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Abstract
Although various animal studies have indicated that sensory nerves played an important role in bone metabolism and nerve injury
could impair the process of bone remodeling, the actual effect of sensory nerve rupture on human bones remains unclear. The aim of
this preliminary study was to investigate the effect of inferior alveolar nerve (IAN) rupture on mandibular bone remodeling of patients
underwent bilateral sagittal split ramus osteotomy (BSSRO).
Ten patients with unilateral IAN rupture during BSSRO were involved in this study. Neurosensory examinations were employed to

assess the sensory function of bilateral IAN. The remodeling process of the post-operational mandible was evaluated by panoramic
radiographs and computed tomography (CT) scans.
Neurosensory examinations indicated that nerve rupture resulted in significant hypoesthesia at the IAN-rupture side. Assessment

of panoramic radiographs showed no evident alterations of bone structure at the IAN-rupture side of mandible. Evaluation of CT
images also indicated no statistical difference in bone density and thickness between IAN-rupture side and contralateral side.
Accordingly, our study indicated that IAN rupture may not significantly impair the short-term bone remodeling process of human

mandible.

Abbreviations: 3M= 3-month, 6M= 6-month, BSSRO= bilateral sagittal split ramus osteotomy, CGRP= calcitonin gene-related
peptide, IAN = inferior alveolar nerve, LCT = lingual cortical thickness, MTD = mean trabecular density, SP = substance P.
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1. Introduction

Human bones are constantly remodeled by targeted and
untargeted remodeling.[1,2] The untargeted remodeling is a
stochastic process which participates in maintaining the balance
of essential mineral, while the targeted remodeling is aimed at
specific sites, providing a mechanism for the bone tissue to repair
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damage and adapt itself to the mechanical environment.[1]

Numerous factors, including mechanical loading, aging, endo-
crine system, and neural system, have been shown to participate
in both targeted and untargeted remodeling.[3–8] Among these
factors, nerve system, as was recently suggested by in vitro and in
vivo studies, may play an equally important role in the targeted
bone remodeling with the others.[6,7,9–17] The in vivo evidence
derived from murine and rabbit inferior alveolar nerve (IAN)
transection models indicated that IAN injury could lead to a
delayed process of bone healing and significant periodontal bone
damage in the mandible.[7,9,10,12,14,16,17] The related results of
immunohistochemical analysis revealed that IAN injury altered
the expression level of several IAN-secreted neuropeptides, such
as calcitonin gene-related peptide (CGRP) and substance P (SP),
and subsequently impaired bone remodeling by affecting
osteoclast and osteoblast activities.[6,9,10,13,17]

Notably, the IAN transection model is very similar to the
situation of IAN rupture during bilateral sagittal split ramus
osteotomy (BSSRO), a prevalent surgical method for the
correction of maxillofacial deformities. As the most frequently-
adopted surgical procedure in orthognathic surgery, neurosen-
sory disturbance remains one of the most common complications
of BSSRO despite of its advantages.[7,9,17,18] Previous studies
reported that persistent post-operational hypoesthesia of IAN
due to nerve rupture during operationmight occur in 1.3% to 7%
of BSSRO cases.[18–23] Though the incidence rate is low, if it did
happen, however, the subsequent effect of IAN rupture on
remodeling of human mandible is still unclear. Therefore, this
study was designed to investigate the bone remodeling process of
the unilaterally IAN-rupture mandible by assessing nerve
function and radiograph data, through which, we hope to,
provide a guidance for clinical practice.
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2. Patients and methods

2.1. Patients

This retrospective research was approved by the Independent
Ethics Committee of Shanghai Ninth People’s Hospital affiliated
to Shanghai JiaoTong University, School of Medicine (SH9H-
2018-T19-1). All medical records of patients who received
BSSRO in our department from 2013 to 2018 were retrieved to
screen out the unilaterally IAN-rupture cases. Patients with a
history of alcohol abuse, smoking, medications, or pathology
that could influence bone metabolism were excluded from this
study. Finally, a total of 10 eligible cases (4 males and 6 females)
were included in this study.

