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Abstract: Apart from genetics, environmental factors, such as food consistency, may affect craniofacial
morphology and development. The present systematic review aims to systematically investigate
and appraise the available evidence regarding the effect of diet consistency on the anatomical
structures of the basal bone of the rat mandible. The search was performed without restrictions in five
databases (PubMed, Scopus, Web of Science, ProQuest Dissertations and Theses Global, including
grey literature) and hand searching through January 2022. A total of 14,904 references were initially
identified, and 16 articles were finally included in the systematic review. Rats that consumed hard
diets were found to exhibit an increase inbigonial width, corpus height, condylar depth, condylar
base inclination, condylar process inclination, mandibular plane inclination, height and length of
angular process, mandibular body height, depth of antegonial notch, growth rate in the gonial angle,
angular process convexity and height of condylar process. It was also noted that mandibular depth,
mandibular height, ramus angle and angle between the angular process and mandibular plane
were decreased in rats that were fed with a hard diet. On the other hand, there were conflicting
results about the growth of mandibular length and width, corpus length, mandibular body length,
ramus height, condylar length and width, gonial angle and height of coronoid process. From the
abovementioned results, it can be concluded that food consistency may affect the morphology of
anatomical structures and the overall growth and development of rat mandibles in various ways.

Keywords: rat; mandible; food consistency; anatomy; growth

1. Introduction

It is well-established that genetics has a great impact on the development of cranio-
facial morphology and occlusion—or malocclusion. The study of craniosynostosis has
concluded that gene mutations, such as those concerning glupican 1 (GPC1) and gluypi-
can 3 (GPC3), are likely to mediate changes to mandibular size [1]. Moreover, local and
systemic inflammation affects the craniofacial morphology, including the mandible and the
alveolar bone. Osteoclasts and osteoblasts are the main factors responsible for the dynamic
equilibrium between bone resorption and formation in the craniofacial complex. Apart
from these two vital components, a complex cellular communication network, including
osteocytes, macrophages, monocytes, neutrophils and adaptive immune cells, also plays
a crucial role in maintaining strict bone homeostasis [2]. Finally, experiments in animals
and studies in humans have implicated pro-inflammatory cytokines (e.g., interleukin-1,
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tumor necrosis factor alpha and interleukin-6) as paramount mediators of physiologic and
pathological bone remodeling [3].

Furthermore, enzyme activity of the masticatory muscles is affected by food hardness
due to differences in mechanical stress. It has been shown that changes in diet hardness
affect muscular fiber phenotype and enzyme activity encoded by the nuclear and the
mitochondrial genome. Moreover, differences in mRNA expression and expression levels
of the myosin heavy chain isoform genes MYH 1 and 2 were revealed in experimental rats
fed with a soft or hard diet [4]. Many genes were found to be significantly differentially
expressed between hard- and soft-diet-fed mice in groups of the same feeding period. The
expression of several genes involved in the regulation of actin cytoskeleton was down
regulated in the soft-diet-fed mouse [5]. Furthermore, hard diet causes changes in oxidative
metabolism and in mRNA levels for the ND1 and 75 kDa MyHC isoforms IIa and IId/x
in the superficial portion of rat masseter muscle, but no changes have been found in the
composition of muscle fiber types [6].

Families and generations have been observed presenting similarities in their craniofa-
cial and occlusal patterns, and it is accepted that the type of occlusion and the craniofacial
growth are heritable to some degree [7–9]. However, it has been observed that many
civilized human populations have developed more severe malocclusions compared to
populations under primitive conditions of life [10]. During that era, an excellent func-
tion of jaws and a well-developed masticatory system were essential to chew raw or
partially cooked meat in order to survive [11]. In addition, a lower prevalence of severe
malocclusions in populations living in rural villages compared with those living in urban
industrialized societies has been noted [12,13]. A plausible explanation for these variations
is the difference in food consistency of modern urban diets. Consequently, apart from the
possible genetic and inflammatory trends and factors, environmental conditions also play a
significant role. The effect of food consistency has been studied in various animal species,
such as rats, ferrets, mice, pigs, bats, snakes and primates [14–21].

Amongst them, rats are the most frequently used animals. The majority of experimen-
tal studies include rats because they are small in size, can be easily housed and reproduced,
report a minimal social concern, have a short lifespan and their genetic background and
growth are well known and resemble those of humans [22].

A systematic review by Scheidegger et al. (2018) examined the impact of dietary
consistency on temporomandibular joint/condyle, condylar cartilage, alveolar bone and
periodontal ligament [23]. Therefore, a decision was made to conduct a systematic review
that would investigate the effect of diet consistency on the mandible by assessing the
morphology of its anatomical structures located away from teeth and alveolus of rats
and to appraise the relevant evidence. The only common topic of our study with the
aforementioned systematic review will be the condylar dimensions.

2. Materials and Methods
2.1. Protocol and Registration

A specific protocol was developed and piloted following the guidelines outlined in
the PRISMA-P statement [24]. The protocol was subsequently registered in PROSPERO
(CRD42019136315) and formed the basis for this review. The Cochrane Handbook for
Systematic Reviews of Interventions [25] and the PRISMA statement [26] were followed
during conduct and reporting.

2.2. Eligibility Criteria

The participants, intervention, comparison, outcomes and study design (PICOS)
acronym were applied to define the eligibility criteria (Table S1).

