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Abstract: Mandibular protrusion and its treatment is challenging for the orthodontist. The aim of the
present research was to identify macroscopic changes in the mandible, based on three-dimensional
Cone Beam Computed Tomography analysis. Seventy-two male Wistar rats were divided into
two equal groups, experimental (group A) and control (group B). Each consisted of three equal
subgroups of 12 rats (A1, A2, A3, B1, B2, B3). Full-cast orthodontic intraoral devices were attached
to the maxillary incisors of the experimental animals, and effected functional posterior mandibular
displacement. Throughout the experimental period, all animals were fed with mashed food. Animals
were sacrificed at 30 days (A1, B1), 60 days (A2, B2) and 90 days (A3, B3). At the 60th day of
the experiment, the orthodontic devices were removed from the remaining experimental subgroup
A3. Measurements revealed significant differences in the anteroposterior dimensions between
experimental and control subgroups. However, the observed changes in the vertical dimensions,
Condylion/Go’–Menton and the Intercondylar distance proved insignificant. Posterior mandibular
displacement of the mandible in growing rats affects the morphology of the mandible and culminates
in the development of a smaller mandible at a grown age.

Keywords: mandibular growth; mandibular posterior displacement; mandibular length; condylar
growth; rat; class III malocclusion; orthodontic treatment

1. Introduction

Orthodontists frequently face the challenge of treating class III skeletal malocclusion
during the period of growth [1–4]. Their intervention may comprise functional removable
and fixed appliances [5,6], depending on the severity of the disorder and patient character-
istics such as age, gender or the ability to cooperate [7]. It would be interesting to assess the
osseous alterations effected by an intraoral device causing distal mandibular displacement
and, potentially, growth restriction on the molecular or cellular level [8–11]. Despite the fact
that such appliances were introduced early in the 20th century [12], the exact skeletal effect
of the loading is still elusive, and it has been the subject of a recent systematic review [13].
Understanding the pathway of bone remodeling may have repercussions on treatment
planning and the stability of the intervention.

Mandibular and condylar growth have been repeatedly studied [14,15], and report-
edly they are affected by heredity [16,17], hormones [18–20], environment [21], dental
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occlusion [22], and by systemic disease [23]. The mandible makes a major contribution to
the shape and function of the dentofacial complex, and thus, it is regarded as a significant
determinant of self-esteem [24–26].

Lateral cephalometric radiography remains important in orthodontic diagnostics [27],
although it is sometimes omitted [28]. However, traditional two-dimensional (2D) imaging
suffers from drawbacks, like overlapping structures, magnification, and linear distor-
tion [29–31], which may lead to erroneous interpretation [32,33]. The above-mentioned
inherent shortcomings may be overcome with the implementation of three-dimensional
(3D) imaging, Cone Beam Computed Tomography (CBCT) [34–37], which is gradually
gaining popularity in Orthodontics [38–40], in particular due to the reduced radiation dose
compared to traditional computed tomography [41,42], despite its higher dose compared
to the traditional (2D) lateral radiograph [43,44], a fact that merits prudence when pre-
scribing such an examination in younger patients [45]. Comparisons involving patients
and human skulls have demonstrated the reliability [46] and validity of the CBCT in es-
timating the actual anatomical distance between assigned cephalometric points [47] and
similar [48–50] or better [51–54] estimations of cephalometric points in comparison to (2D)
lateral cephalometry.

The rat is likely the most preferred lab animal for conducting experiments on cranial
growth despite existing anatomical and physiological differences with humans [55,56].
There is a long history and experience of using rats to study mandibular and condylar
growth [57–59]. However, growth evaluation has been-based mainly on 2D lateral radio-
graphs [60,61].

In studies with rats, appliances are used to retract the mandible with the aim to inhibit
growth and also to enhance additional orthopedic effects [57]. The present original research
aspires to identify macroscopic changes in the mandibular bone as appear in CBCT-based
three-dimensional analysis.

2. Materials and Methods

The study experimental protocol was approved by the Veterinary Directorate and
received protocol number 598742/04-10-2019, registered as EL 25 BIO 05, according to
Greek national legislation (P.D 56/2013), conforming to European Directive 2010/63/EE
and that of the European Council (276/33/20.10.2010) related to the protection of vertebrate
animals used in experiments and for other scientific purposes.

2.1. Experimental Design

In the present experimental study, seventy-two (72) four-week-old male Wistar rats
were used. After their initial four-week breeding in the Hellenic Pasteur Institute, all
the animals were transferred and housed at the Laboratory for Experimental Surgery
and Surgical Research “N. S. Christeas” at the University School of Medicine in Athens.
Standardization following national and European legislation determined cage selection
(Tecniplast S.P.A., Italy) and stable centrally ventilated (15 air changes/h) environmental
conditions at 55% relative humidity, temperature at 20 ◦C ± 2 ◦C, and artificial 12 h span of
alternating light–dark cycles. Access to food and water was ad libitum.

The animals were randomly allocated to equal groups, namely groups A (experimental)
and B (control), each been divided into three equally sized subgroups featuring twelve
rats (A1, A2, A3, B1, B2, B3). The online Random Team Generator tool was used for the
grouping.

Modified orthodontic intraoral devices that have been previously described [62] were
placed in the experimental animals and led to posterior mandibular displacement. The
full-cast metal orthodontic devices were constructed in the laboratory, following a digital
intraoral scanning (TRIOS 3, 3Shape intraoral scanner) of an animal selected at random. The
modified guiding appliances were cemented to the maxillary incisors with zinc phosphate
cement (Harvard Cement Normal Setting; Harvard Dental International GmbH, 15366
Hoppegarten, Germany) (Figure 1). During the whole experimental period, all animals
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(experimental and control) were fed with mashed food, produced by blending pellets with
water in standardized proportions to achieve a porridge-like consistency.

Vet. Sci. 2022, 9, x FOR PEER REVIEW 3 of 19 
 

 

random. The modified guiding appliances were cemented to the maxillary incisors with 
zinc phosphate cement (Harvard Cement Normal Setting; Harvard Dental International 
GmbH, 15366 Hoppegarten, Germany) (Figure 1). During the whole experimental period, 
all animals (experimental and control) were fed with mashed food, produced by blending 
pellets with water in standardized proportions to achieve a porridge-like consistency. 

 
Figure 1. The modified orthodontic intraoral device cemented to the maxillary incisors. 