2.2. Neurosensory examinations

The IAN-distributed area was divided into 4 sites in each patient:
site 1-right lower lip; site2-left lower lip; site 3-left chin skin; site
4-right chin skin (Supplemental digital content.1, http://links.
lww.com/MD/D187).[19] The IAN neurosensory disturbance was
evaluated by a self-assessment (Westermark) test and a light-
touch sensation examination. According to Westermark’s study,
patients were asked to select a score for each site on basis of a 5-
point assessment system: 1-completely numb; 2-almost no
sensation; 3-reduced sensitivity; 4-almost normal sensitivity; 5-
completely normal sensitivity.[24] The light-touch sensation
examination was carried out by a doctor.[18] The criteria of
Figure 1. (A) Three-dimensional location of ROI, C means coronal plane, S means
the central fossa of lower 7; (B) 2-dimensional location of ROI, the coronal and sa
midpoint of the mesial apex of lower 7 and the distal apex of lower 6; (C) LCT w
calculated by the software. LCT = lingual cortical thickness, MTD = mean trabec
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light-touch sensation were: 0-no responding to stimuli; 1-serious
perception loss; 2-hardly perceiving mild stimuli with sensory
change; 3-perceiving mild stimuli with sensory change; 4-
perceiving mild stimuli with no sensory change. Both examina-
tions were repeated 3 times by the same examiner.[18]
2.3. Assessment of panoramic radiograph

The preoperational and postoperational (3 months and 6
months) panoramic radiographs of selected patients were
obtained to assess the bilateral mandibular cortex and trabeculae
at the premolar region.
(1)
sagit
gitta
as m
ular
Themandibular cortexwas categorized according to Klemetti
Index.[25,26]

(i) Normal cortex: The endosteal margin of the cortex is
even and sharp on both sides;

(ii) Moderately eroded cortex: The endosteal margin shows
lacunar resorption or endosteal cortical residues;

(iii) Severely eroded cortex: The cortex forms heavy
endosteal cortical residues and is unequivocal porosity;
tal pla
l plan
easu
dens
The mandibular trabeculae was categorized according to a 3-
[27–29]
(2)

step visual index.
(i) Dense: Small intertrabecular spaces;
(ii) Mixed dense: Small intertrabecular spaces cervically and

large spaces apically;
(iii) Sparse: Large intertrabecular spaces
ne, H means horizontal plane, the coronal and sagittal plane cross on
e pass the central fossa of lower 7, the horizontal plane passes the
red at the level of horizontal plane, MTD of the selected region was
ity, ROI = region of interest.
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Table 1

Difference values of LCT and MTD.

LCT MTD

3-mo LCT3- LCTp MTD3- MTDp
6-mo LCT6- LCTp MTD6- MTDp

LCT3 = 3-month lingual cortical thickness, LCT6 = 6-month lingual cortical thickness, LCTp = pre-
operational lingual cortical thickness, MTD3 = 3-month mean trabecular density, MTD6 = 6-month
mean trabecular density, MTDp = pre-operational mean trabecular density.
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2.4. Evaluation of computed tomography images

Computed tomography (CT) scans (Philips Brilliance 64, 120 kv,
1.0 mm-thickness) were performed before and 3 months, 6
months after surgery. Related CT data were imported into
Simplant (Materialise Dental, Leuven, Belgium) to reconstruct
the 3-dimensional models of mandible (Threshold: 350–2976
HU). The location of regions of interest was demonstrated in
Figure 1A and B. The bilateral lingual cortical thickness (LCT)
and mean trabecular density (MTD) were measured on the 2-
Figure 2. (A and B) The osteotomy line of BSSRO, the vertical osteotomy cut was e
themodel of IAN-rupture side, the rupture site of IANwas highlighted by the box; (D)
black arrow, the broken surface of IAN was highlighted by the yellow circle. BSS

3

dimensional CT images and calculated by the software (Fig. 1C).
The difference values of LCT and MTD on each side was
calculated by the formulas listed in Table 1.

2.5. Statistics

All data were presented as mean value and analyzed by IBM SPSS
statistics software (version 22.0; IBM, Armonk, NY). Wilcoxon
signed-ranked test was applied to assess the differences between
the IAN-rupture side and contralateral one. The level of statistical
significance was set at P< .05.
3. Results

All these 10 patients (25.3±3.95 years old) were healthy with
normal sensation function of IAN before surgery. As was shown
in Figure 2, the vertical osteotomy cut was extended from the
distal of the first molar to the posterior border of mandible. IAN
rupture might occur during the cutting, splitting or moving the
mandible (Fig. 2C). Each case of unilateral IAN rupture was
observed and confirmed by the surgeon during surgery (Fig. 2D).
xtended from the distal of the first molar to the posterior border of mandible; (C)
IAN rupture during BSSRO surgery, the broken ends of IANweremarked by the
RO = bilateral sagittal split ramus osteotomy, IAN = inferior alveolar nerve.
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Table 3

Light sensation examination.

