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A B S T R A C T   

Objectives: This study aimed to investigate the association between the number of teeth, food intake, and 
cognitive function in Japanese community-dwelling older adults. 
Methods: This 9-year longitudinal study included a total of 293 analyzable participants who participated in 
baseline and follow-up surveys. Dental status (number of teeth and periodontal pocket depth), dietary assessment 
using the brief-type self-administered diet history questionnaire, cognitive function, and the following con-
founding factors were evaluated: educational level, financial satisfaction, living situation, smoking and drinking 
habits, history of chronic diseases, apolipoprotein E-ε4 carrier, body mass index, handgrip strength, instrumental 
activities of daily living, and depressive symptomatology. The Japanese version of the Montreal Cognitive 
Assessment was used to evaluate cognitive function. A multinomial logistic regression analysis for the intake 
level of each food categorized into three groups (low, moderate, high), and a generalized estimating equation 
(GEE) for cognitive function over nine years were performed. 
Results: After controlling for confounding factors, the number of teeth was shown to be associated with the intake 
of green-yellow vegetables and meat. Furthermore, the GEE indicated that the lowest quartile of intake of green- 
yellow vegetables significantly associated with lower cognitive function (unstandardized regression coefficient 
[B] = -0.96, 95 % confidence interval [CI]: -1.72 to -0.20), and the lowest quartile of intake of meat significantly 
associated with lower cognitive function (B = -1.42, 95 % CI: -2.27 to -0.58). 
Conclusions: The intake of green and yellow vegetables and meat, which is influenced by the number of teeth, was 
associated with cognitive function in Japanese community-dwelling older adults. 
Clinical Significance: There are few studies that have examined the association between oral health, food intake, 
and cognitive function. This 9-year longitudinal study suggests that it is important to maintain natural teeth to 
enable the functional means to consume green-yellow vegetables and meat, and thereby help maintain cognitive 
function.   
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1. Introduction 

Dementia is a major global health concern, with around 55 million 
people currently affected in 2021 [1], and the number expected to reach 
over 152 million by 2050 [2]. It poses a significant burden on in-
dividuals, families, and society, emphasizing the need for preventive 
measures. The 2020 report of the Lancet Commission for Dementia 
identified 12 modifiable risk factors (including less education, hyper-
tension, hearing impairment, smoking, obesity, depression, physical 
inactivity, diabetes, low social contact, excessive alcohol consumption, 
head injury, and air pollution) and suggested that addressing these 
factors could potentially prevent around 40 % of dementia cases [3]. 
Oral health and nutrition, associated with some of these factors, are 
increasingly gaining attention in geriatric research regarding their 
relationship with cognitive function. 

A meta-analysis of longitudinal studies with an average follow-up of 
8.6 years showed that tooth loss was associated with increased risk of 
cognitive decline and dementia [4]. The proposed mechanisms mainly 
involve nutrition, inflammation, and neural feedback, with a particular 
focus on the deficiency of several nutrients, such as vitamin D and iron 
[4]. Diet has been widely acknowledged as modifiable lifestyle factors 
affecting the brain pathology [5]. A systematic review has shown an 
association between the consumption of fruits, vegetables, and legumes 
and cognitive function in oldest-old adults [6]. Dietary intake has been 
considered as an intermediate in the pathway between oral health and 
diet-related chronic diseases. A systematic review reported that tooth 
loss was associated with the nutritional status of older people [7]. 
However, the majority of evidence concerning the relationship between 
diet and tooth loss is of a cross-sectional nature [8]. Additionally, few 
previous analyses have examined the potential role of food intake as a 
mediating factor between oral health and cognition, and these have 
relied on subject-reported assessments of dental status [9]. In other 
words, the mechanism linking dentist assessed oral health to cognitive 
function through nutrition intake remains unclear. 

This study aims to bridge this research gap by exploring the associ-
ation between number of teeth, food intake, and cognitive function in 
older adults. The hypothesis was that having fewer teeth leads to 
avoidance of neuroprotective foods, which consequently results in 
cognitive impairment. 

2. Methods 

2.1. Participants 

The study involved a longitudinal analysis of data collected during 
baseline and follow-up assessments for the “Septuagenarians, Octoge-
narians, Nonagenarians Investigation with Centenarians” (SONIC) 
study, a prospective cohort study of health and longevity [10]. Partici-
pants in the baseline assessment (Wave 1) were community-dwelling 
adults aged 69–71 years in 2010–2011 (70-year group), and 79–81 
years in 2011–2012 (80-year group) who resided in two main regions of 
Japan: Itabasi Ward (urban) and Nishitama Country (rural) in Tokyo 
(Eastern Japan) and Itami City (urban) and Asago City (rural) in Hyogo 
(Western Japan). The participants were recruited from the resident 
registration, and they were invited to participate in the venue survey by 
mail. The three follow-up venue surveys were conducted every three 
years (Wave 2: 2013–2015, Wave 3: 2016–2018, Wave 4: 2019–2022). 
Participants who did not join all the follow-up surveys and who had 
missing data were excluded. The study protocol was approved by the 
Institutional Review Board of the University (approval number H22-E9, 
H27-E4). Informed consent was obtained from all participants. This 
study also followed the Strengthening the Reporting of Observational 
Studies in Epidemiology (STROBE) guidelines [11]. 