In total, the experimental period lasted for 90 days. Animals were sacrificed at 30 
days (subgroups A1, B1), 60 days (subgroups A2, B2) and 90 days (subgroups A3, B3). At 
the 60th day of the experiment, orthodontic devices were removed from the subjects still 
remaining in the experimental subgroup A3. Throughout the entire experimental period, 
all animals were kept closely monitored for normal growth and development. 

2.2. Three-Dimensional Analysis 
To determine the three-dimensional morphology of the mandible, initial (day 1 of 

the experiment) and final (day of sacrifice) CBCTs were performed in every rat. The rats 
were injected intramuscularly for anesthesia with ketamine-xylazine combination at a 
dosage of 0.2 mL/kg. Once the rats were adequately sedated, they were positioned in the 
head-resting cushion. All rats were scanned with the same CBCT unit (New Tom VGi, 
Cefla SC, Imola, Italy) using the same field of view (8 × 8 cm, high-resolution, denture 
scan) with exposure settings 110 kV. Each scan was performed by an Oral and 
Dentomaxillofacial Radiologist, who assessed the presence or absence of obvious motion 
artefacts. In cases of obvious motion artefacts, the scans were performed again and the 
volumetric data of all scans were exported as Dicom 3 datasets. Three-dimensional 
reconstruction and analysis were conducted by using Viewbox software (Viewbox© 
version 4.1.0.10, dHAL Software, Kifissia, Greece). Table 1 and Figure 2 present the 
detected mandibular anatomic landmarks, while Figure 3a,b show the performed linear 
measurements. 

Table 1. Description of anatomic landmarks detected in Cone Beam CT reconstructed images. 

Anatomic Landmarks Description 
Go’ the lowest point of the gonial process 
Go the most posterior point of the gonial process 

Menton the lowest point of the mental process 
Coronoid the tip of the coronoid process 
Condylion the most posterior and highest point of the condylar process 

I’ the most anterior point of the alveolar process at the side of the concavity of the 
lower incisor 

Id the most anterior point of the alveolar process at the side of the convexity of the 

Figure 1. The modified orthodontic intraoral device cemented to the maxillary incisors.

In total, the experimental period lasted for 90 days. Animals were sacrificed at 30 days
(subgroups A1, B1), 60 days (subgroups A2, B2) and 90 days (subgroups A3, B3). At the 60th
day of the experiment, orthodontic devices were removed from the subjects still remaining
in the experimental subgroup A3. Throughout the entire experimental period, all animals
were kept closely monitored for normal growth and development.

2.2. Three-Dimensional Analysis

To determine the three-dimensional morphology of the mandible, initial (day 1 of
the experiment) and final (day of sacrifice) CBCTs were performed in every rat. The rats
were injected intramuscularly for anesthesia with ketamine-xylazine combination at a
dosage of 0.2 mL/kg. Once the rats were adequately sedated, they were positioned in the
head-resting cushion. All rats were scanned with the same CBCT unit (New Tom VGi, Cefla
SC, Imola, Italy) using the same field of view (8 × 8 cm, high-resolution, denture scan)
with exposure settings 110 kV. Each scan was performed by an Oral and Dentomaxillofacial
Radiologist, who assessed the presence or absence of obvious motion artefacts. In cases of
obvious motion artefacts, the scans were performed again and the volumetric data of all
scans were exported as Dicom 3 datasets. Three-dimensional reconstruction and analysis
were conducted by using Viewbox software (Viewbox© version 4.1.0.10, dHAL Software,
Kifissia, Greece). Table 1 and Figure 2 present the detected mandibular anatomic landmarks,
while Figure 3a,b show the performed linear measurements.

Table 1. Description of anatomic landmarks detected in Cone Beam CT reconstructed images.

Anatomic Landmarks Description

Go’ the lowest point of the gonial process
Go the most posterior point of the gonial process

Menton the lowest point of the mental process
Coronoid the tip of the coronoid process

Condylion the most posterior and highest point of the condylar process

I’ the most anterior point of the alveolar process at the side of the
concavity of the lower incisor

Id the most anterior point of the alveolar process at the side of the
convexity of the lower incisor

Incisal Incisal edge of the lower incisor
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2.3. Statistics

The groups should be kept sufficiently small, for ethical reasons, while reliably de-
tecting potentially statistical results. The number of animals was calculated using power
analysis. In addition, the size of the respective samples in the study was finalized after
allowing for the low probability that some experimental animals might not cope with the
stress of the experimental process.

Subgroups consisting of 12 rats were calculated using standard statistical criteria
(a = 0.05, b = 0.10), yielding a power of 90% for detecting a 0.5 mm difference (26.5 vs. 27.0
SD 0.37) for the primary outcome of the study, namely mandibular length (Condylion–I’).
Therefore, 72 rats were used, equally divided into experimental and control group.

To calculate the intra-observer and inter-observer errors, double measurements, 4 weeks
apart, were made independently by two observers that were blinded to the groups under-
going evaluation. Lin’s concordance correlation coefficient and Bland and Altman analysis
were used for the estimation of inter- and intra-observer agreement [63,64].
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(Ramus height); Condylion–Menton; Condylion–Id; Condylion–I’ (mandibular length); Incisal–Id;
Incisal–I’. (b) Linear measurement: Condylion right–Condylion left (Intercondylar distance).

First, seeking to detect any meaningful differences, the dimensional means of the right
and left mandibular sides were calculated and were subsequently used for the statistics.
Next, differences in measurements related to “group” and “timing (subgroups)” were
assessed using linear regression models. Each measurement was regressed on group,
timing, and their interaction. When initial measurements were assessed, models were
adjusted for initial weight when appropriate. Models for the final measurements were
adjusted for the initial ones. Estimated changes from the initial measurements (final
minus initial) were also investigated using regression models with group, timing, and
their interaction as dependent variables, adjusting for initial weight when appropriate.
When normality assumption for the residuals was violated, quantile regression was used.
Estimates were adjusted for multiple comparisons, using the Bonferroni method.

Analysis was performed at the α = 5% level of statistical significance (p-value < 0.05
indicates a statistically significant result). Data were coded and analyzed using the statistical
software Stata ver.14 (Stata Statistical Software: Release 14, College Station, TX, USA:
StataCorp LP.).