Injured side Site 1 (3M) Site 2 (3M) Site 3 (3M) Site 4 (3M) Site 1 (6M) Site 2 (6M) Site 3 (6M) Site 4 (6M)

Patient 1 Right 1.7 3.7 3.3 2.0 2.3 4.0 3.3 2.7
Patient 2 Right 0.0 3.3 4.0 0.0 0.3 3.7 4.0 0.3
Patient 3 Left 3.7 1.7 2.0 3.0 4.0 2.0 2.3 4.0
Patient 4 Left 3.3 0.7 1.3 4.0 4.0 1.0 1.0 4.0
Patient 5 Left 4.0 1.7 1.7 3.3 4.0 2.0 1.7 3.7
Patient 6 Right 2.0 4.0 4.0 2.3 2.7 4.0 4.0 2.7
Patient 7 Right 0.7 3.7 3.7 1.3 1.7 4.0 4.0 2.0
Patient 8 Left 3.7 1.0 1.3 3.3 3.7 1.7 1.7 3.7
Patient 9 Right 1.3 3.3 3.3 1.7 2.3 3.7 4.0 2.0
Patient 10 Right 0.7 3.3 3.3 1.0 1.7 3.7 3.7 1.7

3M = 3-month, 6M = 6-month.

Figure 3. The sensation scores of self-assessment test and light sensation examination. (A) Self-assessment test, p3-month = .005, p6-month = .005; (B) light
sensation examination, p3-month = .005, p6-month = .005.
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3.1. Neurosensory examinations

All patients were free of neurosensory disturbance before surgery.
The postoperational sensation scores of all patients were listed in
Tables 2 and 3. The average sensation scores of IAN-rupture side
and contralateral one were presented in Figure 3. Figure 3
indicated that BSSRO surgery led to an impaired sensation
function of bilateral IAN with a significantly lower sensation
score at the IAN-rupture side. Although the sensation function of
Table 2

Self-assessment test.

Injured side Site 1 (3M) Site 2 (3M) Site 3 (3M)

Patient 1 Right 1.7 4.3 4.0
Patient 2 Right 1.0 3.6 3.3
Patient 3 Left 4.0 2.3 2.3
Patient 4 Left 3.3 1.3 1.7
Patient 5 Left 4.3 1.7 2.0
Patient 6 Right 1.7 4.0 5.0
Patient 7 Right 1.3 4.0 4.3
Patient 8 Left 4.3 1.7 1.3
Patient 9 Right 1.3 4.7 4.3
Patient 10 Right 1.0 4.0 3.7

3M = 3-month, 6M = 6-month.
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IAN might slightly restore over 6 months after surgery, patients
still felt numb on the skin of IAN-rupture side, indicating that
the sensation function of ruptured IAN had no apparent
improvement.

3.2. Panoramic radiograph

The patients’ preoperational panoramic radiographs depicted
normal cortical and trabecular bone in both sides (Fig. 4A). No
evident alteration of bone structure was found on postopera-
Site 4 (3M) Site 1 (6M) Site 2 (6M) Site 3 (6M) Site 4 (6M)

2.0 3.3 5.0 5.0 3.3
1.0 1.3 4.0 4.3 2.7
4.0 4.3 2.7 3.0 4.7
3.0 4.0 1.3 2.0 4.3
4.0 4.7 2.0 2.0 5.0
2.7 2.0 4.7 5.0 2.7
1.7 1.3 4.7 4.3 1.7
4.3 4.7 1.7 1.3 4.7
1.7 2.0 5.0 4.7 1.7
1.0 1.7 4.3 4.3 1.7



Figure 4. Cortical bone in the premolar mandibular region (white arrow),
trabeculae bone in the premolar region (white box). (A) Preoperational
panoramic radiograph; (B) panoramic radiograph (3 months after BSSRO); (C)
panoramic radiograph (6 months after BSSRO). BSSRO = bilateral sagittal split
ramus osteotomy.
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tional panoramic radiographs (Fig. 4B and C). The trabecular
bone in bilateral premolar region of all patients exhibited dense
bone pattern with small intertrabecular spaces on the pre- and
postoperational radiographs (Fig. 4).

