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Masticatory function such as chewing is expected to modify human cognitive function, and/or the possibility of
improving cognitive function is also predicted. This systematic review investigated whether masticatory function
affects cognitive function for older/young adults. Full articles written in English from January 2000 to April 2022
were collected using PubMed and Cochrane Library. Target outcomes were cognitive function test scores,

Dementia . . . . . . . .
Mastication cognitive processing speed (reaction time), and masticatory function. For each research question, two inde-
Chewing pendent reviewers conducted the search and screening, data extraction, quality assessment, and risk of bias

assessment. The reviewers resolved any disagreements by discussion. From 226 articles retrieved, 20 were
included in this review. Older adults with lower scores on the cognitive function test had lower masticatory
performance, lower chewing ability, chewing difficulty, and decreased number of teeth. An increased risk of
cognitive impairment was found in older adults with masticatory dysfunction. For young adults, gum chewing
significantly reduced the processing speed of cognitive tasks compared to no gum chewing. Although most of the
evidence included had a low level of evidence and a high risk of bias because of the research designs, the results
still suggest that mastication may be a factor in improving cognitive function.

1. Introduction people and the seventh leading cause of death among all diseases [1].

Unfortunately, there is no currently available treatment for dementia

The increasing prevalence of older people experiencing gradual de-
clines in physical and cognitive function [1,2] due to aging [2,3] has
emerged as a growing public health concern [1]. Cognitive impairment,
commonly observed in older individuals [4], is regarded as an early sign
of clinical dementia [5]. Fig. 1 shows a conceptual figure of the rela-
tionship between masticatory function and dementia at present.

Dementia is a chronic or progressive syndrome caused by neurode-
generative diseases leading to cognitive decline affecting memory,
thinking, behavior, and ability to perform daily activities [1]. The World
Health Organization (WHO) estimates an increased prevalence of people
with dementia by 139 million by 2050 [1]. In Japan, patients with de-
mentia are expected to reach by 7 million by 2025, with one in every five
people over 65 developing dementia [7]. According to WHO, dementia
is one of the leading causes of disability and dependency among older

[1]. Dementia prevention, as well as the maintenance and improvement
of cognitive functions, has gained much attention recently [8]. To
reduce the risk and progression of dementia, modifiable factors must be
identified.

The risk factors for dementia are reported to be multifactorial,
including age [9,10], literacy [9], low educational levels [9,10], low
socioeconomic status [9], head injury [11], obesity [11], smoking [10,
11], high blood pressure [11], diabetes [11], activities of daily living
(ADL) [12,13], nutritional status [14,15,6], and oral health, particularly
tooth loss [16-20]. Recent studies suggest that tooth loss, which results
in masticatory dysfunction, may be one of the risk factors for dementia
[16-18,20-23]. Reports show that masticatory muscle mass and
strength decline due to tooth loss, causing chewing difficulty and
decreased afferent signals, reducing the brain’s neuroplasticity [24].
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Several epidemiological studies have consistently suggested associations
between a reduced number of teeth and masticatory dysfunction with
cognitive decline and memory deterioration [19,25-29]. Emergent ev-
idence on the effects of chewing on increased attention, memory, and
cognitive processing shows that the masticatory condition is related to
cognitive function. [26,29-35].

Several neuroimaging studies, such as Positron Emission Tomogra-
phy (PET), functional Magnetic Resonance Imaging (fMRI) technologies,
and functional Near-Infrared Spectroscopy (fNIRS), have confirmed the
association between chewing and increased neural activation of memory
centers of the brain, particularly the cortical primary somatosensory
area, supplementary motor area, insula, cerebellum, and striatum of
basal ganglia were activated during gum chewing [36-38]. Thus,
masticatory function (defined as chewing and eating) [39] is expected to
modify human cognitive function, and the possibility of improving
cognitive function is also predicted. The relationship between them
must first be clarified to confirm the influence of masticatory function on
cognitive function. Concrete evidence from systematic reviews investi-
gating the relationship between masticatory function and cognitive
function remains limited.

If the relationship between cognitive function and masticatory
function is clarified, masticatory functions such as chewing and eating
can help maintain or improve cognitive function. This review aimed to
clarify whether the literature supports the existence of the relationship
between cognitive function and masticatory function. Therefore, this
systematic review evaluated the effects of masticatory function on
cognitive function.

2. Materials and methods
2.1. Search strategy method and focused question

This systematic review was performed according to the guidelines of
the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA 2020) statement [40]. This systematic review was
registered with PRISMA before the start of the systematic review
(PROSPERO no. CRD42022325708).

We aimed to evaluate the effects of masticatory function on cognitive
function. Therefore, the following review questions were formulated

Tooth loss [15-32]
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using the PICO (participant, intervention, comparison, and outcome)
approach [40].

The participants were young and/or older adults. The intervention
and control were increased/good masticatory function or decreased/
difficulty in masticatory function and at rest or unchanged masticatory
function, respectively.

The outcomes were as follows:

@ The cognitive status as assessed by the cognitive function test
scores on the Mini-Mental State Examination (MMSE) [41], Hasegawa
Dementia Scale-Revised (HDSR) [42,43], Frontal Assessment Battery
(FAB) [44,45], and neuropsychological tests [46] on attention, working
memory, and verbal fluency.

® The cognitive function was assessed by the processing speed of
cognitive tasks (reaction time) [47].

The following were the research questions (RQ) used:

RQ1. :Is the cognitive status of older adults with dementia associated
with masticatory function?

RQ1-1: Is the cognitive status assessed by cognitive function test
scores associated with the masticatory function (masticatory perfor-
mance and chewing ability)?

RQ1-2: Is cognitive impairment associated with decreased number
of teeth?

RQ1-3: Is the risk of cognitive impairment associated with masti-
catory dysfunction? (masticatory dysfunction includes chewing diffi-
culty, decreased chewing ability, and decreased number of present
teeth).

RQ2. : Does cognitive function improve with mastication in young
adults?

The outcomes for each RQ are shown in Table 1.

An electronic search of PubMed and the Cochrane Library database
was performed to identify the relevant literature systematically. Articles
published between January 1, 2000, to April 11, 2022, were considered.
The search string comprised a combination of keywords from the
Medical Subject Headings (MeSH) database and free-text terms found in
the Title/Abstract. Boolean operators such as “OR” and “AND” were
used to link the terms. The search formulas used for each RQ were listed
in brain activity Table 2a-d. After the electronic search was completed,

mastication [26,29-35]

Decreased

Lifestyle Changes [9-12] | | Change in diet [13-15]

Demential®
Frailty

\ 4

Decreased cerebral
blood volume [36-38]

Reduced brain activity [36-38] l

Decline in cognitive function[20. 25-29] I

ﬁ Mild cognitive impairment [4-5]

Decreased quality of life [10-12]
Negative impact on healthy life span(3!

Fig. 1. Relationship between cognitive function and masticatory movement Partially based on reference [6].
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Table 1
List of outcomes for each research question.
RQ Outcomes
RQ1-1 cognitive function test scores: MMSE, HDSR, FAB,
neuropsychological tests (attention, working memory, verbal
fluency)
RQ1-2, RQ1-3 cognitive function test scores: MMSE, HDSR, FAB
RQ2 processing speed of cognitive tasks (reaction time)

RQ: Research question; MMSE: Mini-Mental State Examination; HDSR: Hase-
gawa Dementia Scale Revised; FAB: Frontal Assessment Battery.

Table 2

Search formula for each research question. An electronic search of PubMed and
the Cochrane Library database was performed. Articles published between
January 1, 2000 to April 11, 2022, were considered.

a: Search formula for RQ1 using PubMed.

#1 “aged”[MeSH Terms] OR “elderly”[Title/Abstract] OR “aged”[MeSH Terms]
OR “older adults”[Title/Abstract]

#2 “dementia”’[MeSH Terms] OR dementia[Title/Abstract]

#3 “cognition”[MeSH Terms] OR cognitive function[Title/Abstract]

#4 “cognitive dysfunction”[MeSH Terms] OR cognitive decline[Title/Abstract]
OR cognitive impairment[Title/Abstract]

#5 “mastication”[MeSH Terms] OR chewing[Title/Abstract]

#6 #2 OR #3 OR #4

#7 #1 AND #5 AND #6

B: Search formula for RQ1 using Cochrane Library.

