposition resulting in a remodeled Post ramus;
the more overlapping patterns of group of A (lateral type) and B (lateral/proximal type) suffered resorption-dominant
remodeling compared with the less-overlapped group C (proximal type) and D (gap type), while the level of
apposition was similar for all groups. Post ramus showed different levels of sigmoid notch filling with newly-formed
bones and various shapes of new bony projections at the posterior border of the medial ramus. Bone resorption in
group A was significantly and negatively correlated with protrusion delta (the difference between the postoperative
and preoperative protrusive mandibular movement ranges), and bone apposition was positive with amount of
postoperative maximum opening.

Conclusion All results indicate dynamic remodeling of the Imm ramus after IVRO in relation to the segmental
overlapping pattern to form a smooth and continuous skeletal surface. The new superimposition method of direct
segmental overlapping could detect the detailed remodeling pattern.
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Background

The intraoral vertical ramus osteotomy (IVRO), some-
times described as a vertical subcondylar or oblique oste-
otomy, is an orthognathic surgical technique for setting
back the mandible [1, 2]. The mandibular distal segment,
i.e., the mandibular body part anterior to ramus and con-
dyle, is moved posteriorly after the vertical or oblique
bone cut from the sigmoid notch. The distal segment
overlaps the proximal segment without any fixation and
becomes mobile to some extent after IVRO. Bone heal-
ing in IVRO commences in direct cortical contact with
some mobility. The healing/remodeling of ramus after
IVRO therefore progresses in a unique environment as
compared with the conventional marrow-juxtaposed and
rigidly-fixed bone healing in the sagittal split ramus oste-
otomy (SSRO).

SSRO is another popular surgical technique address-
ing mandibular movement. Though SSRO is well known
for the good intersegmental bony contact, IVRO can
be more advantageous in terms of reducing the risk of
neurosensory disturbances, avoiding the need for rigid
internal fixation and allowing passive repositioning of
the condyle, which in turn contributes to a healthy tem-
poromandibular joint [3—5]. Though IVRO is a common
orthognathic procedure [3] and more advantageous [4, 5]
than the popular SSRO, certain factors must be taken into
consideration for clinical application such as the induc-
tion of bone healing and remodeling [1, 6]. Several stud-
ies have been conducted on the potential and outcomes
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of healing, mainly based on histological findings [6-8]
and radiographic images [9-13]. IVRO ramus heals in
mobile cortical overlapping, which invites the primary
subperiosteal/endosteal callus formation and dynamic
remodeling, which in turn are strongly influenced by
segmental mobility and muscular functional physiology
[6-8]. However, these studies yield limited insight into
how the preoperative (Pre) ramus can be remodeled to
reshape the final postoperative (Post) one, especially in
three dimensions (3D).

Over time, the remodeled Post ramus develops a dif-
ferent morphology from the original Pre and immediate
postoperative (Imm) ramus, as demonstrated in Fig. 1.
Post ramus (Fig. 1C) presents the remodeled ramus, with
reduced ramal height, smooth contoured mandibular
angle, and different condylar angulation. The difficulty
in understanding the transformation of Pre (Fig. 1A) or
Imm (Fig. 1B) ramus to Post ramus may be attributed to
the extensive morphological and positional changes of
the postsurgical segments (Fig. 1D). A few IVRO studies
have reported good bone healing patterns based on 3D
analysis [14], but without clear delineation of the IVRO
ramus remodeling pattern [15-17]. Some other studies
performed the analysis with computed tomography (CT)
images for IVRO [12, 14—17], but they focused mainly on
new bone formation or complicated displacements, while
none examined the remodeling pattern per se.

Bone remodeling is a highly coordinated cyclic process
of mature bone tissue removal by osteoclasts and new
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Fig. 1 Morphological and positional comparison of ramus at preoperative, immediate postoperative and one-year postoperative periods with its over-
lapping type at immediate postoperative stage after IVRO. The ramus was compared at three subsequent stages: (A) preoperative (Pre); (B) immediate
postoperative (Imm); (C) one-year postoperative (Post); (D) superimposition of the three stages based on the unchanged cranial part. The overlapping
patterns of the proximal segment (black arrowhead) and the distal segment (white arrowhead) in E-H) were evaluated at the dotted line of /mm ramus
in (B) at the level of mandibular foramen on the axial images of CT data. The intersegmental area between the proximal and distal segment is indicated
by a white arrow. Their overlapping patterns were classified into four types: (E) Lateral (for group A); (F) Lateral and Proximal (for group B); (G) Proximal (for

group C); and (H) Gap (for group D)
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bone formation by osteoblasts [18, 19]. This process opti-
mizes skeletal integrity by controlling the replacement of
old bone [20]. It also reshapes the skeletal structure based
on functional demands of mechanical loading or injuries
such as fractures or IVRO. Bone remodeling therefore
serves to adjust bone architecture to meet mechanical
needs and/or to repair bone damage [21].

While traditional 2D imaging or experimental histolog-
ical evaluations have contributed to the understanding of
IVRO healing, they have fallen short in capturing the 3D
geometrical complexity of Post mandibular remodeling.
CT imaging enables the high-resolution and volumetric
assessment of 3D bony morphological changes. It also
allows the detailed visualization of cortical and trabecu-
lar changes necessary for skeletal analysis. CT imaging
was therefore introduced to assess the dynamic 3D bone
remodeling in IVRO cases.

This study aims to quantitatively and qualitatively ana-
lyze 3D remodeling of the mandibular ramus after IVRO.
We hypothesized that the Imm ramus would be trans-
formed into Post ramus via dynamic remodeling under
the influence of several factors, including the Imm seg-
mental overlapping pattern and Post mandibular func-
tion. We then postulated that the segments with more
overlaps might suffer more extensive remodeling than
those in groups without overlaps due to the presence
of bony prominence and/or irregular surface, and that
the closer segmental approximation on surgery and the
active Post functional movement ranges might promote
better ramal remodeling given a flat surface. We there-
fore wanted to investigate this remodeling by tracing 3D
morphological changes from mobile Imm ramus to sta-
ble Post ramus after one year. We introduced the novel
sequential superimposition methods of direct segmental
and isolated marrow overlapping to avoid potential bias
induced by Post positional and morphological changes of
the proximal/distal segments.

