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Abstract
Objective To investigate the effects of dental/skeletal malocclusion and orthodontic treatment on four main objective param-
eters of chewing and jaw function (maximum occlusal bite force [MOBF], masticatory muscle electromyography [EMG], 
jaw kinematics, and chewing efficiency/performance) in healthy children.
Materials and methods Systematic searches were conducted in MEDLINE (OVID), Embase, and the Web of Science Core 
Collection. Studies that examined the four parameters in healthy children with malocclusions were included. The quality of 
studies and overall evidence were assessed using the Joanna Briggs Institute and GRADE tools, respectively.
Results The searches identified 8192 studies; 57 were finally included. The quality of included studies was high in nine stud-
ies, moderate in twenty-three studies, and low in twenty-five studies. During the primary dentition, children with malocclu-
sions showed similar MOBF and lower chewing efficiency compared to control subjects. During mixed/permanent dentition, 
children with malocclusion showed lower MOBF and EMG activity and chewing efficiency compared to control subjects. 
The jaw kinematics of children with unilateral posterior crossbite showed a larger jaw opening angle and a higher frequency 
of reverse chewing cycles compared to crossbite-free children. There was a low to moderate level of evidence on the effects 
of orthodontic treatment in restoring normal jaw function.
Conclusions Based on the limitations of the studies included, it is not entirely possible to either support or deny the influence 
of dental/skeletal malocclusion traits on MOBF, EMG, jaw kinematics, and masticatory performance in healthy children. 
Furthermore, well-designed longitudinal studies may be needed to determine whether orthodontic treatments can improve 
chewing function in general.
Clinical relevance Comprehensive orthodontic treatment, which includes evaluation and restoration of function, may or may 
not mitigate the effects of malocclusion and restore normal chewing function.

Keywords Mastication · Electromyography · Bite force · Masticatory muscles · Jaw kinematics · Early orthodontics · 
Chewing performance

Introduction

Mastication is a complex sensory-motor interaction between 
the central nervous system and the peripheral masticatory 
apparatus. The semi-automatic, rhythmic act of mastication 
is initiated by the central nervous system and fine-tuned by 
inputs from receptors embedded in the orofacial area [1]. 
The process of mastication and the coordination of mastica-
tory movements depend largely on the harmonious interac-
tion between the peripheral inputs and the higher centers 
of the brain [2–5]. In general, the process of mastication 
involves the proper placement of food morsels in between 
the teeth, crushing (the food) into smaller pieces, and mixing 
them with saliva to form a coherent and swallowable bolus 
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[6, 7]. In addition to the physical comminution of food, mas-
tication plays an integral role in the process of swallowing, 
salivary secretion [8], taste and flavor perception, digestion, 
and nutrition [6, 7] in humans. Therefore, it is believed that 
impaired chewing function can have a cascading effect on 
overall health and quality of life [9–12].

In children, the sensorimotor systems must adapt to sub-
stantial morphological changes during growth and develop-
ment. The orofacial area is particularly challenged by the 
growth and development of the jaws and the transition from 
primary to permanent dentition [13]. Studies on masticatory 
movements suggest that children have a characteristic chew-
ing pattern that differs from that of adults and that certain 
movement parameters (jaw opening and closing velocities) 
change with age [14, 15]. A series of well-controlled studies 
in children with normal occlusion have shown that chewing 
and jaw motor skills develop gradually with age [16–18]. 
In particular, masticatory behavior has been shown to be 
most prone to deviation from normal in 6-year-old children 
(deciduous dentition) compared to adults. However, children 
in the late-mixed to early-permanent dentition stages show 
similar chewing behavior to adults. As mentioned earlier, 
the transition from the primary to permanent dentition is a 
lengthy process that involves an intense transformation of 
craniofacial form and function. Often, this transformation 
results in drastic changes in skeletal mass, skeletal shape, 
muscle mass, and muscle geometry, which confront the 
nervous system with dynamically varying systems that it 
must control. In addition, these changes may also be asso-
ciated with abnormalities of occlusion and jaw function 
(i.e., malocclusion). Dental and/or skeletal malocclusions 
are common orofacial dysfunctions in humans that have 
multifactorial causes, including genetic and environmental 
factors. It is well-established that dental malocclusions can 
have negative effects not only on normal jaw development 
and chewing functions (for review, see [19]) but also on the 
psychosocial well-being of children [20].

Orthodontic correction is often the preferred treatment 
method for correcting malocclusions. In more severe cases 
where orthodontic treatment appears inadequate, orthog-
nathic surgery is recommended. Most orthodontic examina-
tions involve a physical/radiographic assessment of deformi-
ties without evaluation of function. Orthodontic treatment is 
generally aimed at improving dental occlusion and enhanc-
ing esthetics, with little attention to restoring or optimizing 
chewing function. A number of studies have been published 
describing the effects of mandibular muscle activity in 
individuals with different categories of malocclusion (for 
a review: [21]). Although orthodontic corrections result in 
ideal occlusal restoration and improved esthetics, the ques-
tion of whether they also improve the chewing function 
remains to be investigated. Previous studies have shown that 
people with normal occlusion had better chewing efficiency 

than those with orthodontically treated or untreated maloc-
clusion [22]. However, it is unclear whether the presence of 
malocclusion in healthy children affects normal chewing and 
jaw motor function.

In a previous systematic review, we examined the devel-
opment of common objective indicators of chewing and 
jaw function (i.e., maximum occlusal bite force [MOBF], 
electromyography [EMG], jaw kinematics, and chewing 
efficiency) in healthy children without malocclusion [23]. 
Building on the previous work, the present systematic review 
aims to investigate the influence of dental/skeletal maloc-
clusion on the development of the above-mentioned objec-
tive indicators of chewing and jaw function in healthy chil-
dren. One of the general goals of orthodontic treatment is 
to restore jaw function by establishing a normal, stable, and 
harmonious relationship between dental and skeletal struc-
tures. Therefore, the current study also investigates whether 
orthodontic treatment contributes to the restoration of the 
above-mentioned parameters.

Material and methods

The protocol of the current systematic review was pre-reg-
istered in the Open Science Framework repository (https:// 
osf. io/ 7k3ue/) and was conducted according to the recent 
updates of the PRISMA-P guidelines [24].

Information sources and search strategy

Systematic searches were conducted in MEDLINE (Ovid), 
Embase, and Web of Science Core Collection databases 
from inception until October 29, 2021. The search strategy 
(Supplementary file 1) was created using MeSH/Emtree 
terms with relevant free text terms, and truncated and/or 
combined with proximity operators, where appropriate. 
There were no search restrictions on date or type of publi-
cation, but only studies published in English were included. 
The database search was supplemented by a manual search 
of gray literature and Google Scholar using free text terms 
such as “chewing in children,” “bite force,” “electromyo-
graphy,” and “jaw kinematics.” In addition, the reference 
lists of included studies were searched for any potentially 
eligible studies.

The screening and selection of eligible studies

Duplicate studies were automatically removed from the 
search results using EndNote reference management soft-
ware and were confirmed by a manual inspection. All 
shortlisted studies were then exported to a Microsoft Excel 
spreadsheet, where two independent authors (AA and 
NA) screened the titles/abstracts of the study list. Clinical 

https://osf.io/7k3ue/
https://osf.io/7k3ue/


Clinical Oral Investigations 

1 3

studies that investigated the objective parameters of jaw 
motor function and mastication in children with malocclu-
sion, with or without cross-comparison to the malocclu-
sion-free group of children and/or adults, were included. 
However, studies on children with other orofacial anoma-
lies or in a language other than English were excluded. 
All reviews (systematic or narrative), study protocols, 
letters to editor, opinion articles, commentaries, and 
case reports were also excluded. Based on the inclusion/
exclusion criteria, studies were categorized as “included,” 
“excluded,” or “undecided” using a predefined scheme. 
Indecision about the inclusion of a study was resolved by 
joint discussion and/or consultation with a third author 
(AK), if necessary. The full texts of all included studies 
were obtained and carefully read by the two independ-
ent authors. The studies that met the inclusion/exclusion 
criteria were finally included in this systematic review. 
A clear reason was provided for the exclusion of a study, 
and disagreements about the inclusion/exclusion of a study 
were again resolved by joint discussion and/or consultation 
with a third author (if necessary).