3. Results

Only minor deviation was observed in Lin’s concordance correlation coefficient and
values of 0.98 or greater were predominant. These values indicate excellent agreement in
measurements. The level of agreement (LoA) of Bland and Altman analysis is displayed in
Supplementary Tables S1 and S2. Descriptive statistics with estimated means and standard
deviations (SD) are presented in Tables 2 and 3.
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Table 2. Descriptive statistics (mean and standard deviation) for each measurement by subgroups
and overall, for experimental group A.

Experimental Group A Subgroups—Timing

A1—0d A2—0d A3—0d Overall

Mean (SD) Mean (SD) Mean (SD) Mean (SD) p-Value *

Weight Initial (grams) 117.2 (17.2) 117.6 (17.5) 115.8 (13.4) 116.9 (15.7) 0.956
Go’–Menton Initial (mm) 13.60 (0.52) 14.80 (0.51) 13.70 (0.53) 14.03 (0.74) <0.001
Go–Menton Initial (mm) 16.75 (0.52) 17.14 (0.55) 16.63 (0.46) 16.84 (0.54) 0.018

Coronoid–Menton Initial (mm) 16.17 (0.44) 16.48 (0.48) 16.00 (0.56) 16.22 (0.52) 0.016
Condylion/Go’–Menton Initial (mm) 8.29 (0.40) 8.20 (0.30) 8.36 (0.33) 8.28 (0.34) 0.137

Condylion–Go’ Initial (mm) 8.81 (0.38) 8.52 (0.31) 8.82 (0.26) 8.71 (0.34) 0.002
Condylion–Menton Initial (mm) 18.55 (0.42) 18.91 (0.45) 18.48 (0.42) 18.64 (0.46) 0.005

Condylion–Id Initial (mm) 20.65 (0.36) 20.95 (0.52) 20.71 (0.49) 20.77 (0.47) 0.140
Condylion–I’ Initial (mm) 20.85 (0.51) 21.11 (0.48) 20.75 (0.38) 20.90 (0.48) 0.076

Incisal–Id Initial (mm) 7.87 (0.45) 7.94 (0.29) 7.82 (0.28) 7.88 (0.34) 0.741
Incisal–I’ Initial (mm) 5.06 (0.24) 5.13 (0.27) 5.27 (0.26) 5.15 (0.26) 0.124

Intercondylar Initial (mm) 17.78 (0.40) 17.43 (0.33) 17.50 (0.48) 17.57 (0.42) 0.068

A1—30d A2—60d A3—90d Overall

Mean (SD) Mean (SD) Mean (SD) Mean (SD) p-Value *

Weight Final (grams) 256.1 (24.5) 320.7 (25.0) 337.0 (58.6) 304.6 (52.2) <0.001
Go’–Menton Final (mm) 15.86 (0.79) 16.58 (0.69) 16.83 (0.69) 16.43 (0.82) 0.003
Go–Menton Final (mm) 19.48 (0.46) 20.81 (0.51) 21.38 (0.77) 20.56 (0.99) <0.001

Coronoid–Menton Final (mm) 18.74 (0.40) 20.13 (0.49) 20.50 (0.98) 19.79 (1.01) <0.001
Condylion/Go’–Menton Final (mm) 9.72 (0.38) 10.58 (0.26) 10.78 (0.51) 10.36 (0.60) <0.001

Condylion–Go’ Final (mm) 10.12 (0.40) 11.02 (0.31) 11.32 (0.53) 10.82 (0.66) <0.001
Condylion–Menton Final (mm) 20.93 (0.48) 22.24 (0.48) 22.87 (0.81) 22.01 (1.01) <0.001

Condylion–Id Final (mm) 23.13 (0.54) 24.48 (0.60) 25.10 (0.95) 24.23 (1.09) <0.001
Condylion–I’ Final (mm) 23.06 (0.48) 24.35 (0.49) 25.13 (0.75) 24.18 (1.04) <0.001

Incisal–Id Final (mm) 7.40 (0.93) 9.22 (1.62) 12.59 (1.00) 9.73 (2.48) <0.001
Incisal–I’ Final (mm) 4.25 (0.97) 5.63 (1.52) 8.90 (1.00) 6.26 (2.29) <0.001

Intercondylar Final (mm) 18.02 (0.35) 18.19 (0.33) 18.08 (0.54) 18.10 (0.41) 0.142

* derived from linear regression models; pairwise comparisons are provided in Tables 4 and 5.

Table 3. Descriptive statistics (mean and standard deviation) for each measurement by subgroups
and overall, for control group B.

Control Group B Subgroups—Timing

B1—0d B2—0d B3—0d Overall

Mean (SD) Mean (SD) Mean (SD) Mean (SD) p-Value *

Weight Initial (grams) 109.4 (12.2) 105.4 (22.1) 121.7 (14.7) 112.2 (17.8) 0.062
Go’–Menton Initial (mm) 13.18 (0.43) 13.40 (0.61) 13.74 (0.38) 13.44 (0.52) 0.075
Go–Menton Initial (mm) 16.34 (0.44) 16.28 (0.66) 16.70 (0.55) 16.44 (0.57) 0.804

Coronoid–Menton Initial (mm) 15.90 (0.39) 15.74 (0.74) 15.98 (0.59) 15.87 (0.58) 0.348
Condylion/Go’–Menton Initial (mm) 8.13 (0.34) 8.26 (0.37) 8.55 (0.37) 8.31 (0.39) 0.040

Condylion–Go’ Initial (mm) 8.67 (0.34) 8.72 (0.38) 8.97 (0.41) 8.79 (0.39) 0.413
Condylion–Menton Initial (mm) 18.11 (0.50) 18.18 (0.71) 18.50 (0.52) 18.26 (0.59) 0.400

Condylion–Id Initial (mm) 20.36 (0.59) 20.37 (0.81) 20.61 (0.64) 20.45 (0.68) 0.345
Condylion–I’ Initial (mm) 20.42 (0.52) 20.44 (0.78) 20.72 (0.58) 20.53 (0.63) 0.546

Incisal–Id Initial (mm) 7.64 (0.26) 7.73 (0.32) 7.95 (0.54) 7.77 (0.40) 0.381
Incisal–I’ Initial (mm) 5.17 (0.31) 5.15 (0.22) 5.33 (0.43) 5.21 (0.33) 0.865

Intercondylar Initial (mm) 17.60 (0.47) 17.43 (0.50) 17.65 (0.55) 17.56 (0.50) 0.604