3.3. CT images

Minor alterations of bone structure were then further verified on
CT images. For all patients, bone regeneration occurred at the
bilateral osteotomy region (Fig. 5C and E). Compared with the
preoperational images, bone structure was normal bilaterally and
no abnormal alteration was found in the mandibular osteotomy
region (Fig. 5B, D, and F). The detailed data of LCT and MTD
were presented in Tables 4 and 5. Figure 6 depicted the difference
values of LCT and MTD of the IAN-rupture side and
contralateral side. Analysis of the difference values demonstrated
no significant difference between the IAN-rupture side and
contralateral one (P> .05).

4. Discussion

Bone metabolism is complicatedly regulated by systemic and
local factors. In the last 2 decades, an increasing number of
5

studies have concentrated on the origin, distribution, and
function of neural system in bone.[6,10,13,15,17] Previous immu-
nohistochemical evidence confirmed that sensory nerve fibers
distributed in periosteum, trabecular bone, and cortical
bone.[6,7,9] Recent animal studies of experimental denervation
have indicated that sensory neural systems are closely involved in
bone remodeling.[8,11,15,30] A complex of cellular and molecular
signal alterations may be immediately initiated following a
sensory nerve injury. If had not been promptly treated, neural
injury could cause a significant reduction in the release of
neuropeptides, thus affecting the balance of bone metabolism.[6]

However, intriguing paradox still exists in the facts that isolated
bone cells and tissue-engineered bones with no innervation can
still be used to restore bone defects and fractures. Moreover, no
strong clinical evidence has supported the close correlation of
sensory nerve injury and attenuation of bone healing so far.
Notably, Hert et al have indeed demonstrated that innervated
and denervated limbs react to intermittent loading in the same
way.[31] Through assessing the pre- and postoperational
radiological images of 10 patients with unilateral IAN rupture
during BSSRO, we also found no significant alterations of bone
structure, density and healing quality at the IAN-rupture side.
IAN, a branch of the mandibular nerve, travels beneath the

lateral pterygoid muscle before entering mandibular canal
through the mandibular foramen. The IAN inside the mandibular
canal is a sensory nerve surrounded by mandibular cortex and
trabeculae, which makes IAN an ideal model for investigating the
influence of peripheral sensory nerves on bone remodeling.[9]

Previous in vivo studies have well established that IAN
transection would significantly impede the healing process of
mandibular bone and aggravate periodontal tissue destruction by
inhibiting osteoblast function, promoting osteoclast formation,
and changing the secretion of several neuropeptides such as
CGRP, SP, and nerve growth factor-b (NGF-b).[9,30,32] More-
over, the neuropeptides released from sensory nerve fibers are
also able to regulate the in vitro differentiation of osteoblast
lineage cells, and promote in vivo bone formation and
remodeling.[10,12,13]

Thus, according to the aforementioned findings, patients with
IAN rupture might suffer from not only paresthesia but also
impaired bone remodeling theoretically.[14] However, the present
results of our study failed to support such hypothesis. Although
the neurosensory examinations indicated a severe impairment of
sensation function at the IAN-rupture side up to 6 months after
the surgery, no obvious sign of abnormal bone resorption was
found at the rupture side. Evaluation of panoramic radiographs
and CT images revealed that bone remodeling at the rupture side
was similar to the contralateral side. Actually, animal study is a
relatively simple experimental model which is unable to
reproduce the complicated conditions in human body. Therefore,
3 possible factors might explain the inconsistency between our
results and previous findings. First, the surgical method of animal
study is different with BSSRO surgery. The IAN transection
model of animal study was established by transecting IAN at the
site of mandibular foramen, while IAN rupture mainly occurred
inside the mandibular canal during BSSRO.[9,18] Second,
different examination methods between clinical study and animal
study might contribute to the inconsistent results. Micro-CT and
histological examination, 2 common examination methods of
animal study, were capable of discovering the microscopic
alterations of bone structure.[9–11,17,33] However, panoramic
radiograph and CT scan could hardly achieve the same accuracy.

