Mohlhenrich et al. Head & Face Medicine (2022) 18:33 Head & Face Medicine
https://doi.org/10.1186/513005-022-00338-x

RESEARCH Open Access

: . . ®
Correlations between radiological ol

and histological findings of bone remodelling
and root resorption in a rodent cleft model

Stephan Christian Mohlhenrich!”, Kristian Kniha?, Marius Heitzer?, Zuzanna Magnuska®,
Benita Hermanns-Sachweh? Felix Gremse?, Sachin Chhatwani', Frank Holzle?, Ali Modabber? and
Gholamreza Danesh'

Abstract

Background: The evaluation of bone remodelling and dental root resorption can be performed by histological tech-
niques or micro-computed tomography (micro-CT). The present study aimed to evaluate the relationship between
these two procedures in the context of cleft repair in a rat model.

Methods: The reconstructed maxillae and the orthodontically-moved first molar of 12 rats were analysed for cor-
relations between the histological and radiological findings retrospectively. The alveolar cleft repairs were performed
using bone autografts or (human) xenografts. Four weeks after the operation, the intervention of the first molar
protraction was initiated and lasted for eight weeks. The newly formed bone and the root resorption lacunae were
determined via histology. In the micro-CT analysis, the average change of bone mineral density (BMD), bone volume
fraction (BV/TV), trabecular thickness and trabecular separation of the jaw, as well as the volume of the root resorp-
tions were determined. The Pearson correlation coefficient was applied to study the associations between groups.

Results: Positive correlations were found only between the newly formed bone (histology) and BMD changes
(micro-CT) in the autograft group (r=0.812,95% Cl: 0.001 to 0.979, p=0.05). The relationship of newly formed bone
and BV/TV was similar but not statistically significant (r=0.691, 95% Cl: —0.274 to0 0.963, p=0.013). Regarding root
resorption, no significant correlations were found.

Conclusions: Due to the lack of correlation between histological and radiological findings of bone remodelling and
the development of root resorptions, both methods should be combined in this cleft model in rats for a comprehen-
sive analysis.

Keywords: Histology, Micro-computed tomography, Quantitative bone morphometry, Root resorption, Bone
substitutes, Cleft animal model, Rat

Introduction

Osteoplasty is an established treatment for cleft patients.
In alveolar ridge repairs, various types of bone grafts
have been applied, such as autografts from the iliac crest,
cranium, mandibular symphysis, tibia or rib, allografts,
*Correspondence: stephan.moehlhenrich@uni-whde xenografts or synthetic bone substitutes (e.g., biocer-
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standard for cleft repair due to their osteogenic, osteoin-
ductive and osteoconductive properties [4]. Nevertheless,
the bone grafting process implies operational risks and
may lead to postoperative donor site morbidities, such as
pain, hematoma and delayed ambulation. Furthermore,
maxillofacial donor sites entail limited bone supply, indi-
cating the demand for an additional donor site and the
associated inherent susceptibility to resorption in the
long term [5-10]. Therefore, different grafting materials
and bone substitutes are constantly being improved to
enhance clinical outcomes and limit postoperative mor-
bidities [3, 4, 11].

In this context, we recently introduced a new alveolar
cleft model in rats with complete maxillary interruption
covered by the epithelial lining, which allows for ortho-
dontic tooth movement after cleft repair [12—15]. This
model permits cleft repairs using autologous bone grafts
from a novel donor site, the ischial tuberosity of the hip
[12, 13]. This model permits the in vivo radiological anal-
ysis of the bone structure of the reconstructed area and
the associated tooth roots, as well as the corresponding
histopathological examination after the trial. The bone
graft quality of different substitutes, including autografts,
and the root resorptions after cleft repair in the context
of subsequent orthodontic treatment have been analysed
and compared via radiology and histology methods [14,
15].

Several studies have shown that micro-computed
tomography (micro-CT) measurements of bone mor-
phology are highly consistent and accurate. Morphol-
ogy assessments with micro-CT have been compared to
typical two-dimensional (2D) histomorphometry meas-
urements in both animal [16—19] and human specimens
to determine their compatibility [20-24], revealing that
micro-CT assessments of 2D and three-dimensional (3D)
morphology correlate with 2D histomorphometry meas-
urements. In this context, Miller et al. [21] reported high
correlations and minor differences between conventional
histology and microtomography analyses regarding bone
volume density (BV/TV), bone surface density (BS/TV),
trabecular thickness (Tb.Th) and trabecular separation
(Tb.Sp).