Studies involving rats which were divided into a hard-food-diet group and a soft-food-
diet group were reviewed. The effect of food consistency on morphological anatomy of the
mandible of rats should be assessed after the measurement of differences in mandibular
anatomical structures after at least 1 month in rats consuming hard or ordinary diet and
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rats being fed with soft diet. Non comparative studies, reviews, systematic reviews, and
meta-analyses were excluded.

2.3. Information Sources and Search Strategy

In total, five databases (including grey literature) were searched from inception to
1 January 2022. One author (M.A.M.) developed detailed search strategies for each database.
They were based on the strategy developed for MEDLINE but revised appropriately to
take into account the differences in controlled vocabulary and syntax (Table S2).

No restriction was placed on language, date or status of publication. In addition,
efforts to obtain additional studies were made by reviewing the reference lists of all eligible
studies, excluded studies and other published systematic reviews. The authors of studies
were to be contacted to provide additional data, if needed.

2.4. Study Selection

The first and second authors (I.I.K. and I.A.T.) electronically assessed the titles and the
abstracts of the retrieved records for inclusion independently and in duplicate. They were
not blinded to the identity of the authors, their institution or the results of the research.
Subsequently, they obtained and assessed using an identical methodology the total report
of records considered by either reviewer to satisfy the inclusion criteria.

Disagreements were resolved by discussion or consultation with the fifth author
(A.I.T.). A record of all decisions on study identification was kept. As recommended, kappa
statistics were not calculated to describe the extent to which assessments by the two authors
were the same [25].

2.5. Data Collection and Data Items

The same two authors performed data extraction independently, and any disagree-
ments were again resolved by discussion or consultation with the fifth author. Predeter-
mined and pre-piloted data collection forms were used to record the following information:
bibliographic details of the study, details on study design and verification of study eli-
gibility, characteristics of the subjects and the type of food in each group, details on the
intervention, outcome measurement characteristics and results.

2.6. Risk of Bias in Individual Studies

The risk of bias in individual studies was assessed by I.I.K. and M.A.M. independently
and in duplicate with the SYRCLE’s risk of bias tool [27]. Any disagreements were resolved
by discussion or consultation with the fifth author (A.I.T.).

2.7. Summary Measures and Synthesis of Results

If deemed possible, the random effects method for meta-analysis was to be used to
combine data on craniofacial morphology [28,29]. However, quantitative data synthesis was
not carried out as planned because of the lack of an adequate amount of data regarding each
of the investigated anatomical structures, as well as differences in the used methods [25].

3. Results
3.1. Study Selection

The flow of records through the reviewing process is shown in Figure 1.
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Figure 1. Flowchart—Detailing inclusion/exclusion of studies.

We initially identified 14,904 references and, after the duplicate check, excluded 14,075
more on the basis of their title and abstract. From the 44 records that remained and were
assessed for eligibility, 28 studies were excluded for the following reasons: involving
human subjects (n = 1), including adjunctive procedures, such as bite blocks (n = 9), using
already dead animals (n = 1), having only results related to mineralization of bones (n = 1),
employing only histological/histomorphometric measurements (n = 3), having results
of diet consistency related to cage environment (n = 1), having results only about bone
mineral density (n = 1), using results only about bone mass (n = 1), having results only
about bone density (n = 1), involving results only about condylar cartilage (n = 3), having
results related to nasomaxillary complex only (n = 1), having a lack of quantitative data
on mandibular morphology (n = 5). Finally, 16 full-text study reports were included in the
systematic review [30–45].

3.2. Study Characteristics

The characteristics of the included studies are presented in Table 1.
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Table 1. Characteristics of the studies included in the systematic review.

Authors; Year
Subject Characteristics
(Species; Sample Size;
Gender; Age; Weight)

Hard Diet Group
(Number, Type of Food,

Treatment Duration)

Soft Diet Group
(Number, Type of Food,

Treatment Duration)

Frequency of Outcome
Measurements

Method of Outcome
Assessment Results

Abed et al., 2007 [30]
wild-type Sprague–Dawley

rats; 32; M; 23 d;
not mentioned

N = 16
hard pellets

until the age of 79 d

N = 16
grinding the hard diet
pellets to a powder in

a blender
until the age of 79 d

T1 = 23 d of age
T2 = 37 d of age
T3 = 51 d of age
T4 = 65 d of age
T5 = 79 d of age

(a) lateral cephalograms
(b) dorso–ventral

cephalograms
The computer software

used for digitization and
measurement
was Viewbox1

Size differences
anterior corpus length: HD > SD

ramus height: HD > SD
Differences in growth velocity

anterior corpus length: HD > SD
ramus height: HD > SD

Differences in growth deceleration
bigonial width: HD > SD

Barber et al., 1963 [44] Long–Evans rats; 30; M;
21 d; not mentioned

N = 15
whole pellets

18 wks

N = 15
ground rat diet

18 wks
after 18 wks

Planimetric analysis:
Overhead projector was

used to project a silhouette
of the mandibular condyles.

Polar planimeter was
employed to measure the

area of the
condylar tracings.

Three readings of area were
taken and a mean of each

three readings
was computed.