2.2. Data collection 

The outcome variable was cognitive function, and the independent 
variables included dental status (number of teeth and periodontal 
pocket depth) and dietary intake, which were assessed at each wave. The 
following confounding factors, which were considered to be relevant to 
cognitive impairment based on previous studies [6,12-22], were eval-
uated at baseline: educational level, financial satisfaction, living situa-
tion, smoking habits, alcohol drinking habits, history of chronic diseases 
(hypertension, diabetes, dyslipidemia, stroke, heart disease and cancer), 
apolipoprotein E (ApoE)-ε4 carrier, body mass index (BMI), handgrip 
strength, instrumental activities of daily living (IADL) and geriatric 
depression scale. 

2.3. Dental examination 

Registered dentists examined participants for the number of teeth 
and periodontal pocket depth (PPD). The number of teeth ranges from 
0 to 28 excluding the third molar. Dentists measured PPD at six sites 
(mesiobuccal, midbuccal, distobuccal, mesiolingual, midlingual, and 
distolingual) for all teeth present using a color-coded probe (CP-12; Hu- 
Friedy, Chicago, IL, USA). The mean of the maximum PPD per tooth 
(mean PPD) was used as an indicator of periodontal status [23]. 

2.4. Dietary assessment 

The habitual diet during the preceding month was assessed with a 
brief self-administered diet history questionnaire (BDHQ) [24–26]. The 
BDHQ specifically designed for older adults is a validated 10-page 
questionnaire with a fixed portion format. Using an ad hoc computer 
algorithm developed for the BDHQ, the daily intake estimates for 58 
food, beverage items and for energy were derived. The validity of the 
BDHQ was established by comparing it with semi-weighed dietary re-
cords across a wide range of age groups [24–26]. The dietary outcome 
variables were energy-adjusted using the density method (that is, 
amount per 1000 kcal of energy). The 12 food groups evaluated 
included: grains; potatoes; pulses; green and yellow vegetables; other 
vegetables; fruits; seafood; meat; eggs; dairy products; table sugar; and 
confectionery. Details of these food groups can be found in Supple-
mentary Table S1. 

2.5. Cognitive function 

Cognitive function was measured by the Japanese version of the 
Montreal Cognitive Assessment (MoCA-J). MoCA-J score ranges from 
0 to 30 points, and a higher score reflects higher cognitive function. The 
MoCA-J showed better reliability and validity in the detection of 
cognitive decline among community-dwelling older adults than con-
ventional cognitive tests [27,28]. 

2.6. Medical assessment 

Hypertension, diabetes and dyslipidemia were diagnosed from blood 
pressure actual values, blood test results, and medication status. The 
diagnostic criteria for these conditions were assessed using the method 
described by Ryuno et al. [29]. Participants were also interviewed to 
assess whether they had previously had a stroke, heart disease or cancer. 
Data for ApoE genotyping were analyzed using a venous blood sample. 
Participants with at least one ε4 allele were defined as ApoE-ε4 carriers 
[30]. 

2.7. Evaluation of depression 

A 5-item version of the Geriatric Depression Scale (GDS-5) was used 
to assess depression. Scores ranged from 0 to 5 points, with a higher 
score reflecting a more depressive state [31]. 
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2.8. Other recorded variables 

Participants were interviewed to ascertain their educational level 
(< 10 years [junior high school or less], 10–12 years [high school], 
or > 12 years [university or higher]), self-assessed economic satisfac-
tion (low, moderate, high), living situation (with others or living alone), 
drinking habits (daily alcohol consumption [yes/no]), and smoking 
habits (smoking one or more cigarettes per day [yes/no]). BMI was 
calculated from the values of height and weight obtained through body 
measurements. Handgrip strength was considered as an indication of 
muscle strength. The test was performed twice with a Smedley hand 
dynamometer (Model YD-100; Yagami Ltd, Tokyo, Japan) using the 
dominant hand. The average of the first and second measurements was 
used for analysis [10]. IADL was assessed using a validated question-
naire [32]. Participants answered “yes” or “no” to five questions about 
their ability to complete specific activities, such as using public trans-
portation, shopping, food preparation, paying bills, and handling a bank 
account. Scores ranged from 0 to 5 points, with 1 point for each "yes." 
Higher scores indicated greater independence. 