The analysis of orthodontically induced root resorp-
tion can also be performed with micro-CT analysis
[25, 26]. However, to our knowledge, there are no com-
parative studies on the differences between micro-CT
assessments of 2D and 3D morphology and 2D histomor-
phometry measurements of root resorptions.

In our recently published articles [14, 15], contradic-
tory results or discrepancies between the radiological and
histological analyses were found. As for the bone micro-
architecture of substitutes, bone mineral density (BMD)
and BV/TV were higher in the micro-CT of the autograft
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than the human xenograft, while in the histological anal-
ysis, the most persistent grafting material was the human
xenograft, which also led to the highest percentage of
new bone formation [15]. The largest root resorption
was detected at the mesial root after orthodontic tooth
movement of the autograft with the radiological analysis,
followed by the human xenograft [14]. Based on these
findings, the previously documented correlation between
histological and radiological measurements in different
tissues does not seem to exist in this model.

Therefore, this follow-up investigation aimed to evalu-
ate the correlation between histological findings by tolui-
dine blue staining and radiological findings in micro-CT
analysis in the case of root resorptions and bone mor-
phology changes after cleft repair. Particularly, we deter-
mined whether new bone formation can be deduced
from the radiological analysis of bone morphology.

Materials and methods

Detailed information about the study protocol and the
procedures was recently published [12, 13]. The a priori
sample size calculation was performed applying a one-
way ANOVA considering the data in Ru et al. [27].

The animal trials were authorised by the Governmen-
tal Animal Care and Use Committee (Reference No.:
81-02.04.2018.A342; Landesamt fiir Natur, Umwelt und
Verbraucherschutz Recklinghausen, Nordrhein-West-
falen, Germany; date: January 11, 2019) and were con-
ducted in agreement with the German Animal Welfare
Law (Tierschutzgesetz, TSchG) and the European Union
Directive 2010/63/EU. The study was performed accord-
ing to the ARRIVE Guidelines [26] and the Guide for the
Care and Use of Laboratory Animals.

In this follow-up investigation, the rats were retro-
spectively analysed after alveolar cleft repair with either
autograft or human xenograft (N==6 per group). In one
group, the cleft repair was performed with autologous
bone from the hip, while in the other group, human xen-
ogeneic bone substitute (maxgraft, Botiss Biomaterials,
Zossen, Germany) was used.

At the time of the artificial maxillary cleft creation, the
rats were 8 weeks old and had a mean average weight of
465+ 34 g, while after another 4weeks the cleft repair
was performed. Finally, four weeks after the maxillary
reconstruction, the orthodontic tooth movement inter-
vention started and lasted for 8 weeks (Fig. 1A—C). At the
end of the experimental procedures, the animals were
16 weeks old with an average body weight of 542+32g.
Subsequently, the animals were euthanised by cervical
dislocation under general anaesthesia.

Cleft creation, maxillary reconstruction and ortho-
dontic device placement were performed under general
anaesthesia with a cocktail of ketamine (80-100mg/kg,
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Fig. 1 View of the surgical site on the left maxilla and palate. Top: tongue base; bottom: mouth tip. A Preparation of the artificial alveolar cleft in the
front of the first molar on the left side of the rat’s maxilla with an ultrasonic device. B Maxillary cleft repair was performed with an autograft from the

ischial tuberosity of the hip or (C) a human xenograft. D Orthodontic appliance based on a 0.14N nickel/titanium closed coil tension spring fixed
between the first molar and the incisors

o

i.p.), medetomidine hydrochloride (0.15-0.25mg/kg,
i.p.) and buprenorphine (0.03-0.05mg/kg, s.c.). Antibi-
otic administration (cefuroxime: 15mg/kg, s.c.) started
after the operation at a 24-hour interval for seven con-
secutive days. Atipamezole hydrochloride (0.75mg/kg,
i.p.) was administered to support the recovery process,
and buprenorphine (0.03—0.05mg/kg, s.c.) was given for
maximum 5 days when necessary.

Micro-computed tomography (Mirco-CT) analysis

The required radiological examinations were performed
in vivo using a pCT system (U-CT OI, MlILabs, Utrecht,
the Netherlands) at three time points: immediately after
the jaw reconstruction (T0), 4weeks after cleft repair and
before the initiation of the orthodontic tooth movement
(T1), and 12weeks after cleft repair or 8 weeks of ortho-
dontic tooth movement (T2).