Projected tracing measurements
condylar area: HD > SD

condylar length: n
Actual measurements
mandibular length: n

mandibular weight: HD > SD

Beecher and
Corruccini; 1981 [31]

Sprague–Dawley rats;
45 Mand 45 F; 21 d;

not mentioned

Group I: N = 30
pelleted rat chow

4 mos

Group II: N = 30
gruel-like porridge

consisting of ground
chow moistened

with water
4 mos

Group III: N = 30
soft diet 6 d with dry

pellets every 7th d
4 mos

after 4 mos
Direct anteroposterior
length measurement

on condyle

Mandibular length:
HD > S/HD > SD

Condylar length: n
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Table 1. Cont.

Authors; Year
Subject Characteristics
(Species; Sample Size;
Gender; Age; Weight)

Hard Diet Group
(Number, Type of Food,

Treatment Duration)

Soft Diet Group
(Number, Type of Food,

Treatment Duration)

Frequency of Outcome
Measurements

Method of Outcome
Assessment Results

Bouvier; 1988 [32]

Sprague–Dawley rats;
young rats: 20 Mand 26 F;

21 d; not mentioned
adult rats: 31 M; 4 mos;

467 ± 48 g

Group I: N = 28 (16 young
and 12 adult)

hard, pelleted rat chow
young: for 4 wks
adult: for 12 wks

Group II: N = 26
(16 young and 10 adults)

ground rat
chow moistened

with water
young rats: for 4 wks
adult rats: for 12 wks

Group III: N = 23
(14 young and 9 adults)
moist, ground chow for

the first 2 wks (young) or
6 wks (adult) and then for

the remaining 2 wks
(young) or 6 wks (adult),

hard pelleted chow

young rats: 4 wksadult
rats: 12 wks

Gross measurements
with calipers

Mandibular length: n
Condylar length:

young rats (females):
HD > SD

S/HD > SD
HD n S/HD

young rats (males): HD > SD
S/HD n SD
HD n S/HD

adult rats (males): HD > SD
S/HD > SD
HD n S/HD

Condylar width:
young rats (females):

HD > SD
S/HD > SD
HD n S/HD

young rats (males): HD > SD
S/HD > SD
HD n S/HD

adult rats (males): HD > SD
S/HD > SD
HD > S/HD
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Table 1. Cont.

Authors; Year
Subject Characteristics
(Species; Sample Size;
Gender; Age; Weight)

Hard Diet Group
(Number, Type of Food,

Treatment Duration)

Soft Diet Group
(Number, Type of Food,

Treatment Duration)

Frequency of Outcome
Measurements

Method of Outcome
Assessment Results

Bouvier and Hylander;
1984 [33]

Long–Evans rats;
weanling rats: 15 M; 23 d;

not mentioned juvenile rats:
15 M; 6 wks; not mentioned

Group Ia: N = 5
weanlings

hard, pelleted
rat chow

5 wks
Group Ib: N = 5 juveniles

hard, pelleted
rat chow

8 wks

Group IIa: N = 5
weanlings

softened rat chow
5 wks

Group IIb: N = 5 juveniles
softened rat chow

8 wks
Group IIIa: N = 5

weanlings
softened rat chow: 2 wks
hard, pelleted rat chow:

3 wks
Group IIIb: N = 5

juveniles
softened rat chow: 4 wks
hard, pelleted rat chow:

4 wks

weanlings: after 5 wks
juveniles: after 8 wks

Gross morphological
analysis: one dentary, the

hind limb and the
remaining portion of the
head were placed in 10%
neutral buffered formalin
and stored for later gross
morphological analysis.

Weanling rats
Condylar length:
HD = S/HD > SD
Condylar width:
HD = S/HD > SD

Condylar depth: HD > SD
HD <S/HD
S/HD > SD

Mandibular length: n
Mandibular depth: n
Mandibular width:
HD > S/HD > SD
Ramus height: n

Juvenile rats
Condylar length:
HD > H/SD > SD
Condyle width:

HD > S/HD > SD
Condyle depth:

HD > S/HD > SD
Mandibular length: n, except F-G area

HD > H/SD
HD > SD

Mandibular depth: n
Mandibular width: n

Ramus height: n
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Table 1. Cont.

Authors; Year
Subject Characteristics
(Species; Sample Size;
Gender; Age; Weight)

Hard Diet Group
(Number, Type of Food,

Treatment Duration)

Soft Diet Group
(Number, Type of Food,

Treatment Duration)

Frequency of Outcome
Measurements

Method of Outcome
Assessment Results

Bouvier and Zimny;
1987 [34]

Sprague–Dawley rats;
young rats; 12 M and 26 F;

4 wks; not mentioned
mature adult rats: 31 M;

not mentioned;
not mentioned

Group IaM N = 6 young
Ms

hard pelleted rat chow
4 wks

Group IaF: N = 9 young
females

hard pelleted rat chow
4 wks

Group IIa: N = 14 adults
hard pelleted rat chow

12 wks

Group IbM: N = 3 young
Ms

ground moistened chow
4 wks

Group IbF: N = 9 young
Fs

ground moistened chow
4 wks

Group IcM: N = 3 young
Ms

softened chow 2 wks
hard chow 2 wks

Group IcF: N = 8 young
Fs

softened chow 2 wks
hard chow 2 wks

Group IIb: N = 12 adults
ground moistened chow

12 wks
Group IIc: N = 9 adults

softened chow 6 wks
hard chow 6 wks

weanlings: after 4 wks
adults: after 12 wks

Gross morphological
measurements using

dial calipers;
Scanning EM sample

preparation: the condyle
was separated from the
mandibular body and

samples were processed for
scanning

electron microscopy

Young females
Mandibular length: n

Condylar length:
HD > S/HD > SD
Condylar width:
HD > S/HD > SD

Young males
Mandibular length: n

Condylar length: n
Condylar width: n

Old males
Mandibular length: n

Condylar length:
HD > S/HD > SD
Condylar width:
HD > S/HD > SD

Guerreiro et al., 2013
[35]