Quality assessment of included studies

The quality of evidence and risk of bias of the included stud-
ies were assessed using the Joanna Briggs Institute Critical 
Appraisal Tool. The purpose of this appraisal is to assess the 
methodological quality of individual studies and to deter-
mine the extent to which a particular study has addressed the 
possibility of bias in its design, conduct, and analysis. Two 
separate instruments related to methodological design (i.e., 
cross-sectional or prospective cohorts studies) were used 
[25]. The instrument/tool consists of several methodologi-
cal questions on the representativeness of the study sample 
and inclusion criteria, the study setting and design, the valid-
ity and reliability of the exposure and outcomes, and the 
adequacy of the statistical analysis. A cumulative score was 
calculated for each study by adding the positive responses 
of the instrument questions. Each study was then classified 
as high quality (score between 100 and 80), moderate qual-
ity (score between 79 and 60), or low quality (score below 
60) based on its cumulative score. Note that no study was 
excluded based on its quality score. Data extracted from the 
included studies encompassed demographics of study sam-
ple, type of malocclusion, orthodontic treatment/retention 
(if any), objective parameter for mastication measured, main 
outcomes, and study quality score. In addition, the Grading 
of Recommendations Assessment, Development, and Eval-
uation (GRADE) tool [26] was used to assess the overall 
quality of the evidence of the impact/effect of orthodontic 
treatment on the selected parameters of jaw motor function 
and mastication.

Results

The database search resulted in 8192 studies, with five 
studies identified by manual search. After the removal 
of duplicates and screening of the titles/abstracts of the 
search results, a list of 150 potentially eligible studies 
remained for inclusion. Full-text review of the potentially 
eligible studies resulted in a final list of 57 included stud-
ies (Fig. 1).

The quality of the included studies was high in nine 
studies [27–35], moderate in twenty-three studies [36–58], 
and low in twenty-five studies [22, 59–82]. The detailed 
characteristics and the quality outcome of the included 
studies are shown in Table 1 and Supplementary file 2. 
The majority of the included studies were cross-sectional, 
while twenty-five studies were prospective cohorts [22, 29, 
31, 34, 38, 40, 42, 47, 49–52, 54, 55, 57, 58, 61, 67, 69, 
71, 73, 76, 79–81]. All the included studies investigated 
the four selected parameters for jaw function and chewing 
on various malocclusion types with/without cross-compar-
ison to malocclusion-free group (control group). Among 
the included studies, eight studies investigated more than 
one chewing parameter [33, 38, 48, 55, 63, 65, 67, 70]. 
Table 2 presents the pooled results of the four objective 
parameters.

Maximum occlusal bite force

There were eleven studies that investigated the MOBF 
in children with malocclusion [28–31, 36, 37, 47–49, 
59, 70]. Specifically, three studies examined children 
aged 3–7 years [28, 36, 37], while the remaining stud-
ies examined older children [29–31, 48, 59, 70]. MOBF 
was mostly compared between children with or without 
unilateral posterior crossbite (UPXB) [28, 30, 36, 37] 
or between children with or without anterior open bite 
(AOB) [36, 48]. Further, two studies compared MOBF 
between children with class I, class II, and/or class III 
malocclusion and children with normal occlusion [29, 
70]. Three studies compared MOBF in children with 
class II division I malocclusion before and after func-
tional orthodontic treatment [31, 47, 49], while one study 
investigated the effect of increased vertical face dimen-
sion on MOBF [59].

Children with UPXB [28, 36, 37] or with AOB [36] 
in the primary dentition had similar MOBF compared to 
children with normal occlusion. During the mixed/perma-
nent dentition stage, the magnitude of MOBF increased in 
children with malocclusion [29, 30, 70], similar to a previ-
ous meta-analysis of children with normal occlusion [23]. 
Children with UPXB appear to have similar MOBF on 
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their crossbite and non-crossbite sides [30] but displayed a 
significantly lower MOBF than crossbite-free children [28, 
30, 37], while children with AOB had a similar MOBF 
to AOB-free controls [48]. The MOBF in children with 
a class II/1 malocclusion increased 1 to 2 years before 
orthodontic functional treatment [49] but decreased during 
treatment [47, 49]. After 1 year of retention, the MOBF in 
children with class II/1 increased and reached bite force 
values before functional orthodontic treatment [47]. When 
MOBF in children with class I or class II/1 malocclusion 
was compared with children with normal occlusion, it 
was found to be lower [29, 31]. This trend remained until 
after the malocclusion was orthodontically corrected with 
functional appliances [31]. No relationship was observed 
between the MOBF and vertical facial dimension [59] 
or between MOBF and gonial angle or masseter muscle 
thickness [31], but children with a class II/1 malocclu-
sion who had the lowest MOBF showed more favorable 
treatment outcomes than children with a higher MOBF 
[49]. The overall quality of evidence regarding the effect 

of orthodontic treatment on MOBF in children with Cl II/1 
malocclusion is “moderate” (Supplementary file 3) due to 
the lack of control groups in two studies [47, 49].

Figure 2 shows the pooled MOBF from seven studies [28, 
30, 31, 36, 37, 48, 59] of children with normal occlusion 
compared to children with malocclusion during primary and 
mixed/permanent dentition stages. The relative difference of 
MOBF between children with normal occlusion and chil-
dren with malocclusion was low (− 4%) during the primary 
dentition. During mixed/permanent dentition, both groups 
showed an increase in MOBF, but the magnitude of increase 
for the control group (38%) was twice that of the malocclu-
sion group (17%), resulting in a greater relative difference 
between the two groups during mixed/permanent dentition 
(10%).

Electromyography during chewing action

The EMG activity of the masticatory muscles was investi-
gated in 30 studies, mostly in children in mixed/permanent 

Fig. 1  PRISMA flow chart 
showing the database search 
result and the selection process 
of eligible studies



Clinical Oral Investigations 

1 3

Ta
bl

e 
1 

 C
ha

ra
ct

er
ist

ic
s o

f t
he

 in
cl

ud
ed

 st
ud

ie
s

St
ud

y
M

al
oc

cl
us

io
n 

gr
ou

p
N

; g
en

de
r; 

ag
e

M
al

oc
cl

us
io

n 
ty

pe
(s

)
O

rth
od

on
tic

 tr
ea

tm
en

t
O

rth
od

on
tic

 
re

te
nt

io
n

C
on

tro
l g

ro
up

 3
N

; g
en

de
r; 

ag
e

M
et

ho
d(

s)
Q

ua
lit

y 
 

ou
tc

om
e

A
hl

gr
en

 (1
96

7)
29

0;
 9

 F
:2

1 
M

; 8
–1

6 
yr

C
l I

, I
I/1

, I
I/2

 a
nd

 II
I

A
O

B
, d

ee
p 

bi
te

 &
 A

nt
 

&
 p

os
t X

B

N
A

N
A

30
; 1

56
 F

:1
34

 M
; 8

–1
6 

yr
Ja

w
 k

in
em

at
ic

s
Lo

w

A
hl

gr
en

 e
t a

l.,
 (1

97
3)

15
; ?

; 9
–1

3 
yr

C
l I

I/1
N

A
N

A
15

; ?
; 9

–1
1 

yr
1-

 E
M

G
2-

 Ja
w

 k
in

em
at

ic
s

Lo
w

A
la

rc
ón

 e
t a

l.,
 (2

00
0)

30
; 1

7 
F:

13
 M

; 1
2.