The radiology parameters were the following: ultra-
focus magnification and rotation of 360° at an increment
of 0.75° with 0.3 s/degree. The data were reconstructed at
an isotropic voxel size of 40 um. The Micro-CT data were
down-sampled to a voxel size of 80 pm. The images of
cross-sectional slices were rendered to 3D iso-surfaces.
For the analysis of the reconstructed maxillae and the
root resorption of the first molars, both regions were
segmented in micro-CT images using all the anatomical
planes.

For the bone analysis, a coat with a fixed 10-voxel
thickness was calculated around the segment using the
morphological operation [28]. Then, the bone tissue was
segmented within the coat’s volume via thresholding.
The reconstructed maxilla and the surrounding bone
were then analysed for BMD, BV/TV, Tb.Th and Tb.Sp
(Fig. 2A-D). Radiological changes (A =T2-T0) within the
reconstructed part of the maxilla were defined by the dif-
ference among these measurements.

For the root analysis, all roots were individually delin-
eated, and their volumes were calculated for all three
measurements (T0-T2). The root resorption was ana-
lysed by subtracting the root volume at T2 from the root
volume at T1 (Fig. 2E-H).

Histomorphometry analysis

After resection of the affected part of the maxilla includ-
ing the orthodontically moved first molar, the samples
were stored in 4% formalin (Otto Fischar GmbH & Co.
KG, Saarbriicken, Germany), followed by decalcifica-
tion in a 20-fold volume of ethylenediaminetetraacetic
acid (EDTA, MolDecalcifer, Menarini, Florence, Italy)
for 4weeks at 37°C. Afterwards, the samples were depos-
ited in 5% sucrose/phosphate-buffered saline for 24h,
followed by shock freezing in liquid nitrogen and finally
embedded (TissueTek, Sakura, Alphen, Netherlands).

Subsequently, longitudinal sections through the tooth
and the surrounding hard and soft tissue or cross-sec-
tions from the area immediately in front of the first molar
(all sections were 7 pm thick) were collected and fixed on
super frost slides for drying. Then, the samples were sub-
merged in acetone for 10 min and stained with toluidine
blue, according to a standard protocol. The specimens
were observed under digital microscopy with software
support (OLYMPUS digital microscope DSX-1000,
Olympus Hamburg, Germany).

The region of the augmented bone, the newly formed
bone, and the interior and exterior of the augmented sub-
stitutes were observed to evaluate the osseous build-up
or the bone substitutes that were still present (Fig. 3).
The amount of root resorption was defined as the area
between the intact parts of the root surfaces (Fig. 4).

Statistical analysis
The Shapiro-Wilk test was applied to confirm the normal
distribution of the data. Statistical comparisons between



Mohlhenrich et al. Head & Face Medicine (2022) 18:33

Page 4 of 10

%

Fig. 2 Radiological imaging after cleft repair. A The autologous bone (in green) in three-dimensional (3D) micro-computed tomography (micro-CT)
volume rendering (B) in the transverse, (C) coronal and (D) sagittal planes. (E) Three-dimensional reconstruction of the extracted teeth before (in
purple) and (F) after (in yellow) the orthodontic treatment. The white arrows point to root resorption signs

xenogeneic/human bone

Fig. 3 Toluidine blue staining of the reconstructed jaw after cleft repair and orthodontic tooth movement. Microscopy imaging of (A) the
autologous bone and (B) the xenogeneic/human bone. Representative radiological slices on the transverse plane for (C) the autologous and (D) the

the groups were performed with the unpaired nonpara-
metric Mann-Whitney test with compared ranks. The
correlations between the radiological (BMD, BV/TV,
Tb.Sp and Tb.Th) and the histological measurements to

determine the newly formed bone (mm?) and the resorp-
tion lacunae (mm?) were analysed with the Pearson cor-
relation coefficient (r). The latter was also used to study
the correlation between the radiological and histological
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autologous and (D) the xenogeneic/human bone

Fig. 4 Toluidine blue staining of longitudinal sections of the first molar and the surrounding hard and soft tissue after cleft repair and orthodontic
tooth movement. A The autologous and (B) xenogeneic/human bones. Representative radiological slices on the transverse plane for (C) the

determination of root resorptions. All analyses were per-
formed on Prism (version 8, GraphPad Software Inc.,
La Jolla, CA, USA). The level of significance was set at
p<0.05. All results are expressed as mean = standard
deviation (SD).