http://www.md-journal.com


Figure 5. The 3-dimensional models of mandible, (A) preoperational; (C) 3 months after BSSRO; (E) 6 months after BSSRO. Bone regeneration occurred at the
bilateral osteotomy region; The 2-dimensional bone structures of ROI. (B) Preoperational; (D) 3 months after BSSRO; (F) 6 months after BSSRO. Compared with the
preoperational images (B), the postoperational bone structure (D and F) was normal bilaterally and no abnormal alteration was found. BSSRO= bilateral sagittal split
ramus osteotomy, ROI = region of interest.
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Still, CT scan has been so far the most precise method for
noninvasive assessment of bone structure.[34–37] We combined
the evaluation of panoramic radiographs with analysis of CT
images in order to assess the bone remodeling of postoperational
Table 4

Lingual cortex thickness (mm).

Right (pre) Left (pre) Right (

Patient 1 3.60 3.34 3.92
Patient 2 4.07 4.04 3.79
Patient 3 2.71 3.19 3.02
Patient 4 3.07 3.93 3.01
Patient 5 4.21 4.36 3.44
Patient 6 3.88 3.83 3.92
Patient 7 3.48 3.83 3.17
Patient 8 3.75 3.66 3.81
Patient 9 4.11 3.72 3.72
Patient 10 3.93 4.02 3.80

3M = 3-month, 6M = 6-month.
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mandible as thorough as possible. [38,39] Third, bone remodeling
controlled by mechanical loading may also account for such
discrepancy. For those patients receiving BSSRO surgery, they
usually possess a balanced mechanical loading and masticatory
3M) Left (3M) Right (6M) Left (6M)

3.67 3.92 3.76
3.49 3.95 3.53
3.53 2.66 2.97
4.43 3.41 4.31
4.54 3.53 4.86
3.73 3.15 4.66
3.91 3.92 3.47
3.89 3.71 3.93
3.88 4.02 3.11
4.06 3.27 3.84



Table 5

Mean trabecular density (HU).

Right (pre) Left (pre) Right (3M) Left (3M) Right (6M) Left (6M)

Patient 1 335.47 353.76 330.60 320.83 286.90 261.18
Patient 2 401.60 167.24 502.76 169.14 493.80 204.24
Patient 3 283.31 178.58 263.86 170.73 268.32 182.63
Patient 4 231.10 508.23 371.55 525.40 329.27 414.76
Patient 5 67.31 89.52 161.76 294.20 174.55 575.93
Patient 6 131.10 124.74 145.71 152.66 461.16 337.80
Patient 7 327.10 278.68 344.62 321.70 353.45 309.52
Patient 8 229.34 356.70 236.62 326.88 277.84 318.73
Patient 9 382.93 452.65 425.76 432.29 369.32 398.78
Patient 10 157.31 205.84 252.80 271.44 206.41 221.20

3M = 3-month, 6M = 6-month.

Figure 6. The difference values of LCT and MTD. (A) Difference value of LCT, p3-month = .48, p6-month = .51; (B) difference value of MTD, p3-month = .51, p6-month =
.29. LCT = lingual cortical thickness, MTD = mean trabecular density.
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function of the mandible after surgery, which is different with the
experimental animals in which the nerve transection may lead to
disuse of unilateral mandible. The negative influence of disuse of
unilateral hind limbs on distraction osteogenesis highlighted the
vital effect of mechanical stimulation on bone remodeling.[15]

Particularly, bone turnover stimulated by mechanical loads may
influence the effect of neural transmitter on experimental animals
likewise.[33]

Admittedly, there are limitations in our study. The sample size
of the present study was relatively limited since the rather rare
incidence rate of IAN rupture. In addition, the radiographic
follow-up of 6 months was short, and long-term follow-up was
warranted to demonstrate the reproducibility of our radiographic
findings. Given these limitations, more cases with long-term
observation will be needed to achieve a clear vision in the future.
In conclusion, we found that the remodeling pattern of bone at

the IAN-rupture side was no different from that at the
contralateral side, as indicated that IAN rupture might not
significantly impair the short-term bone healing process of
human mandible. Multiple factors rather than sensory nerve
alone may play more crucial roles in mandibular bone
remodeling when IAN was ruptured.
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