B1—30d B2—60d B3—90d Overall

Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Weight Final 282.3 (18.1) 365.3 (35.0) 430.2 (30.1) 359.2 (67.4) <0.001
Go’–Menton Final (mm) 17.43 (0.43) 18.74 (0.51) 19.92 (0.80) 18.69 (1.19) <0.001
Go–Menton Final (mm) 20.30 (0.60) 21.63 (0.67) 22.93 (0.56) 21.62 (1.24) <0.001

Coronoid–Menton Final (mm) 19.35 (0.51) 20.63 (0.43) 21.61 (0.47) 20.53 (1.05) <0.001
Condylion/Go’–Menton Final (mm) 9.66 (0.44) 10.56 (0.58) 11.23 (0.23) 10.48 (0.78) <0.001

Condylion–Go’ Final (mm) 9.86 (0.46) 10.72 (0.58) 11.32 (0.25) 10.63 (0.75) <0.001
Condylion–Menton Final (mm) 21.60 (0.67) 23.06 (0.33) 23.91 (0.37) 22.86 (1.08) <0.001

Condylion–Id Final (mm) 23.90 (0.72) 25.79 (0.54) 26.45 (0.41) 25.38 (1.23) <0.001
Condylion–I’ Final (mm) 23.93 (0.58) 25.69 (0.39) 26.44 (0.48) 25.36 (1.17) <0.001

Incisal–Id Final (mm) 10.05 (0.38) 11.06 (0.37) 11.81 (0.48) 10.98 (0.83) <0.001
Incisal–I’ Final (mm) 6.92 (0.23) 7.72 (0.28) 8.13 (0.32) 7.59 (0.58) 0.001

Intercondylar Final (mm) 18.02 (0.41) 18.07 (0.48) 18.18 (0.49) 18.09 (0.45) 0.642

* derived from linear regression models; pairwise comparisons are provided in Tables 4 and 5.
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Table 4. Pairwise group per timing measurements comparisons’ p-values derived from linear regres-
sion models, adjusted for multiple comparison (Bonferroni).

p-Values *
Measurement A1 vs. B1 A2 vs. B2 A3 vs. B3

Weight Initial 0.764 0.222 >0.999
Go’–Menton Initial 0.262 <0.001 >0.999
Go–Menton Initial 0.436 0.003 >0.999

Coronoid–Menton Initial >0.999 0.016 0.810
Condylion/Go’–Menton Initial >0.999 0.027 0.953

Condylion–Go’ Initial >0.999 0.001 >0.999
Condylion–Menton Initial 0.177 0.005 0.900

Condylion–Id Initial >0.999 0.363 0.206
Condylion–I’ Initial 0.345 0.059 0.605

Incisal–Id Initial 0.775 >0.999 >0.999
Incisal–I’ Initial 0.353 0.873 >0.999

Intercondylar Initial >0.999 0.590 >0.999

Weight Final 0.202 0.007 <0.001
Go’–Menton Final <0.001 <0.001 <0.001
Go–Menton Final <0.001 <0.001 <0.001

Coronoid–Menton Final 0.002 0.001 <0.001
Condylion/Go’–Menton Final >0.999 >0.999 0.104

Condylion–Go’ Final 0.793 0.056 >0.999
Condylion–Menton Final <0.001 <0.001 <0.001

Condylion–Id Final 0.001 <0.001 <0.001
Condylion–I’ Final <0.001 <0.001 <0.001

Incisal–Id Final <0.001 <0.001 >0.999
Incisal–I’ Final <0.001 <0.001 0.245

Intercondylar Final >0.999 >0.999 >0.999
* p-values in bold indicate statistical significance at 5% level.

Table 5. Pairwise timing per group measurement comparisons’ p-values derived from linear regres-
sion models, adjusted for multiple comparison (Bonferroni).

p-Values *

Measurement A1 vs. A2 A1 vs. A3 A2 vs. A3 B1 vs. B2 B1 vs. B3 B2 vs. B3

Weight Initial >0.999 >0.999 >0.999 >0.999 0.295 0.075
Go’–Menton Initial <0.001 >0.999 <0.001 0.211 0.194 >0.999
Go–Menton Initial 0.116 >0.999 0.031 >0.999 >0.999 >0.999

Coronoid–Menton Initial 0.192 >0.999 0.020 >0.999 0.627 >0.999
Condylion/Go’–Menton Initial >0.999 >0.999 0.189 0.153 0.089 >0.999

Condylion–Go’ Initial 0.016 >0.999 0.007 >0.999 0.959 0.959
Condylion–Menton Initial 0.027 >0.999 0.014 0.711 >0.999 >0.999

Condylion–Id Initial 0.205 >0.999 0.831 >0.999 >0.999 0.595
Condylion–I’ Initial 0.338 >0.999 0.128 >0.999 >0.999 >0.999

Incisal–Id Initial >0.999 >0.999 >0.999 >0.999 0.726 >0.999
Incisal–I’ Initial >0.999 0.192 0.618 >0.999 >0.999 >0.999

Intercondylar Initial 0.099 0.415 >0.999 >0.999 >0.999 >0.999

Weight Final <0.001 <0.001 0.999 <0.001 <0.001 <0.001
Go’–Menton Final >0.999 0.003 0.212 0.266 0.001 0.152
Go–Menton Final <0.001 <0.001 0.009 <0.001 <0.001 <0.001

Coronoid–Menton Final <0.001 <0.001 0.023 <0.001 <0.001 0.001
Condylion/Go’–Menton Final <0.001 <0.001 >0.999 <0.001 <0.001 0.009

Condylion–Go’ Final <0.001 <0.001 >0.999 <0.001 <0.001 0.028
Condylion–Menton Final <0.001 <0.001 <0.001 <0.001 <0.001 0.005

Condylion–Id Final <0.001 <0.001 0.012 <0.001 <0.001 0.117
Condylion–I’ Final <0.001 <0.001 <0.001 <0.001 <0.001 0.011

Incisal–Id Final <0.001 <0.001 <0.001 0.007 <0.001 0.594
Incisal–I’ Final 0.003 <0.001 <0.001 0.032 0.002 >0.999

Intercondylar Final 0.198 0.990 >0.999 >0.999 >0.999 >0.999

* p-values in bold indicate statistical significance at 5% level.