Results

The results of the histological analysis (persistent graft-
ing material and new bone formation measured in mm?)
and the radiological measurements (changes in BMD,
BV/TYV, Tb.Th and Tb.Sp) 12weeks after the cleft repair,
including the 8 weeks of tooth movement, are shown in

Table 1 Numerical results from the statistical analysis

Table 1. The mean values of root resorptions are demon-
strated in Table 2. Table 3 presents the results of the cor-
relation analysis. Figure 5 shows the overall relationship
between the histological findings of newly formed bones
and the radiological measurements of morphometric
bone changes. Figure 6 presents the relationship between
the histological and radiological measurements of root
resorptions.

As for the bone morphometric changes, neither the
histological nor the radiological analysis showed statisti-
cally significant differences between the autograft and the
human xenograft groups, except for Tb.Th (0.031 £0.024

Autograft Human Xenograft P-Value
Mean +SD Min Max Mean+SD Min Max
Histological analysis Grafting material (mm?) 0.90 £ 040 0.39 1.57 111 £079 041 252 0.74
New bone formation (mm?) 0.51+0.29 0.08 0.95 0.89 +0.84 0.28 252 0.69
Radiological analysis A BMD (g/cm?) 0.078 £0.139 -0.158 0228  -0031£0013 —0.049 —-0017 007
ABV/TV (%) -0183+156  -25.10 175 -548+148 —735 —352 0.39
ATb.Th (cm) 0.031 +£0.024 0.007 0.059 -0.003 £ 0.001 —0.004 —0.003 0.002*
ATb.Sp (cm) 0.039 £ 0.022 0.010 0060  0.014£0019 —-0018  0.038 0.065

The amount of persistent grafting material (mm2) and new bone formation (mm2) after the 12-week cleft repair healing period (TO-T2) as evaluated by histology. The
changes (A =Mirco-CT 2-0) in bone mineral density (BMD; g/cm3), bone volume fraction (BV/TV; %), trabecular thickness (Tb.Th; cm) and trabecular separation (Tb.
Sp; cm) as evaluated by radiology. The data are presented as mean, minimum and maximum values =+ standard deviation (SD)
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Table 2 Mesial root resorption as measured with histology (mm?2) and radiology (mm3) after 8 weeks of tooth movement (T1-T2)

Autograft Human Xenograft P-values
Mean +SD Min Max Mean +SD Min Max
Histological analysis (mm?) 0.05 4+ 0.01 0.03 0.07 0.08 +0.05 0.03 017 0.72
Radiological analysis (mm?) 2384035 1.89 2.74 217 +0.26 1.82 2.51 0.31

The data are presented as mean, minimum and maximum values =+ standard deviation (SD)

Table 3 Correlations between the radiology (A=uCT 2-0 in BMD, BV/TV, Tb.Sp and Tb.Th) and the histology measurements for new
bone formation and the development of root resorptions according to the applied bone substitutes

Number of pairs

Pearson Correlation

™) Rank Correlation (r)  95% confidence interval P-value
Bone substitute A (uCT7-1)
Autograft BMD 6 0812 0.001 t0 0.979 0.05*
BV/TV 6 0.691 —0.27410 0.963 0.13
Tb.Sp 6 0377 —0.626t0 0910 046
Tb.Th 6 0.378 —0.626t0 0910 0.46
Human Xenograft BMD 6 0.373 —0.629 to0 0.909 047
BV/TV 6 0422 —0.5931t00.919 0.40
Tb.Sp 6 0.0259 —0.803 10 0.820 0.96
Tb.Th 6 —0.115 —0.847 10 0.768 0.83
Root resorption
Autograft 6 —0.373 —0.909 t0 0.629 0.139
Human Xenograft 6 —0473 —0.928 10 0.550 0.223

* statistically significant

vs. -0.003 £0.001, p=0.002). Additionally, no statistically
significant differences were found between the autograft
and the xenograft groups in the case of the root resorp-
tions, regardless of the analysis method.

The only positive relationship was found between the
histological findings of newly formed bone and the radio-
logical measurements of BMD changes in the autograft
group (r=0.812, 95% CI: 0.001 to 0.979, p=0.05). The
comparison between the amount of newly formed bone
and BV/TV is of similar magnitude but not statistically
significant (r=0.691, CI [-0.274 to 0.963], p=0.13).
Regarding root resorptions, no significant correlations
were found.