2.9. Statistical analysis 

Baseline characteristics between the dropout and follow-up groups 
were compared using Mann-Whitney U tests for continuous variables 
and chi-square tests for categorical variables. 

First, the participants were divided into three groups based on the 
intake of each food at Wave 1. The food intake was categorized as fol-
lows: the first quartile was labeled as "low," the fourth quartile as "high," 
and the second and third quartiles as "moderate." A multinomial logistic 
analysis was used to estimate the effect of number of teeth on food intake 
at baseline, adjusting for factors related to food selection: age, sex, 
educational level, financial satisfaction, living situation, smoking and 
drinking habits, history of chronic diseases (hypertension, diabetes and 
dyslipidemia), BMI, IADL and GDS-5 score, and mean PPD. Furthermore, 

for the food items that showed an association with the number of teeth, 
the Friedman test was applied to investigate the overall change in 
MoCA-J score across four time points (Wave 1 to 4). Bonferroni post hoc 
Wilcoxon signed-rank tests compared pairs of time points. 

Next, a linear regression using generalized estimating equations 
(GEE) was performed to estimate the effect of selected food intake and 
number of teeth at baseline on cognitive function at all four waves. GEE 
is able to take into account correlations between data within the same 
subject, meaning it is a suitable statistical method for longitudinal 
analysis. In the GEE model, the following demographic and confounding 
factors for cognitive function were added as independent variables: age, 
sex, educational level, financial satisfaction, living situation, smoking 
habits, drinking habits, history of chronic diseases (hypertension, dia-
betes, dyslipidemia, stroke, heart disease and cancer), ApoE-ε4 carrier, 
BMI, handgrip strength, IADL and GDS-5 score, and elapsed years. 

All statistical analyses were performed with SPSS version 28 (IBM 
Japan, Tokyo, Japan). The level of significance was set at P = 0.05 (two- 
sided). 

3. Results 

In total, 4267 residents in the 70-year group and 5378 residents in 
the 80-year group were identified and sent invitation letters. Of these, 
1000 residents in the 70 s cohort and 973 residents in the 80 s cohort 
participated in the venue survey. The final analysis included 293 par-
ticipants (81.6 % in the 70-year group) who completed the examinations 
at follow-ups (Fig. 1). 

Table 1 shows the baseline characteristics for the follow-up and 
dropout groups. There were no significant differences between the 
groups in sex, financial satisfaction, living situation, smoking habits, 
history of diseases excluding hypertension, ApoE-ε4 carrier, mean PPD, 
food intake (excluding meat), and BMI. However, participants were 
more likely to be lost to follow-up if they were 80-year group or had a 
poor educational level, drank alcohol, had hypertension, lower 

Fig. 1. Flow chart of the participants.  
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cognitive function, a fewer number of teeth, a lower intake of meat, a 
lower grip strength, a lower IADL score, and a higher GDS-5 score at 
baseline. 

Table 2 summarizes the adjusted odds ratios (ORs) and 95 % confi-
dence intervals (CIs) of the number of teeth for the low and the moderate 
intake groups of each food group at Wave 1, obtained from multinomial 
logistic regression analyses with the high intake group as the reference. 
The detailed results of the analyses of each food type, including the 
adjusted variables, can be found in Supplementary Tables S2–13. The 
results showed that individuals in the low intake groups of green and 
yellow vegetables (OR = 0.94, 95 % CI: 0.89 to 0.99), meat (OR = 0.95, 
95 % CI: 0.90 to 0.99) and dairy products (OR = 0.92, 95 % CI: 0.87 to 
0.98), and in the moderate intake group of dairy products (OR = 0.94, 
95 % CI: 0.89 to 0.99) had significantly fewer teeth compared with those 
in the high intake groups. 

Fig. 2 shows the longitudinal changes in cognitive function over nine 
years for each group of intake levels of green and yellow vegetables, 
meat, and dairy products. Overall, a gradual decline in MoCA-J scores 

was observed from Wave 1 to 4. The Friedman tests conducted by the 
intake group indicated that there were differences in the distribution of 
MoCA-J scores between four time points in the low and high intake 
groups of green and yellow vegetables (P < 0.01 and P = 0.03), as well as 
the moderate intake group of meat (P = 0.04). Wilcoxon signed-rank 
tests conducted subsequently revealed significant differences between 
W2 and W4 in the low-intake group (P < 0.01) and between W1 and W4 
in the high-intake group (P = 0.04) of green and yellow vegetables after 
Bonferroni’s adjustment (Fig. 2-A). There were no significant differences 
observed in MoCA-J scores at four time points among any of the meat 
intake groups (Fig. 2-B). 