At baseline, only a few differences were evidenced among the subgroups, as expected,
due to the sample’s prior randomization. Contrarily, the final measurements revealed
noteworthy changes (Tables 4–6).
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Table 6. Estimated mean differences (final–initial), 95% Confidence Intervals and p-values (compared
to 0 i.e., no change) per group and timing.

Final–Initial Mean Difference (mm) 95%
Conf. Interval p-Value

Go’–Menton
A1 2.29 1.74 2.84 <0.001
B1 4.19 3.63 4.74 <0.001
A2 1.82 1.27 2.38 <0.001
B2 5.23 4.66 5.79 <0.001
A3 3.15 2.60 3.70 <0.001
B3 6.26 5.70 6.82 <0.001

Go–Menton
A1 2.73 2.22 3.24 <0.001
B1 3.96 3.45 4.47 <0.001
A2 3.67 3.16 4.18 <0.001
B2 5.34 4.83 5.85 <0.001
A3 4.75 4.23 5.26 <0.001
B3 6.23 5.72 6.74 <0.001

Coronoid–Menton
A1 2.61 2.18 3.03 <0.001
B1 3.38 2.96 3.81 <0.001
A2 3.69 3.27 4.11 <0.001
B2 4.78 4.35 5.21 <0.001
A3 4.52 4.10 4.94 <0.001
B3 5.73 5.30 6.15 <0.001

Condylion/Go’–Menton
A1 1.45 1.14 1.76 <0.001
B1 1.51 1.20 1.82 <0.001
A2 2.39 2.08 2.70 <0.001
B2 2.26 1.94 2.57 <0.001
A3 2.43 2.12 2.74 <0.001
B3 2.71 2.39 3.02 <0.001

CondylionGo
A1 1.32 0.98 1.66 <0.001
B1 1.17 0.83 1.51 <0.001
A2 2.51 2.17 2.85 <0.001
B2 1.96 1.61 2.31 <0.001
A3 2.51 2.17 2.85 <0.001
B3 2.37 2.03 2.72 <0.001

Condylion–Menton
A1 2.42 2.02 2.82 <0.001
B1 3.42 3.02 3.82 <0.001
A2 3.37 2.97 3.77 <0.001
B2 4.77 4.36 5.18 <0.001
A3 4.40 4.00 4.80 <0.001
B3 5.50 5.10 5.91 <0.001

Condylion–Id
A1 2.51 2.04 2.99 <0.001
B1 3.47 2.99 3.95 <0.001
A2 3.57 3.10 4.05 <0.001
B2 5.29 4.80 5.78 <0.001
A3 4.40 3.93 4.88 <0.001
B3 5.94 5.45 6.42 <0.001

Condylion–I’
A1 2.25 1.82 2.67 <0.001
B1 3.45 3.01 3.88 <0.001
A2 3.28 2.85 3.71 <0.001
B2 5.12 4.68 5.56 <0.001
A3 4.40 3.97 4.82 <0.001
B3 5.82 5.39 6.26 <0.001

Incisal–Id
A1 −0.60 −1.37 0.17 0.235
B1 2.40 1.63 3.17 <0.001
A2 0.95 0.18 1.72 0.007
B2 3.25 2.48 4.02 <0.001
A3 4.40 3.63 5.17 <0.001
B3 3.85 3.08 4.62 <0.001
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Table 6. Cont.

Final–Initial Mean Difference (mm) 95%
Conf. Interval p-Value

Incisal–I’
A1 −0.90 −1.57 −0.23 0.002
B1 1.85 1.18 2.52 <0.001
A2 0.70 0.03 1.37 0.033
B2 2.60 1.93 3.27 <0.001
A3 3.60 2.93 4.27 <0.001
B3 2.70 2.03 3.37 <0.001

Intercondylar
A1 0.26 −0.09 0.62 0.261
B1 0.37 0.02 0.72 0.033
A2 0.79 0.44 1.14 <0.001
B2 0.55 0.19 0.91 0.001
A3 0.59 0.24 0.94 <0.001
B3 0.59 0.23 0.94 <0.001

Comparisons between the experimental and the respective control subgroups (A1 vs. B1,
A2 vs. B2, A3 vs. B3) revealed a statistically significant restriction of mandibular body
length a (Go’–Menton), mandibular body length b (Go–Menton), and mandibular length
(Condylion–I’), across all subgroups (p < 0.001). The Coronoid–Menton, Condylion–
Menton, Condylion–Id, measurements were also found significantly different. Incisal–Id
and Incisal–I’ measurements measured significantly different between A1 vs. B1 and A2
vs. B2 subgroups, respectively, albeit differences did not persist after 90 days of experi-
ment (A3 vs. B3 subgroups). The condylion height (Condylion/Go’–Menton), the ramus
height (Condylion–Go’) dimensions and the Intercondylar distance did not show significant
difference.

Differences within the subgroups in the experimental group (A1, A2, A3) and within
the control subgroups (B1, B2, B3) are presented in Table 5. Table 6 presents the mean
difference (Final minus Initial) for each subgroup regarding each measurement. It appears
that the rate of mandibular growth was smaller in the experimental group in comparison
to the control group. The comprehensive regression model regarding major measurements
is depicted graphically in Figures 4–7.
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4. Discussion

The present study investigates in rats an important feature of human face, the mandibu-
lar shape, which is a potential determinant of self-esteem [24,65], it affects the individual’s
social interaction [66,67] and professional success [68], and is important in the function of
the orofacial complex [69,70]. Mandibular development is multifactorial and is regulated
by genetic and environmental variables [21,71].

Currently, the rat is the most popular animal used in experimental studies involving
anatomy and physiology [72,73], despite the existing differences with humans [55,56,74].
Thus, Wistar rats were used in this study with provision of eliminating potential confound-
ing factors related to their characteristics. Therefore, the animals were all male and had no
significant differences in measurements that might be connected to the variables of interest.
Although the majority of similar studies also selected the rat, some past research has also
reported on rabbits [15,62] and even monkeys [75,76].

Despite the randomization, some comparisons among subgroups regarding initial
measurements were found to be statistically different. This might be attributed to the small
size of each subgroup. Twelve rats were sufficient to detect the difference of interest, as was
determined after power analysis, but they might not have been adequate to eliminate differ-
ences of initial characteristics. However, regression models concerning final measurements
were adjusted for initial ones, when appropriate.