Methods

Study design and sample

A retrospective study was designed and implemented
to address the research objectives. All subjects had pre-
sented for evaluation and management of malocclusion
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and facial deformity, their inclusion criteria including
having had bilateral IVRO for mandibular prognathism
and/or asymmetry. They had undergone CT and mandib-
ular movement range examination with the same proto-
col at three time points, Pre, Imm and Post for CT and at
two time points, Pre and Post, for mandibular movement.
Subjects were excluded if they were previously operated
on, post-traumatic, syndromic, or if their treatment had
been tumor-related. 108 IVRO hemi-mandibles from 54
subjects met the inclusion criteria, based on the previ-
ous reference for 3D CT study with IVRO [14]. The study
consisted of 31 males and 23 females (Table 1), their ages
at the time of surgery ranging between 17 and 41 years
old (mean: 21.6 years old). All subjects underwent man-
dibular setback (mean 6.7 mm, measured at the man-
dibular central incisal tip of the superimposed Pre and
Imm 3D model) using IVRO without any intersegmental
fixation, simultaneously undergoing a Le Fort I maxil-
lary osteotomy with semi-rigid fixation using miniplates.
All subjects underwent CT examination before and after
IVRO, at Pre (1-1.5 months preoperatively; mean 1.4
months), Imm (3-5 days postoperatively; mean 3.5 days),
and Post (10 to 19 months; mean 12.2 months).

IVRO and Post management were performed for all
subjects by the same protocol, including close approxi-
mation of segments by selective grinding, no inter-
segmental fixation, seven to ten days of intermaxillary
fixation, and six to eight weeks of controlled physical
therapy, i.e., staged active mandibular exercise [22, 23] for
physiological bony healing and muscular rehabilitation.

Image processing and grouping by overlapping pattern
The obtained multi-detector CT data (Siemens,
Somatom Definition AS+, Erlangen, Germany; FOV
200-250 mm, 512 x 512, pixel size 0.4-0.5 mm, 0.6 mm
increment, H60s algorithm) were reconstructed to pro-
duce 3D mandibular models for the three consecutive
stages of Pre, Imm, and Post using Mimics software (Ver-
sion 18.0, Materialise, Leuven, Belgium) (Fig. 1A, B, C,
respectively). The software was selected mainly due toits
validated high registration accuracy in craniofacial imag-
ing research [24].

Table 1 Age and gender distribution by group (groups indicating types of overlap between proximal and distal segments at the

immediate postoperative stage after IVRO; total N=108)

ok

Factors\Group” A B C D Total P
Average Age 219 209 21.2 20.7 216 0.837
Male (sides) 38 11 5 8 62 0.13*
Female (sides) 33 7 4 2 46

Total N (sides) 71 18 9 10 108 -

(%) (65.7%) (16.7%) (8.3%) (9.3%) (100%)

* Group A (Lateral type), B (Lateral/Proximal type), C (Proximal), and D (Gap type)
** Statistical analysis (p): by ANOVA (1); by Fisher's exact test (4)
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The axial CT images of [mm ramus at the level of man-
dibular foramen entrance (Fig. 1B; indicated by dotted
line) were used to evaluate Imm segment overlapping
patterns between the proximal and distal segments
(Fig. 1E-H). These were then categorized into 4 types,
which were modified from a previous report by Kaneko
et al. [14, 25]: the lateral, lateral & proximal, proximal,
and gap type (Fig. 1E-H). These findings were later used
to allocate the subjects into groups (the lateral as group
A, lateral & proximal as group B, proximal as group C,
and gap as group D) and then correlated with remodeling
pattern or mandibular function.

Sequential superimposition

To implement our sequential superimposition methods,
we first performed direct segmental overlapping using
3-Matic (Version 10.0, Materialise, Leuven, Belgium);
Imm mandible (Fig. 2C) was segmented into the proximal
and distal segments at the IVRO osteotomy line (Fig. 2D;
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white arrowhead for the segmented [mm distal segment;
black arrowhead for the segmented proximal segment).
The Imm proximal segments (black arrowhead; Fig. 2D)
were superimposed to Post mandible (Fig. 2D” and F)
using point-based and morphology-based registrations
[24] in software (Fig. 2B). The Imm distal segment (white
arrowhead; Fig. 2D) was also superimposed to Post man-
dible following the same procedure (Fig. 2D” and F).

The second stage of the superimposition, isolated mar-
row overlapping (submitted for Korean patent 10-2024-
0006750), enhanced superimposition accuracy; the outer
cortical layers of mandibular proximal and distal models
were removed and the mesh layers of remaining marrow
were inverted with software (Mimics and 3-Matic, Mate-
rialise, Leuven, Belgium; Fig. 2G). The positions of super-
imposed Imm proximal and distal segments were then
finely adjusted by following the marrow superimpositions
(Fig. 2G and H). Detailed steps are provided in SFig. 1.

Fig. 2 Workflow of the sequential segmental and marrow superimposition with 3D mandibular models. The 3D mandibular models of (A) preoperative
(Pre), (C) immediate postoperative (Imm), and (E) one-year postoperative (Post) stages were produced. (D) Imm mandible (C) was divided into the proximal
and distal segments at the osteotomy line. (D-F) The Imm proximal (black arrowheads) and distal segments (white arrowheads) of (D) were superimposed
independently by point- and surface-based registration to Pre mandible (D’) for accuracy verification or to Post mandible (D") for comparison. (G-H)
Previous superimposition was finely adjusted by the registration of the isolated marrow models of Post and segmented /mm after removing the cortical
part of the models. (I and J) The coronal CT image of Post (J) or Pre (I) ramus superimposed with the segmented and superimposed /mm ramus for the
accuracy verification. (J) The outline of Imm proximal segment is indicated by a yellow line with black arrowhead on the background of coronal Post CT
image, and the Imm distal segment as a light blue line with white arrowhead. Note: proximal segment indicated by black arrowhead, distal segment by
white arrowhead
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Fig. 3 The qualitative and quantitative analysis of the post-IVRO remodeling with the superimposed models. (A) The sequential superimpositions pro-
duced the overlapped whole Post and segmented Imm ramus. (B-D”) The superimposed model of (A) could be divided into the unchanged (common),
added, and resorbed part. (E) The superimposed model was substituted with previously divided common (in ivory), added (in light green), and resorbed
(in blue) part. (F and G) The axial (indicated by white arrowhead) and coronal (indicated by black arrowhead) cutting planes were introduced to the su-
perimposed/divided ramus of (E) to have the coronal cut (F) and axial cut (G) model with different colors of the origin. (H and I) The coronal and axial cut
surface were achieved with their origins of the division. Note: The red dotted line of (F-H) indicates the original outer contour of Post ramus. The regional
division of the coronal and axial surface was made with the red dots of each segment in (H and I) to include proximal (lateral), intersegmental, and distal

(medial) regions

Quantitative and qualitative analysis of remodeled ramus
The outcome of the superimposed Post and Imm (Figs. 2H
and 3A) was divided into unchanged and changed por-
tions; Post mandible (Fig. 3B) could be separated into the
unchanged “common” part (Fig. 3B’) and added “newly-
formed’ part (Fig. 3B”). Similarly, Imm mandible (Fig. 3C
and D) was divided into common parts (Fig. 3C’ and
D’) and deleted ‘resorbed’ parts (Fig. 3C” and D”). The
newly-formed bone in Post ramus was regarded as bony
apposition (shown as light green in Fig. 3B” and 3E-I)
and the reduced or deleted parts of Imm ramus as bony
resorption (in blue color in Fig. 3C” and D” and 3E-I).
The superimposed Post and Imm (Fig. 3A and E) was
therefore regarded as mixed components of a common
part (Fig. 3B, C, or D), an added part (Fig. 3B”), and two
removed parts (Fig. 3C” and D”).