#1 MeSH descriptor: [Aged] in all MeSH products

#2 MeSH descriptor: [Cognition] explode all trees

#3 MeSH descriptor: [Cognitive Dysfunction] explode all trees
#4 MeSH descriptor: [Dementia] explode all trees

#5 MeSH descriptor: [Mastication] explode all trees

#6 #2 OR #3 OR #5

#7 #1 AND #5 AND #6

c: Search formula for RQ2 using PubMed.

#1 "aged"[MeSH Terms] OR "elderly"[Title/Abstract] OR "aged"[MeSH Terms]
OR "older adults"[Title/Abstract]

#2 "young adult"[MeSH Terms] OR young adult[Title/Abstract]

#3 "cognition"[MeSH Terms] OR cognitive function[Title/Abstract]

#4 "cognitive dysfunction"[MeSH Terms] OR cognitive decline[Title/Abstract]
OR cognitive impairment[Title/Abstract]

#5 "mastication"[MeSH Terms] OR chewing[Title/Abstract]

#6 #3 OR #4

#7 #1 AND #5 AND #6

#8 #2 AND #5 AND #6

d: Search formula for RQ2 using Cochrane Library.

#1 MeSH descriptor: [Aged] in all MeSH products

#2 MeSH descriptor: [Young Adult] explode all trees

#3 MeSH descriptor: [Cognition] explode all trees

#4 MeSH descriptor: [Cognitive Dysfunction] explode all trees
#5 MeSH descriptor: [Mastication] explode all trees

#6 (mastication):ti,ab,kw OR (chewing):ti,ab,kw

#7 #3 OR #4

#8 #5 OR #6

#9 #1 AND #7 AND #8

#10 #2 AND #7 AND #8

RQ: Research question.

the titles and abstracts of the studies were collected and screened for
duplicates.

2.2. Eligibility and inclusion/exclusion Criteria

To conform with the objectives of the review, the following inclusion
criteria were applied for the selection of evidence: human experiments
on young and/or older adults, articles published on January 2000 to
April 2022, and studies that include masticatory functions such as
chewing as exposure interests and cognitive function, cognitive
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impairment, cognitive decline, and dementia as the outcomes of inter-
est, articles such as randomized controlled trials (RCTs), prospective and
retrospective studies, cross-sectional studies, clinical studies, with both
abstract and full report available and are written in English.

The exclusion criteria applied were articles that were not original
studies, studies involving swallowing and eating disorders, meta-
analyses, systematic reviews, case reports, in-vitro studies, animal
studies, abstracts from conferences, and letters to the editor.

Articles that met at least one exclusion criterion were excluded. The
full texts of the relevant articles were then retrieved and analyzed.
Additional articles were added by checking the references from the final
included articles and manual searching.

2.3. Screening Procedures

Two reviewers independently screened each retrieved document for
eligibility by examining the titles and abstracts according to the inclu-
sion and exclusion criteria. The selected abstracts were listed and
compared. Any discrepancy during the screening and the selection
process was resolved by discussion, and a third reviewer was consulted
to reach a definitive consensus regarding the inclusion of the articles.
The full text of all potentially relevant studies was then obtained for
independent assessments by the same reviewers. Only studies with
sufficient and specific data available were included for further analysis.
Discrepancies and disagreements were resolved through discussion and
consensus.

2.4. Data synthesis

We pooled the data into evidence tables and created a descriptive
summary to evaluate all data and identify study characteristics and
outcome variations. This enabled the identification of similarities and
differences between studies and the determination of suitability for
additional synthesis or comparison methods.

For pooled data in a statistical meta-analysis, data extraction from
either graphs or charts was done with a Review Manager tool (RevMan,
Version 5.4, The Cochrane Collaboration, 2020) [48]. Forest plots were
presented as standardized mean differences (SMD) with 95% confidence
intervals (CI) or odds ratio and 95% CI. Effect sizes were presented as
SMD, and 95% CI was calculated for analysis [49]. Heterogeneity was
assessed statistically using the standard x2, Tau2, and I2 tests.
Meta-analysis was performed using the random effects model with
heterogeneity taken from an inverse variance model to estimate the
pooled data effect.

2.5. Quality assessment

The two reviewers independently assessed the quality and risk of bias
during the data extraction process, and a discussion was used to resolve
disagreements and discrepancies. Inconsistencies and conflicts were
resolved through discussion. Quality assessment of included cross-over
trials was performed using the Cochrane Collaboration tool, Review
Manager (RevMan, Version 5.4, The Cochrane Collaboration, 2020), for
assessing the risk of bias and meta-analyses [48,50].

The Cochrane Collaboration tool assesses the risk of bias from seven
domains: selection bias or allocation bias (sequence generation and
allocation concealment), performance bias (blinding of participants and
personnel), detection bias (blinding of outcome assessors), attrition bias
(incomplete outcome data), reporting bias (selective reporting) and an
auxiliary domain: “other bias.” The bias judgment for each domain is
‘unclear risk,” ‘low risk,” or ‘high risk’ of bias. Since the adopted
Newcastle-Ottawa Scale (NOS) for non-randomized studies [51,52] was
not appropriate for our study, a modified version of this scale was used
to perform the quality assessment for the studies [53] included in this
review.

The modified NOS tool assigns a maximum of 10 stars across three
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domains: (1) Selection (up to 5 stars), (2) Comparability (up to 2 stars),
and (3) Outcome (up to 3 stars). For the Selection domain, a study can be
awarded 1 star if the study’s sample is true/somewhat representative of
the average target population. Another star can be awarded when the
sample size is justified and satisfactory. The study was also awarded
another star if the response rate was adequate. Two stars can be granted
if the ascertainment of exposure used a validated measurement tool, and
one star if non-validated but the tool was available or described. One
star could be awarded for the Comparability domain if confounding
factors such as age and sex were controlled. Another star was awarded if
the study controlled for any additional factor. For the Outcome domain,
two stars can be granted if the assessment was blinded and one star if not
blinded or self-reported. An additional one star can be awarded if the
statistical test used to analyze the data was clearly described and
appropriate. Then, the sum of the stars in each domain was calculated to
convert the Newcastle-Ottawa Scales to the Agency for Health Research
and Quality (AHRQ) standards [54]. The studies evaluated with poor
quality have 0 or 1 star in the Selection domain OR 0 star in the
Comparability domain OR 0 or 1 star in the Outcome domain, while
those with fair quality have two stars in the Selection domain AND 1 or 2
stars in Comparability domain AND 2 or 3 stars in Outcome domain. On
the other hand, the studies evaluated with good quality have 3 or 4 stars
in the Selection domain, 1 or 2 stars in the Comparability domain, AND 2
or 3 stars in the Outcome domain [54,55]. Although data from
cross-sectional studies are considered low quality compared to other
research designs such as RCT, cohort, and longitudinal studies, assessing
the relationship between masticatory function and cognitive function
remains feasible.

3. Results
3.1. General outcomes

The study selection process is described in Fig. 2 as per the PRISMA
flow diagram [56]. The final electronic search of the databases yielded
226 articles. There were 42 articles chosen for the second evaluation
based on a review of their titles and abstracts. The second phase
included a thorough screening and evaluation of 41 full-text articles. At
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this point, 23 publications were excluded because they did not meet the
inclusion criteria. Two additional articles were added by checking the
references from the final included articles and manual searching. The
last search date was May 20, 2022. Finally, 20 articles were identified as
eligible for this study. A list of corresponding papers is shown in Tables 3
to 6 for each RQ.

Most included papers were case-control studies rather than ran-
domized controlled clinical trials that considered baseline data for
analysis. The included studies evaluated the cognitive status/function of
young and older adults and their masticatory function (defined as
chewing). Statistical analysis was performed appropriately in all the
included studies, except for four articles that failed to report data
distribution.

3.2. Association between cognitive function and masticatory function
(RQI-1)

Based on the results of this study, one RCT, one pilot quasi-
experimental study, and 13 case-control studies obtained evidence
showing that the cognitive status of older adults with dementia is
associated with masticatory function.

Among these studies, five case-control studies, including 847 sub-
jects, were analyzed to assess the association between the cognitive
status of older adults using MMSE and masticatory function. The meta-
analysis showed that the MMSE scores of those subjects with poor
mastication were lower than those with good masticatory function
(Fig. 3a). The standardized mean difference (SMD) was — 0.59 (95% CI
—0.98 to —0.20). The heterogeneity by I? statistics was high at 87%. The
test for overall effect (Z) was 2.93 (p = 0.003). The results showed that
the cognitive status of older adults with good masticatory functions was
better than those with poor ones. This suggests that good masticatory
function is considered a factor affecting the cognitive status of dementia
patients. However, these results must be interpreted cautiously since
only three studies included in this meta-analysis were evaluated for fair
quality, and two were assessed as poor. All studies included in this meta-
analysis used convenience sampling or selected a specific group, and no
study justified the sample size. The response rate in all studies was
satisfactory. Although the measurement tools used were non-validated,

Identification of studies via and regl Identification of studies via other methods
Records removed before
§
5 : . screening: : ‘ .