Wistar rats; 24 M; 21 d;
not mentioned

N = 12
a solid diet, laboratory
chow for rats in a hard
commercial pellet form

50 d

N = 12
a powdered diet, which
consisted of ground and

sieved commercial pellets
50 d

after 50 d

Macroscopic measurements:
Macroscopic measurements
were carried out on digital

photographs.
Some reference
landmarks and

measurements used in this
study were adapted from

cephalometric
measurements (saggital,

vertical, angular)

Mandibular length: n
Mandibular body length: HD > SD

Mandibular ramus curvature depth: n
Mandibular head: n

Mandibular base depth: HD > SD
Ramus height: HD > SD

Mandibular body height: HD > SD
Gonial angle: n
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Table 1. Cont.

Authors; Year
Subject Characteristics
(Species; Sample Size;
Gender; Age; Weight)

Hard Diet Group
(Number, Type of Food,

Treatment Duration)

Soft Diet Group
(Number, Type of Food,

Treatment Duration)

Frequency of Outcome
Measurements

Method of Outcome
Assessment Results

Hichijo et al., 2014 [36] Wistar strain rats; 14 M;
3 wks; not mentioned

N = 7
solid hard diet

(ordinary pellet)
11 wks

N = 7
powder soft diet
(ordinary pellet)

11 wks

after 11 wks

Cephalometric
analysis:lateral

cephalograms were taken of
each right hemimandible

using a rat and mouse
cephalometer with dental

occlusal film.
Cephalometric analysis was
performed by means of ABS

Digimatic Caliperis

Total length of mandible: n
Base length of mandible: n

Height of coronoid process: n
Mandibular ramus height: HD > SD

Gonial angle: HD < SD
Ramus angle: HD < SD

Kiliaridis et al., 1999
[39]

Sprague–Dawley rats; 40 M;
28 d; 100 ± 2 g

N = 20
ordinary diet for rats in

hard pellet form
28 d

N = 20
ordinary diet, ground and

mixed with water in
standardized proportions

28 d

after 28 d

Gross morphometric
analysis: lateral and axial

photos were taken from the
dry mandibles of 10 animals

in a standardized way by
means of a stereo

microscope (Olympus)

Mandibular length:
HD > SD

Mandibular width:
HD > SD

Kiliaridis et al., 1985
[37]

Sprague–Dawley
rats; 32 M; not mentioned;

100 g

N = 16
ordinary diet

28 d

N = 16
ordinary diet mixed with

water in standardized
proportions

28 d

T1 = beginning
T2 = 14 d after T1
T3 = 28 d after T1

Lateral cephalograms;
A standard length of wire

(10 mm) attached to
each film;

Computerised
cephalometric analysis

was performed;
The measurements were

calibrated according to the
image of the standard

length of the wire.

Angular process convexity: HD > SD
(28 d)

Antegonial notch depth: HD > SD
(28 d)

Linear measurements of the mandible
(size of the occipital condyle region, size

of the curvature
of the angular process): HD > SD

Growth rate at the gonial angle of
mandible:
HD > SD



Int. J. Environ. Res. Public Health 2022, 19, 2706 10 of 22

Table 1. Cont.

Authors; Year
Subject Characteristics
(Species; Sample Size;
Gender; Age; Weight)

Hard Diet Group
(Number, Type of Food,

Treatment Duration)

Soft Diet Group
(Number, Type of Food,

Treatment Duration)

Frequency of Outcome
Measurements

Method of Outcome
Assessment Results

Kiliaridis; 1986 [38] Sprague–Dawley rats; 36 M;
not mentioned; 90 g

N = 12
ordinary diet of

hard pellets
29 d

SD1: N = 12
same ordinary rat diet in

a ground form mixed
with water

29 d
SD2: N = 12

same ordinary rat diet in
a ground form mixed
with water + incisors

shortened regularly by
grinding with a
diamond disc.

No incisal contact was
possible for some time

after this procedure.
29 d

T1 = beginning
(Oxytetracycline

injection)
T2 = 15 d from T1
(Oxytetracycline

injection)
T3 = 27 d from T1
(Oxytetracycline

injection)
T4 = 29 d from T1

lateral cephalograms
and computerized

cephalometric analysis

Angle (angular
process-mandibular plane):

HD < SD1< SD2 (T4)
Antigonial notch depth: HD > SD2

SD1 > SD2 (T4)

Luca et al., 2003 [40] Sprague–Dawley rats;
30 M; 28 d; not mentioned

N = 10
normal diet (pellets)

28 d

SD1: N = 10
liquid diet (dry powder of
pellets dissolved in water)

28 d
SD2: N = 10

elastic diet (similar to
normal

diet, with binders and
gums added)

28 d

after 28 d
Cephalometric analyses:

lateral radiographs of
the cranium

Posterior mandibular length: n
Length of the horizontal branch (from

the antegonial notch to the distal
alveolar margin of the

lower incisor): n
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Table 1. Cont.