Discussion

A large number of preclinical animal studies on cleft
repair have examined materials alternative to autologous
bone. The bone substitutes include allografts, xenografts
and synthetic substitutes (e.g., bioceramics, polymers, or
biocomposites) [1-3]. To improve clinical outcomes and
decrease postoperative morbidity, bone substitutes have
been tested [3, 4, 11]. In this context, various artificial
cleft models in rats have been introduced to analyse the

bone remodelling processes and the development of root
resorptions through evaluation with traditional histologi-
cal techniques or radiological methods such as Micro-CT
[27, 29-36)].

Generally, histological methods for morphological
analyses require considerable preparation of the samples,
i.e., embedding in methylmethacrylate and, subsequently,
sectioning. Even though the method offers high longitu-
dinal resolution and image contrast, it is labour-intensive
and time-consuming. Additionally, it deteriorates the
samples, preventing repeated measurements of the same
specimen at different time points.

To overcome these limitations, a variety of 3D visuali-
sation techniques have become popular [37]. Micro-CT
is an alternative for 3D imaging and quantification of
bone structures. Miiller et al. [21] compared histology
(2D) and micro-CT (3D) regarding BV/TV, BS/TV, Tb.Th
and Tb.Sp, revealing significant correlations between the
two methods for all the morphometric parameters. They
concluded that the non-destructive, fast and precise radi-
ological analysis allows the measurement of bone struc-
tures without biopsies of small bone samples [21].
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Fig. 5 Scatter plot demonstrates the lack of correlation between the histology results of newly formed bones and the radiology results of the
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Micro-CT has also been used in experimental
research with laboratory animals in the field of cleft
treatment [27, 36, 38, 39]. Recently, we published the
results of our investigations on different graft materi-
als used in alveolar cleft repair, the subsequent bone
healing process and the development of dental root
resorptions in the context of orthodontic tooth move-
ment in a rodent model [14, 15]. In the autologous
bone graft group, BMD increased from 0.54+0.05g/
cm?® to 0.6240.11g/cm?, while in the xenograft group,
the values remained unchanged (from 0.43+0.04g/
cm?® to 0.4040.04g/cm®) [15]. As for BV/TV, it
remained unchanged in the autografts group (from

54.89% + 5.07 to 54.71% + 14.74%), while in the human
xenografts group, it decreased (from 41.55% =+ 5.27
to 36.07%=£3.99%). In contrast, the histological find-
ings showed an increase in the newly formed bone in
both groups (autograft: 0.8940.29mm? xenograft:
0.52 +0.84 mm?), which was also reflected in the dis-
tribution of the newly formed bone on the persis-
tent bone substitute (autograft: 79.45%; xenograft:
62.18%) [15]. The radiological examination demon-
strated an increase in the mesial root resorption in
both the autologous (2.3840.35mm?) and the xeno-
geneic groups (2.1740.26 mm?®), while in the histo-
logical analysis, resorption in the autologous group
was 0.04840.015mm? and in the xenogeneic group
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Fig. 6 Scatter plot demonstrates the lack of correlation (Pearson test) between the histology and radiology results for root resorptions for both
bone substitutes using Pearson r correlation test,, p < 0.005

0.078+0.05mm? [14]. The bone changes measured
with micro-CT were partially in contrast to the histo-
logical measurements of new bone formation.

Based on the correlations between histological and
radiological findings in other medical fields [21, 23, 40,
41], we investigated this relationship by studying bone
repair processes and root resorptions in our rodent cleft
model to determine whether both analytical procedures
are necessary for the assessment of structural changes or
micro-CT is sufficient. Apart from reproducing our pre-
vious findings [14, 15], Tb.Th and Tb.Sp changes were
now also included in the present follow-up investigation
since they represent a feature of histological analysis of
the new bone formation.

Concerning the remodelling processes, weak rela-
tionships between both analysis methods were found,
with the only significant correlation being that of newly
formed bones (histology) and BMD changes (radiology)
in the autograft group (r=0.812, CI [0.001 to 0.979],
p=0.05). Therefore, in this experimental model, BMD,
BV/TYV, Tb.Th and Tb.Sp cannot be used to confirm new
bone formation. Likewise, no correlations were found
between the 2D root resorptions and the 3D resorption
lacunae. Regarding the significantly larger total amount
of root resorption in the radiological 3D imaging and the
lack of a correlation with histological 2D slices, the use
of histology techniques should be considered. The type of
bone substitute also has a minor role in X.