Records identified from: : Records identified from:
g PubMed (n = 190) > :::\ugl)te records removed Citation searching (n = 3)
€ Cochrane Library (n = 36) Records removed for other etc.
=2 reasons (n = 127)

Records screened »| Records excluded

(n=42) (n=0)

Reports sought for retrieval »| Reports not retrieved Reports sought for retrieval Reports not retrieved
2 (n=42) "l (n=1) (n=3) (n=1)
£
§ ' !

Reports assessed for eligibility Reports assessed for eligibility

(n=41) Reports excluded: (n=2) i

Not related to RQ-1 (n = 16) R"W‘f:"c'“d“d'
Not related to RQ-2 (n = 7) (n=0)

3 - Ay
'g Studies included in review _
B (n=20)
=

Fig. 2. Flow chart illustrating the screening process for the selection of articles.
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Table 3

Characteristics of Studies Integrated relating to RQ1-1.
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No Authors

Study Design

Study Population

Intervention

Comparison

Outcome

1= Matsubara
et al., 2021

2% Tan et al.,
2020

3 Cho et al.,
2021

4 Jung et al.,
2022

5 Kim et al.,
2017

6 Kimura et al.,
2013

7 Shin et al.,
2020

8* Weijenberg
et al., 2015

9 Kim et al.,
2020

10 Seraj et al.,
2017

11 Takehara
et al., 2020

12 *  Elsigetal.,
2015
13 * Miura et al.,

2003

14 *  Camposetal.,
2017

15*  Kugimiya
et al., 2019

RCT

Pilot quasi-
experimental
study

Case-control

Case-control

Case-control

Case-control

Case-control

Case-control

Case-control

Case-control

Case-control

Case-control

Case-control

Case-control

Cross-sectional

50 older adults aged 65
and above (MMSE score
>21 to <26)

4 completely edentulous
patients (mean age: 73.0
+ 1.4years; 2 males, 2
females)

308 Koreans aged > 65
(mean age: 78.69 6 + 5.76
years, 68 males, 240
females

295 Korean adults aged

> 60 years (85 males, 200
females)

295 Koreans aged > 70

269 Japanese aged > 75
(mean age 80.6 + 4.7
years; 88 males, 181
females)

101 Korean women aged
> 65 (mean age: 80.64
+ 4.83 years)

114 Dutch older persons
with dementia aged > 67

7029 Korean adults > 45
years

50 older adults aged > 60
(25 males, 25 females)

369 Australian men aged
> 78 (mean age: 83.8

+ 4.2 years)

51 older adults aged > 75

88 Japanese women aged
> 65

32 older adults with
removable dentures (11
completely edentulous, 5
partially edentulous in
each group)

1118 Japanese aged > 70
(MMSE >24; mean age:
77.0 £ 4.7 years; 445
males, 673 females)

N = 25 intervention group (mean
age: 77.0 years)

N= 4 implant retained removable
denture

N = 89, poor masticatory function;
N=109, with cognitive impairment
(MMSE score <24)

N = 100, poor masticatory
function

N = 60, poor masticatory function;
N= 59, with cognitive impairment
(MMSE score < 20)

N = 105, poor masticatory
function

N = 29, poor masticatory function;
N= 40, with cognitive impairment
(MMSE score <24)

N = 56, poor masticatory function
(mean age: 85.2 + 6.4 years; 4
males, 52 females)

N = 1243, poor masticatory
function; N= 2043, with cognitive
impairment (MMSE score <24,
mean ag:e 75.39 + 0.21 years; 624
males, 1419 females)

N = 26, poor masticatory function;
N= 31, with cognitive impairment
(MMSE score <24, mean age: 73.5
+ 11.8 years; 14 males, 17
females)

N = 101, poor masticatory
function; N= 17, with cognitive
impairment (MMSE score <24)

N = 29, with Dementia (mean age:
82.5 + 6.3 years; 7 males, 22
females)

N = 44, with cognitive impairment
(HDSR score < 20, mean age: 81.1
+ 5.5 years)

N = 16, with mild Alzheimer’s
Disease (mean age: 76.7 + 6.3
years; 8 males, 8 females)

Comparison among gender

N = 25 control group (mean
age: 72.8 years)

N = 4 complete removable
denture

N = 99, good masticatory
function; N= 199, normal
(MMSE score > 24)

N = 109, good masticatory
function

N = 56, good masticatory
function; N= 236, normal
(MMSE score > 21)

N = 164, good masticatory
function

N = 36, good masticatory
function; N= 61, normal
(MMSE score > 24)

N = 58, good masticatory
function (mean age: 85.3 + 5.4
years; 11 males, 47 females)

N = 2868, good masticatory
function; N= 4986, normal
(MMSE score > 24, mean age:
65.38 + 0.12 years; 2363
males, 2623 females)

N = 24,good masticatory
function; N= 19, normal
(MMSE score > 24, mean age:
67.7 £ 5.4 years; 11 males, 8
females)

N = 268, good masticatory
function; N= 352, normal
(MMSE score > 24)

N = 22, normal (19) or with
mild cognitive impairment (3)
(mean age: 81.9 £ 6.5 years; 5
males, 17 females)

N = 44, normal (HDSR score >
21, mean age: 82.3 + 8.0 years)

N = 16, healthy (mean age:

75.23 + 4.4 years; 8 males, 8
females)

Comparison among gender

MMSE, chewing ability with
gum chewing, and
masticatory performance
with test gummy jelly

3MS - Modified MMSE,
Masticatory performance
using color changing gum

MMSE, Chewing ability for
5 food items, subjective
masticatory ability

MMSE

MMSE, Masticatory
Performance using color
changing gum

MMSE, HDSR, FAB

MMSE, Masticatory
Performance using color-
changing gum

MMSE, attention, working
memory

MMSE, Chewing ability
using self-report
questionnaire

MMSE, Index of Chewing
ability (questionnaire)

MMSE, Chewing ability for
11 food items

Masticatory Performance
using two-color mixing test

HDSR, Chewing ability
using food intake
questionnaire

Masticatory Performance
using Optocal artificial test
food

MMSE

*Studies not included in the meta-analyses but considered as evidence (see Discussion).
RQ: Research question; RCT: Randomized Controlled Trial; MMSE: Mini-Mental State Examination; HDSR: Hasegawa Dementia Scale-Revised; FAB: Frontal Assess-

ment Battery.

the tools were available and described. Four studies study controlled for
confounding variables such as socio-demographic factors (age, sex,
marital status, smoking, and alcohol consumption), health-related fac-
tors (hypertension, diabetes, activities of daily living, and nutritional
intake), and oral function-related factors (number of teeth, and pros-
theses). The outcomes assessment in all studies was not blinded; how-
ever, sufficient descriptions of the evaluation method were provided.
Three studies were considered to have used appropriate and well-
described statistical tests; the remaining studies did not describe or

provide adequate details.