Every possible effort was made to breed the animals in a healthy, safe environment, to
provide necessary nutrition, and to treat them with dignity. Assessing the rat final weight,
there was no difference between A1-B1, contrary to the observations between A2-B2 and
A3-B3 (although the device in the A3 subgroup was removed on the 60th experimental
day). It could be hypothesized that, initially, the appliance did not seem to have caused any
important difference, but subsequently the animals might have faced trouble with feeding.
Nevertheless, the rats continued growing, as there were differences among A1, A2, and A3
(Table 5).
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Rats live for 3 years, on average. They develop rapidly and their adolescence ends
by the end of the second month of ontogenesis. Thus, a rat at 2 months of age (60 days) is
considered a young adult. The period of rapid growth allegedly ends by 5 weeks, whereas
at the period from 8 to 16 weeks, growth slows down [73,77–80]. The experimental period
of the present study lasted for 90 days, and the rat age in the last subgroup was 120 days.
The differences between subgroups A3 and B3 remained statistically significant 30 days
following the removal of the device (from A3 subgroup), meaning that the mandible did
not exhibit any post-treatment catch-up growth.

Calculations were not performed separately for the left and right mandibular sides.
By contrast, the mean values of the contralateral sides were used and are reported. The
orthodontic device that was used in the present study was full-cast, intraoral, and was
attached to the maxillary incisors. It was introduced by Desai et al. [62], although their
research did not report many details on osseous mandibular change, but focused mainly
on the temporomandibular joint. It was adopted by Cholasueksa et al. [8] and Farias-Neto
et al. [81], whereas Hua et al. [82] and Wang et al. [59] used modified upper/lower devices,
unlike Asano [57], Tsolakis [15] and Teramoto et al. [10], who selected extra-oral appliances.
Teramoto et al. mention that the magnitude of the traction was excessive, and thus ended
up traumatic [10].

The mandibular distal displacement effected by the intraoral device that was cemented
to the rat maxillary incisors caused a restriction in mandibular length and in mandibular
body length. Both Go and Go’ landmarks were identified because the distal outline of
the ramus in rodents appears to be particularly more concave related to human anatomy
(Figure 3a,b). Asano appears to have faced the same challenge in highlighting similar
landmarks [57]. Such developmental restriction is in agreement with the observations of
Desai et al. [62] and Cholasueksa et al. [8], and the conclusions of Asano [57], Farias-Neto
et al. [81], and Hua et al. [82].

In addition, the oblique osseous and dento-osseous measurements, as depicted by
Coronoid–Menton, Condylion–Menton, Condylion–Id, were also found to be significantly
different. Interestingly, Hua et al. found their respective oblique measurement, namely
the angle between the axis of the condylar process to the mandibular plane, also changing
spatial orientation [82].

The present study also identified dental alterations, as manifested by the statistically
significant differences between experimental and control animals regarding measurements
Incisal–Id and Incisal–I’ between A1 vs. B1 and A2 vs. B2 subgroups, respectively, although
differences did not persist after 90 days of experiment (A3 vs. B3 subgroups). Dental
attrition of the lower incisors in subgroups A1, A2 during the first 60 days of the exper-
iment due to their contact with the device discontinued after debonding the apparatus.
Subsequently, lower incisors resumed eruption and so no difference appeared in the dental
crown length between experimental and control subgroups.

Interestingly, the vertical component of the mandibular structure as expressed by
the condylion height (Condylion/Go’–Menton) and ramus height (Condylion–Go’) did
not show significant difference across the experimental and control subgroups inthe final
records. This observation agrees with that of Farias-Neto et al., who did not observe any
significant difference considering the ramus height [81]. Asano’s conclusions are similar
regarding the condylar height, although he also noticed a thickening of the retromolar
region and the condylar neck, potentially due to spatial remodeling [57]. This leads
to the conclusion that mandibular retrusion might not be expected to cause unwanted
side-outcomes affecting facial appearance. Lastly, the Intercondylar distance remained
statistically unaffected, in agreement with the conclusions of Farias-Neto et al. [81].

To increase accuracy in identifying anatomical landmarks [46,47] and for increased
consistency in measuring dimensions [52], CBCT, a 3D reconstruction method, was used in
place of ordinary 2D lateral cephalometric radiography [29,32–34,38]. To the best of our
knowledge, this is the first study to use CBCT for comprehensive cephalometric evaluation
in rats, although various digital radiographic techniques have been used [59,81].
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The present study was conducted in rodents with respect, and complying with estab-
lished legislature and regulations. Such experimentation would be off-limits in humans
because the interventions might inflict irreversible changes. On the other hand, the existing
differences between rodents and humans call for caution when interpreting the results. The
present study may be a contribution to evidence-based decision making in orthodontics
when treating skeletal Class III malocclusion, and could intensify the call for further re-
search on the long-lasting effects of such interventions aiming to alleviate facial deviations.
A randomized controlled trial should be conducted to validate the present research.

5. Conclusions

Posterior mandibular displacement in growing rats alters the mandibular morphology
and results in the development of a smaller mandible at a grown age. In the rat, it can be
concluded that the effects of distal mandibular displacement follow a consistent temporal
pattern and are statistically significant. The present study emphasized the long-term
stability of the outcomes, revealing that the mandible does not show catch-up growth
following treatment.
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45. Kapetanović, A.; Oosterkamp, B.C.M.; Lamberts, A.A.; Schols, J.G.J.H. Orthodontic radiology: Development of a clinical practice
guideline. Radiol. Med. 2021, 126, 72–82. [CrossRef] [PubMed]

46. Navarro Rde, L.; Oltramari-Navarro, P.V.; Fernandes, T.M.; Oliveira, G.F.; Conti, A.C.; Almeida, M.R.; Almeida, R.R. Comparison
of manual, digital and lateral CBCT cephalometric analyses. J. Appl. Oral Sci. 2013, 21, 167–176. [CrossRef] [PubMed]

47. Nalçaci, R.; Oztürk, F.; Sökücü, O. A comparison of two-dimensional radiography and three-dimensional computed tomography
in angular cephalometric measurements. Dentomaxillofac Radiol. 2010, 39, 100–106. [CrossRef]

48. Kumar, V.; Ludlow, J.; SoaresCevidanes, L.H.; Mol, A. In vivo comparison of conventional and cone beam CT synthesized
cephalograms. Angle Orthod. 2008, 78, 873–879. [CrossRef] [PubMed]