Because of the specific study design, comparisons
between data from the current literature and data from
the present study are impossible. Micro-CT is an estab-
lished method for bone analysis in different fields of med-
icine. Recently, Pichone et al. [41] assessed trabecular and
cortical parameters using histomorphometry and micro-
CT of the iliac crest bone core in haemodialysis patients,

finding a moderate correlation between the techniques in
the trabecular bone volume. In different conditions such
as osteoporosis, hypoparathyroidism and primary hyper-
parathyroidism, positive correlations between the two
techniques have been documented [21, 23, 40]. However,
in patients with ESRD or renal osteodystrophy, no sig-
nificant correlations were observed [42, 43]. Pereira et al.
[44] investigated paediatric patients with renal osteoma-
lacia, where BV/TV was higher in histomorphometry
than in micro-CT, and the osteoid accumulation in histo-
morphometry negatively correlated with the trabecular
density observed in Micro-CT.

Conclusions

Due the missing correlation between the histolgical and
radioloigical findings, a detailed and inclusive analysis
needs further both kinds of preparations. However, it
should be noted that in the present study the sample size
was small, possibly influencing the statistical analysis.

Acknowledgements

Our special thanks go to Mrs. Leonie Tix (Institute for Laboratory Animal
Science and Central Laboratory for Laboratory Animal Science, University
Hospital of Aachen, Aachen, Germany). Without Mrs. Tix, the project could not
have been completed successfully. Furthermore, we thank Eva Eberspécher-
Schweda (Clinical Department for Anesthesiology and Perioperative Intensive
Care Medicine, University Hospital for Small Animals, Vienna, Austria) for sup-
porting us by adjusting the anesthesia protocol.

Authors’ contributions

SCM contributed to conception and design, performed animal surgeries,
micro-CT scans and data acquisition, drafted the manuscript, coordinated the
research project, gave final approval. KK contributed to the data acquisition,
participated in the interpretation of the results, and critically revised the
manuscript. MH contributed to conception and design, supported animal
surgeries, reviewed the manuscript and gave final approval. ZM performed
micro-CT scans and data acquisition, drafted the manuscript and gave final
approval. BHS papered and analyzed the histological slices and data acquisi-
tion, drafted the manuscript and gave final approval. FG contributed to
conception and design, drafted the manuscript and gave final approval. SC
performed data acquisition, contributed interpretation of the data, reviewed



Mohlhenrich et al. Head & Face Medicine (2022) 18:33

the manuscript and gave final approval. FH contributed to conception and
design, reviewed the manuscript and gave final approval. AM contributed to
conception and design, coordinated the research project, supported animal
surgeries, reviewed the manuscript and gave final approval. GD contributed
interpretation of the data, reviewed the manuscript and gave final approval.
The authors read and approved the final manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. This research
project is supported by the START-Program of the Faculty of Medicine, RWTH
Aachen, Germany (Grant No. 104/18). The ultrasonic surgery device was
provided free of charge by Mectron Medical (Carasco, Italy) and the bone
substitutes by Botiss biomaterials GmbH (Zossen, Germany).

Availability of data and materials
The data supporting the findings of this research can be obtained directly
from the corresponding author.

Declarations

Ethics approval and consent to participate

The experimental animal study protocol was approved by the Governmental
Animal Care and Use Committee (Reference No.: 81-02.04.2018.A342; Lande-
samt flr Natur, Umwelt und Verbraucherschutz Recklinghausen, Nordrhein-
Westfalen, Germany; dated: 11.01.2019). The study protocol conforms to the
ARRIVE Guidelines and with the Guide for the Care and Use of Laboratory
Animals. All applicable international, national, and/or institutional guidelines
for the care and use of animals were followed.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Orthodontics, University of Witten/Herdecke, Alfred-Her-
rhausen Str. 45, 58455 Witten, Germany. 2Department of Oral and Maxillofacial
Surgery, University Hospital of Aachen, Pauwelsstral3e 30, 52074 Aachen, Ger-
many. Institute for Experimental Molecular Imaging, RWTH Aachen University,
ForckenbeckstraBe 55, 52074 Aachen, Germany. “Implant Pathology, ZBMT,
Campus Melaten, Pauwelsstralle 17, 52074 Aachen, Germany.