2 
yr

U
PX

B
N

A
N

A
30

; 1
6 

F:
14

 M
; 1

2.
5 

yr
EM

G
Lo

w
A

la
ró

n 
et

 a
l.,

 (2
00

9)
30

; 1
5 

F:
15

 M
, 1

0–
12

 y
r

U
PX

B
N

A
N

A
30

; 1
5 

F:
15

 M
; 1

0–
12

 y
r

EM
G

M
od

er
at

e
A

nd
ra

de
 e

t a
l.,

 (2
00

9)
20

; 8
 F

:1
2 

M
; 7

–1
0 

yr
U

PX
B

N
A

N
A

16
; 6

 F
:1

0 
M

; 7
–1

0 
yr

EM
G

M
od

er
at

e
A

nd
ra

de
 e

t a
l.,

 (2
01

0)
17

; ?
; 7

–1
0 

yr
U

PX
B

N
A

N
A

17
; ?

; 7
–1

0 
yr

1-
 E

M
G

2-
 Ja

w
 k

in
em

at
ic

s
Lo

w

A
nt

on
ar

ak
is

 &
 K

ili
ar

id
is

 
(2

01
5)

20
; 6

 F
:1

4 
M

; 9
–1

3 
yr

C
l I

I/1
A

ct
iv

at
or

 (1
 y

r)
N

A
20

; 6
 F

:1
4 

M
; 9

–1
3 

yr
M

O
B

F
H

ig
h

A
to

na
ra

ki
s e

t a
l.,

 (2
01

2)
25

; 8
 F

:1
7 

M
: 9

.3
–1

3 
yr

C
l I

I/1
A

ct
iv

at
or

 (1
–2

 y
r)

N
A

N
A

M
O

B
F

M
od

er
at

e
A

to
na

ra
ki

s e
t a

l.,
 (2

01
3)

28
; 1

2 
F:

16
 M

: 8
.5

–1
4.

2 
yr

C
l I

I/1
A

ct
iv

at
or

 (1
–2

 y
r)

1 
yr

N
A

M
O

B
F

M
od

er
at

e
B

ar
re

ra
 e

t a
l.,

 (2
01

1)
45

0;
 2

06
 F

:2
44

 M
; 6

–1
5 

yr
C

l I
 a

nd
 C

l I
I

N
A

N
A

N
A

C
he

w
in

g 
effi

ci
en

cy
H

ig
h

B
en

-B
as

sa
t e

t a
l. 

(1
99

3)
36

; 1
9 

F:
17

 M
; ?

U
PX

B
Ex

pa
ns

io
n 

pl
at

e
6 

m
o

Pr
e:

 2
9;

 1
7 

F:
12

 M
; ?

Po
st:

 1
0;

 5
 F

:5
 M

; ?
Ja

w
 k

in
em

at
ic

s
M

od
er

at
e

C
as

te
lo

 e
t a

l.,
 (2

00
7)

21
; ?

; 3
.5

–7
 y

r
U

PX
B

N
A

N
A

28
; ?

; 3
.5

–7
 y

r
M

O
B

F
M

od
er

at
e

C
as

te
lo

 e
t a

l.,
 (2

01
0)

35
; 2

0 
F:

15
 M

; 3
.5

–7
 y

r
U

PX
B

N
A

N
A

32
; 1

1 
F:

21
 M

; 3
.5

–7
 y

r
M

O
B

F
H

ig
h

C
ia

va
re

lla
 e

t a
l.,

 (2
01

2)
15

; 9
 F

:6
 M

; 9
–1

4 
yr

U
PX

B
N

A
N

A
15

; 7
 F

:8
 M

; 9
–1

4 
yr

EM
G

Lo
w

C
ic

co
ne

 d
e 

Fa
ria

 e
t a

l.,
 

(2
01

0)
30

; 2
0 

F:
10

 M
; 6

–1
1 

yr
15

; S
ke

le
ta

l A
O

B
15

; D
en

to
al

ve
ol

ar
 A

O
B

N
A

N
A

15
; 1

1 
F:

4 
M

; 6
–1

1 
yr

EM
G

Lo
w

C
or

rê
a 

et
 a

l.,
(2

01
8)

51
; ?

; 7
–1

1 
yr

A
O

B
N

A
N

A
55

; ?
; 7

–1
1 

yr
C

he
w

in
g 

effi
ci

en
cy

Lo
w

C
os

t e
t a

l. 
20

20
8;

 4
 F

:4
 M

; 1
2–

19
 y

r
A

O
B

N
A

N
A

8;
 4

 F
:4

 M
; 1

2–
19

 y
r

C
he

w
in

g 
effi

ci
en

cy
Lo

w
D

i P
al

m
a 

et
 a

l.,
 (2

01
7)

10
; 5

 F
:5

 M
; 9

–1
3 

yr
C

l I
I/1

Sa
nd

er
 a

pp
lia

nc
e 

(1
 y

r)
N

A
N

A
EM

G
Lo

w
Fe

rr
ar

io
 e

t a
l.,

 (1
99

9)
10

; 6
 F

:4
 M

;1
6–

18
 y

r
U

PX
B

N
A

N
A

20
; 1

0 
F:

10
 M

; 1
6–

18
 y

r
EM

G
M

od
er

at
e

G
al

bi
at

i e
t a

l.,
 (2

01
6)

71
; 3

5 
F:

36
 M

; 6
–1

0 
yr

U
PX

B
H

yr
ax

 R
M

E
6 

m
o

N
A

1-
 E

M
G

2-
 Ja

w
 k

in
em

at
ic

s
Lo

w

G
av

iã
o 

et
 a

l.,
 (2

00
1)

20
; ?

; 3
–5

.5
 y

r
10

; U
PX

B
10

; A
O

B
N

A
N

A
10

; ?
; 3

–5
.5

 y
r

C
he

w
in

g 
effi

ci
en

cy
M

od
er

at
e

G
o 

(1
98

1)
12

; 2
 F

:1
0 

M
; 1

0.
9 

yr
A

X
B

?
29

 m
o

5;
 3

 F
:2

 M
; 1

2.
5 

yr
12

; 5
 F

:7
 M

; 1
9.

8 
yr

EM
G

Lo
w

H
en

rik
so

n 
et

 a
l.,

 (1
99

8)
12

3;
 o

nl
y 

F;
 1

1–
15

 y
r

C
l I

I
N

A
N

A
60

; o
nl

y 
F;

 1
1–

15
 y

r
C

he
w

in
g 

effi
ci

en
cy

M
od

er
at

e
H

en
rik

so
n 

et
 a

l.,
 (2

00
9)

Tx
 g

ro
up

: 6
5;

 o
nl

y 
F;

 
12

.8
 ±

 1.
1 

yr
N

o 
tx

 g
ro

up
: 5

8;
 o

nl
y 

F;
 

12
.9

 ±
 1.

0 
yr

C
l I

I
FA

N
A

60
; o

nl
y 

F;
 1

2.
7 ±

 0.
7 

yr
C

he
w

in
g 

effi
ci

en
cy

Lo
w

H
in

ot
um

e 
et

 a
l.,

 (1
99

4)
40

; 2
6 

F:
14

 M
; 6

–1
2 

yr
Te

et
h 

cr
ow

di
ng

N
A

N
A

40
; 2

1 
F:

19
 M

; 5
–1

2 
yr

EM
G

Lo
w



 Clinical Oral Investigations

1 3

Ta
bl

e 
1 

  (
C

on
tin

ue
d)

St
ud

y
M

al
oc

cl
us

io
n 

gr
ou

p
N

; g
en

de
r; 

ag
e

M
al

oc
cl

us
io

n 
ty

pe
(s

)
O

rth
od

on
tic

 tr
ea

tm
en

t
O

rth
od

on
tic

 
re

te
nt

io
n

C
on

tro
l g

ro
up

 3
N

; g
en

de
r; 

ag
e

M
et

ho
d(

s)
Q

ua
lit

y 
 

ou
tc

om
e

H
on

g 
et

 a
l.,

 (2
02

1)
18

; 1
6 

F:
2 

M
; 1

2–
18

 y
r

Sk
el

et
al

 A
O

B
M

yo
fu

nc
tio

na
l a

pp
li-

an
ce

 (3
 m

o)
N

A
N

A
EM

G
M

od
er

at
e

In
ge

rv
al

l e
t a

l.,
 (1

99
1)

G
ro

up
 1

: 2
4;

 1
2 

F:
12

 M
; 

9.
2–

12
.7

 y
r

G
ro

up
 2

: 1
5;

 8
 F

:7
 M

; 
8.