The quantitative analysis of the remodeling was per-
formed by measuring: 1) the 3D volume of the newly-
formed and resorbed parts by subtracting the common
parts from Post and Imm raumus (Fig. 3B-D”); 2) their
3D surface area as previously described (Fig. 3B-D”); 3)
their 2D sectional area after getting two sectional slice
images of the superimposed model (Fig. 3E-I). The third
measurement of the 2D sectional area follows this pro-
tocol, the cutting planes being drawn along the oste-
otomy line (indicated by black arrowhead in Fig. 3E) for
the coronal section (Fig. 3F and H) and at the mid-ramus
(indicated by white arrowhead in Fig. 3E) for the axial
section (Fig. 3G and I). The resulting models with cut-
ting surfaces and sectional images are shown in Fig. 3F-
L. The red dotted lines of Fig, 3F-I indicate the original

outer contour of Post mandible. The surface area mea-
surements for the added (light green) and resorbed (blue)
parts of Fig. 3H and I were made independently for the
final quantification after regional division into proximal
(lateral), intersegmental, and distal (medial) (with the red
dots in Fig. 3H and I).

In addition, the morphological characteristics of the
remodeled posterior border, sigmoid notch, and condyle
were evaluated for qualitative analysis. Statistical analy-
ses were performed to verify the association between the
Imm segmental overlapping type or mandibular move-
ment ranges and the ramal remodeling pattern. The R
project (www.r-project.org) and Statistical Package for
the Social Sciences (SPSS, v.26, IBM Co. NY, USA) were
used for statistical computing.

The reproducibility of mandibular landmark using the
software was also validated, as noted by Corte-Real et al.
[26]. Two of the authors (Kim and Lee) marked the ref-
erence point, the mandibular foramen entrance (Fig. 1B),
10 times three and calculated their differences using
Dahlberg’s formula [27]. Intra- and inter-observer reli-
ability was statistically analyzed by intra-class correlation
(ICC) and technical error of measurement (TEM) with
95% confidence intervals.

Validation of method reliability

To validate the reliability of the superimposition process,
we segmented 6 arbitrarily-selected Imm mandibles from
6 subjects into proximal and distal segments (Fig. 2D),
then independently superimposed them to Pre man-
dibles of the same subjects (Fig. 2D’). This procedure
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was conducted by two authors three times at one-week
intervals and the inter-surface distances measured. The
intra-class correlation coefficient (ICC) was calculated to
assess intra-observer and inter-observer reproducibility.

For further evaluation of reliability, Imm proximal and
distal segments (Fig. 2D) and Post mandibles (Fig. 2E)
from 6 randomly-selected subjects were produced. Each
Imm mandible was superimposed to the Post model
of the same set three times by two authors at one-week
intervals, as shown in Fig. 2D” and F. The surface distance
between the first, second, and third superimposed Imm
models was measured for differences using 3-Matic, and
reproducibility was statistically analyzed by calculating
ICC.

We also confirmed the matching outlines of the corti-
cal/marrow of Imm and Post ramus in the superimpo-
sition images, especially the coronal sectional view of
CT images (Fig. 2J) for all cases at the end of superim-
position procedures. Though the images could not be
quantitatively measured for cortical and marrow out-
line agreement, we checked whether they coincided in
terms of distance and direction, especially at the marrow
trabeculae.

Results

None of the ramal remodeling-related factors were asso-
ciated with the Post time lapse (p>0.05; Fisher’s exact
test; details not shown). The right and left ramus of each
subject were independently analyzed after statistical cor-
relation analysis by Chi-squared and Fisher’s exact prob-
ability tests for all outcome variables in order to exclude
the possible interaction with the opposing mandible
(p>0.05; details not shown).

Fisher’s statistical analysis (for gender) and analy-
sis of variance (ANOVA) (for age) were performed to
verify associations between the gender or age and the
groups, i.e., the segmental overlap pattern; they showed
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no significant differences among the groups (p=0.83
for age and p=0.13 for gender; Table 1), nor significant
correlation with other ramal remodeling-related factors
(p>0.05; details not shown).

Overlapping pattern between the proximal and distal Imm
segments

The Imm overlapping contact between proximal and dis-
tal segments showed four different patterns (Fig. 1E-H;
Table 1). The laterally-juxtaposed proximal segment in
relation to the distal segment, classified as ‘Lateral’ type
and grouped as A (Fig. 1E), was the most frequently
observed (N=71/108, 65.7%). The next frequent type was
‘Lateral/Proximal; classified as group B (16.7%; Fig. 1F),
followed by the ‘Gap’ type (group D: 9.3%; Fig. 1H) and
the ‘Proximal’ type (group C: 8.3%; Fig. 1G).

Ramal remodeling pattern in relation to the
segmental overlapping type

The Imm and Post rami were compared quantitatively
and qualitatively in each ramal region after superimpo-
sition. The Imm segmental overlapping types and man-
dibular functional ranges were then correlated with Post
ramal remodeling.

Middle ramal region

The middle ramal overlapping region showed marked
bony addition (apposition) and deletion (resorption)
at the lateral and medial surfaces, resulting in complete
ramal cortical continuity (Figs. 1C and 3A, and SFig.
2). The volume and areas of the 3D models or coronal-
axial sections were measured individually (Tables 2,
3 and 4; STables 2 and 3). Group A and B consistently
showed significantly more bone resorption than group
C or D (p=0.00-0.04 for sectional area, 3D surface, and
3D volume; Table 2). However, bone apposition was not
the case in that all groups, except group C, had similar

Table 2 The comparison of new bone formation and resorption measured by three measurement variables

Remodeling\Variables\Group” A B C D p Bonferroni
Apposition 3D volume 1903.6+699.9 1901447423 1302.5+389.5 1596.94+330.8 0.05

3D surface area 8263.6+28174 9441.4+31245 7810.6£2644.0 8912049935 0.32

Axial +Coronal® 72.0+40.1 90.9+55.0 102.8+51.7 96.8+36.0 0.07
Resorption 3D volume 2065.6+906.6 2365.5+2046.5 1763.3+866.6 1299.1+451.8 0.04

3D surface area 8460.2+2504.9 9708.2+£1914.3 9402.2+2264.3 7123.3+£2255.7 0.03 B>D

Axial +Coronal® 1252+464 117.0+454 5364236 7594306 0.00 A B>C

A>D

Sum'® 3D volume -162.1+£1262.7 -464.1+1910.5 -460.8+935.5 297844573 0.52

3D surface area -196.6+3622.9 -266.7+2822.4 -1591.6+3964.7 1788.7+1804.3 0.25

Axial +Coronal -53.3 +64.1 -262+776 492+654 209+536 0.00 C,D>A

(units: mm? for surface area and mm? for volume)