Different measurement tools used to assess cognitive status in the

verbal fluency.

study by Kimura et al. [26] showed evidence that when compared to
those with good masticatory function, the subjects with poor mastica-
tory function had lower mean scores in HDSR and FAB. Likewise, Wei-
jenberg et al. [57] also found that subjects with poor masticatory
function had lower mean scores in attention, working memory, and

Furthermore, the results of another meta-analysis, including a total
of 4899 subjects, showed that those with poor masticatory function had
a higher risk of cognitive impairment than those with good masticatory

function (Fig. 3b). The pooled odds ratio (OR) was 4.09 (95% CI 0.69,

379

0.28). The heterogeneity by I? statistics was high at 92%. The test for
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Table 4
Characteristics of Studies Integrated relating to RQ1-2.
No  Authors Study Study Population Intervention Comparison Outcome
Design
1 Kimura et al., Case- 269 Japanese aged > 75 (meanage N = 105, poor masticatory function N = 164, good masticatory function MMSE, HDSR,
2013 control 80.6 + 4.7 years; 88 males, 181 FAB, number of
females) present teeth
2 Takehara et al., Case- 369 Australian men aged > 78 N = 101, poor masticatory function; N = 268, good masticatory function: MMSE, number of
2020 control (mean age: 83.8 + 4.2 years) N= 17, with cognitive impairment N= 352, normal (MMSE score > 24) present teeth
(MMSE score <24)
3 Elsig et al., Case- 29 with dementia (75 years or N = 29, with Dementia (mean age: N = 22, normal (19) or with mild MMSE, number of
2015 control older); 19 cognitively normaland 3 ~ 82.5 + 6.3 years; 7 males, 22 females)  cognitive impairment (3) (mean age: present teeth
with mild cognitive impairment 81.9 £ 6.5 years; 5 males, 17 females)
4 Miura et al., Case- 88 Japanese women aged > 65 N = 44, with cognitive impairment N = 44, normal (HDSR score > 21, HDSR, number of
2003 control (HDSR score <20, mean age: 81.1 mean age: 82.3 + 8.0 years) present teeth
+ 5.5 years)
5 Cho et al., Case- 308 Koreans aged > 65 (mean age: N = 109, with cognitive impairment N = 199, normal (MMSE score > 24) MMSE, number of
2021 control 78.69 6 + 5.76 years, 68 males, (MMSE score <24) present teeth
240 females
6 Lexomboon Case- 557 Swedish aged > 77 (mean age: N = 123, with cognitive impairment N = 434, normal (MMSE score > 24; MMSE, number of
et al., 2012 control 83.0 £ 4.7 years) (MMSE score <24; 41 males, 82 188 males, 246 females) present teeth
females)
7 Seraj et al., Case- 50 older adults aged > 60 (25 N = 31, with cognitive impairment N = 19, normal (MMSE score > 24, MMSE, number of
2017 control males, 25 females) (MMSE score <24, mean age: 73.5 mean age: 67.7 + 5.4 years; 11 males, present teeth
+ 11.8 years; 14 males, 17 females) 8 females)
8* Shin et al., Case- 101 Korean women aged > 65 N = 29, poor masticatory function; N = 36, good masticatory function; MMSE, Number of
2020 control (mean age: 80.64 + 4.83 years) N= 40, with cognitive impairment N= 61, normal (MMSE score > 24) present teeth

(MMSE score <24)

*Studies not included in the meta-analyses but considered as evidence (see Discussion).
RQ: Research question; MMSE: Mini-Mental State Examination, HDSR: Hasegawa-Dementia Scale-Revised; FAB: Frontal Assessment Battery.

Table 5
Characteristics of Studies Integrated relating to RQ1-3.
No  Authors Study Study Population Intervention Comparison Outcome
Design
1 Lexomboon Case- 557 Swedish aged > 77 N = 123, with cognitive impairment N = 434, normal (MMSE score > MMSE, Chewing difficulty
etal., 2012 control (mean age: 83.0 + 4.7 (MMSE score <24; 41 males, 82 24; 188 males, 246 females) questionnaire
years) females)
2 Cho et al., Case- 308 Koreans aged > 65 N = 89, poor masticatory function; N = 99, good masticatory MMSE, Chewing ability for 5
2021 control (mean age: 78.69 6 N=109, with cognitive impairment function; N= 199, normal (MMSE food items, subjective
+ 5.76 years, 68 males, (MMSE score <24) score > 24) masticatory ability
240 females
3 Kim et al., Case- 295 Koreans aged > 70 N = 60, poor masticatory function; N = 56, good masticatory MMSE, Masticatory Performance
2017 control N= 59, with cognitive impairment function; N= 236, normal (MMSE  using color changing gum
(MMSE score < 20) score > 21)
4 Kim et al., Case- 7029 Korean adults > 45 N = 2043, with cognitive impairment =~ N = 4986, normal (MMSE score > MMSE, Chewing ability
2020 control years (MMSE score <24, mean ag:e 75.39 24, mean age: 65.38 & 0.12 years;  questionnaire
+ 0.21 years; 624 males, 1419 2363 males, 2623 females)
females)
5 Seraj et al., Case- 50 older adults aged > 60 N = 26, poor masticatory function; N = 24, good masticatory MMSE, Index of Chewing ability
2017 control (25 males, 25 females) N= 31, with cognitive impairment function; N= 19, normal (MMSE (questionnaire)
(MMSE score <24, mean age: 73.5 score > 24, mean age: 67.7 + 5.4
+ 11.8 years; 14 males, 17 females) years; 11 males, 8 females)
6 Shin et al., Case- 101 Korean women aged N = 29, poor masticatory function; N = 36, good masticatory MMSE, Masticatory Performance
2020 control > 65 (mean age: 80.64 N= 40, with cognitive impairment function; N= 61, normal (MMSE using color-changing gum
+ 4.83 years) (MMSE score <24) score > 24)
7 Takehara Case- 369 Australian men aged N = 101, poor masticatory function; N = 268, good masticatory MMSE, Chewing ability for 11
et al., 2020 control > 78 (mean age: 83.8 N= 17, with cognitive impairment function; N= 352, normal (MMSE  food items
+ 4.2 years) (MMSE score <24) score > 24)
8* Scherder et al. Case- 38 older adults from the N = 19, with full dentures (mean age: N = 19, complete natural teeth mandibular excursions, bite
2008 control Netherlands (MMSE score ~ 75.68 + 3.35 years; 7 males, 12 (mean age 73.21 + 4.28 years; 10  force, number of occluding pairs,

> 25)

females)

males, 9 females)

and complaints of the
masticatory system

*Studies not included in the meta-analyses but considered as evidence (see Discussion).
RQ: Research question; MMSE: Mini-Mental State Examination.

overall effect (Z) was 2.82 (p < 0.005). This suggests that subjects with
poor masticatory function are 4.1 times more likely to have cognitive
impairment. The quality assessment showed that three studies in this
meta-analysis were evaluated as good, two were considered fair, and one
had poor quality. Only two studies used a representative population
sample; others used convenience sampling or selected a group of
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subjects. None of the studies justified the sample size, but the response
rate in all studies was satisfactory. Although the measurement tools used
were non-validated, the tools were available and described. All but one
study controlled for confounding variables such as socio-demographic
factors, health, and oral function-related factors. The outcomes assess-
ment in all studies was not blinded; however, sufficient descriptions of
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Table 6
Characteristics of Studies Integrated relating to RQ2.
No.  Authors Study Design Study Population Intervention ~ Comparison Outcome
1 Sakamoto cross-over trial (quasi- 11 healthy subjects aged 24-42 years (mean age: 30.9 years; 8 males, 3 gum no gum reaction
et al., 2009 RCT) females) for Experiment 1. 9 healthy subjects aged 25-43 years (mean age: chewing chewing time
30.6 years; 8 males, 1 female) for Experiment 2.
2 Smith 2010 cross-over trial (quasi- 133 adults aged 19-39 years (mean age: 22.6 + 4.4 years; 64 males, 69 gum no gum reaction
RCT) females) chewing chewing time
3 Tucha & Randomized cross-over 42 healthy young adults (mean age 22.2 + 2.4 years; 21 males, 21 females) gum no gum reaction
Simpson, 2011 trial (quasi-RCT) chewing chewing time

RQ: Research question.

(A)

Poor masticatory function Good masticatory function  Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total IV, d 95% CI IV, Random, 95% CI

Cho et al., 2021 23.57 4.94 89 24.4 3.8 99 -0.19 [-0.48, 0.10] =

Jung et al., 2022 21.11 111 100 25.4 5.4 109 -1.08[-1.37,-0.78] -

Kimetal., 2017 20.7 6.3 60 25.9 29 56 -1.04[-1.43,-0.65] —

Kimura et al., 2013 25.2 3.8 105 26.2 3.2 164 -0.29[-0.54, -0.04] =

Shin etal., 2019 22.24 4.9 29 23.92 4.44 36 -0.36 [-0.85, 0.14] —_—T

Total (95% CI) 383 464 -0.59 [-0.98, -0.20] <P

Heterogeneity: Tau? = 0.17; Chi? = 29.66, df = 4 (P < 0.00001); I* = 87% _44 _=2 ) 1 +

Test for overall effect: Z = 2.93 (P = 0.003)