The GEE model examining the association between cognitive func-
tion and the selected food groups revealed significant associations with 
intake of green and yellow vegetables and meat. No significant associ-
ation was found for intake of dairy products (Supplementary Table S14). 
The GEE results of the green and yellow vegetables, teeth, and teeth- 
adjusted models are presented in Table 3. The green and yellow vege-
table model showed a significant association between the low intake 
group and lower cognitive function (unstandardized regression coeffi-
cient [B] = − 0.96, 95 % CI: − 1.72 to − 0.20), after adjusting for con-
founding factors. Participants with low intake of green and yellow 
vegetables had a MoCA-J score that was 0.96 points lower compared 
with the high intake group independent of elapsed years. In this model, 
participants were more likely to have lower cognitive function if they 
were in the 80-year group (B = − 1.50, 95 % CI: − 2.28 to − 0.72), had 
less than 10 years of education (B = − 1.06, 95 % CI: − 1.85 to − 0.27), 
lower grip strength (B = 0.05, 95 % CI: 0.01 to 0.09), and a more 
depressive state (B = − 0.46, 95 % CI: − 0.77 to − 0.14). The interaction 
of green and yellow vegetables intake and elapsed years was not sig-
nificant. In the teeth model, a significant association was found between 
the number of teeth and cognitive function (B = 0.05, 95 % CI: 0.01 to 
0.09). However, in the teeth-adjusted model that included both the 
number of teeth and intake of green-yellow vegetables as variables, the 
significance of green-yellow vegetables remained unchanged, and no 
significant association was observed with the number of teeth. Table 4 
shows the GEE results of meat. The meat model showed a significant 
association between the low intake group and lower cognitive function 
(B = − 1.42, 95 % CI: − 2.27 to − 0.58). In the meat model as well, similar 
to the green and yellow vegetable model, the number of teeth was not 
shown to be a significant variable in the teeth-adjusted model. 

4. Discussion 

In this longitudinal study over nine years, the relationship between 
the number of teeth and food intake, as well as their long-term associ-
ation with cognitive function in Japanese community-dwelling older 
adults was studied. The intake of green and yellow vegetables, as well as 
the intake of meat, which are influenced by the number of teeth, was 
shown to be associated with cognitive function, after controlling for 
confounding factors. 

There are very few studies that have directly examined the inter-
mediate role of dietary intake between oral health and cognitive func-
tion. The elucidation of this pathway was attempted in the past by 
Kiuchi et al. [9]. The authors conducted a 6-year study with 35,744 
Japanese older individuals, assessing the incidence of dementia over 
three years. As a result, it was concluded that the frequency of vegetable 
and fruit intake partially mediated the relationship between tooth loss 
and the development of dementia. While the evidence is supported by 
data from a large number of participants, it is important to note that the 
number of teeth was assessed through self-report, and the evaluation of 
dietary intake only considered the frequency of intake of total vegetable 
and fruit. The information regarding the intake of vegetables and fruits 
was not collected through a validated tool, and there was no control for 
energy intake. This leaves room for further consideration and 
investigation. 

This prospective cohort study had several strengths. Firstly, it 

Table 1 
Comparison of characteristics between follow-up (n = 293) and dropout groups 
(n = 916).  

Variables  Follow-up 
group 

Dropout 
group 

P- 
value 

Age group 70- / 80- 239 / 54 346 / 570 <0.01 
Sex male / female 138 / 155 432 / 484 0.98 
Education level <10y / 10–12y / 

>13y 
70 / 137 / 
86 

295 / 367 / 
254 

0.02 

Financial 
satisfaction 

low / moderate / 
high 

47 / 170 / 
76 

202 / 514 / 
200 

0.06 

Living situation alone / with 
others 

47 / 246 165 / 751 0.44 

Smoking habit yes / no 18 / 275 70 / 856 0.39 
Drinking habit yes / no 119 / 174 304 / 612 0.02 
Hypertension yes / no 184 / 109 698 / 218 <0.01 
Diabetes yes / no 33 / 260 124 / 792 0.31 
Dyslipidemia yes / no 178 / 115 521 / 395 0.24 
Stroke yes / no 5 / 288 35 / 881 0.08 
Heart disease yes / no 33 / 260 122 / 794 0.36 
Cancer yes / no 32 / 261 99 / 817 0.96 
ApoE-ε4 carrier yes / no 44 / 249 119 / 797 0.38   

Median (Q1 - Q3) Median (Q1 - Q3) P-value 

MoCA-J score 24.0 (23.0 - 26.0) 22.0 (20.0 - 25.0) <0.01 
Number of teeth 24.0 (16.0 - 27.0) 20.0 (9.0 - 25.0) <0.01 
Mean periodontal 

pocket depth 
3.0 (2.7 - 3.6) 3.1 (2.8 - 3.7) 0.06 

Food intake (g/1000 
kcal)    