* Group A (Lateral type), B (Lateral/Proximal type), C (Proximal), and D (Gap type)
** p by Kruskal-Wallis test

1 Axial+Coronal means the addition of areas in axial and coronal sectional data in two dimensions

11 Sum means the subtraction of the resorption area from the apposition area, in that the positive sum value indicates more new bone formation than t resorption
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Table 3 The area measurement for new bone formation and resorption in axial and coronal section
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Section\Remodeling\Group” A B C D p” Bonferroni
Axial Apposition 3274226 333+16.2 19.5+98 241482 0.10 -
Resorption 292+132 2639+11.8 170£86 11.9+£53 0.00 A, B>D
A>C
Sum?® 3.6+247 69+239 25+14.2 122+84 0.27 -
Coronal Apposition 39.2+299 57.6+£425 833+459 72.7+349 0.00 C,D>A
Resorption 96.0+39.0 90.6+384 36.6+215 64.0+26.2 0.00 A B>C
Sum?* -56.8+52.6 -33.1+619 46.6+61.6 8.7+50.8 0.00 C,D>A
Axial+Coronal® Apposition 72.0+£40.1 909+55.0 1028+51.7 96.8+36.0 0.07 -
Resorption 1252+464 117.0+454 5364236 759+30.6 0.00 A B>C
A>D
Sum* -53.3+64.1 -262+776 492+654 209+536 0.00 C,D>A

(units: mm?)

* Group A (Lateral type), B (Lateral/Proximal type), C (Proximal), and D (Gap type)

** p by Kruskal-Wallis test

1 Axial+Coronal means the addition of areas in axial and coronal sectional data

F Sum means the subtraction of the resorption area from the apposition area, in that the positive sum value indicates more amount of new bone formation than

that of resorption

Table 4 The regional differences in area for new bone formation and resorption in axial plus coronal sections

Regiont\Remodeling\Group” A B C D p Bonferroni
Proximal (lateral) AppositionT 19.8+17.0 14.8+99 152+11.2 206+16.2 0.78
Resorption’ 717316 51.2+280 21.6+13.9 4244223 0.00 Avs.C,D
Intersegmental Apposition 385%29.2 432+250 363+31.0 39.7+£264 0.60
Resorption 1414112 186+95 11.5+6.8 113475 0.13
Distal (medial) Apposition 13.7+218 329+357 51.2+303 365+187 0.00 Avs.C, D
Resorption 394+240 47.2+20.7 206+17.7 2234182 0.00 Bvs.C,D
Total Apposition 72.0+40.1 90.9+55.0 1028+51.7 96.8+36.0 0.07
Resorption 1252+464 117.0+454 53.6+23.6 75.9+30.6 0.00 Avs.C,D
Bvs.C
p" Apposition 0.00 001 0.03 0.09
Bonferroni Pvs.I,D Pvs. | Ivs.D
Ivs.D
p” Resorption 0.00 0.00 0.28 0.00
Bonferroni Pvs.I,D lvs.P.D Pvs. |
Ivs.D

(units: mm?; measurements from axial plus coronal area)
* Group A (Lateral type), B (Lateral/Proximal type), C (Proximal), and D (Gap type)
** p by Kruskal-Wallis test

1 the regions of each coronal and axial section, being divided into proximal (lateral), intersegmental, and distal (medial)(with the red dots in Fig. 3H and )

levels for all measurement variables. The summed sec-
tional area data (from the addition of coronal and axial
area measurements) also showed resorption-dominant
remodeling in group A and B while group C and D
showed apposition-dominant remodeling. Among three
measurement variables, the summed sectional area data
presented consistent results (Table 2) and showed a sig-
nificant correlation with the remaining two 3D variables
(R=0.43-0.75 for group A and B; STable 1). Further anal-
yses were performed mainly with the summed sectional
area data. Detailed axial and coronal area data are shown
in STables 2 and 3 for reference, as well as in Table 3.

The amount of bone resorption in group A and B was
greater than that of group C and D in axial, coronal, and

summed sectional areas (p =0.00; Table 3). However, the
apposition in the axial and summed sectional area was
not significantly different among the groups. Moreover,
the summed results of bone apposition-resorption were
similar to those of bone resorption in that group C and D
had more bone apposition-dominant remodeling in the
coronal and summed sectional areas.

To understand regional differences in remodeling,
the ramal regions in the coronal and axial sections were
divided into proximal (lateral), intersegmental, and distal
(medial) areas, delineated with red dots in Fig. 3H and
I. The proximal (lateral) region had significantly greater
resorption in group A (average 71.7 mm?) compared
with group C and D (average 21.6—42.4 mm? p=0.00;
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Table 4), but the bony apposition in the same region did
not show such differences between the groups (p=0.78).
In addition, group A and B showed both apposition and
resorption in the proximal (lateral) region more promi-
nently compared with those of other regions (p=0.00
each, except 0.01 for apposition of group B). In the dis-
tal (medial) region, apposition and resorption were again
significantly different in that group C and D showed less
remodeling (p=0.00 each). The resorption and apposi-
tional areas in the intersegmental region did not differ
among the groups (p=0.6 and 0.13).

Mandibular angle region

The most prominent bone resorption was found around
the angular region, mainly at the tip of the proximal seg-
ment on the lateral surface and the proximal tip of the
distal segment on the medial surface (SFig. 2; indicated
by black arrows). Major bone apposition, on the other
hand, was found at the angular tip of the proximal seg-
ment on the medial surface (Fig. 4 with black arrows;
SFig. 2 with white arrows), as will be described below in
Sect. 2.4, medial new bone structure.

Sigmoid notch region

The sigmoid notch of Post ramus was analyzed as hav-
ing both bone apposition and resorption (Fig. 5; Table 5);
the proximal segment around the sigmoid notch mainly
showed bone apposition (Fig. 5C, G, K, and O; indi-
cated by black arrows), while the distal segment mostly
had bone resorption (Fig. 5G and O; indicated by white
arrows). The gap space between the proximal and dis-
tal segments at the level of the sigmoid notch was filled
with newly-formed bones varying in level and shape
(Fig. 5; Table 5); the majority of cases (42 sides, 59.2%)
of group A showed bones filling up to the intermediate
level of the two segments to form the round sigmoid
notch shape (Table 5; Fig. 5M-P). Other sigmoid notch
shapes included the cleft, hole, and spicule type (Fig. 5A-
L; Table 5), none of the sigmoid notch shape types
being significantly different among the groups (p=0.54;
Table 5).