2
Good masticatory function Poor masticatory function

Quality based on the Newcastle-Ottawa Scale of studies included in this meta»analysis'
Study Selection Comparability Outcome Total Quality
Representativenes  Sample size Non Respondents Ascertainmentof Comparability of ~ Assessment of Statistical Test
s of the cases exposure cases and controls outcome
on the basis of theh
design or analysis
Cho et al., 2021 * * *k * * 6 fair
Jung et al., 2022 * * * * 4 poor
Kim etal., 2017 * * Jok * * 6 fair
Kimura et al., 2013 * * * 3 poor
Shin et al., 2019 * * *k * 5 fair
Cognitively impaired Cognitively normal 0Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Cho etal., 2021 47 91 42 97 19.2% 1.40 [0.79, 2.49] ™
Kim et al., 2017 23 24 37 92 10.8% 34.19 [4.42, 264.26]
Kim et al., 2020 765 1174 478 2937  20.4% 9.62 [8.24, 11.23] -
Seraj et al., 2017 20 31 6 19 15.6% 3.94[1.17, 13.28]) —
Shin etal., 2019 16 29 13 36  16.9% 2.18[0.80, 5.91] T
Takehara et al., 2020 8 17 93 352 17.0% 2.48[0.93, 6.61] —
Total (95% CI) 1366 3533 100.0% 4.09 [1.54, 10.89] -
Total events 879 669
1. 2 _ . Chi? = = o2 t t + t
;!eterfogenelty].ITa;;l —lel2 ggl o _Sg;gé)df 5 (P < 0.00001); I = 91% 0.002 o1 10 500
est for overall effect: Z = 2.82 (P = 0. Low risk High risk
Study Selection Comparability Outcome Total Quality
Representativenes Sample size Non Ascertainment Comparability of cases and Assessment of Statistical Test
s of the cases Respondents of exposure  controls on the basis of the outcome
design or ana[ysis'J
Choetal., 2021 * * ok 'S * 6 fair
Kim et al., 2017 * * *k * * 6 fair
Kim et al., 2020 * * * *k * * 7 good
Seraj et al., 2017 * * * 3 poor
Shin et al., 2019 * * * %k * 6 fair
Takehara et al., 2020 'S * * *k * * 2 good

Fig. 3. Forest plot and quality assessment of extracted literature on cognitive function and masticatory function in older adults (RQ1-1). Significance level was set at
5%. (A): Forest plot and quality assessment of changes in the masticatory function of older adults as standardized mean differences (SMD) with 95% confidence
intervals (95% CI). (B): Forest plot (odds ratio and 95% CI) and quality assessment comparing the risk of cognitive impairment in older adults with poor masticatory
function. SD: standard deviation; CI: confidence interval; Std: Standard; MMSE: Mini-mental State Examination; New-Ottawa Scale Quality assessment: % A study can
be awarded a maximum of one star for each item within the Selection and Exposure categories. : A maximum of two stars can be given for Comparability; Quality:
poor: 0 or 1 star in the selection domain, OR 0 stars in the comparability domain OR 0 or 1 Star in the outcome domain; fair: 2 stars in the selection domain AND 1 or
2 stars in comparability domain AND 2 or 3 stars in outcome domain; good: 3 or 4 stars in selection domain AND 1 or 2 stars in compatibility domain AND 2 or 3 stars
in outcome domain.

the evaluation method were provided. Four studies were considered to
have used appropriate and well-described statistical tests; the remaining
studies did not describe or provide adequate details.

3.3. Association between cognitive impairment and decreased number of
teeth (RQ1-2)

Many studies have reported the association of cognitive impairment
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with the number of present teeth [6,16-18,20]. However, sufficient
evidence is still needed to answer RQ1-2. Among the included
case-control studies, seven studies reported evidence of the association
between the number of present teeth, masticatory function, and cogni-
tive impairment.

The meta-analysis of two studies, including 638 subjects, showed
that older adults with more teeth had good masticatory function than
those with poor masticatory function (Fig. 4a). The standardized mean

(A)
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difference was — 0.85 (95% CI —1.64 to —0.07). The heterogeneity by I?
statistics was high at 95%. The test for overall effect (Z) was significant
at 2.13 (p = 0.003). This suggests that the number of present teeth is
associated with masticatory function. However, the results must be
interpreted carefully since there are only two studies in this meta-
analysis, and one of the studies was evaluated to have good quality,
while the other was considered to be of poor quality. One study used a
representative sample, while the other used convenience sampling. Both

Poor masticatory function Good masticatory function Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, di 95% ClI v, di 95% ClI
Kimura et al., 2013 3.7 5.7 105 14.6 10.1 164  49.6% -1.26[-1.52,-0.99] -
Takehara et al., 2020 13 8.9 101 16.8 8.1 268 50.4% -0.46 [-0.69, -0.22] -
Total (95% CI) 206 432 100.0% -0.85[-1.64,-0.07] i
Heterogeneity: Tau® = 0.30; Chi® = 19.69, df = 1 (P < 0.00001); I = 95% _=4 _12 % i

Test for overall effect: Z = 2.13 (P = 0.03)

Good masticatory function Poor masticatory function

Quality based on the le-Ottawa Scale of studies included in this meta-analysisl

Study Selection

Representativene Sample size  Non Respondents Ascertainment of

Comparability Outcome Total Quality

Comparability of casesand ~ Assessment  Statistical Test

ss of the cases exposure controls on the basis obf the  of outcome
design or analysis

Kimura et al., 2013 3 poor
Takehara et al., 2020 * * * *k * * 7 good

Cognitively impaired Cognitively normal Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
Elsig et al., 2013 4.9 8.3 29 6.5 8.8 22 48.9%  -0.18[-0.74,0.37]
Miura et al., 2003 2.5 2.05 44 7.5 5.2 44 51.1% -1.25[-1.71, -0.80] —
Total (95% CI) 73 66 100.0% -0.73 [-1.78, 0.32]
Heterogeneity: Tau? = 0.50; Chi? = 8.46, df = 1 (P = 0.004); I> = 88% _44 _52 ) é é

Test for overall effect: Z = 1.37 (P = 0.17)

Cognitively normal Cognitively impaired

Quality assessment based on the Newcastle-Ottawa Scale of studies included in this meta-;-:nalysis=

Study Selection Comparability Outcome Total Quality
Representativeness of Sample size Non Respondents Ascertainment  Comparability of cases and Assessment of Statistical Test
the cases of exposure controls on the basis ohf the outcome
design or analysis
Elsig et al., 2013 * * * *k * * * 8 good
Miura et al., 2003 * *k * 4 poor
Cognitively impaired  Cognitively normal Odds Ratio Odds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Cho et al., 2021 68 109 102 199 37.5% 1.58[0.98, 2.54] i
Lexomboon et al., 2012 89 113 241 434 36.9% 2.97 [1.82, 4.84] —a—
Seraj et al., 2017 25 31 8 19 12.8% 5.73 [1.60, 20.48] ——
Takehara et al., 2020 14 17 196 352 12.9% 3.71[1.05, 13.15] =
Total (95% ClI) 270 1004 100.0% 2.62 [1.56, 4.41] L 2
Total events 196 547

ity: 2= :Chi? = = = 1= [ + + i
Heterogeneity: Tau® = 0.13; Chi 5.96,df =3 (P =0.11); | 50% bo1 o 10 100

Test for overall effect: Z = 3.64 (P = 0.0003)

Low risk High risk

Quality assessment based on the Newcastle-Ottawa Scale of studies included in this meta-analysis‘

Study Selection Comparability Outcome Total Quality
Representativeness Sample size Non Respondents Ascertainment of Comparability of cases and ~ Assessment of  Statistical Test
of the cases exposure controls on the basis of the outcome
design or analysis
Choetal., 2021 * * 'S g * * 6 fair
Lexomboon et al., 2012 * * * * * 5 fair
Kim et al., 2020 * * * *k * * 7 good
Serajetal., 2017 * * * 3 poor
Takehara et al., 2020 * * * *k * * 7 good

Fig. 4. Forest plot and quality assessment of extracted literature on cognitive function and the number of present teeth in older adults (RQ1-2). Significant if p-value

< 0.05. (A): Forest plot and quality assessment of changes in masticatory function

based on the number of teeth of older adults as standardized mean differences

(SMD) with 95% confidence intervals (95% CI). (B): Forest plot and quality assessment of changes in cognitive function based on the number of teeth of older adults
as SMD with 95% confidence intervals (95% CI). (C): Forest plot (odds ratio and 95% CI) and quality assessment comparing the risk of cognitive impairment in older
adults with a reduced number of teeth. SD: standard deviation; CI: confidence interval; Std: Standard; MMSE: Mini-mental State Examination; HDSR: Hasegawa
Dementia Scale Revised; FAB: Frontal Assessment Battery; New-Ottawa Scale Quality assessment: a: A study can be awarded a maximum of one star for each item
within the Selection and Exposure categories. b: A maximum of two stars can be given for Comparability; Quality: poor: 0 or 1 star in the selection domain, OR O stars
in the comparability domain OR 0 or 1 Star in the outcome domain; fair: 2 stars in the selection domain AND 1 or 2 stars in comparability domain AND 2 or 3 stars in
outcome domain; good: 3 or 4 stars in selection domain AND 1 or 2 stars in compatibility domain AND 2 or 3 stars in outcome domain.
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study did not justify the sample size. The response rate was satisfactory
in both studies. Although the measurement tools used were non-
validated, the tools were available and described. Only one study
controlled for confounding variables, such as oral function-related fac-
tors. The outcomes assessment in all studies was not blinded; however,
sufficient descriptions of the evaluation method were provided. Only
one study was considered to have used appropriate and well-described
statistical tests; the other study did not describe or provide adequate
details.