49. Maspero, C.; Farronato, M.; Bellincioni, F.; Cavagnetto, D.; Abate, A. Assessing mandibular body changes in growing subjects: A
comparison of CBCT and reconstructed lateral cephalogram measurements. Sci. Rep. 2020, 10, 11722. [CrossRef]

50. Sfogliano, L.; Abood, A.; Viana, G.; Kusnoto, B. Cephalometric evaluation of posteroanterior projection of reconstructed three-
dimensional Cone beam computed tomography, two-dimensional conventional radiography, and direct measurements. J. World
Fed. Orthod. 2016, 5, 22–27. [CrossRef]

51. Li, N.; Hu, B.; Mi, F.; Song, J. Preliminary evaluation of cone beam computed tomography in three-dimensional cephalometry for
clinical application. Exp. Ther. Med. 2017, 13, 2451–2455. [CrossRef]

52. Lin, H.S.; Li, J.D.; Chen, Y.J.; Lin, C.C.; Lu, T.W.; Chen, M.H. Comparison of measurements of mandible growth using cone beam
computed tomography and its synthesized cephalograms. Biomed. Eng. Online 2014, 13, 133. [CrossRef] [PubMed]

53. Ludlow, J.B.; Gubler, M.; Cevidanes, L.; Mol, A. Precision of cephalometric landmark identification: Cone-beam computed
tomography vs. conventional cephalometric views. Am. J. Orthod. Dentofac. Orthop. 2009, 136, 312.e1–312.e10, discussion 312–313.
[CrossRef]

54. Park, C.S.; Park, J.K.; Kim, H.; Han, S.S.; Jeong, H.G.; Park, H. Comparison of conventional lateral cephalograms with correspond-
ing CBCT radiographs. Imaging Sci. Dent. 2012, 42, 201–205. [CrossRef]

55. Herring, S.W. TMJ anatomy and animal models. J. Musculoskelet. Neuronal. Interact. 2003, 3, 391–394. [PubMed]
56. Suzuki, A.; Iwata, J. Mouse genetic models for temporomandibular joint development and disorders. Oral Dis. 2016, 22, 33–38.

[CrossRef] [PubMed]
57. Asano, T. The effects of mandibular retractive force on the growing rat mandible. Am. J. Orthod. Dentofac. Orthop. 1986, 90,

464–474. [CrossRef]
58. Ingervall, B.; Fredén, H.; Heyden, G. Histochemical study of mandibular joint adaptation in experimental posterior mandibular

displacement in the rat. Arch. Oral Biol. 1972, 17, 661–671. [CrossRef]
59. Wang, S.; Sun, Y.; Xia, L.; Li, H.; Xu, Y.; Hua, X. Effects of Twin Inclined Plane Device on Adaptation and Ultrastructure Variations

in Condyle of Growing Rats. BioMed Res. Int. 2019, 2019, 3069347. [CrossRef]
60. Padzys, G.S.; Tankosic, C.; Trabalon, M.; Martrette, J.M. Craniofacial development and physiological state after early oral

breathing in rats. Eur. J. Oral Sci. 2012, 120, 21–28. [CrossRef]
61. Tsolakis, A.I.; Spyropoulos, M.N.; Katsavrias, E.; Alexandridis, K. Effects of altered mandibular function on mandibular growth

after condylectomy. Eur. J. Orthod. 1997, 19, 9–19. [CrossRef]
62. Desai, S.; Johnson, D.L.; Howes, R.I.; Rohrer, M.D. Changes in the rabbit temporomandibular joint associated with posterior

displacement of the mandible. Int. J. Prosthodont. 1996, 9, 46–57.

http://doi.org/10.1055/s-0039-1698918
http://doi.org/10.5152/TurkJOrthod.2020.19097
http://www.ncbi.nlm.nih.gov/pubmed/32637188
http://doi.org/10.1016/j.oooo.2013.06.002
http://doi.org/10.5152/TurkJOrthod.2018.18020
http://www.ncbi.nlm.nih.gov/pubmed/30112515
http://doi.org/10.1259/dmfr.20140282
http://www.ncbi.nlm.nih.gov/pubmed/25358833
http://doi.org/10.3390/dj7030089
http://www.ncbi.nlm.nih.gov/pubmed/31480667
http://doi.org/10.1259/bjr/19389412
http://doi.org/10.1016/j.ajodo.2011.10.024
http://www.ncbi.nlm.nih.gov/pubmed/22464525
http://doi.org/10.1016/j.ejrad.2010.11.028
http://www.ncbi.nlm.nih.gov/pubmed/21196094
http://doi.org/10.1007/s11547-020-01219-6
http://www.ncbi.nlm.nih.gov/pubmed/32462471
http://doi.org/10.1590/1678-7757201302326
http://www.ncbi.nlm.nih.gov/pubmed/23739848
http://doi.org/10.1259/dmfr/82724776
http://doi.org/10.2319/082907-399.1
http://www.ncbi.nlm.nih.gov/pubmed/18298214
http://doi.org/10.1038/s41598-020-68562-6
http://doi.org/10.1016/j.ejwf.2015.12.001
http://doi.org/10.3892/etm.2017.4278
http://doi.org/10.1186/1475-925X-13-133
http://www.ncbi.nlm.nih.gov/pubmed/25208578
http://doi.org/10.1016/j.ajodo.2009.04.009
http://doi.org/10.5624/isd.2012.42.4.201
http://www.ncbi.nlm.nih.gov/pubmed/15758330
http://doi.org/10.1111/odi.12353
http://www.ncbi.nlm.nih.gov/pubmed/26096083
http://doi.org/10.1016/0889-5406(86)90106-X
http://doi.org/10.1016/0003-9969(72)90192-6
http://doi.org/10.1155/2019/3069347
http://doi.org/10.1111/j.1600-0722.2011.00896.x
http://doi.org/10.1093/ejo/19.1.9


Vet. Sci. 2022, 9, 144 16 of 16

63. Bland, J.M.; Altman, D.G. Statistical methods for assessing agreement between two methods of clinical measurement. Lancet 1986,
1, 307–310. [CrossRef]