Grains 204.7 (172.3 - 245.1) 207.7 (165.3 - 256.6) 0.60 
Potatoes 28.4 (13.4 - 43.4) 28.6 (13.8 - 46.4) 0.80 
Pulses 35.0 (20.3 - 54.6) 35.2 (21.3 - 53.6) 0.80 
Green and yellow 

vegetables 
64.5 (44.2 - 89.2) 64.6 (43.6 - 90.5) 0.98 

Other vegetables 100.3 (76.3 - 128.9) 97.3 (71 - 129.8) 0.58 
Fruits 76.3 (44.7 - 115.1) 78.9 (43.8 - 119.5) 0.69 
Seafood 52.9 (35.7 - 72.8) 52.8 (33.4 - 73.9) 0.98 
Meats 30.5 (21.6 - 40.2) 28.5 (19.4 - 40.5) 0.04 
Eggs 15.9 (10.1 - 27.5) 16.1 (10.2 - 28.2) 0.80 
Dairy products 75.5 (31.0 - 107.1) 77.5 (30.8 - 111.1) 0.43 
Table sugar 2.6 (1.6 - 4.0) 2.7 (1.8 - 4.0) 0.15 
Confectionery 22.1 (12.7 - 36.6) 24.4 (12.3 - 39.9) 0.21 
Body mass index 

(kg/m2) 
22.4 (20.5 - 24.0) 22.4 (20.6 - 24.5) 0.83 

Grip strength (kgf) 24.0 (18.5 - 32.0) 21.5 (16.8 - 28.5) <0.01 
Instrumental 

activities of daily 
living 

5.0 (5.0 - 5.0) 5.0 (5.0 - 5.0) 0.04 

GDS-5 score 1.0 (0.0 - 1.0) 1.0 (0.0 - 2.0) <0.01 

Q1: the first quartile, Q3: the third quartile, ApoE: apolipoprotein E, MoCA-J: 
Japanese version of the Montreal Cognitive Assessment, GDS-5: A 5-item 
version of the Geriatric Depression Scale. P-values from chi-square tests for 
categorical variables and Mann–Whitney U test for continuous variables. 
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specifically targeted participants aged 70 and 80 years, which are crit-
ical ages for cognitive decline and dementia, and observed changes over 
nearly a decade. Secondly, data collection was carried out by experts in 
the relevant fields, and the assessment of dietary intake was performed 
using validated tool, ensuring high reliability. In this study, third molars 

were excluded from the evaluation due to reasons such as false peri-
odontal pockets or non-participation in occlusion. Additionally, PPDs 
were examined by dentists; however, other necessary assessments for 
diagnosing periodontal disease such as radiographic bone loss and 
clinical attachment loss levels [33] were not evaluated. It is undesirable 

Table 2 
Adjusted odds ratios of the number of teeth obtained from multinomial logistic regression analyses with the high intake group as the reference, conducted for each food 
intake group at Wave 1.  

Model Variable Low Moderate 

Adjusted OR* 95 % CI P-value Adjusted OR* 95 % CI P-value 

Lower Upper Lower Upper 

Grains Number of teeth 0.99 0.94 1.04 0.63 1.01 0.96 1.05 0.80 
Potatoes Number of teeth 1.04 0.99 1.10 0.13 1.02 0.98 1.07 0.32 
Pulses Number of teeth 1.00 0.95 1.05 0.94 1.02 *0.97 1.06 0.43 
Green and yellow vegetables Number of teeth 0.94 0.89 0.99 0.04 0.99 0.94 1.04 0.68 
Other vegetables Number of teeth 1.00 0.95 1.06 0.96 1.00 0.95 1.04 0.84 
Fruits Number of teeth 1.00 0.94 1.06 0.91 0.99 0.95 1.04 0.82 
Seafood Number of teeth 0.99 0.93 1.04 0.62 0.99 0.95 1.04 0.71 
Meats Number of teeth 0.95 0.90 0.99 0.047 0.99 0.95 1.04 0.74 
Eggs Number of teeth 1.00 0.95 1.06 0.91 0.99 0.95 1.04 0.71 
Dairy products Number of teeth 0.92 0.87 0.98 0.01 0.94 0.89 0.99 0.02 
Table sugar Number of teeth 1.05 1.00 1.11 0.06 1.03 0.98 1.07 0.26 
Confectionery Number of teeth 1.05 0.99 1.10 0.09 1.04 1.00 1.08 0.07 

OR: odds ratio, CI: confidence interval, ref: reference. 
* The adjusted variables were age, sex, educational level, financial satisfaction, living situation, smoking, alcohol drinking habits, history of chronic diseases 

(hypertension, diabetes and dyslipidemia), BMI, IADL and GDS-5 score, and mean periodontal pocket depth. 