Medial new bone structure

The medial Post ramus surface showed various shapes of
new bone formation (Fig. 4 with black arrows). As these
structures were not observed in /mm mandible (Fig. 4
and SFig. 2), they were regarded as newly-formed bony
structure, possibly bony specular attachments for the
medial pterygoid muscle. These were observed in all
samples, with different shapes and sizes, and could be
classified into four major types based on their morpho-
logical characteristics: ridge, single spicule, multiple spic-
ules, and hole (Table 5; Fig. 4B, F, ], and N). In group A,
45 cases (63.4%) showed the ridge-shaped bony structure
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and 17 cases (23.9%) of single spicule. The ridge type was
also the most prevalent type in the other groups (60.0-
77.8%), the hole and single spicule type were second-
most prevalent. There were no significant differences in
types of medial new structure among the groups (p = 0.56;
Table 5). All the projected structures were observed to be
intimately connected with the medial pterygoid muscles
(indicated by the dotted line in Fig. 4D, H, L, and P).

Condylar region

The condylar region showed fewer marked bony changes
than did other regions (Fig. 6; Table 6), the changes not
being significantly correlated with groups (p=0.43;
Table 6). 37 cases (52.1%) of group A were found to show
‘minor changes;, with less than 1 mm of bony apposi-
tion or resorption (Fig. 6G-I; Table 6). 28 cases (39.4%)
showed ‘moderate apposition’ of 1~2 mm, while only
8.5% (N=6) of group A showed apposition greater than
2 mm (Fig. 6B-E; Table 6).

The bony apposition was mainly found at the top, lat-
eral, and/or posterior slope of the condylar head surface
(as indicated by asterisk in Fig. 6C), confirmed by the
double cortical outlining on the sagittal 2D CT images
(Fig. 6E and indicated by an asterisk).

Mandibular movement range correlations

The functional range of mandibular movement was eval-
uated (STable 4) and correlated with ramal bone apposi-
tion and resorption (Table 7). Post maximum opening
for groups ranged between 48.1 and 51.3 mm without
significant inter-group differences (p=0.51; STable 4 and
7), a decrease of 1.4—1.8 mm relative to the preoperative
period (STable 4). Other mandibular movement-related
factors, including protrusion, also showed no significant
differences among groups (STable 4). Some measurement
variables showed a significant correlation with bone
apposition or resorption in 2D or 3D; the bone resorp-
tion in group A was significantly and negatively corre-
lated with protrusion delta (as the difference between
the Post and Pre protrusive mandibular movement range
in mm) (R=-0.28, p=0.02; Table 7). Moreover, the bone
apposition for the same group was positively or nega-
tively correlated with the amount of Post maximum
opening as well as Post ipsilateral and contralateral trans-
lation (R=0.29, -0.25, and - 0.28 (or -0.24) each; Table 7).
The protrusion delta was also correlated with bone appo-
sition for group B and C (R=0.48 and 0.77 each; Table 7).

Validation of method reproducibility

The superimposition reliability was first evaluated by
measuring the mean distance in superimposed models
between Imm proximal/distal segments and their cor-
responding Pre mandible, which was 0.04+0.05 mm.
Excellent evaluation reliability was obtained between
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Imm Post Superimposed Post

Munltiple Spicules Single Spicule Ridge

Hole

Fig. 4 The new bone structures on the medial surface of the posterior border. (A, E, I, and M) The Imm proximal (black arrowhead) and distal (white ar-
rowhead) segments were completely healed and remodeled to Post ramus (B, F, J, and N) with the new bony structures (indicated by black arrows). (C,
G, K, and O) Their superimposition was analyzed to show the inter-surface distances with a color diagram and the newly-formed structure (indicated by
black arrows); these were classified into the ridge (B-D), single spicule (F-H), multiple spicules (J-L), or hole type (N-P), mainly based on their morphologi-
cal characteristics. (D, H, L, and P) The dotted lines, indicating the outline of the medial pterygoid muscle, were continuous to the new bone structures
of medial ramus, suggesting their relationships. Note: Color coding for C, G, K, and O: orange and red for 1.5 to 2.5 mm and gray for more than 2.5 mm of
bone apposition; light and dark blue for —0.5 to -1.0 mm and in gray for more than — 1.0 mm of bone resorption
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Fig.5 Morphological comparison of immediate postoperative (Imm) and one-year postoperative (Post) sigmoid notch. The sigmoid notch of Imm ramus
shows the bony step between the proximal and distal segments (A, E, I and M), while the Post sigmoid notch is continuous in contour, with different
shapes (B, F, J, and N). These were classified into the hole (B-D), cleft (F-H), spicule (J-L), and round (N-P) type based on their morphological character-
istics. Their superimposition was analyzed to show the inter-surface distances in color to clearly show the changed shape of the sigmoid notch (mainly
indicated by black arrows). (B-D) These show the marked bony apposition and resorption making a bridge between the proximal and distal segments,
with a hole below it; (F-H) The Post sigmoid was shaped to fill up the gap between the Imm proximal and distal segment, leaving a small cleft; J-L) The
sigmoid notch was healed to leave a small spicule; (N-P) The gap was filled completely to make a round-shaped sigmoid notch. Note: proximal segment,
indicated by black arrowhead; distal segment by white arrowhead; bone apposition, indicated by black arrows; bone resorption, indicated by white ar-
rows. Color coding for D, H, L, and P: orange and red for 1.5 to 2.5 mm and gray for more than 2.5 mm of bone apposition; light and dark blue for —0.5 to

-1.0 mm and in gray for more than —1.0 mm of bone resorption

observers (ICC = 0.990) and within observers (ICC = 0.987
and 1.000 for observers 1 and 2).

The second evaluation was performed by measuring
the surface distance between the same sets of three Imm
mandibles, which were superimposed independently to
the same sets of Post mandibles. Their mean distance
was 0.0004+£0.001 mm. A good evaluation of reliability
was obtained between observers (ICC = 0.768) and within
observers (ICC=0.812 and 0.924 for observers 1 and 2).
A final evaluation of accuracy was made by comparing
the trabecular outline of Imm with that of superimposed
Post, yielding a good coincidence on the sectional images
(Fig. 2)).

The reproducibility of marking the anatomical land-
mark (the mandibular foramen entrance) by ICC was
found to be 0.972 and by relative TEM to be 1.17 mm
with 95% confidence intervals.