5–
13

.1
 y

r
3G

ro
up

 3
: 1

6;
 1

0 
F:

6 
M

; 
9.

1–
15

.4
 y

r

G
ro

up
 1

 &
 2

: C
l I

I/1
G

ro
up

 3
: C

 I
G

ro
up

 1
: a

ct
iv

at
or

 
w

ith
ou

t H
G

G
ro

up
 2

: H
G

 w
ith

ou
t 

re
m

ov
ab

le
 p

la
te

G
ro

up
 3

: F
A

N
A

N
A

EM
G

Lo
w

K
ee

lin
g 

et
 a

l.,
 (1

99
1)

9;
 2

 F
:7

 M
; 1

15
.7

 ±
 29

.5
 m

o
Fu

nc
tio

na
l U

PX
B

Q
H

 (9
 p

at
ie

nt
s)

6 
to

 2
8 

m
o

8;
 5

 F
:3

 M
;1

06
.4

 ±
 42

.2
 m

o
Ja

w
 k

in
em

at
ic

s
M

od
er

at
e

K
ec

ik
 e

t a
l.,

 (2
00

7)
35

; 2
0 

F:
15

 M
; 1

0.
6 ±

 1.
4 

yr
Fu

nc
tio

na
l U

PX
B

Q
H

6 
m

o
31

; 1
8 

F:
13

 M
; 9

.8
 ±

 1.
6 

yr
EM

G
Lo

w
Le

ng
ua

s e
t a

l.,
 (2

01
2)

30
; 1

5 
F:

15
 M

, 6
–1

0 
yr

Fu
nc

tio
na

l U
PX

B
N

A
N

A
N

A
EM

G
M

od
er

at
e

Li
pa

ri 
et

 a
l.,

 (2
02

0)
20

; 1
3 

F:
7 

M
; 9

.6
0 ±

 1.
46

 y
r

In
co

m
pe

te
nt

 li
ps

N
A

N
A

20
; 1

0 
F:

10
 M

; 
9.

15
 ±

 1.
66

 y
r

EM
G

H
ig

h

Lo
w

e 
an

d 
Ta

ka
da

 (1
98

4)
55

; ?
; 1

1.
9 ±

 1.
8 

yr
18

; C
l I

25
; C

l I
I/1

12
; C

l I
I/2

N
A

N
A

N
A

EM
G

Lo
w

M
ar

tín
 e

t a
l.,

 (2
01

2)
25

; 1
5 

F:
10

 M
; 1

0–
14

 y
r

Fu
nc

tio
na

l U
PX

B
Q

H
 +

 FA
1 

ye
ar

30
; 1

5 
F:

15
 M

; 1
0–

14
 y

r
1-

 E
M

G
2-

 Ja
w

 k
in

em
at

ic
s

M
od

er
at

e

M
ic

he
lo

tti
 e

t a
l.,

 (2
01

9)
29

; 1
6 

F:
13

 M
; 9

.6
 ±

 1.
6 

yr
Fu

nc
tio

na
l U

PX
B

R
M

E
6 

m
o

40
; 2

3 
F:

17
 M

; 1
0.

5 ±
 1.

1 
yr

EM
G

M
od

er
at

e
N

ag
at

a 
et

 a
l.,

 (2
00

2)
10

; ?
; 3

–7
 y

r
A

X
B

N
A

N
A

10
; ?

; 5
–6

 y
r

Ja
w

 k
in

em
at

ic
s

Lo
w

N
uñ

o-
Li

co
na

 e
t a

l.,
 

(1
99

3)
10

; ?
; 4

–1
0 

yr
C

l I
II

M
yo

fu
nc

tio
na

l a
pp

li-
an

ce
N

A
10

; ?
; m

ea
n 

ag
e 

7.
3 

yr
EM

G
Lo

w

Pe
tro

vi
ć 

et
 a

l.,
 (2

01
4)

70
; ?

; 8
–1

2 
yr

C
l I

I/2
A

ct
iv

at
or

N
A

30
; ?

; 8
–1

2 
yr

EM
G

Lo
w

Pi
an

ci
no

 e
t a

l.,
 (2

01
2)

G
ro

up
 1

: 2
6;

 1
6 

F:
10

 M
; 

10
.4

 ±
 2.

7 
yr

G
ro

up
 2

: 4
3;

 2
1 

F:
22

 M
; 

10
.2

 ±
 4.

2 
yr

G
ro

up
 1

: U
A

X
B

G
ro

up
 2

: U
PX

B
N

A
N

A
17

; 1
0 

F:
7 

M
; 1

0.
6 ±

 2.
0 

yr
Ja

w
 k

in
em

at
ic

s
M

od
er

at
e

Pi
an

ci
no

 e
t a

l.,
 (2

01
2)

52
; 2

9 
F:

23
 M

; 1
0.

58
 ±

 1.
4 

yr
A

O
B

N
A

N
A

21
; ?

; 1
1.

9 ±
 0.

6 
yr

1-
 E

M
G

2-
 Ja

w
 k

in
em

at
ic

s
H

ig
h

Pi
an

ci
no

 e
t a

l.,
 (2

01
6)

50
; ?

; 9
.1

 ±
 2.

3 
yr

U
PX

B
“F

un
ct

io
n 

ge
ne

ra
tin

g 
bi

te
” 

ap
pl

ia
nc

e
5–

6 
m

o
20

; ?
; 9

.5
 ±

 2.
6 

yr
1-

 E
M

G
2-

 Ja
w

 k
in

em
at

ic
s

M
od

er
at

e

Pi
an

ci
no

 e
t a

l.,
 (2

01
7)

47
; ?

; 8
.3

 6
 ±

 1.
1 

yr
U

PX
B

“F
un

ct
io

n 
ge

ne
ra

tin
g 

bi
te

” 
ap

pl
ia

nc
e

5–
6 

m
o

18
; ?

; 9
.1

 ±
 0.

8 
yr

Ja
w

 k
in

em
at

ic
s

Lo
w

Pr
offi

t a
nd

 F
ie

ld
s (

19
83

)
12

; 7
 F

:5
 M

; 6
–1

1 
yr

In
cr

ea
se

d 
lo

w
er

 fa
ci

al
 

he
ig

ht
N

A
N

A
18

; 9
 F

:9
 M

; 6
–1

1 
yr

M
O

B
F

Lo
w

Re
ga

lo
 e

t a
l.,

 (2
01

8)
64

; ?
; 6

–1
0 

yr
G

ro
up

 1
: g

ra
de

 2
 IO

TN
- 

D
H

C
G

ro
up

 2
: g

ra
de

 3
 IO

TN
- 

D
H

C

N
A

N
A

26
, ?

, 6
–1

0 
yr

 (G
ra

de
 1

 
IO

TN
-D

H
C

)
EM

G
Lo

w

Re
nt

es
 e

t a
l.,

 (2
00

2)
30

; ?
; 3

–5
.5

 y
r

C
ro

ss
bi

te
 a

nd
 A

O
B

N
A

N
A

30
; ?