Fig. 2. Longitudinal changes in cognitive function over a 9-year period for each intake group. 
MoCA-J: Japanese version of the Montreal Cognitive Assessment, Q1: the first quartile, Q3: the third quartile. *P < 0.05 after Bonferroni’s adjustment. 
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Table 3 
Results of the generalized estimating equation for green and yellow vegetable intake on cognitive function over a period of nine years.   

Green and yellow vegetables 
model 

Teeth model Teeth-adjusted model 

B 95 % CI B 95 % CI B 95 % CI 

Lower Upper Lower Upper Lower Upper 

Age group, 80- (ref: 70-) ¡1.50 ¡2.28 ¡0.72 ¡1.49 ¡2.38 ¡0.60 ¡1.54 ¡2.39 ¡0.68 
Sex, male (ref: female) 0.29 − 0.74 1.33 0.67 − 0.42 1.76 0.34 − 0.76 1.43 
Educational level <10y (ref: >12y) ¡1.06 ¡1.85 ¡0.27 ¡1.13 ¡1.97 ¡0.30 ¡0.95 ¡1.77 ¡0.12 
Educational level 10–12y (ref: >12y) 0.46 − 0.16 1.09 0.50 − 0.19 1.18 0.57 − 0.10 1.24 
Financial satisfaction, low (ref: high) − 0.64 − 1.54 0.27 − 0.69 − 1.75 0.36 − 0.60 − 1.61 0.41 
Financial satisfaction, moderate (ref: high) − 0.25 − 0.91 0.41 − 0.08 − 0.77 0.61 − 0.06 − 0.74 0.61 
Living alone, yes (ref: no) − 0.06 − 0.86 0.75 − 0.01 − 0.88 0.86 − 0.01 − 0.86 0.83 
Smoking, yes (ref: no) − 0.12 − 0.97 0.73 0.23 − 0.78 1.24 0.28 − 0.73 1.29 
Drinking, yes (ref: no) − 0.54 − 1.20 0.12 − 0.50 − 1.22 0.23 − 0.61 − 1.31 0.08 
Hypertension, yes (ref: no) − 0.26 − 0.83 0.31 − 0.32 − 0.92 0.29 − 0.25 − 0.85 0.36 
Diabetes, yes (ref: no) − 0.37 − 1.31 0.57 − 0.32 − 1.16 0.52 − 0.31 − 1.12 0.51 
Dyslipidemia, yes (ref: no) 0.51 − 0.05 1.08 0.81 0.09 1.52 0.71 0.01 1.42 
Stroke, yes (ref: no) − 1.63 − 3.28 0.02 − 1.43 − 3.16 0.30 ¡1.54 ¡3.05 ¡0.03 
Heart disease, yes (ref: no) − 0.29 − 1.19 0.62 0.24 − 0.74 1.22 0.22 − 0.70 1.14 
Cancer, yes (ref: no) 0.39 − 0.57 1.35 0.09 − 0.92 1.09 0.23 − 0.75 1.22 
ApoE-ε4 carrier, yes (ref: no) − 0.60 − 1.30 0.11 − 0.21 − 0.98 0.57 − 0.17 − 0.90 0.55 
BMI (kg/m2) − 0.04 − 0.16 0.07 − 0.04 − 0.16 0.07 − 0.05 − 0.16 0.06 
Grip strength (kgf) 0.05 0.01 0.09 0.03 − 0.02 0.08 0.03 − 0.02 0.08 
IADL 0.65 − 0.28 1.58 0.97 0.02 1.92 0.95 0.09 1.81 
GDS-5 score ¡0.46 ¡0.77 ¡0.14 ¡0.46 ¡0.79 ¡0.13 ¡0.43 ¡0.77 ¡0.09 
Elapsed year (per 3 years) ¡0.19 ¡0.30 ¡0.07 ¡0.19 ¡0.31 ¡0.08 ¡0.19 ¡0.31 ¡0.08 
Intake group, low (ref: high) ¡0.96 ¡1.72 ¡0.20    ¡0.91 ¡1.70 ¡0.11 
Intake group, moderate (ref: high) 0.14 − 0.53 0.82    0.20 − 0.50 0.90 
Number of teeth    0.05 0.01 0.09 0.04 − 0.01 0.08 
Mean periodontal pocket depth    − 0.06 − 0.41 0.28 − 0.05 − 0.39 0.29 

B: unstandardized regression coefficient, CI: confidence interval, ref: reference, ApoE: apolipoprotein E, BMI: body mass index, IADL: instrumental activities of daily 
living, GDS-5: a 5-item version of the Geriatric Depression Scale. 
Bold values indicate significance at P < 0.05. 