Discussion

The primary purpose of this retrospective study was to
investigate, quantitatively and qualitatively, 3D remodel-
ing of the Imm ramus, which manifests segmental mobil-
ity and cortical overlap, one year after IVRO using a new
segmental superimposition method. We hypothesized
that Imm ramus is reshaped into stable Post ramus via
dynamic remodeling in relation to the segmental over-
lapping pattern and mandibular function of Imm ramus.
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Table 5 The morphological changes at the posterior border and sigmoid Notch region in relation to intersegmental overlapping type

Region Finding\Group* A B C D Total P
Sigmoid notch shape* Round 42 11 6 5 64 0.54
(59.2%) (61.1%) (66.7%) (50.0%) (59.3%)
Cleft 18 3 2 3 26
(25.4%) (16.7%) (22.2%) (30.0%) (24.1%)
Hole 6 4 2 1 13
(8.5%) (22.2%) (22.0%) (10.0%) (12.0%)
Spicule 4 1 2 2 9
(5.6%) (5.6%) (22.2%) (20.0%) (8.3%)
Medial new bone structure* Ridge 45 12 7 6 70 0.56
(63.4%) (66.7%) (77.8%) (60.0%) (64.5%)
Single spicule 17 3 3 3 26
(23.9%) (16.7%) (33.3%) (30.0%) (24.1%)
Multiple spicules 8 2 1 3 14
(11.3%) (11.1%) (11.1%) (30.0%) (13.0%)
Hole 17 4 3 0 24
(23.9%) (22.2%) (33.3%) (0%) (22.2%)
Unit: N (%)

Note: Repeated counting was allowed for * marked area
$ Group A (Lateral type), B (Lateral/Proximal type), C (Proximal), and D (Gap type)
** statistical analysis by Fisher’s exact test

Imm Post Superimposed Post Superimposed

A B C
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Fig. 6 Morphological comparison of immediate postoperative (/mm) and one-year postoperative (Post) condyle. The condylar head of Imm and Post
period did not reveal definitive morphological or size differences (A and F for Imm; B-D and G-I for Post). The Imm condyle (indicated by the black ar-
rowhead and ivory colored) was superimposed to Post condyle (light green) to reveal the Post remodeled ramus with different amounts of condylar bone
apposition. The 3D model and sagittal CT view from Post (C-E) also show the apposition of new bone (marked by asterisk in C and E; by color diagram in
D) or none (in H-J). Note: the proximal segment with the condylar head, indicated by black arrowhead; bone apposition, indicated by asterisk (*). Color
coding for D and I: orange and red for 1.5 to 2.5 mm and gray for more than 2.5 mm of bone apposition; light and dark blue for —0.5 to -1.0 mm and in
gray for more than — 1.0 mm of bone resorption
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Table 6 The area measurements for new bone formation and resorption at the mandibular condylar head region

Region Distance\Group* A B C D Total P
Condyle >2mm 6 2 0 1 9 043
(8.5%) (11.1%) (0%) (10.0%) (8.3%)
1~2mm 28 6 1 4 39
(39.4%) (33.3%) (11.1%) (40.0%) (36.1%)
<1 mm 37 10 8 5 60
(52.1%) (55.6%) (88.9%) (50.0%) (55.6%)
Unit: N (%)

Note: * distance: the maximum distance between Pre and Post condyle around the condylion point
** statistical analysis by Fisher’s exact test
F Group A (Lateral type), B (Lateral/Proximal type), C (Proximal), and D (Gap type)

Table 7 The relationship between the area of bone apposition/resorption and mandibular movement ranges

Group*\ Area\Remodeling Post max Open™  Post protrusion™  Protrusion A'™"  Post ipsi translation™  Post contra translation™
A 51.0+57 53+24 22427 6.7+2.6 68+29
Sectional Apposition R*  0.16 -0.01 0.09 -0.15 -0.24
pf 0.17 0.97 047 0.22 0.04
Resorption R -0.06 -0.08 -0.28 0.12 0.18
pT 0.64 0.50 0.02 034 0.13
Volume Apposition  R* 029 -0.06 0.15 -0.25 -0.28
p’ 001 0.62 0.21 0.04 0.02
Resorption R¥  -0.09 -0.10 -0.19 0.00 0.02
pl 044 041 0.1 0.10 0.85
B 51333 56%20 -20+26 69+19 72+17
Sectional Apposition R 0.02 0.46 048 -0.20 -0.11
p' 095 0.05 0.05 042 0.66
Resorption R¥  0.15 0.17 0.13 0.23 -0.06
pf 0.56 0.51 0.60 035 0.83
Volume  Apposition R*  0.10 0.31 0.38 -0.10 -0.40
pT 0.69 0.21 0.12 0.69 0.10
Resorption R*  -0.16 -0.23 -0.09 -0.16 -0.02
p' 053 0.36 0.73 0.54 0.93
C 48.1+59 5714 21415 86+4.2 6.8+26
Sectional  Apposition R 062 017 0.20 0.08 0.36
p’ 008 0.66 0.61 0.85 0.34
Resorption R*  -0.26 -0.38 -0.62 0.25 -0.18
p' 050 031 0.08 0.52 0.64
Volume Apposition  R¥  0.24 045 0.77 -0.32 0.23
pf 053 0.23 0.02 0.40 0.56
Resorption R¥  0.70 -0.55 -0.08 -0.18 -0.39
pT 0.04 0.12 0.84 0.65 0.30
D 491472 64+25 -1.3+22 69+20 69+22
Sectional Apposition R*  -042 -0.18 -0.59 -0.12 -0.31
pT 023 0.63 0.08 0.73 038
Resorption R* 0.7 0.34 0.11 0.04 -0.05
pl 045 033 0.76 092 0.89
Volume  Apposition R 0.11 0.29 -0.16 0.01 033
pt 077 041 0.66 0.99 0.36
Resorption R 040 0.72 0.25 041 0.46
pf 0.25 0.02 0.48 0.24 0.18

Note: * Group A (lateral type), B (lateral/proximal type), C (proximal), and D (gap type)

** Mandibular movement ranges in mm (mean + standard deviation); the results of mandibular movement ranges, including the maximum interincisal opening and
the protrusion, were assigned to both sides of bone changes. In addition, the right and left lateral excursion data for each subject were assigned to the ipsilateral
and contralateral translation so that each side had both ipsilateral and contralateral data. Details are shown in STable 4

11 Protrusion Delta (A): the difference between the postoperative and preoperative protrusive mandibular movement ranges (in mm; mean + standard deviation)
F R as the correlation coefficient from a statistical analysis by Spearman’s rank correlation coefficient

1 p from the statistical analysis by Kruskal-Wallis rank sum test
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Our new analytical method, which employs sequential
direct segmental and isolated marrow registration, is
designed to evaluate the remodeling pattern of ramus
undisturbed by the Post positional and morphological
changes of the proximal and distal segments.

Mandibular ramal morphology, especially in mammals,
consists of one angular region and two processes, form-
ing a Y-shape. It is charged with biomechanical forces of
compression and tension. The anatomical shape of the
ramal bone is closely integrated with its attached masti-
catory muscles. The plump masticatory muscles envelop
the ramus and provide stability and mobility as well as the
main blood supply [28-30]. All these factors influence
the extent and nature of the ramal healing and remodel-
ing in a variety of situations such as normal growth, trau-
matic injury, or surgery by IVRO [5, 8].