; 3
–5

.5
 y

r
M

O
B

F
M

od
er

at
e



Clinical Oral Investigations 

1 3

Ta
bl

e 
1 

  (
C

on
tin

ue
d)

St
ud

y
M

al
oc

cl
us

io
n 

gr
ou

p
N

; g
en

de
r; 

ag
e

M
al

oc
cl

us
io

n 
ty

pe
(s

)
O

rth
od

on
tic

 tr
ea

tm
en

t
O

rth
od

on
tic

 
re

te
nt

io
n

C
on

tro
l g

ro
up

 3
N

; g
en

de
r; 

ag
e

M
et

ho
d(

s)
Q

ua
lit

y 
 

ou
tc

om
e

Ro
ld

an
 e

t a
l.,

 (2
01

6)
G

ro
up

 1
: 1

11
; 6

0 
F:

51
 M

; 
7–

15
 y

r
G

ro
up

 2
: 3

80
; 6

0 
F:

79
 M

; 
7–

15
 y

r

G
ro

up
1:

 C
l I

G
ro

up
 2

: C
l I

I
N

A
N

A
13

0;
 6

5 
F:

65
 M

; 7
–1

5 
yr

M
O

B
F

H
ig

h

Sa
ba

sh
i e

t a
l.,

 (2
00

9)
17

2;
 1

08
 F

:6
4 

M
; 1

0–
18

 y
r

41
; C

l I
16

; C
l I

I
7;

 C
l I

II

N
A

N
A

N
A

EM
G

H
ig

h

Sa
lio

ni
 e

t a
l.,

 (2
00

5)
16

; 9
 F

:7
 M

; 6
–1

2.
58

 y
r

Fu
nc

tio
na

l U
PX

B
N

A
N

A
15

; 9
 F

:6
 M

; 6
–1

2.
75

 y
r

Ja
w

 k
in

em
at

ic
s

M
od

er
at

e
Sa

ty
go

 e
t a

l.,
 (2

01
4)

G
ro

up
 1

: 3
6;

 ?
; 7

.6
 ±

 1.
3 

yr
G

ro
up

 2
: 2

2;
 ?

; ?
C

l I
I/1

G
ro

up
 1

: P
re

-o
rth

o-
do

nt
ic

 tr
ai

ne
r

G
ro

up
 2

: N
o 

tx

N
A

20
; ?

; 7
.6

 ±
 1.

3 
yr

EM
G

M
od

er
at

e

Se
ve

r e
t a

l.,
 (2

01
1)

20
; 1

4 
F:

6 
M

; 4
.8

–5
.3

 y
r

U
PX

B
N

A
N

A
10

; 5
 F

:5
 M

; 5
.1

–5
.3

 y
r

Ja
w

 k
in

em
at

ic
s

M
od

er
at

e
Sh

ie
re

 e
t a

l.,
 (1

95
2)

40
0;

 ?
; 6

–1
5 

yr
C

l I
, I

I, 
II

I &
 X

P
N

A
N

A
N

A
1-

 M
O

B
F

2-
 C

he
w

in
g 

effi
ci

en
cy

Lo
w

So
nn

es
en

 e
t a

l.,
 (2

00
1)

26
; 1

3 
F:

13
 M

; 7
–1

3 
yr

U
PX

B
N

A
N

A
26

; 1
3 

F:
13

 M
; 7

–1
3 

yr
M

O
B

F
H

ig
h

Sp
ol

ao
r e

t a
l.,

 (2
02

0)
43

; ?
, 9

.5
 ±

 2.
1 

yr
U

nd
er

de
ve

lo
pe

d 
m

ax
-

ill
a,

 U
PX

B
 &

 B
PX

B
R

M
E

3 
m

o
10

; ?
; 9

.8
 ±

 2.
2 

yr
EM

G
M

od
er

at
e

Ta
ka

da
 a

nd
 L

ow
e 

19
85

20
; ?

; 1
2.

1 ±
 1.

2 
yr

D
ee

p 
bi

te
 +

 C
l I

 &
 II

N
A

N
A

15
; ?

; 1
2.

1 ±
 1.

2 
yr

EM
G

Lo
w

Th
ro

ck
m

or
to

n 
et

 a
l.,

 
(2

00
1)

14
; ?

; 7
–1

1 
yr

Fu
nc

tio
na

l U
PX

B
R

M
E

6 
m

o
14

; ?
; 7

–1
1 

yr
Ja

w
 K

in
em

at
ic

s
M

od
er

at
e

To
ro

 e
t a

l. 
(2

00
6)

35
5 

ch
ild

re
n 

to
 4

 g
ro

up
s:

37
; 0

9 
F:

28
 M

; 6
 y

r3
62

; 2
3 

F:
39

 M
; 9

 y
r

49
; 1

4 
F:

35
 M

; 1
2 

yr
50

; 1
2 

F:
36

 M
; 1

5 
yr

11
2;

 C
I I

84
; C

I I
I

N
A

N
A

13
9 

ch
ild

re
n 

to
 4

 g
ro

up
s:

40
; 1

0 
F:

30
 M

; 6
 y

r
37

; 1
5 

F:
22

 M
; 9

 y
r

23
; 1

0 
F:

13
 M

; 1
2 

yr
39

; 1
8 

F:
21

 M
; 1

5 
yr

C
he

w
in

g 
effi

ci
en

cy
H

ig
h

Ya
sh

iro
 e

t a
l.,

 (2
00

4)
11

; 6
 F

:5
 M

; 1
0.

8 ±
 0.

11
 y

r
A

X
B

5;
 li

ng
ua

l a
rc

he
s

2;
 a

ct
iv

e 
pl

at
es

4;
 e

dg
ew

is
e 

ap
pl

ia
nc

e

2–
3 

m
o

10
; 5

 F
:5

 M
; 1

1.
2 ±

 0.
5 

yr
Ja

w
 k

in
em

at
ic

s
Lo

w

Yo
us

ef
za

de
h 

et
 a

l.,
 

(2
01

0)
5;

 3
 F

:2
 M

; 1
0.

1–
13

.2
 y

r
A

O
B

N
A

N
A

5;
 2

 F
:3

 M
; 1

0.
1–

13
.2

 y
r

1-
 M

O
B

F
2-

 E
M

G
M

od
er

at
e

A
bb

re
vi

at
io

ns
: ?

, n
o 

in
fo

rm
at

io
n;

 a
nt

., 
an

te
rio

r; 
A

O
B

, a
nt

er
io

r o
pe

n 
bi

te
; A

X
B

, a
nt

er
io

r c
ro

ss
 b

ite
; B

PX
B

, b
ila

te
ra

l p
os

te
rio

r c
ro

ss
bi

te
; C

I, 
an

gl
e’

s 
cl

as
si

fic
at

io
n;

 E
M

G
, e

le
ct

ro
m

yo
gr

ap
hy

; F
, 

fe
m

al
es

; F
A

, fi
xe

d 
ap

pl
ia

nc
e;

 H
G

, h
ea

d 
ge

ar
; M

, m
al

es
; m

o,
 m

on
th

; y
r, 

ye
ar

; N
, s

am
pl

e 
si

ze
; N

A
, n

ot
 a

pp
lic

ab
le

; Q
H

, q
ua

d-
he

lix
; t

x,
 tr

ea
tm

en
t; 

U
A

X
B

, u
ni

la
te

ra
l a

nt
er

io
r c

ro
ss

 b
ite

; U
PX

B
, 

un
ila

te
ra

l p
os

te
rio

r c
ro

ss
bi

te
; X

P,
 c

ro
ss

bi
te



 Clinical Oral Investigations

1 3

dentition stage [32, 33, 35, 38–40, 48, 50, 52–58, 60–67, 
76–82]. The EMG activity of masseter and anterior tem-
poralis muscles was investigated in relation to the Dental 
Health Component of the Index of Orthodontic Treatment 
Need (IOTN-DHC) [77], or compared between children with 
or without AOB [33, 48, 50, 82], with or without an anterior 
deep bite [60], or with or without teeth crowding [66]. Fur-
thermore, the EMG activity of masseter and/or temporalis 
muscles was investigated in children with class I [32, 64], 
class II [32, 64, 65], or class III malocclusions [32, 76] or 
with or without incompetent lips [35]. The masseter and 
temporalis EMG activity was also compared before and after 
functional orthodontic treatment of children with class II/1 
[57, 61, 79], class II/2 [81], or class III malocclusion [80]. 
Studies also examined the EMG activity of the masseter 
and temporalis muscles of children with untreated unilat-
eral/bilateral buccal crossbite [39, 53, 54, 56, 62, 63, 78] or 
before and after orthodontic crossbite treatment with quad-
helix [38, 52], Rapid Maxillary Expansion (RME) [40, 58, 
67] or “function generating bite” functional appliance [55], 
and/or after 6 months of RME treatment retention [58, 67].