Another meta-analysis of two studies, including 139 subjects,
showed that the cognitively impaired population had fewer teeth than
the cognitively normal population (Fig. 4b). The standardized mean
difference was — 0.73 (95% CI —0.32 to —1.78). The heterogeneity by I?
statistics was high at 88%. The test for overall effect (Z) was not sig-
nificant at 1.37 (p = 0.17). This suggests that the number of present
teeth is a factor in improving cognitive function but without certainty.
Of the two studies included in this meta-analysis, one was evaluated to
have good quality, and the other had poor quality. Both studies used a
representative sample, but only one described the sample size calcula-
tion. The response rate in all studies was satisfactory. The ascertainment
of exposure in both studies was validated. Only one study controlled for
confounding variables such as age and sex. Although the outcomes
assessment in all studies was not blinded, a sufficient evaluation
description was provided. One study was considered to have used

Study or Subgroup log[Odds Ratio] SE Weight

Odds Ratio
IV, Random, 95% CI
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appropriate and well-described statistical tests, while the other did not
describe or provide enough details.

We confirmed this with another meta-analysis of five studies,
including 1274 subjects. The results showed that older adults with fewer
teeth are more likely to be cognitively impaired than those with more
than 20 teeth (Fig. 4c). The pooled OR was 2.62 (95% CI 1.56-4.41). The
heterogeneity by I statistics was moderate at 50%. The test for overall
effect (Z) was significant at 3.64 (p = 0.0003). This suggests that sub-
jects with less than 20 teeth are 2.6 times more likely to have cognitive
impairment. Two of the studies included in this meta-analysis were
evaluated to have good quality, two were considered fair, and one had
poor quality. Only two studies used a representative population sample;
others used convenience sampling or selected a group of subjects. None
of the studies justified the sample size, but the response rate in all studies
was satisfactory. Although the measurement tools used to assess
masticatory function were non-validated, the tools were available and
described. One study controlled for socio-demographic factors only;
three controlled for confounding variables such as socio-demographic
factors, health, and oral function-related factors, while the remaining
did not control any. The outcomes assessment in all studies was not
blinded; however, sufficient descriptions of the evaluation method were
provided. Four studies were considered to have used appropriate and
well-described statistical tests, while the remaining study did not
describe or provide adequate details.

Odds Ratio
IV, Random, 95% ClI

1.1.1 Cognitive impairment and chewing difficulty
Lexomboon et al., 2012 2.32 0.55 4.5% 10.18 [3.46, 29.90]
Subtotal (95% CI) 4.5% 10.18 [3.46, 29.90] <
Heterogeneity: Not applicable
Test for overall effect: Z = 4.22 (P < 0.0001)
1.1.2 Cognitive impairment to poor masticatory function
Cho et al., 2021 1.4 0.29 9.3% 4.06 [2.30, 7.16] -_—
Kim et al., 2017 1.89 1.08 1.5% 6.62 [0.80, 54.97] T
Kim et al., 2020 3.238 0.32 8.5% 25.48 [13.61, 47.71] =
Seraj et al., 2017 3.94 0.62 3.7% 51.42 [15.25, 173.33] e —
Shin et al., 2019 0.964 0.03 15.8% 2.62 [2.47,2.78] L
Takehara et al., 2020 1.51 0.35 7.8% 4.53 [2.28, 8.99] —_—
Subtotal (95% CI) 46.7% 8.15 [3.23, 20.57] =
Heterogeneity: Tau? = 1.11; Chi? = 77.54, df = 5 (P < 0.00001); I = 94%
Test for overall effect: Z = 4.44 (P < 0.00001)
1.1.3 Cognitive impairment to number of functional teeth <20
Cho et al., 2021 1.58 0.24 10.7% 4.85 [3.03, 7.77] -
Lexomboon et al., 2012 2.97 0.25 10.4% 19.49 [11.94, 31.82] & =
Seraj et al., 2017 5.73 0.65 3.5% 307.97 [86.14, 1101.00] — ¥
Shin et al., 2019 0.988 0.02 15.9% 2.69[2.58, 2.79] L]
Takehara et al., 2020 1.54 0.33 8.3% 4.66 [2.44, 8.91] —
Subtotal (95% ClI) 48.8% 11.23 [3.89, 32.44] <
Heterogeneity: Tau? = 1.35; Chi? = 123.62, df = 4 (P < 0.00001); I> = 97%
Test for overall effect: Z = 4.47 (P < 0.00001)
Total (95% CI) 100.0% 6.82 [5.21, 8.92] ¢
ity: 2 = : Chi? = = 2= k t t |
Heterogeneity: Tau = 0.12; Chi 206.96, df = 11 (P < 0.00001); | 95% 0.001 o1 10 1000
Test for overall effect: Z = 14.00 (P < 0.00001) Low risk High ri
; . Chi2 2 gh risk
Test for subgroup differences: Chi® = 0.22, df = 2 (P = 0.90), I’ = 0%
Quality based on the Newcastle-Ottawa Scale of studies included in this vmata-analvsisﬂ
Study Selection Comparability Outcome Total Quality
Representativenes Sample size Non Ascertainment of Comparability of cases and controls  Assessment of  Statistical Test
s of the cases Respondents exposure on the basis of the design or outcome
analysis
Lexomboon et al., 2012 > S * * * 5 fair
Choetal., 2021 * * *k +* * 6 fair
Kim etal., 2017 * * ok * * 6 fair
Kim et al., 2020 * * * ok * * 7 good
Seraj etal., 2017 * * * 3 poor
Shin etal., 2019 * * Jok * 6 fair
Takehara et al., 2020 * * * *k * * 7 good

Fig. 5. Forest plot and quality assessment of extracted literature comparing the association between the risk of cognitive impairment and masticatory dysfunction in
older adults (RQ1-3). Significant if p-value < 0.05. As odds ratio and 95% CI. SE: standard error; CI: confidence interval; New-Ottawa Scale Quality assessment: a: A
study can be awarded a maximum of one star for each item within the Selection and Exposure categories. b: A maximum of two stars can be given for Comparability;
Quality: poor: 0 or 1 star in the selection domain, OR O stars in the comparability domain OR O or 1 Star in the outcome domain; fair: 2 stars in the selection domain
AND 1 or 2 stars in comparability domain AND 2 or 3 stars in outcome domain; good: 3 or 4 stars in selection domain AND 1 or 2 stars in compatibility domain AND 2

or 3 stars in outcome domain.
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3.4. Association of the risk of cognitive impairment and masticatory
dysfunction (RQ1-3)

The included case-control studies assessed the risk of cognitive
impairment based on chewing difficulty [19], poor masticatory function
[25,28,58-61], and reduced number of teeth [19,28,59-61].

The meta-analysis of six studies showed that the population with
masticatory dysfunction had a higher risk of cognitive impairment
(Fig. 5). The pooled OR was 6.82 (95% CI 5.21-8.92). The heterogeneity
by I2 statistics was high at 95%. The test for overall effect (Z) was 14.0
(p < 0.00001). This suggests that subjects with masticatory dysfunction
are 6.8 times more likely to be cognitively impaired.

Three studies included in this meta-analysis were evaluated for good
quality, three were considered fair, and one had poor quality. Two
studies used a representative sample, while the remaining used conve-
nience sampling or selected a specific group. None of the studies
described the sample size calculation. The response rate in all studies
was satisfactory. All studies used non-validated measurement tools used,
except for one. Only one study controlled for confounding variables such
as socio-demographic factors, five controlled for health and oral
function-related factors, and the remaining did not control for any. The
assessment of outcomes in all studies was not blinded. However, a suf-
ficient description of the evaluation was provided. Five studies were
considered to have used appropriate and well-described statistical tests;
the remaining study did not describe or provide enough details.