The ramal healing is one of the main concerns after
IVRO in terms of intersegmental mobility without fixa-
tion. We expect the Imm ramus after IVRO to be healed
by subperiosteal and endosteal calluses which fill the
intersegmental gap and connect the separated segments
[8]. Ramal remodeling is another major concern after
IVRO. Bone remodeling is a highly coordinated cyclic
process of mature bone removal by osteoclasts and new
bone formation by osteoblasts [18, 19]. Bone remodel-
ing serves to adjust bone architecture to meet mechani-
cal needs and/or to repair bone damage [21]. The ramal
structure, primarily healed by calluses after IVRO,
undergoes remodeling through resorption, apposition,
and architectural rearrangement to meet functional and
structural demands [6-8, 10-13]. However, studies have
shed little light on how Imm human ramus is remodeled
to Post one.

As described in the introduction, ramal remodeling
studies after IVRO can be complicated by the extensive
positional and morphological changes in proximal and
distal segments after surgery caused by functional move-
ment, adaptation, relapse, orthodontics, absence of inter-
segmental fixation and/or extensive bone remodeling/
necrosis. Thus, precise evaluation of the extent and loca-
tion of the [mm segments and their interval changes over
time has been difficult. For the same reasons, it was chal-
lenging to compare the Pre and Post rami to clarify the
division of unchanged and changed areas. Our sequential
registration method overcomes the limitations of previ-
ous studies, which utilized conventional whole mandi-
ble-based superimposition, by introducing independent
segmental superimposition to avoid segmental positional
change-related errors and the marrow-based second
superimposition to reduce the superimposition errors by
excluding the major shape changed-cortical region.

To perform a direct 3D model comparison of Imm and
Post ramus, we first adopted a rigid surface-based indi-
vidual segmental registration method, which utilizes the
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iterative closest point algorithm after the point-based
preliminary registration. Our low error level and the
matching of marrow/cortex, confirmed by three steps
validating method reliability, indicated the strength of
this segmental superimposition method. Because Imm
mandible after IVRO preserves a high level of segmen-
tal cortex and marrow structure as compared with SSRO
mandible, the accurate and reproducible segmentation
into proximal and distal segments was not so difficult.
This segmental comparison seems to be a good tool for
analyzing the remodeling of skeletal structures.

Moreover, our segmental registration accuracy seemed
to be enhanced by the introduction of the second super-
imposition step, i.e., the isolated marrow registration,
perhaps mainly due to the preserved skeletal structural
characteristics and their limited remodeling pattern. The
bone tissue consists of an outer cortex and inner mar-
row, both of whose spaces are rendered by the CT-based
skeletal model (as seen in Fig. 3F and SFig. 1). During the
first superimposition, both cortical and marrow struc-
tures can serve independently as registration references
but can interfere with the process mainly due to the more
dramatically changed cortical structure. The importance
of the delicate architecture in marrow trabecular topol-
ogy and its relative consistency during remodeling were
confirmed in our isolated marrow superimposition pro-
cess. To demonstrate this, we additionally dissected the
segmental models into cortical and marrow parts, as
shown in Fig. 2F-H and SFig. 1. These were compared
using the same methods in this study (total N=20); the
mean inter-surface discrepancy of the cortex in Imm-
Post proximal segment was 0.57+1.94 mm while that
of marrow was 0.20+0.39 mm (SFig. 1M and N; details
not shown). Visual inspection of the sectional image also
confirmed the consistent topology of the marrow trabec-
ulae from Imm to Post ramus (Fig. 21 and J) in contrast to
the marked morphological changes in the cortex region
(Fig. 2H).

In this study, we learned the precise location and
amount of remodeling by observing in 3D the surface
differences where the proximal segment overlapped
with the distal segment to produce a lateral protuber-
ance and intersegmental space and step after IVRO. The
overlapping region in particular showed extensive bone
formation and resorption on both the medial and lateral
surfaces, contributing to the outcome of a flat-surfaced
ramus (SFig. 2 and 3). The bony remodeling at the mid-
dle ramal region varied significantly by groups, i.e., the
Imm segmental overlapping types. The more the seg-
ment overlapped, as in group A and B, the more chances
of bone resorption. However, the bone apposition was
not significantly different among groups. Moreover, the
bone apposition was pronounced at the intersegmental
area of the lateral surface and the new bone structure
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(as the muscular attachment) of the medial surface for
all groups. The bone resorption was mainly found at the
proximal segment and lateral side.

Group A and B showed strongly increased Post remod-
eling, being dominated by bone resorption (Tables 2
and 3). These morphological changes may account for
the ramal remodeling, which produced a smooth ramal
surface in these groups. Post rami were all covered with
intact cortical outlines, their Imm intersegmental space
being mainly covered with new bone; the intersegmental
cortices were mostly preserved with intermittent broken
regions. Group A and B rami may heal with plump sub-
periosteal callus while exposing the irregular ramal sur-
face, the bony protuberances, and cutting ends without
sufficient blood supply. These can lead to more active
osteoclastic and less osteoblastic activity, resulting in
resorption-dominant remodeling. However, Group C
and D, without cortical overlap, could healed predomi-
nantly at the marrow-juxtaposed gap with endosteal
calluses and a relatively plump blood supply, mimick-
ing the approximated fracture ends. Thus the resorptive
remodeling seemed to predominate at the lateral proxi-
mal regions of Group A and B. The appositional remod-
eling at medial ramus, where matched with the medial
pterygoid attachments, implies the functional signifi-
cance of mandibular movement ranges. These all support
our hypothesis that [mm ramus would be dynamically
remodeled under the influence of biological/mechani-
cal factors, including the Imm segmental overlapping
pattern and Post mandibular function. Although these
findings are not studied in depth here, they parallel an
animal experiment that reported the cortical outline of
juxtaposed segmental cortices generally survive and can
be traced [8]. We are now undertaking a follow-up study
to characterize these changes in detail. These observa-
tions suggest the need for close approximation of the
proximal and distal segments by selective grinding at the
time of surgery to precipitate skeletal remodeling with a
smoother ramal surface.

Changes observed in the angular region were similar to
those of the middle ramal region, resorption at the lateral
proximal segment and apposition at medial distal seg-
ments being most prominent. This remodeling pattern
may be related to the protuberant high spot of the Imm
ramus, decreased blood supply, or bone necrosis [6], as
well as the resultant reduction of Post height of proximal
segment, though not correlated with the Imm overlap-
ping pattern.

The remodeled condyle showed no marked bone appo-
sition or resorption in most cases. 8.5 and 11.1% of group
A and B had bone apposition of more than 2 mm at the
condylion, while most (52.1 and 55.6% each) had less
than 1 mm of apposition. These data differ from previ-
ous studies, which reported 46.4% (26/56 cases) of the
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remodeled condyle on CT images [15] or 80-85% of
cases [31-33]. The main reason for this difference may
be related partly to surgical technique and subsequent
condylar displacement, but also to mistaken interpreta-
tion of a rotated condylar head in 2D radiographs [15].
Our treatment regimen, which included less condyle dis-
placement immediately after IVRO, in association with
the close approximation of proximal and distal segment
as well as active functional rehabilitation, may reduce the
chance of new bone formation at the condylar surface.