64. Lin, L.I. A concordance correlation coefficient to evaluate reproducibility. Biometrics 1989, 45, 255–268. [CrossRef] [PubMed]
65. Lin, F.; Ren, M.; Yao, L.; He, Y.; Guo, J.; Ye, Q. Psychosocial impact of dental esthetics regulates motivation to seek orthodontic

treatment. Am. J. Orthod. Dentofac. Orthop. 2016, 150, 476–482. [CrossRef]
66. Shen, H.; Chau, D.K.; Su, J.; Zeng, L.L.; Jiang, W.; He, J.; Fan, J.; Hu, D. Brain responses to facial attractiveness induced by facial

proportions: Evidence from an fMRI study. Sci. Rep. 2016, 6, 35905. [CrossRef] [PubMed]
67. Sofer, C.; Dotsch, R.; Wigboldus, D.H.; Todorov, A. What is typical is good: The influence of face typicality on perceived

trustworthiness. Psychol. Sci. 2015, 26, 39–47. [CrossRef]
68. Frieze, I.H.; Olson, J.E.; Russell, J. Attractiveness and Income for Men and Women in Management. J. Appl. Soc. Psychol. 1991, 21,

1039–1057. [CrossRef]
69. Lathrop-Marshall, H.; Keyser, M.M.B.; Jhingree, S.; Giduz, N.; Bocklage, C.; Couldwell, S.; Edwards, H.; Glesener, T.; Moss, K.;

Frazier-Bowers, S.; et al. Orthognathic speech pathology: Impacts of Class III malocclusion on speech. Eur. J. Orthod. 2021, 25,
cjab067. [CrossRef] [PubMed]

70. Rezaei, F.; Masalehi, H.; Golshah, A.; Imani, M.M. Oral health related quality of life of patients with class III skeletal malocclusion
before and after orthognathic surgery. BMC Oral Health 2019, 19, 289. [CrossRef] [PubMed]

71. Vieira, A.R. Orthodontics and Genetics. Dent. Press J. Orthod. 2019, 24, 92–97. [CrossRef] [PubMed]
72. Logan, C.A. Commercial Rodents in America: Standard Animals, Model Animals, and Biological Diversity. Brain Behav. Evol.

2019, 93, 70–81. [CrossRef]
73. Sengupta, P. The Laboratory Rat: Relating Its Age with Human’s. Int. J. Prev. Med. 2013, 4, 624–630. [PubMed]
74. Bolker, J.A. Selection of Models: Evolution and the Choice of Species for Translational Research. Brain Behav. Evol. 2019, 93, 82–91.

[CrossRef] [PubMed]
75. Baume, L.J.; Derichsweiler, H. Is the condylar growth center responsive to orthodontic therapy? An Experimental study in

macacamulatta. Oral Surg. Oral Med. Oral Path. 1961, 14, 347–362. [CrossRef]
76. Janzen, E.K.; Bluher, J.A. The cephalometric, anatomic, and histologic changes in Macacamulatta after application of a continuous-

acting retraction force on the mandible. Am. J. Orthod. 1965, 51, 803–878. [CrossRef]
77. Roach, H.I.; Mehta, G.; Oreffo, R.O.; Clarke, N.M.; Cooper, C. Temporal analysis of rat growth plates: Cessation of growth with

age despite presence of a physis. J. Histochem. Cytochem. 2003, 51, 373–383. [CrossRef]
78. Andreollo, N.A.; Santos, E.F.; Araújo, M.R.; Lopes, L.R. Rat’s age versus human’s age: What is the relationship? Arq. Bras. Cir.

Dig. 2012, 25, 49–51, (In English, Portuguese). [CrossRef] [PubMed]
79. Quinn, R. Comparing rat’s to human’s age: How old is my rat in people years? Nutrition 2005, 21, 775–777. [CrossRef] [PubMed]
80. Klein, Z.A.; Romeo, R.D. Changes in hypothalamic-pituitary-adrenal stress responsiveness before and after puberty in rats. Horm.

Behav. 2013, 64, 357–363. [CrossRef] [PubMed]
81. Farias-Neto, A.; Varela Brown Martins, A.P.; Figueroba, S.R.; Groppo, F.C.; de Almeidad, S.M.; Rizzatti-Barbosa, C.M. Altered

mandibular growth under functional posterior displacement in rats. Angle Orthod. 2012, 82, 3–7. [CrossRef] [PubMed]
82. Hua, X.; Xiong, H.; Han, G.; Cheng, X. The effects of gradually induced backward movement of the mandible by a Twin Inclined

Plane Device in rats. Angle Orthod. 2012, 82, 839–845. [CrossRef]

http://doi.org/10.1016/S0140-6736(86)90837-8
http://doi.org/10.2307/2532051
http://www.ncbi.nlm.nih.gov/pubmed/2720055
http://doi.org/10.1016/j.ajodo.2016.02.024
http://doi.org/10.1038/srep35905
http://www.ncbi.nlm.nih.gov/pubmed/27779211
http://doi.org/10.1177/0956797614554955
http://doi.org/10.1111/j.1559-1816.1991.tb00458.x
http://doi.org/10.1093/ejo/cjab067
http://www.ncbi.nlm.nih.gov/pubmed/34562076
http://doi.org/10.1186/s12903-019-0989-9
http://www.ncbi.nlm.nih.gov/pubmed/31864336
http://doi.org/10.1590/2177-6709.24.2.092-097.sar
http://www.ncbi.nlm.nih.gov/pubmed/31116292
http://doi.org/10.1159/000500073
http://www.ncbi.nlm.nih.gov/pubmed/23930179
http://doi.org/10.1159/000500317
http://www.ncbi.nlm.nih.gov/pubmed/31416088
http://doi.org/10.1016/0030-4220(61)90299-7
http://doi.org/10.1016/0002-9416(65)90251-4
http://doi.org/10.1177/002215540305100312
http://doi.org/10.1590/S0102-67202012000100011
http://www.ncbi.nlm.nih.gov/pubmed/22569979
http://doi.org/10.1016/j.nut.2005.04.002
http://www.ncbi.nlm.nih.gov/pubmed/15925305
http://doi.org/10.1016/j.yhbeh.2013.01.012
http://www.ncbi.nlm.nih.gov/pubmed/23465865
http://doi.org/10.2319/040411-241.1
http://www.ncbi.nlm.nih.gov/pubmed/21787198
http://doi.org/10.2319/101011-633.1

	Introduction 
	Materials and Methods 
	Experimental Design 
	Three-Dimensional Analysis 
	Statistics 

	Results 
	Discussion 
	Conclusions 
	References