Authors; Year
Subject Characteristics
(Species; Sample Size;
Gender; Age; Weight)

Hard Diet Group
(Number, Type of Food,

Treatment Duration)

Soft Diet Group
(Number, Type of Food,

Treatment Duration)

Frequency of Outcome
Measurements

Method of Outcome
Assessment Results

Maki et al., 2002 [41] Wistar rats; 30 M; 3 wks;
40 g

N = 10
hard diet (CA-1)

6 wks

SD1 (kneaded-diet):
N = 10

diet of powder CA-1 that
had been first kneaded

with water and then left
to dry
6 wks

SD2 (powdered-diet):
N = 10

powdered diet
6 wks

after 6 wks

Lateral cephalometric
analysis: the cranial bones
were cut laterally along the

median suture from the
parietal bone to the

mandible. The median
sagittal face of the left side

of the head was mounted to
contact the film surface,

with the mental foramen set
immediately under

the focus.
Setting of coordinate axes

and actual length
measurements:

An X-axis was constructed
parallel to the mandibular
plane and a perpendicular

Y-axis was constructed
through the mental foramen.
These 2 lines were set as the
X and Y coordinates. A slide
caliper was used to measure

the length.

Mandibular length: n
Mandibular body length: n
Mandibular ramus height:

HD > SD1, SD2
Height of the condylar process:

HD and SD1: n
HD, SD1 > SD2

Height of the coronoid process:
HD > SD2

Moore; 1964 [42]

albino rats from the
Birmingham colony; 20 M

and 20 F; 3 wks;
not mentioned

N = 20
standard rat cake

17 wks

N = 20
ground rat cake mixed

with water
17 wks

after 17 wks

Linear dimensions were
taken with vernier calipers
and recorded to the nearest

0.05 mm.
Weights of both bones and
muscles were recorded to

the nearest 0.001 g.

Mandible weight:
HD > SD (M and F)

Overall length of mandible:
HD > SD (F)

n (M)
Length of body: n (M and F)
Length of angular process:

HD > SD (M and F)
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Table 1. Cont.

Authors; Year
Subject Characteristics
(Species; Sample Size;
Gender; Age; Weight)

Hard Diet Group
(Number, Type of Food,

Treatment Duration)

Soft Diet Group
(Number, Type of Food,

Treatment Duration)

Frequency of Outcome
Measurements

Method of Outcome
Assessment Results

Ödman et al., 2008 [43]
Sprague–Dawley rats; 60 M;

21 d; not mentioned

N = 16
ordinary (hard) food

27 wks

N = 44
ordinary (hard) food

mixed with water
21 wks

SD1: N = 22
continued on soft diet

6 wks
SD2: N = 22

changed to an ordinary
(hard) diet

6 wks

after 27 wks

Morphometric analysis of
the mandibular lateral

shape was used:
each left mandible was
photographed using a

digital camera;
the images acquired were

subsequently transferred to
acomputer for

interpretation using
customized

cephalometric software

Total area of lateral surface of
mandible:
HD > SD1

Condylar process area: n
Condylar process inclination:

HD > SD1
HD > SD2

Mandibular plane inclination:
HD > SD2

Condylar base inclination:
HD > SD1
SD2 > SD1

Condylar process length: n
Mental foramen—condyle process: n
Mental foramen—coronoid process: n
Mental foramen—angular process: n

Posterior height of the corpus:
HD > SD1

Height of coronoid process: n
Height of angular process:

HD > SD1
HD > SD2
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Table 1. Cont.

Authors; Year
Subject Characteristics
(Species; Sample Size;
Gender; Age; Weight)

Hard Diet Group
(Number, Type of Food,

Treatment Duration)

Soft Diet Group
(Number, Type of Food,

Treatment Duration)

Frequency of Outcome
Measurements

Method of Outcome
Assessment Results

Ulgen et al., 1997 [45] Wistar albino rats; 35 M;
30 d; not mentioned

N = 21
hard pellet food

60 d

N = 14
food pellets were

comminuted to inhibit the
gnawing activity

60 d

at age of 90 d

Direct measurements were
made on the adult skulls

and mandibles with
a compass.

Sagittal mandibular measurements:
total mandibular length I (distance

between the infradental and the
condylion points): n

total mandibular length II (distance
between the infradental point

and the coronoid point): n
corpus length: n

Vertical mandibular measurements
ramus height I (distance between the

condylion point and the gonion
tangent point): HD > SD

ramus height II (distance between the
coronoid point and the gonion tangent

point): n
corpus height: HD > SD

Transversal mandibular measurements:
bicoronoidal width: n
bicondylar width: n

bigonial width: n

N, number; M, males; F, females; Ms, males; Fs, females; d, days; wks, weeks; mos, months; g, grams; n, no significant difference; HD, hard diet group; SD, soft diet group; H/SD, group
fed initially with hard diet and later with soft diet; S/HD, group fed initially with soft diet and later with hard diet.
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The length of the experimental period varied from 1 month to 7 months. Although
the effect of food consistency experiments was mainly conducted on male rats, a few
studies used both male and female rats. The majority of studies included young rats
in the 21- to 30-day age range, but three studies included both young in the age range
of 21 to 28 days and adult rats of 6 weeks to 4 months old. The hard diet group was
usually fed with the conventional diet in a hard pellet form and the soft diet group was
fed with the same diet but in powdered form mixed with water. The effect on craniofacial
morphology was usually assessed by using radiography, morphometric analyses and gross
morphological measurements. In a few studies, macroscopic measurements, direct analyses
and linear measurements were performed.