The range of mandibular movement, especially the
protrusion and lateral excursion, was also confirmed
as likely contributing to the formation of flat-surfaced
Post ramus in the lateral overlapping group (Table 7 and
STable 4). The skeletal muscle is functionally related
to bone: its increased contraction affects the structure
and biology of bone by increasing muscular vascularity,
muscle mass and protein metabolism, and/or hormones/
cytokines secreted by skeletal muscle during exercise
[34, 35]. Furthermore, the decreased muscular function
invites increased osteoclastic activity [36, 37]. The sur-
gical detachment of the muscles from the ramus, their
rearranged envelope surrounding the ramus, and their
Post functional movement ranges may also provoke the
resorptive remodeling process. In addition, mandibular
movement may indirectly influence bone remodeling by
altering mechanical strain on the skeletal structure.

These suppositions are supported by our results, which
show correlations between the protrusion delta and
remodeling extent. Increased Post movement and lateral
translations are also likely to stimulate osteoblastic activ-
ity via increased blood supply, loaded strain, and/or other
biochemical actions. Though the lateral pterygoid muscle
is primarily responsible for the mandibular protrusion,
the masseter and medial pterygoid muscles are not only
involved in the protrusive action but also control the lat-
eral translatory movement. Our results thus suggest that
the Post functional movement ranges, being controlled
by medial pterygoid and masseter muscles, are correlated
with the ramal remodeling, including flattening of the
lateral bony overlap, the removal of bony protuberances,
and the appositional bone growth at the medial muscle
attachment.

A systematic exercise regimen to rehabilitate muscle
tissue and skeletal function after orthognathic surgery
has been emphasized [38]. These findings further support
the need for Post active mandibular functional rehabili-
tation through systemic exercise, particularly in terms of
protrusive and lateral movement, to precipitate skeletal
remodeling with a smoother ramal surface.

As discussed previously, newly-formed structures were
also observed on the medial side of the posterior border
in various shapes (Fig. 4). We find no report of these bony
structures after IVRO in our review of the literature.
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These new bone formations seem related to the endosteal
callus and the medial pterygoid muscle since they were
located just next to the osteotomy line and in intimate
contact with the medial pterygoid muscle on CT images
(Fig. 4D, H, L and P). The proximal/distal segments are
known to have endosteal callus after IVRO [1, 8], which
generally seals the open marrow surface in fracture or
amputation healing [39, 40], the marrow cells being
the source of endosteal callus [41]. The endosteal callus
and surgically detached and physiologically reattached
medial pterygoid muscle after IVRO may have interacted
to form these structures [42]. This seems related to the
physiological healing pattern of IVRO as well as to our
treatment regimen, which includes short postsurgical
intermaxillary fixation and early initiation of active phys-
ical therapy.

The retrospective design of this study may have intro-
duced selection bias and limited control over con-
founding variables such as patient compliance or exact
physiotherapy protocols. Nonetheless, the large sample
and uniform surgical and imaging protocols mitigate
some of these concerns. Future research may incorpo-
rate the tracing of Post segmental mobility to under-
stand relapse-related and/or surgical movement-related
positional changes, and the sectional image analysismay
reveal adaptations of skeletal and soft tissue.Further-
more, the functional analysis of TMJ and prospective
studies with standardized physiotherapy regimensmay
clarify the optimal timing and intensity of rehabilitation
for enhanced remodeling and minimized relapse.

Conclusions

We performed a direct 3D model comparative analysis of
mandibular ramus from pre-operation to one year after
IVRO to observe the morphological changes induced by
positional changes and remodeling: from Imm ramus,
in terms of segmental mobility, cortical overlap, discon-
tinuity, and projection, to Post ramus with smooth-sur-
faced continuity and stability. We introduced the novel
sequential superimposition methods of direct segmental
and isolated marrow overlapping to avoid potential bias
induced by Post positional and morphological changes
of the proximal/distal segments. The overlapping region
showed extensive bone formation and resorption at the
medial and lateral surfaces, contributing to the out-
come of a flat-surfaced ramus. This regional healing and
remodeling were correlated with Imm segmental overlap-
ping patterns and the range of mandibular movement at
the middle ramus region. Moreover, new bony projec-
tions with muscular attachments were observed at the
posterior border. Further evaluation of 3D positional
changes of the mandible and their relationship with the
remodeling pattern is planned.
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Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/512903-025-06567-1.

Supplementary Material 1: Supplementary Fig. 1. The isolation and
superimposition of the mandibular proximal marrow models. (A-D) Imm
proximal segment was divided into cortical (C) and marrow parts (D). (E-H)
Postproximal segment was also separated into cortical (G) and marrow
parts (H). (I-L) Imm proximal segment was superimposed to Postramus us-
ing our segmental superimposition method (I and J), and their cortical (K)
and marrow models (L) were independently compared and superimposed
to adjust finely the previously performed registration with the whole
cortex-marrow model. (M, N) The inter-surface distance between the mar-
row (M) or cortex (N) models was calculated and is shown in color maps,
to reveal the high level of inter-surface distance with bony resorption
(blue) and apposition (red) in the cortical models (N) and low discrepancy
in marrow models (M). Note: Color coding for M: orange and red for 0.5 to
1.0 mm of bone apposition and blue for 1.0 mm of bone resorption; color
coding for N: orange and red for 5.0 to 6.0 mm for bone apposition and
blue for 1.0 mm of bone resorption.

Supplementary Material 2: Supplementary Fig. 2. The ramal remodeling in
group A (lateral overlap) and group D (Gap). Imm ramus with the lateral
overlapping type (A and D for group A; G and J for group D) was com-
pletely healed and remodeled, resulting in Postramus (B and E; H and K).
The Imm proximal (black arrowhead in A and C; ivory colored in C, F, I, and
L) and distal segments (white arrowhead in A and C; gray colored in C, F,

I, and L) were independently superimposed to Postramus (B and E; H and
K) to reveal Postoperative remodeling (C and F; I and L). The inter-surface
distance between them was calculated and is shown in color maps for
the lateral (M and O) and medial side (N and P) of ramus, indicating the
high level of bony apposition (blue and indicated by white arrows) and
resorption (red and indicated by black arrows) mainly at the angular area.
Note: Color coding for M and N: orange and red for 1.5 to 2.5 mm and
gray for more than 2.5 mm of bone resorption; light and dark blue for -0.5
to-1.5 mm and in gray for more than -1.5 mm of bone apposition. Note:
Color coding for O and P:in orange and red for 0.9 to 1.5 mm and in gray
for more than 1.5 mm of bone resorption; in light and dark blue for -0.4
to-1.0 mm and in gray for more than -1.0 mm of bone apposition. Note:
proximal segment, indicated by black arrowhead; distal segment by white
arrowhead; bone apposition, indicated by white arrows; bone resorption,
indicated by black arrows.

Supplementary Material 3: Supplementary Fig. 3. Summary of the ramal
remodeling after IVRO.

Supplementary Material 4
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