The EMG activity among the studies was investigated 
during mandibular resting [32, 35, 38, 48, 50, 52–54, 56, 
60–62, 64, 65, 77, 78, 80, 81], lateral excursion [77], protru-
sion [77], maximal clenching [33, 38, 48, 50, 52–54, 56–58, 
60–62, 64, 66, 67, 76, 77, 79–82], or chewing behaviors [33, 
38–40, 48, 55, 58, 63, 65, 66, 76–78, 82].

Similar EMG activity of masseter and temporalis muscles 
was observed in children with no, few, or slight-to-border-
line orthodontic treatment needs [77], in children with or 
without teeth crowding [66], or in children with or without 
deep bite [60]. Lip incompetency in adolescents resulted in 
lower EMG resting activity of anterior temporalis compared 
to adolescents with competent lips [35]. For children with 
AOB, one study showed that they had lower EMG activity 
of masseter and anterior temporalis muscles compared to 
AOB-free children during chewing hard food [33], while 
another study did not [48]. Furthermore, two studies showed 
that children with skeletal AOB showed lower clenching and 
chewing EMG activities of masseter and temporalis mus-
cles compared to AOB-free children [50, 82] and/or children 
with dentoalveolar AOB [82]. Both AOB-free children and 
children with dentoalveolar AOB were able to adapt their 
EMG activity during clenching or chewing activities, while 
children with skeletal AOB did not [82]. Orthodontic myo-
functional therapy of children with skeletal AOB increased 
their EMG activity of masseter and anterior temporalis mus-
cles during maximal clenching [50].

The resting EMG activity of masseter muscle showed an 
age-related increase in children with class I malocclusion 
but not with class II and III malocclusions [32]. The resting 
and clenching EMG activities between untreated children 

with class I and class II malocclusions yielded no differ-
ences in two studies [61, 64], but they were lower in children 
with class II malocclusion in one study [81]. Furthermore, 
the chewing EMG activity was lower in children with class 
II/1 [65] but not with class III malocclusion [76] compared 
to malocclusion-free children. Contradicting results were 
reported on the changes in EMG activity in relation to ortho-
dontic treatment of children with malocclusions. While oth-
ers found that resting [61, 79, 80] or clenching [79, 80] EMG 
activities of masseter and temporalis muscles in children 
with class I, class II/1, or class III malocclusions were stable, 
regardless of treatment type. Others found that functional 
orthodontic treatment of children with class II/1 and/or II/2 
malocclusions resulted in an increase [57, 81] or decrease 
[61] in the masseter and temporalis muscle EMG activity 
during mandibular clenching, which reached control levels 
after treatment [57, 81].

No sex-related differences were observed in children with 
functional UPXB at mandibular resting, but at mandibular 
clenching, boys showed more EMG activity [53]. Compared 
to crossbite-free children, children with UPXB displayed 
similar masseter and anterior temporalis EMG activity 
during mandibular resting in four studies [38, 54, 56, 78], 
while one study showed lower resting EMG activity for the 
masseter but not the anterior temporalis muscle in children 
with UPXB than controls [62]. During chewing activity, lim-
ited differences in masticatory muscle EMG activity exist 
between children with or without bilateral or UPXB [38, 
40, 58, 63, 78]. Contradicting results were observed during 
mandibular clenching. Three studies showed lower EMG 
activity in UPXB children than controls for the masseter 
muscle only on the crossbite side [38, 54] or for both the 
anterior temporalis and masseter EMG activity [62], while 
another study showed higher anterior temporalis EMG activ-
ity in only right-sided crossbite children compared to con-
trols [56].

The bilateral EMG activation in children with UPXB 
compared to controls at mandibular rest was highly asym-
metric in one study [52], but not in another study [56]. Dur-
ing clenching, children with UPXB showed symmetric EMG 
activity in one study [54] but two studies showed higher 
EMG asymmetry [52, 56], which decreases to normal con-
trol levels after orthodontic treatment [52]. During chew-
ing, two studies reported higher masseter and/or anterior 
temporalis EMG asymmetry in children with UPXB com-
pared to controls [39, 55], while three studies did not [58, 
62, 63]. Moreover, the combined EMG activity of masse-
ter and anterior temporalis muscles in children with UPXB 
decreased after orthodontic treatment with RME [40, 58, 
67] but increased after 3–6 months of retention to resume 
normal levels [40, 55, 58]. Figure 3 shows the normalized 
EMG activity of masseter and anterior temporalis muscles 
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in children with UPXB during the mixed/permanent den-
tition compared to crossbite-free children [38, 54, 56, 62, 
63, 78] during mandibular resting, chewing and maximal 
clenching behaviors. It is evident that no difference exists 
on EMG activity between the two groups during mandibular 
resting, but perhaps a small difference is observed during 
chewing. During maximal clenching, however, a clear EMG 
difference is observed, particularly on the masseter muscle, 
where children with UPXB showed lower EMG activity than 
crossbite-free children, corroborating the observed results 
of MOBF (Fig. 1).

Similar to MOBF, the craniofacial parameters, such 
as gonial angle, showed no clear correlation to the EMG 
activity of masticatory muscles [60, 64, 65]. Furthermore, 
according to GRADE assessment, the quality of evidence 
regarding the effect of orthodontic treatment on EMG activ-
ity was “moderate” and “very low” for children with UPXB 
and Cl I, II, and III malocclusions, respectively (Supple-
mentary file 4).

Jaw kinematics during mastication

The jaw kinematics during chewing, such as number or dura-
tion of chewing cycles, jaw chewing pattern, or jaw lateral 
and vertical displacement were investigated in 16 studies 
[33, 38, 41–44, 51, 55, 63, 65, 67–69, 71–73]. Children 
with primary dentition were investigated in two studies [44, 
68], while the remaining studies investigated children with 
mixed/permanent dentition.

The majority of the studies compared the jaw kinemat-
ics during chewing between children with untreated UPXB 
and crossbite-free children [41, 43, 44, 63], before and after 
orthodontic treatment [38, 42, 55, 67, 69, 73], or after a 
short-term retention [38, 51, 67]. The jaw kinematics dur-
ing chewing were also compared between children with or 
without AOB [33], between children with or without class 
II/1 malocclusion [65], between children with various types 
of malocclusions compared to malocclusion-free children 
[72], or between children with or without anterior crossbite 
before [68, 71] and/or after orthodontic treatment [71].