3.3. Risk of Bias within Studies

Table 2 presents the summary findings of the risk-of-bias assessment.
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Table 2. Risk of Bias Assessment with SYRCLE.

Signaling Questions
1 2 3 4 5 6 7 8 9 10

Abed et al. [30] Unclear Unclear Unclear Unclear Unclear Unclear Low Unclear Low Unclear
Barber et al. [44] High Unclear Unclear Unclear Unclear Unclear Unclear Low Low Unclear

Beecher and Corruccini [31] High Unclear Unclear Unclear Unclear Unclear Low Unclear Low Unclear
Bouvier [32] High Unclear Unclear Unclear Unclear Unclear Unclear Low Low Unclear

Bouvier and Hylander [33] High Unclear Unclear Unclear Unclear Unclear Unclear Unclear Low Unclear
Bouvier and Zimny [34] High Unclear Unclear Unclear Unclear Unclear Unclear Unclear Low Unclear

Guerreiro et al. [35] Unclear Unclear Unclear Unclear Unclear Unclear Unclear Unclear Low Unclear
Hichijo et al. [36] Unclear Unclear Unclear Low Unclear Unclear Unclear Unclear Low Unclear

Kiliaridis (1986) [38] High Unclear Unclear High Unclear Unclear Unclear Unclear Low Unclear
Kiliaridis et al. (1985) [37] Unclear Unclear Unclear High Unclear Unclear Low Unclear Low Unclear
Kiliaridis et al. (1999) [39] Unclear Low Unclear Unclear Unclear Unclear Unclear Low Low Unclear

Luca et al. [40] Unclear Unclear Unclear Unclear Unclear Unclear Low Unclear Low Unclear
Maki et al. [41] Unclear Unclear Unclear Unclear Unclear Unclear Unclear Unclear Low Unclear

Moore [42] Unclear Low Unclear Unclear Unclear Unclear Unclear Unclear Low Unclear
Ödman et al. [43] High Unclear Unclear Unclear Unclear Unclear Unclear Unclear Low Unclear
Ulgen et al. [45] High Unclear Unclear High Unclear Unclear Unclear Unclear Low Unclear

(1) Was the allocation sequence adequately generated and applied? (2) Were the groups similar at baseline or were they adjusted for confounders in the analysis? (3) Was the allocation
adequately concealed? (4) Were the animals randomly housed during the experiment? (5) Were the caregivers and investigators blinded to the intervention that each animal received?
(6) Were animals selected at random for outcome assessment? (7) Was the outcome assessor blinded? (8) Were incomplete outcome data adequately addressed? (9) Are reports of the
study free of selective outcome reporting? (10) Was the study apparently free of other problems that could result in a high risk of bias?
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In general, most studies were considered to present an unclear risk of bias regarding
the domains of allocation concealment, random housing of rats during the experiment and
assessor blinding, as pertinent details were not clear in most of the papers. Regarding the
sequence generation, the risk of bias was rated as unclear for half of the studies and high
for the rest because the allocation sequence was either randomized without any further
details or not mentioned. The majority of studies presented unclear information on whether
the groups of rats were similar at baseline in respect to sex, age and weight. In addition,
there was unclear data on whether the caregivers and investigators were blinded, whether
animals were randomly selected for outcome assessment, as well as whether incomplete
outcome data were adequately addressed. Selective outcome reporting did not appear to
be an issue in the retrieved studies. Finally, the information included in the articles was not
sufficient to determine the presence of any additional problems that could increase the risk
of bias.

3.4. Results of Individual Studies

The results of the included studies are presented in Table 1.
The X-ray findings as per the cephalometric analysis showed that the anterior corpus

length [30], the ramus height [30,36,41], the bigonial width [30], the growth rate in the gonial
angle of mandible [37], the angular process convexity [37], the antegonial notch depth [37],
the linear measurements of mandible (the size of the occipital condyle region and the size
of the curvature of the angular process) [37] and the height of the condylar process [41]
were increased in the hard diet groups. The gonial angle [36], the ramus angle [36] and the
angle between angular process and mandibular plane [39] were decreased in the hard diet
groups. There was not any significant difference between hard diet and soft diet groups in
the mandibular length [36,40,41], the mandibular body length [41], the mandibular base
length [36], the length of horizontal branch [40], while there is controversy about the height
of coronoid process [36,41].