Received: 20 July 2022 Accepted: 3 October 2022
Published online: 11 November 2022

References

1. Bajaj AK, Wongworawat AA, Punjabi A. Management of alveolar clefts. J
Craniofac Surg. 2003;14(6):840-6.

2. Aalami OO, et al. Applications of a mouse model of calvarial healing:
differences in regenerative abilities of juveniles and adults. Plast Reconstr
Surg. 2004;114(3):713-20.

3. Sharif F, et al. Dental materials for cleft palate repair. Mater Sci Eng C
Mater Biol Appl. 2016;61:1018-28.

4. Canady JW, et al. Suitability of the iliac crest as a site for harvest of autog-
enous bone grafts. Cleft Palate Craniofac J. 1993;30(6):579-81.

5. Rawashdeh MA, Telfah H. Secondary alveolar bone grafting: the
dilemma of donor site selection and morbidity. Br J Oral Maxillofac Surg.
2008;46(8):665-70.

6. Kamal M, et al. Volumetric comparison of autogenous bone and
tissue-engineered bone replacement materials in alveolar cleft repair:

a systematic review and meta-analysis. Br J Oral Maxillofac Surg.
2018;56(6):453-62.

7. Janssen NG, et al. Tissue engineering strategies for alveolar cleft
reconstruction: a systematic review of the literature. Clin Oral Investig.
2014;18(1):219-26.

20.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33

Page 9 of 10

Le BT, Woo I. Alveolar cleft repair in adults using guided bone regenera-
tion with mineralized allograft for dental implant site development: a
report of 2 cases. J Oral Maxillofac Surg. 2009,67(8):1716-22.
Schultze-Mosgau S, et al. Analysis of bone resorption after secondary
alveolar cleft bone grafts before and after canine eruption in connec-
tion with orthodontic gap closure or prosthodontic treatment. J Oral
Maxillofac Surg. 2003;61(11):1245-8.

. Seifeldin SA. Is alveolar cleft reconstruction still controversial? (Review

of literature). Saudi Dent J. 2016;28(1):3-11.

. Gimbel M, et al. Repair of alveolar cleft defects: reduced morbidity

with bone marrow stem cells in a resorbable matrix. J Craniofac Surg.
2007;18(4):895-901.

. Mohlhenrich SC, et al. Ischial tuberosity: new donor site for bone grafts

in animal cleft research. Sci Rep. 2020;10(1):20699.

. Mohlhenrich SC, et al. Establishing a new alveolar cleft model in rats to

investigate the influence of jaw reconstructions on orthodontic tooth
movement. Ann Anat. 2021;236:151713.

. Mohlhenrich SC, et al. Development of root resorption during

orthodontic tooth movement after cleft repair using different grafting
materials in rats. Clin Oral Investig. 2022;26(9):5809-21.

. Moéhlhenrich SC, et al. Evaluation of different grafting materials for

alveolar cleft repair in the context of orthodontic tooth movement in
rats. Sci Rep. 2021;11(1):13586.

. Kapadia RD, et al. Applications of micro-CT and MR microscopy to

study pre-clinical models of osteoporosis and osteoarthritis. Technol
Health Care. 1998;6(5-6):361-72.

. Bonnet N, et al. Assessment of trabecular bone microarchitecture by

two different x-ray microcomputed tomographs: a comparative study
of the rat distal tibia using Skyscan and Scanco devices. Med Phys.
2009;36(4):1286-97.

. Waarsing JH, Day JS, Weinans H. An improved segmentation method

for in vivo microCT imaging. J Bone Miner Res. 2004;19(10):1640-50.

. Barbier A, et al. The visualization and evaluation of bone architecture in

the rat using three-dimensional X-ray microcomputed tomography. J
Bone Miner Metab. 1999;17(1):37-44.

Kuhn JL, et al. Evaluation of a microcomputed tomography system to
study trabecular bone structure. J Orthop Res. 1990;8(6):833-42.

21. Muller R, et al. Morphometric analysis of human bone biopsies: a

quantitative structural comparison of histological sections and micro-
computed tomography. Bone. 1998;23(1):59-66.

. Fanuscu MI, Chang TL. Three-dimensional morphometric analysis of

human cadaver bone: microstructural data from maxilla and mandible.
Clin Oral Implants Res. 2004;15(2):213-8.