No differences were observed on number of chewing 
cycles between children with or without class II/1 maloc-
clusion [65]. Children with AOB while eating hard food 
showed shorter total chewing time and jaw closing dura-
tion with a narrower chewing cycle width than their controls 
[33]. Children with true anterior crossbite in the primary 
dentition chewed with a greater jaw sagittal opening angle 
than crossbite-free children [68]. Furthermore, children with 
UPXB in the primary dentition displayed wider jaw closing 
angle with higher frequency of reverse chewing cycle, par-
ticularly on the crossbite side, than crossbite-free children 
[44]. During the mixed/permanent dentition, the chewing 

cycle duration and speed in children with UPXB were simi-
lar to crossbite-free controls in two studies [55, 63], while 
it was slower in one study [42]. Yet their jaw closing angle 
remained wider than the controls, particularly on the cross-
bite side [55], which was restored after orthodontic interven-
tion [55]. Furthermore, children with UPXB compared to 
controls [42, 43, 51, 55, 72, 73] or compared to children with 
anterior crossbite [43] displayed higher frequency of reverse 
chewing cycle, particularly on the crossbite side. However, 
the occurrence of reverse chewing cycle after orthodontic 
intervention became similar to crossbite-free controls [55, 
73]. Furthermore, children with various types of malocclu-
sions, especially who suffer from functional displacements 
[72] or who had anterior crossbite [71], showed a greater 
variability in jaw chewing pattern compared to controls. The 
variability of jaw chewing pattern decreased after orthodon-
tic treatment in children with anterior crossbite and became 
similar to controls [71] but remained higher than the con-
trols in children with UPXB [69]. The lateral and verti-
cal jaw amplitude during chewing was similar in children 
with UPXB and crossbite-free children [41]. Another study 
showed that the lateral and vertical amplitude of the jaw dur-
ing chewing was shorter in children with UPXB compared 
to crossbite-free children, which increased significantly after 
orthodontic treatment and remained after 1 year of retention 
[38]. While another study found that children with UPXB 
chewed with shorter vertical amplitude on the crossbite side 
and longer on the non-crossbite side than the crossbite-free 
controls, which resume normal control levels after ortho-
dontic intervention [42]. RME treatment of children with 
UPXB led to an increase in maximum mouth opening [67]. 
Furthermore, according to GRADE assessment, the quality 
of evidence regarding the effect of orthodontic treatment 
on jaw kinematics in children with UPXB and AXB was 
“moderate” and “low,” respectively (Supplementary file 5).

Chewing performance and efficiency

Eight studies investigated the chewing efficiency by measur-
ing the food trituration and mixing ability in children with 
malocclusion [22, 27, 34, 45, 46, 70, 74, 75]. While one 
study included children in the primary dentition [46], the 
majority of the studies included children in the mixed/per-
manent dentition [22, 27, 34, 45, 70, 74, 75]. Five studies 
used artificial test food models as a form of silicon-based 
tablets (i.e., CutterSil, Optocal or Optosil tablets) [22, 27, 
34, 45, 46], one study used peanuts and carrots [70], and two 
studies investigated food mixing ability using colorimetric 
capsules, which were freely masticated and their content 
were analyzed with a spectrophotometer [74, 75].

Various types of malocclusions were also investigated. 
The masticatory efficiency of children with normal occlusion 
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was compared to children with class I, II, or III malocclu-
sions [22, 27, 34, 45, 70], to children with AOB [46, 74, 75], 
or with anterior/posterior crossbite [46].

During primary dentition, the habitual chewing of chil-
dren with AOB compared to children with UPXB showed no 
differences in the size or number of test food particles [46]. 
However, children with normal occlusion, compared to the 
two malocclusion groups, chewed the test food into greater 
number of particles with a smaller size [46]. Using similar 
colorimetric method, one study showed reduced mixing abil-
ity in children with AOB in the mixed/permanent dentition 
compared to AOB-free children [74], while another study 
did not [75]. The median particle size of both natural and 
artificial test food was markedly reduced with the increase in 
age, where children with class I and II malocclusions, except 
class III malocclusion, showed similar median particle size 
compared to children with normal occlusion [27, 34, 70].

In counter to these studies, it was shown that adolescent 
girls (11 to 15 years) with class II malocclusion, compared 
to adolescent girls with normal occlusion, had reduced 
chewing efficiency [45]. Similar result trend was observed 
after a 2-year follow-up of adolescent girls (11 to 15 years) 
with or without malocclusion [22]. Apart from the age-
related “maturity” of the chewing efficiency in girls with 
or without malocclusion, it was shown that girls who have 
class II malocclusion, which was corrected orthodontically, 
showed similar chewing efficacy to girls with untreated class 
II malocclusion. However, both the groups of adolescent 
girls showed reduced chewing efficiency compared to girls 
with normal occlusion [22]. In addition, GRADE assessment 
indicated that the quality of evidence concerning the effect 
of orthodontic treatment on chewing efficiency for children 
with Cl II malocclusion was “low” (Supplementary file 6).

Discussion

Recently, it has been suggested that objective indicators of 
masticatory function in children aged 10 to 14 years show 
a transition to an “adult type” of chewing behavior [23]. 
Therefore, the current systematic review examined the influ-
ence of various malocclusions on the objective indicators of 
chewing and jaw function in growing children. The current 
systematic review also examined the ability of orthodontic 
treatment to influence/restore abnormal jaw function. The 
results of the current study showed distinct differences in 
objective indicators of chewing and jaw function in chil-
dren with and without malocclusion. Specifically, the results 
showed that the children group with malocclusion had simi-
lar MOBF but lower masticatory efficiency [46] than the 
group without malocclusion in the deciduous dentition phase 
[28, 36, 37]. In addition, the children group with UPXB in 
the primary dentition showed a wider jaw opening angle 

and a higher frequency of reverse chewing cycle [44] than 
the group without crossbite. During the mixed or perma-
nent dentition, children with malocclusions showed lower 
MOBF [28, 30, 37], lower EMG activity [38, 40, 54, 56, 
58, 62, 63, 78], and lower chewing efficiency [22, 34, 45, 
70] compared to malocclusion-free group. Furthermore, 
children with UPXB in the mixed/permanent dentition also 
exhibited a higher frequency of reverse chewing cycle [42, 
43, 51, 55, 72, 73]. The results also indicate that orthodontic 
treatment can generally restore normal jaw function in chil-
dren with malocclusion. Specifically, orthodontic treatment 
reduces the frequency of the reverse chewing cycle [55, 73] 
and normalizes the EMG activity of the jaw muscles during 
chewing [57, 81]. However, the quality of evidence on the 
influence of orthodontic treatment on the parameters of jaw 
function in children with malocclusions is either “moder-
ate” or “low.” Thus, further studies are needed to determine 
whether orthodontic treatment can improve jaw function and 
masticatory function in general.

Normal jaw function depends on a harmonious relation-
ship between the different components of the masticatory 
system. This harmonious relationship may be perturbed/dis-
rupted in children with malocclusion, which may affect the 
normal development and function of the jaw [83]. Besides, 
it is well documented that malocclusion can affect orofacial 
esthetic perception [84, 85], oral functional capability [86], 
and psychological well-being [87] of affected individuals, 
thus influencing their oral health related quality of life [20].

Bite force is an important indicator of the functional state 
of the masticatory system [88]. The results of the study 
show that the bite force (MOBF) is influenced by maloc-
clusion. However, the effect of malocclusion on bite force 
is related to the age and dental status of children (Fig. 2). 
Accordingly, children with and without malocclusion in the 
primary dentition showed similar MOBF. However, in the 
mixed/permanent dentition phase, children with malocclu-
sion showed lower bite force than children without maloc-
clusions (control group). It has been previously shown that 
younger children show signs of “immature” jaw function, 
reflected in lower and more variable bite forces compared 
to older children (for review, see [23]). This observation 
could be explained by the immaturity of orofacial structures 
and lower muscle force production in children with primary 
dentition. It is suggested that the variability of jaw function 
that prevails in children with primary dentition could mask 
any perturbances that might occur due to malocclusion. 
However, as children grow and orofacial structures mature, 
the variability of jaw function decreases, and a clear demar-
cation of jaw function between children with and without 
malocclusion can be observed.