The gross morphological measurements demonstrated an increase of condylar
length [32–34], condylar width [32–34], condylar depth [33] and mandibular width of wean-
ling rats [33] in hard diet rats. The mandibular length [32–34], the mandibular depth [33],
the mandibular width of juvenile rats [33] and the ramus height [33] did not differ between
hard diet and soft diet rats. In three studies there was also a group which was initially fed
with soft food and later with hard food. In these studies, it was found that the condylar
depth was larger in hard-diet juvenile rats in relation to soft/hard diet juvenile rats [33],
the condylar depth was smaller in hard-diet weanling rats in relation to soft/hard diet
weanling rats [33], while there is controversy about condylar length and condylar width
between the hard-diet rats and soft/hard diet rats [32–34].

The macroscopic measurements showed that the ramus height, the mandibular body
length and height and the mandibular base depth were increased in groups with hard diet,
while the growth of mandibular length, mandibular ramus curvature depth, mandibular
head and gonial angle were the same between hard-diet and soft-diet groups [35].

The planimetric analysis of Barber et al. [44] showed that the condylar area was larger
in hard-diet rats, while the condylar length and the mandibular length were similar in
both groups.

Through direct and linear measurements, it was found that the length of angular
process [42], the mandibular length [31,42], the ramus height I [45] and corpus height [45]
were increased in hard-diet groups, while the length of body [42], the condylar length [31],
the ramus height II [45] and the sagittal and transversal mandibular measurements [45] did
not differ between the two groups. In the study of Beecher, there was also an experimental
group referred to as the intermittent group. It was found that the mandibular length was
smaller in this group in relation to the hard-diet group, while no difference was observed
in the condylar length [31].

The morphometric analyses of Kiliaridis et al. [39] and Ödman et al. [43] showed that
the mandibular length and width were increased in the hard-diet group [39]. In addition,
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it was found that the lateral surface of mandible, the condylar process inclination, the
mandibular plane inclination, the condylar base inclination, the posterior height of the
corpus and the height of the angular process were larger in hard-diet groups [43]. On the
contrary, the condylar process area, the condylar process length, the height of the coronoid
process and the distance between mental foramen and condyle or coronoid or angular
process did not show any difference between hard-diet and soft-diet groups [43].

4. Discussion

It was in the 1960s when Melvin Moss developed the functional matrix theory. Ac-
cording to his theory, “growth of the face occurs as a response to functional needs and
neurotrophic influences and is mediated by the soft tissue in which the jaws are embed-
ded” [46]. The origin, the development, the changes in shape and size, the location and
the maintenance of cranial skeletal elements are always secondary, compensatory and
necessary responses to chronologically and operationally prior events or processes that
occur in non-skeletal cells, tissues and organs [47]. Later on, Moss revised his theory, stating
that function in combination with genetics were both accountable for the procedures of
growth and development [48].

Several methods have been used to assess the way function influences the development
of craniofacial morphology. The main methods that are presented in the literature are
the following: observation of the craniofacial complex either in patients with muscular
dystrophy, in animal subjects following the incision or removal of muscles or in animals
using the least-invasive feeding with food of different consistencies.

Studies investigating muscular dystrophy indicate that these patients present a cran-
iofacial morphology with vertical aberration, characterized by a large angle between the
mandibular and palatal planes and a steep mandible [49]. The maxillary plane angle is
larger than normal, while the anterior upper face height is smaller [50]. A reduction of the
sagittal skeletal intermaxillary relationship is also observed [51]. In addition to the influence
on facial morphology, muscular dystrophy also affects the dental arch dimensions and oral
functional capacities. In all patients, a marked transverse increase of the posterior part of
the dental arches was found, mostly in the lower one, resulting in posterior crossbites, as
well as a tendency towards a skeletal Class III relationship [51].

Likewise, injection of botulinum neurotoxin type A (BoNT/A), which causes masti-
catory atrophy and paresis in the masseter or temporalis muscle of rats, exhibited a facial
morphology typical of a dolichofacial profile: short upper face accompanied by a long
lower face with a rather increased mandibular length and ramus height and constricted bi-
coronoidal and bigonial widths [52]. The unilateral removal of the masseter muscle during
the growing period in rats induced atrophic changes in the angular process, as well as an
“open bite” on the side of operation, asymmetry of the maxilla and shortening of the whole
mandible, which on that side became warped in an inferior and lateral direction [53,54],
while the bilateral removal of the masseter muscle resulted in no marked gross or dental
changes [54].

As far as dietary consistency is concerned, there has been another systematic review
that examines its effect on dentoalveolar bony structures of healthy mice and rats, as well
as on the periodontal ligament and the region of the mandibular condyle [23].

The laboratory rat is an indispensable component of today’s biomedical research. Rats
are the most-used animals for experimental purposes (accounting for approximately 20%
of the total number of mammals used for scientific purposes). They have been included
in investigations in most aspects of biomedical, behavioral and nutritional research [55].
In our study, we examined how the alteration of food consistency affects the anatomy of
various structures of the mandible of healthy rats.

It was noted that there was an agreement about the growth and development of bigo-
nial width, condylar base inclination, condylar process inclination, condylar depth, corpus
height, mandibular depth, mandibular plane inclination, length and height of angular pro-
cess, ramus angle, mandibular ramus curvature depth, mandibular base depth, mandibular
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head, mandibular body height, angle between the angular process and mandibular plane,
length of the horizontal branch (from the antegonial notch to the distal alveolar margin of
the lower incisor), depth of antegonial notch, height and length of the condylar process,
distance between the mental foramen and the condylar or coronoid or angular process,
sagittal mandibular measurements, transversal mandibular measurements, linear measure-
ments of mandible, lateral surface of the mandible, growth rate in the gonial angle, angular
process convexity, condylar process area and condylar area among the studies.