3.5. Cognitive function improves with masticatory movement in young
adults (RQ2-1)

Among the included studies, three focused on cognitive processing
speed (reaction time) and chewing. The meta-analysis showed that in
healthy young adults who chewed gum, the reaction time was faster
than no chewing (Fig. 6).

The standardized mean difference was — 0.35 (95% CI —0.62 to
0.08). The heterogeneity by I? statistics was at 22%. The test for overall
effect (Z) was 2.59 (p < 0.010). This suggests that chewing gum is
considered a factor affecting the cognitive processing speed of young
adults.

The two studies included in this meta-analysis had a high risk of bias.
Although there was randomization, the description of the concealment
allocation, blinding of participants, assessors, and outcome assessment
were not mentioned. The remaining had a moderate risk of bias since
participants, personnel, and the outcomes assessment were blinded, and
there was no attrition bias. However, the description of the randomi-
zation and allocation concealment were not mentioned.

4. Discussion

Despite the increased attention to dementia prevention and main-
tenance and improvement of cognitive functions, few studies have
explored the relationship between cognitive function and masticatory
function. To the best of our knowledge, there is no existing systematic
review or meta-analysis on the effects of masticatory function on
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cognitive function. Therefore, we have conducted this systematic re-
view. We found consistent evidence that masticatory function is directly
associated with the cognitive function of older adults. The results show
that good masticatory function (with an increased number of teeth, high
MP, and chewing ability) is considered a factor in improving the
cognitive function of patients with both older and young adults.

The information presented in this systematic review must be inter-
preted carefully since only one RCT, three quasi-RCT, and 16 case-
control studies were included in this review. The methods used to
collect data on the masticatory function also lacked homogeneity,
limiting the confidence in the level of evidence collected and the overall
effect of the meta-analysis.

4.1. Masticatory function affects cognitive function

Fig. 7 shows the predictive relationship diagram illustrating several
mechanisms of mastication affecting cognitive function based on the
literature of this systematic review. Mastication is an intricate process
controlled by the central nervous system [62]. Mastication activates
brain function. It prevents cognitive impairment by directly stimulating
the hippocampus, thereby increasing the neurons responsible for
memory and cognitive function [58]. During mastication, cerebral blood
volume increases, providing a greater oxygen supply beneficial for
promoting brain cell activity and strengthening cognitive function
[36-38,63]. Mastication also promotes increased nutritional intake
[64], particularly vitamin B consumption, which supports brain function
[65]. Mastication can also be influenced by numerous factors such as
age, gender, dental status, smell, taste, texture, and the hardness of the
food [62]. Aging can impair masticatory function, resulting in mor-
phophysiological changes in the body, such as reduced salivary flow,
taste impairment, tooth loss [16-20], and chewing muscle atrophy [24],
which can result in decreased masticatory function. Lastly, inflamma-
tory diseases can cause cell damage, which can also induce the loss of
brain cells and, consequently, cognitive impairment [66].

Jung et al. [67] reported that MP directly affected cognitive function
and indirectly affected how activities of daily living (ADL) and nutri-
tional status assessed by Mini-Nutritional Assessment (MNA) affected
cognitive function. Participants with lower MP also had significantly
lower ADL [25,32,57] and MNA scores (p < 0.0001) [25,67]. Generally,
older adults with poor ADL have difficulty independently brushing and
flossing their teeth, consequently deteriorating their oral health and
reducing their masticatory function [68].

4.2. Masticatory function assessment

The masticatory function can be evaluated using several methods
objectively and subjectively [69-72]. Although it has been reported that
their correlation was significantly weak [70], both still pertain to
masticatory function [69]. The included studies used two-color gum [57,
73], color-changing gum [4,25,26,28,67], gummy jelly [74,75], and
optocal artificial food [21] to measure the objective masticatory per-
formance, while other studies used chewing ability questionnaires [27,
58-61,75].

chewing no chewing Std. Mean Difference Std. Mean Difference Risk of Bias
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI IV, Random, 95% CI B D E
Sakamoto et al. 2008 235.9 32.83 11 288 76.95 1% 8.5%  -0.85[-1.73,0.03] r
Smith, 2010 475 46.13 133 485 43.82 133 62.4% -0.22[-0.46, 0.02] -
Tucha and Simpson, 2011 607.02 85.27 42 669.3 159.18 42 29.0% -0.48 [-0.92, -0.05] —e—
Total (95% CI) 186 186 100.0% -0.35[-0.62, -0.08] <@
Heterogeneity: Tau? = 0.01; Chi® = 2.56, df = 2 (P = 0.28); I> = 22% %_2 _:1 3 i 2:

Test for overall effect: Z = 2.59 (P = 0.010)

chewing no chewing

Fig. 6. Forest plot and quality assessment of extracted literature comparing the cognitive processing speed (reaction time) in chewing vs. no chewing conditions in
young adults (RQ2). Significant if p-value < 0.05. As standardized mean differences (SMD) with 95% confidence intervals (95% CI). ms: millisecond; SD: standard
deviation; CI: confidence interval; Std: Standard; CI: confidence interval; Risk of bias legend: (A) Random sequence generation (selection bias); (B) Allocation
concealment (selection bias); (C) Blinding of participants and personnel (performance bias); (D) Blinding of outcome assessment (detection bias); (E) Incomplete
outcome data (attribution bias); (F) Selective reporting (reporting bias); (G) Other bias.

384



Ma.T. Sta. Maria et al.

Japanese Dental Science Review 59 (2023) 375-388

Brain activity [36-38]

| Hippocampus [59] ‘ /

‘ Cerebral blood volume [36-38, 62] ‘

| Activities of daily living [11-12]

Mastication [39] }:

{ Tooth loss [16-20]

le
|

—{ Cognitive function [65]

Y

y

Nutrition [63-64]

Fig. 7. Predictive relationship diagram illustrating several mechanisms of mastication affecting cognitive function.

4.3. Cognitive function assessment

We found evidence that masticatory function was associated with the
cognitive status of older adults as assessed by MMSE [21,25,27,28,58,
59-61,67,73,74], HDSR [26], FAB [26], and cognitive function tests
[57] that assessed attention, working memory, and verbal fluency. The
HDSR, although not internationally used, is widely known in Japan and
is equivalent to MMSE ranging from 0 to 30, with scores of > 21 rep-
resenting normal cognitive function and < 20 representing a low
cognitive function [27], while FAB scores range from O to 18 [26].

Evidence shows that subjects with lower MMSE scores and decreased
masticatory function have cognitive impairment [25,27,28,58,59,61],
dementia [73], and Alzheimer’s disease [21]. In patients with Alz-
heimer’s Disease, the area of the brain corresponding to chewing (cor-
tico-bulbar tract) is affected by neuronal damage and atrophy, which
can significantly impact masticatory function [76]. The sense of smell
and taste is also affected in patients with AD, possibly impairing sensory
feedback needed for mastication [76]. Furthermore, since patients with
AD exhibit skeletal muscle atrophy, decreased strength, and physical
frailty, it is possible that decreased bite force can also cause their
reduced chewing function. It has also been reported that impaired
mastication accelerates dementia by reducing the cerebral blood volume
essential for brain activity [77].

There were six studies that were not included in the meta-analysis,
but they also reported that masticatory function was associated with
the cognitive status of older adults ([21,27,73,74], while two other
studies reported that cognitive function improves after an oral health
intervention program [75] and implant prosthodontic rehabilitation [4].

Matsubara et al. [75] assessed the cognitive function of older adults
using MMSE and the Trail Making Test (TMT) parts A (visual attention)
and B (working memory). Their study reported a significant improve-
ment after intervention in the MP and TMT scores of older adults with
oral health intervention. Their study suggested that TMT scores
improved in the intervention group due to the stimulation of the oral
cavity resulting in brain stimulation, integration of spatial cognitive
function, and improvement of attentional and executive functions.

On the other hand, Cho et al. [60] did not find an association be-
tween cognitive function and masticatory function but more on the
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occlusal balance of individuals. They found that cognitive function in
older adults was higher when the relative molar occlusal balance was
greater. This result may be due to selection bias since there were fewer
male participants in their study, and older adults who could not measure
the posterior occlusal balance were excluded.