Chappard D, et al. Comparison insight bone measurements by histo-
morphometry and microCT. J Bone Miner Res. 2005;20(7):1177-84.
Akhter MP, et al. Transmenopausal changes in the trabecular bone
structure. Bone. 2007;41(1):111-6.

Xu X, et al. Using micro-computed tomography to evaluate the
dynamics of orthodontically induced root resorption repair in a rat
model. PLoS One. 2016;11(3):e0150135.

Trelenberg-Stoll V, et al. Standardized assessment of bone micro-
morphometry around teeth following orthodontic tooth move-
ment : a microCT split-mouth study in mice. J Orofac Orthop.
2022;83(6):403-11.

Ru N, et al. BoneCeramic graft regenerates alveolar defects but slows
orthodontic tooth movement with less root resorption. Am J Orthod
Dentofac Orthop. 2016;149(4):523-32.

Gremse F, et al. Imalytics preclinical: interactive analysis of biomedical
volume data. Theranostics. 2016;6(3):328-41.

Mehrara BJ, et al. A rat model of gingivoperiosteoplasty. J Craniofac
Surg. 2000;11(1):54-8.

Mostafa NZ, et al. Reliable critical sized defect rodent model for cleft
palate research. J Craniomaxillofac Surg. 2014;42(8):1840-6.

. Cheng N, et al. Effects of bisphosphonate administration on cleft bone

graft in a rat model. Cleft Palate Craniofac J. 2017;54(6):687-98.
Nguyen PD, et al. Establishment of a critical-sized alveolar defect in the
rat: a model for human gingivoperiosteoplasty. Plast Reconstr Surg.
2009;123(3):817-25.

Jahanbin A, et al. Success of maxillary alveolar defect repair in rats
using osteoblast-differentiated human deciduous dental pulp stem
cells. J Oral Maxillofac Surg. 2016;74(4):829 e1-9.



Méohlhenrich et al. Head & Face Medicine

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

(2022) 18:33

Sun J, XuY, Chen Z. Establishment of a rat model for alveolar cleft with
bone wax. J Oral Maxillofac Surg. 2015;73(4):733 e1-10.

Sun J, et al. Biological effects of orthodontic tooth movement into the
grafted alveolar cleft. J Oral Maxillofac Surg. 2018;76(3):605-15.

Ru N, et al. Microarchitecture and biomechanical evaluation of bonece-
ramic grafted alveolar defects during tooth movement in rat. Cleft Palate
Craniofac J. 2018;55(6):798-806.

Mosekilde L. Consequences of the remodelling process for vertebral
trabecular bone structure: a scanning electron microscopy study (uncou-
pling of unloaded structures). Bone Miner. 1990;10(1):13-35.

Ru N, et al. In vivo microcomputed tomography evaluation of rat alveolar
bone and root resorption during orthodontic tooth movement. Angle
Orthod. 2013;83(3):402-9.

Kamal M, et al. Bone regeneration using composite non-demineralized
xenogenic dentin with beta-tricalcium phosphate in experimental alveo-
lar cleft repair in a rabbit model. J Transl Med. 2017;15(1):263.

Cohen A, et al. Assessment of trabecular and cortical architecture and
mechanical competence of bone by high-resolution peripheral com-
puted tomography: comparison with transiliac bone biopsy. Osteoporos
Int. 2010;21(2):263-73.

Pichone A, et al. Assessment of trabecular and cortical parameters

using high-resolution peripheral quantitative computed tomography,
histomorphometry and microCT of iliac crest bone core in hemodialysis
patients. Bone Rep. 2022;16:101173.

Benillouche E, et al. Cortical bone microarchitecture in dialysis patients.
Am J Nephrol. 2020;51(10):833-8.

Tamminen IS, et al. Reproducibility and agreement of micro-CT and histo-
morphometry in human trabecular bone with different metabolic status.
J Bone Miner Metab. 2011;29(4):442-8.

Pereira RC, et al. Micro-CT in the assessment of pediatric renal
osteodystrophy by bone histomorphometry. Clin J Am Soc Nephrol.
2016;11(3):481-7.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 10 of 10

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Correlations between radiological and histological findings of bone remodelling and root resorption in a rodent cleft model
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Micro-computed tomography (Mirco-CT) analysis
	Histomorphometry analysis
	Statistical analysis

	Results
	Discussion
	Conclusions
	Acknowledgements
	References