Table 4 
Results of the generalized estimating equation for meat intake on cognitive function over 9 years.   

Meat model Teeth model Teeth-adjusted model 

B 95 % CI B 95 % CI B 95 % CI 

Lower Upper Lower Upper Lower Upper 

Age group, 80- (ref: 70-) ¡1.66 ¡2.50 ¡0.82 ¡1.49 ¡2.38 ¡0.60 ¡1.46 ¡2.33 ¡0.60 
Sex, male (ref: female) 0.54 − 0.52 1.61 0.67 − 0.42 1.76 0.55 − 0.54 1.64 
Educational level <10y (ref: >12y) ¡1.07 ¡1.91 ¡0.23 ¡1.13 ¡1.97 ¡0.30 ¡0.99 ¡1.79 ¡0.19 
Educational level 10–12y (ref: >12y) 0.55 − 0.13 1.24 0.50 − 0.19 1.18 0.62 − 0.06 1.30 
Financial satisfaction, low (ref: high) − 0.79 − 1.82 0.24 − 0.69 − 1.75 0.36 − 0.70 − 1.68 0.29 
Financial satisfaction, moderate (ref: high) − 0.16 − 0.85 0.52 − 0.08 − 0.77 0.61 − 0.08 − 0.76 0.61 
Living alone, yes (ref: no) − 0.10 − 0.98 0.77 − 0.01 − 0.88 0.86 − 0.08 − 0.97 0.82 
Smoking, yes (ref: no) − 0.10 − 0.99 0.79 0.23 − 0.78 1.24 0.13 − 0.81 1.07 
Drinking, yes (ref: no) − 0.50 − 1.22 0.22 − 0.50 − 1.22 0.23 − 0.53 − 1.23 0.16 
Hypertension, yes (ref: no) − 0.37 − 0.99 0.24 − 0.32 − 0.92 0.29 − 0.30 − 0.92 0.32 
Diabetes, yes (ref: no) − 0.21 − 1.02 0.59 − 0.32 − 1.16 0.52 − 0.35 − 0.96 0.25 
Dyslipidemia, yes (ref: no) 0.82 0.09 1.56 0.81 0.09 1.52 0.25 − 0.56 1.06 
Stroke, yes (ref: no) − 1.47 − 3.06 0.12 − 1.43 − 3.16 0.30 − 1.70 − 3.65 0.25 
Heart disease, yes (ref: no) − 0.36 − 1.31 0.59 0.24 − 0.74 1.22 − 0.10 − 1.00 0.79 
Cancer, yes (ref: no) 0.15 − 0.83 1.12 0.09 − 0.92 1.09 0.07 − 0.88 1.03 
ApoE-ε4 carrier, yes (ref: no) − 0.22 − 0.97 0.53 − 0.21 − 0.98 0.57 − 0.20 − 0.94 0.54 
BMI (kg/m2) − 0.07 − 0.19 0.04 − 0.04 − 0.16 0.07 − 0.06 − 0.17 0.04 
Grip strength (kgf) 0.04 − 0.01 0.09 0.03 − 0.02 0.08 0.04 − 0.01 0.09 
IADL 1.05 0.08 2.01 0.97 0.02 1.92 0.97 0.01 1.94 
GDS-5 score ¡0.53 ¡0.87 ¡0.20 ¡0.46 ¡0.79 ¡0.13 ¡0.52 ¡0.85 ¡0.18 
Elapsed year (per 3 years) ¡0.19 ¡0.31 ¡0.08 ¡0.19 ¡0.31 ¡0.08 ¡0.19 ¡0.31 ¡0.08 
Intake group, low (ref: high) ¡1.42 ¡2.27 ¡0.58    ¡1.41 ¡2.24 ¡0.57 
Intake group, moderate (ref: high) − 0.72 − 1.44 0.01    ¡0.73 ¡1.44 ¡0.03 
Number of teeth    0.05 0.01 0.09 0.04 − 0.01 0.08 
Mean periodontal pocket depth    − 0.06 − 0.41 0.28 − 0.14 − 0.46 0.18 

B: unstandardized regression coefficient, CI: confidence interval, ref: reference, ApoE: apolipoprotein E, BMI: body mass index, IADL: instrumental activities of daily 
living, GDS-5: a 5-item version of the Geriatric Depression Scale. 
Bold values indicate significance at P < 0.05. 
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to assess periodontal status only with specific thresholds for PPD. 
Instead, the mean value of PPD across all teeth was used as an indicator 
of periodontal status [23]. These reliable and objective assessments 
enabled for various confounding factors related to cognitive decline to 
be accounted for and a robust investigation into the impact of oral and 
dietary intake on cognitive function to be conducted. 