Although some evidence suggests that masticatory function was
associated with cognitive function, the findings should be interpreted
with caution because there is variability in the assessment of masticatory
function. Some were based on self-reports and subjective questionnaires.
The subjects’ responses to the questions may be influenced by their
cognitive abilities and education level. Other studies might have a
possibility of inter-observer variability in the assessment of MP since the
evaluators are trained nurses instead of dental experts. It is also unclear
whether the human eye can accurately judge the extent of color changes
like a machine. It was also possible that there was an attrition bias since
the results of the analyses of the first gum samples in the study of Elsig
et al. [73] were lost because of too long storage. In addition, possible
selection bias may have affected the results of the study of Weijenberg
etal. [57], since approximately 50% of the subjects did not participate in
the mixing ability test, lowered the cases available for analysis. This is
also true in the case of Cho et al. [60] when they excluded subjects for
whom they could not measure the posterior occlusal balance. There
were studies wherein the subjects were limited to females [27,28], while
Takehara et al. [59] limited it to males. These issues limit the confidence
level of the evidence presented.

Nonetheless, the studies mentioned above were consistent with the
results of our meta-analysis, which suggests that masticatory function is
directly associated with the cognitive function of older adults.

4.4. Association between cognitive impairment and decreased number of
teeth (RQ1-2)

We found evidence that reported that the number of teeth was
significantly related to masticatory function [26,59], and cognitive
impairment [19,27,59-61]. However, a study reported that the number
of teeth was not associated with cognitive impairment (p = 0.553) in
patients with dementia [73]. Their findings revealed that MP was lower
in patients with dementia than in those with normal cognitive function
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or mild cognitive impairment, suggesting that MP seems stronger in
association with cognitive impairment than the number of teeth. One
possible explanation for this result is that their sample size was too
small.

The study by Texeira et al. [63] stated that investigations regarding
the relationship between tooth loss and cognitive impairment are
necessary because the loss of teeth and masticatory function are very
closely related. The number of natural teeth also predisposes to sub-
stantial changes in the orofacial structures, such as loss of sensory
feedback and reduced muscle tone [78], which leads to decreased
masticatory function, which could influence dietary preferences, change
one’s nutritional status [79], and eventually affect cognitive function
[65].

Although the number of teeth and masticatory function are not the
same, previous studies have established that number of present teeth is
associated with masticatory function [19,25-29,80,81,82]. It has been
reported that the number of teeth affects the gummy jelly score occlusal
force and suggests that the number of present teeth significantly affects
the rate of oral hypofunction [74]. Hence, it is necessary to consider the
influence of the number of present teeth when conducting research
relating to masticatory function.

The small sample size of the included studies limits the confidence of
the evidence presented. However, based on the results of the present
review, decreased number of teeth can be considered a factor affecting
the cognitive function of older adults.

4.5. Association of the risk of cognitive impairment and masticatory
dysfunction (RQ1-3)

The results of the present review also showed that the risk of
cognitive impairment was higher in participants with masticatory
dysfunction due to chewing difficulty [19,83], decreased masticatory
performance [25,28], reduced chewing ability [58,59,61], and
decreased number of present teeth (RQ1-3) [19,28,59,61].

On the contrary, Shin et al. [28] reported that there was a low risk of
cognitive impairment in patients with a low MP (OR=0.95, 95% CI:
0.89-1.01) or a low subjective chewing ability (OR=0.96, 95% CI:
0.91-1.02). They also reported a low risk of cognitive impairment with a
reduced number of teeth (OR=0.988, 95% CI: 0.949-1.029). One
possible explanation was that their sample size was small and mainly
comprised of females, which did not represent the general population.

The number of teeth determines the occlusal surface available for
food comminution. It increases the maximum bite force by transferring
the occlusal load to the periodontal ligament or acting as an abutment if
a removable prosthesis is present [73]. Bite force has been reported to
have a positive relationship with masticatory performance. It tends to
reduce with aging due to the atrophy of the jaw-closing muscles, even
more evident in edentulous than in dentate subjects [84]. Tan et al. [4]
reported that a transient decline in the cognitive function of completely
edentulous older adults was seen after implant placement and loading in
the first week, but improvements to or beyond baseline levels were seen
after six weeks and one month. The plausible reason for the cognitive
decline was mild post-operative pain and discomfort after implant
placement.

Older adults often wear removable dentures, and several studies
have examined the relationship between denture-wearing conditions
and cognitive function. Scherder et al. [83] found that the relationship
between mastication, episodic memory, and executive functions be-
comes evident when the functional status of the masticatory system
decreases in older subjects with complete dentures. The risk of dementia
was higher in those chewing with a denture than in those chewing with
natural teeth [85], and subjects with fewer teeth who did not wear
dentures exhibited a more severe cognitive impairment [64]. In-
dividuals with lesser teeth are at a greater risk of developing nutritional
deficiencies, especially vitamin B, which plays a significant role in the
pathogenesis of cognitive decline [86-89]. Because the masticatory
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function of denture-wearing patients is influenced by the occlusal sup-
port provided by the remaining teeth [70,90], dentures that enable one
to chew well are essential in maintaining cognitive function.

Based on these findings, the present review concluded that the risk of
cognitive impairment is associated with masticatory dysfunction.
However, further research is still needed to examine the risk of cognitive
impairment in participants with masticatory dysfunction in a well-
designed study and a more significant number of subjects.

4.6. Cognitive function improves with masticatory function in young
adults (RQ2)

The effects of masticatory function on cognitive function are not
limited to older adults but also the young [91-93]. Since there have been
many studies where young adults were the intervention targets because
young people are healthier, and it is easy to keep the subjects in the same
state, so we decided to include young adults in the target population. In
addition, the evidence suggests that mastication decreases cognitive
processing speed (reaction time) during cognitive tasks performed by
young adults, confirming the role of masticatory function in improving
cognitive function in young adults (RQ2).

Mastication with an object inside the mouth does not give the same
effect as rhythmic jaw movement alone regarding cognitive processing.
Gum-chewing is a complex behavior involving rhythmic jaw movement,
tongue movement, saliva secretion, and tactile sensations of the struc-
tures in the oral cavity. Central nervous system is affected by several
factors elicited by gum chewing. Mastication speeds up the sequential
processing from stimulus onset to the response. In other words, the
speed of the evaluation of stimulus in human cognitive processing is
influenced by mastication [91]. Studies showed that gum chewing also
decreased the subjects’ reaction time (RT) [91-93] even when distracted
[91], reduced attention lapses, increased alertness, and aided concen-
tration [92]. However, gum chewing also affects attention differently.
Although attention performance was adversely affected in the early
phase of performing the attention task, the subject’s RT was shorter in
the gum-chewing condition than in the no-gum condition, in the later
stage of the attention task [93]. The included studies used chewing gums
with and without taste and flavor as the test food [92,93]. However,
differences in taste and flavor affect cognitive function, so it is not purely
an effect of masticatory function alone [94,95].

Although there were discrepancies with the results of the included
studies, we cannot ignore the fact that mastication does not only influ-
ence the evaluation of stimulus in human cognitive processing by
decreasing cognitive processing speed (reaction time) during cognitive
tasks performed by young adults, but also improves attention, alertness,
and concentration.

4.7. Limitations

Based on the currently available literature and the limitations of this
systematic review, the effects of masticatory function on cognitive
function cannot be proven in a scientifically compelling manner because
the majority of the studies were case-control with bias in selection,
comparability, and outcomes domain. At the same time, the included
quasi-experimental studies had unclear allocation concealment pro-
cesses, blinding of participants, assessors, and outcomes assessment.
Because of these limitations, four studies had poor quality, four had fair
quality, four had good quality, two had a high risk of bias, and one had a
moderate risk of bias. Thus, the studies included in this review were
deemed to have a low level of evidence. Furthermore, the assessment of
cognitive function between young and older adults differs in.

the studies included in this review. Therefore, comparisons between
the effects of masticatory function on the cognitive function of young
and older adults cannot be established.
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5. Conclusion

This systematic review was conducted to elucidate whether masti-
catory function affects cognitive status and function for both older and
young adults. Based on the findings of this systematic review, the
following conclusions were drawn:

1. The cognitive function tests were significantly lower in subjects with
lower MP and chewing ability, and a decreased number of teeth.

2. The risk of cognitive impairment is higher in subjects with masti-
catory dysfunction, such as chewing difficulty, decreased MP, low
chewing ability, and a reduced number of teeth.

3. Mastication reduces the cognitive processing speed (reaction time) of
young adults when performing cognitive tasks.

Further research with more scientifically robust, well-designed,
randomized controlled trials and longitudinal studies with a larger
sample size is needed to confirm the effects of masticatory function on
cognitive function.
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