Orofacial deformities and malocclusions are thought to 
have varying degrees of impact on esthetics and mastica-
tory function [20, 86, 88, 89]. It has also been observed that 
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certain types of malocclusions such as UPXB could have 
a greater impact on normal jaw function than other types 
of malocclusions. Posterior crossbite is a common maloc-
clusion affecting approximately 8% to 22% of orthodontic 
patients in the primary and early mixed dentition, with 
approximately 50% of cases being unilateral posterior cross-
bite (i.e., UPXB) [90, 91]. Apart from faulty dental occlu-
sion, children with UPXB often suffer from a morphological 
asymmetry of the mandible [52, 92] or bilateral differences 
in masticatory muscle thickness [93]. These asymmetries 
often result in mandibular displacement during jaw func-
tion, thus affecting jaw muscle alignment and jaw muscle 
activity [38, 40, 54, 56, 58, 63, 78]. Although these changes 
do not severely affect jaw function in younger children, the 
jaw muscles functionally adapt to the abnormal mandibular 
position with age leading to changes in their muscle thick-
ness, especially on the side of the crossbite [94]. These sug-
gestions are also supported by findings from early animal 
studies that show morphological differences in areas of jaw 
muscle insertions, (local) bone remodeling, and changes in 

muscle fiber type and composition in rats fed with a hard or 
soft diet [95]. Similarly, EMG activity of the orofacial mus-
cles was lower in children with incompetent lips compared 
to children with competent lips or in children with AOB 
compared to AOB-free children [35, 50, 82]. However, there 
are no appreciable differences in the EMG activity of the jaw 
muscles between children with or without crowding or with 
or without deep bite [60, 66]. Therefore, it is suggested that 
the type and severity of malocclusion may have a specific 
influence on normal jaw function (see Table 2).

As mentioned earlier, studies have reported that poste-
rior malocclusions may have a greater impact on normal 
jaw function than anterior malocclusions. Since the pos-
terior teeth are responsible for crushing, breaking down, 
and grinding food, a posterior malocclusion such as UPXB 
is more likely to affect oral functions, especially chewing 
[43, 96]. Although the anterior teeth are important in the 
initial stages of biting, food chewing is highly dependent on 
adequate occlusion of the posterior teeth [23]. Unlike ante-
rior malocclusions, posterior malocclusions such as UPXB 
destabilize normal tooth occlusion and jaw muscle orien-
tation/alignment, which can severely affect normal chew-
ing function by reducing the efficiency of food grinding. 
It has already been shown that impaired chewing function 
could also affect the processes of swallowing and diges-
tion. Although orthodontic correction of all types of dental 
malocclusions has significant esthetic and psychological 
benefits [20], the treatment of posterior malocclusions in 
particular could be of great importance in restoring normal 
chewing function [19].

According to longitudinal studies, a number of maloc-
clusions (depending on their severity) may change during 
the period between the primary and permanent dentition 
[97, 98]. In other words, a malocclusion in the primary 
dentition may normalize spontaneously (without inter-
vention) during growth, while other malocclusions may 
develop simultaneously [97]. But in most “self-uncor-
rected” cases and depending on the severity of the maloc-
clusions, an orthodontic intervention may be needed. In 
the current study, the effects of orthodontic intervention on 
jaw function were evaluated in 20 studies (Table 1). Studies 
have shown that children who received functional appli-
ance show “more favorable” treatment outcomes [31, 47, 
49]. Orthodontic treatment of functional UPXB has been 
shown to correct associated morphological asymmetries 
and restore normal jaw function in affected children [52, 
92, 93]. However, the results of the GRADE assessments 
showed an overall moderate to low quality of evidence for 
the effects of orthodontic treatment on the selected param-
eters of jaw motor function and mastication. Orthodon-
tic interventions in UPXB resolved the wider jaw clos-
ing angle and significantly decreased the reverse chewing 
cycles during mastication [51, 55, 73]. It has also been 

Fig. 2  The pooled maximum occlusal bite force (SD) of children with 
malocclusion compared to malocclusion-free children during the pri-
mary and mixed/permanent dentition stages. The figure also shows 
the relative differences of MOBF between controls and children with 
malocclusion during the two dentition stages and between the same 
group during the two dentition stages
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suggested that certain aspects of masticatory kinematics 
respond better to orthodontic treatment than others [42]. 
Nevertheless, studies suggest that while self-perceived 
chewing ability increases after orthodontic interventions, 
objective chewing performance does not [22].

In the present study, the quality of evidence on the influ-
ence of orthodontic treatment on MOBF, jaw kinematics, 
EMG activity of jaw muscles, and chewing efficiency/per-
formance in children with malocclusion was assessed using 
GRADE. The quality of evidence for all parameters was 
rated as “moderate” to “low.” The lower GRADE scores 
for quality of evidence were mainly due to the lack of well-
controlled studies and studies that were unable to identify 
confounding factors. The lack of measures to deal with con-
founding factors and the heterogeneity of study samples, 
subgroups, and exposures also influenced the quality of 
evidence score. Indirectness due to substantial differences 
between the population, intervention, or outcomes meas-
ured in the relevant studies also influenced the outcome of 
quality of evidence. Therefore, orthodontic interventions 
have a greater impact on patient quality of life in addition to 
restoring esthetics and anatomy, but more robust longitudi-
nal studies are needed to determine whether they improve 
masticatory function.

The causes of dental malocclusion are, of course, mul-
tifactorial, but one of the mechanisms responsible for 
impaired chewing function in patients requiring orthodontic 
treatment may be due to impaired sensorimotor regulation 
associated with chewing. Therefore, it may be important 

for clinicians to perform a functional assessment in chil-
dren in whom orthodontic treatment is indicated and iden-
tify specific impairments in chewing function. Assessment 
of oral function, such as bite force or chewing efficiency/
performance, may also help to evaluate treatment success 
after orthodontic interventions. Comprehensive orthodontic 
treatment, including evaluations and restoration of function, 
can mitigate the effects of malocclusion and restore normal 
chewing function.

Limitations

It is recommended that the results of this review be inter-
preted with caution due to the quality assessment outcomes 
and the methodological heterogeneity of the studies. Spe-
cifically, twenty-six studies included in the current sys-
tematic review were classified as low quality, which may 
call into question the accuracy/validity of the findings. In 
addition, with the exception of two studies [27, 34], the 
studies included in this review examined different maloc-
clusions classified according to their class or three-dimen-
sional characteristics without controlling for the severity 
of malocclusion within each classification. This may lead 
to discrepancies in the interpretation of the results in the 
included studies. It is known that other factors, such as 
those related to individual participant variation or differ-
ences in the experimental protocol, may also affect normal 
jaw function. It has been previously shown that normal jaw 

Fig. 3  The averaged (stand-
ard error of the mean) of the 
normalized masseter and 
anterior temporalis muscle 
EMG activity of children with 
UPXB compared to crossbite-
free children during mandibular 
resting, chewing, and maximal 
clenching positions. The result 
from each group during each 
behavior, muscle and side was 
divided (normalized) to the 
total average of EMG activity 
of all the muscles and groups 
combined
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function can be influenced by children’s age, body size, 
tooth contact area, and bite forces [23, 27]. Other experi-
mental factors include variations in dietary characteristics 
[99] and a lack of normalization protocol for jaw func-
tion measurement devices [100]. Thus, failure to control 
the above factors could lead to variations in jaw function 
outcomes in children with malocclusion. However, the 
results of the current study were carefully pooled based on 
the age and dentition stage of the patients (primary versus 
mixed/permanent) as illustrated in Fig. 2. Furthermore, the 
results of studies with similar methodologies and maloc-
clusion groups were also normalized to allow for accurate 
and meaningful comparisons (see Fig. 3). Therefore, the 
current systematic review provides an overview of the cur-
rent literature.

Conclusions

According to the limitations of the studies included, it is 
not possible to confirm or deny the existence of an associa-
tion between dental/skeletal malocclusion traits and MOBF, 
EMG, jaw kinematics, and masticatory performance in 
healthy children. The results also highlight the role of ortho-
dontic treatment in the restoration of normal jaw function in 
affected children. However, the absence of well-controlled 
and well-designed studies, nevertheless, makes it impossible 
to conclude whether comprehensive orthodontic treatment, 
which includes evaluation and restoration of function, may/
may not mitigate the effects of malocclusion, and restore 
normal jaw motor and chewing function.
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