On the other hand, there was controversy about the growth of mandibular length and
width, corpus length, mandibular body length, ramus height, condylar length and width,
gonial angle and height of coronoid process. These differences among the results of the
studies could be interpreted by a plethora of factors.

The rats that were tested in the included studies were of different ages (adult, young,
juvenile and weanling rats) and, as a result, they could have varying growth potential. In
older rats, the large hydrated cells are absent altogether, indicating that the capacity for
volume increase is lost with age. The period of rapid growth is the first 5 weeks of life,
while growth slows between 8 and 16 weeks. This decrease could be a consequence either
of a reduced rate of proliferation or an increased rate of cell death. After 28–30 weeks,
growth virtually ceases in rats [56]. In addition, phenomena that appear to be identical in
their form may be governed by different mechanisms at different ages [57].

Food consistency may constitute a confounding factor since variation in hardness may
exist among the included studies. The majority of hard diet groups were usually fed with
the conventional diet in a hard pellet form, and the majority of soft diet groups were fed
with the same diet, however in a powdered form mixed with water. In a few studies, hard
diet groups continued to be fed with the ordinary diet, while soft diet groups were fed
either with the hard diet mixed with water or with the powdered form of the hard diet
without mixing with water. None of the authors of the included papers elaborated on a
method of assessment of the hardness of the food consumed by the rats.

Furthermore, there is a complete absence of power calculation among the studies.
Calculation of sample size is one of the most important components of the design of any
research, including animal studies. If a smaller sample size is chosen, it could lead to the
loss of potential statistical significance [58,59].

In addition, the rats used amongst the various studies were of different strains. Food
consistency could affect different strains in varying ways. A strain, in regard to rodents, is
a group in which all members are as nearly as possible genetically identical. In rats, this
is accomplished through inbreeding. By having this kind of population, it is possible to
conduct experiments to determine the roles of genes or conduct experiments that exclude
variations in genetics as a factor [60].

Another factor that differed among the studies is the duration of their follow-up
periods. The longer the duration of a follow-up period, the greater is the chance for changes
in growth to be recorded. Thus, it would be expected to detect statistically significant
results more readily in experiments that had longer follow-ups.

Last, but far from least, it is observed that different outcomes derive from unlike meth-
ods of outcome assessment with varying validity. Radiography, and especially cephalome-
try, presents some limitations, such as image magnification and shape distortion, which
could affect the measurements [61]. In addition, the outcomes could be affected by the
assessor’s errors. In regards to planimetric analysis, there could have been some minimal
variation between different observers. Apart from that, this technique does not offer the
option to perform volumetric measurements [62]. Moreover, the measurements of morpho-
metrics have the significant limitation that they contain little information about the spatial
distribution of shape changes across the organism [63]. Finally, the macroscopic and gross
measurements deal with characteristics that are discernible to the unaided senses and are
not appropriate for characteristics hidden from the senses, which may be too small to be
visible or be obscured by other factors [64].
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4.1. Strengths and Limitations

The search strategy used was exhaustive, covering manual, electronic and grey lit-
erature material up to January 2022. Every effort was made to minimize bias to the full
extent possible. Screening, verification of eligibility, data extraction, as well as assessment
of the risk of bias and the quality of evidence were performed in duplicate. Disagreements
were resolved by discussion or consultation with the fifth coauthor until a final consensus
was achieved.

There are also some limitations to this review, mainly associated with the nature and
the characteristics of the included studies, such as the study of one specific animal model
and the data retrieved during the review process. The included studies had different
methods of outcome assessment. Moreover, the rats, which were used in all studies, were
of different age, sex and strain. Most studies were assessed to be of unclear or high risk of
bias because of methodological characteristics. Furthermore, it has to be acknowledged
that the data retrieved in this systematic review have been extracted from animal studies
and cannot be directly extrapolated to humans. This is further complicated by the fact that
animals, and especially rats, present a similar (mammalian), but not identical, craniofacial
morphology as humans and also have different masticatory forces and function of their
stomatognathic system.

4.2. Recommendations for Future Research

As the potential effect of diet consistency on the anatomy of the mandible is very
useful and significant information, further research is warranted. However, it is clear that
such experiments have ethical limitations (i.e., they would never be performed on human
beings). Thus, animal studies seem to be the only way to further investigate this topic,
at least for the time being. The case of alteration of craniofacial morphology due to food
consistency potentially causing alterations in the genetic material to be inherited by the
offspring warrants studies that would follow consecutive generations of rats. Moreover, a
method of assessment of the hardness of the food consumed by the animals would be very
useful to be included, as the level of mechanical load which is applied to bones through
muscular function by hard diet could be an important factor for growth and development of
the craniofacial region. Finally, study designs should receive the necessary standardization
and generalization, and possible sources of bias should be controlled.

5. Conclusions

Diet consistency may exhibit various effects on the morphology of a rat’s mandible.
However, these results should be seen with caution. It should not be ignored that the data
in this systematic review have been extracted from animal studies and cannot be directly
extrapolated to humans, as craniofacial morphology and function differ between animals
and humans.
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