The current study has shown that the number of teeth is associated 
with the intake of green and yellow vegetables, meat, and dairy prod-
ucts. Among them, it was shown that low intake of green and yellow 
vegetables, and low intake of meat were associated with lower cognitive 
function. Furthermore, the results of the Friedman test revealed signif-
icant temporal changes across the four time points in certain groups of 
green and yellow vegetables and meat. However, the results of the 
Wilcoxon signed-rank tests indicated that the only group showing a 
significant decline in MoCA-J scores from W1 was the high-intake group 
of green and yellow vegetables. This could be associated with the higher 
cognitive function observed in this group at W1. The lack of a significant 
decrease observed in the high-intake group of meat, despite having high 
scores at W1, could be attributed to the potential greater impact of high 
meat intake on maintaining cognitive function. This notion is further 
supported by the observation that the absolute value of the B in the GEE 
model for meat intake was larger than that of green and yellow vege-
tables model. At the same time, consistent with many other studies [4], 
the number of teeth was also associated with cognitive function over the 
9 years. Furthermore, results from the teeth-adjusted model indicate 
that green-yellow vegetables and meat intake have a greater impact on 
cognitive function rather than the number of teeth. Consistent with 
other reports [34,35], the present findings suggest that green-yellow 
vegetables may reduce the risk of cognitive impairment and dementia. 
Green and yellow vegetables are known to contain many bioactive 
compounds including polyphenolic flavonoids and antioxidants such as 
vitamin C, vitamin E, and carotenoids, as well as folic acid. These 
components may contribute to inhibitory effects on cognitive decline. 
[36–39] Emerging evidence suggests that a diet rich in polyphenolic 
flavonoids may reduce the risk of chronic degenerative diseases 
[40–42]. Vitamin C is a potent water-soluble antioxidant that prevents 
the oxidative process and multiple cohort studies have shown that an 
increase in vitamin C intake is associated with a reduced risk of incident 
Alzheimer’s disease [37]. Systematic review and meta-analysis suggest a 
significant association between higher consumption of vitamin E and 
reduced incidence of Alzheimer’s disease [36]. Vitamin E has the po-
tential to reduce oxidative stress and lipid peroxidation, and prevent 
nerve damage, according to animal studies [43]. However, an appraisal 
of available evidence syntheses from studies conducted in humans, 
concluded that it is not possible to draw conclusions on the association 
between dementia and intake of vitamin E [44]. However, evidence 
synthesis has shown an association between higher intakes of folate and 
a reduced risk of Alzheimer’s disease, and a recent systematic review has 
demonstrated that supplementing with folic acid suggests a positive 
effect in preventing the risk of cognitive impairment [39]. Conversely, 
consistent results have not been obtained regarding the association be-
tween meat intake and cognitive function [45]. Meat contains high 
levels of saturated fat and cholesterol, which are associated with an 
increased risk of Alzheimer’s disease, including midlife hypertension 
and hypercholesterolemia [46]. Western diet patterns, such as a high-fat 
diet with a high glycemic load and high cholesterol, are considered a risk 
factor for developing Alzheimer’s disease [47]. However, the opposite 
has been demonstrated in the older adults. A cross-sectional study 
included individuals aged ≥ 65 years and revealed that a dietary pattern 
of high protein intake, including meat, is associated with good cognitive 
function [48]. Meat, especially lean meat, is rich in protein and essential 
amino acids which are important nutrients for human health. The sys-
tematic review explores the association of meat intake with cognitive 
function and suggests that meat intake is protective against cognitive 
disorders in older adults [45]. At the same time, as being associated with 
cognitive function, green-yellow vegetables and meat are related to oral 

health status. A 5-year longitudinal study conducted on Japanese older 
adults showed that impaired dentition may partly contribute to a 
decrease in vegetable and meat intake [49]. The present findings are 
consistent with this study. Impaired dental status can result in avoidance 
of foods that are considered difficult to chew and consequently a pref-
erence for soft and easily chewable foods [50]. On the other hand, the 
foods such as fish, pulses, and fruits, which have been suggested to be 
associated with cognitive function [34], did not show any relationship in 
this study. 

The current findings suggest that it is important to maintain natural 
teeth to enable the functional means to consume green-yellow vegeta-
bles and meat, and thereby help maintain cognitive function. The pre-
sent study is one of the few studies that have demonstrated the role of 
dietary components as intermediate factors between dental status and 
cognitive function over the long-term. The current study has some 
limitations which need to be acknowledged. The study targeted partic-
ipants who took part in all four surveys conducted every three years, 
aiming to assess cognitive function with temporal changes rigorously. As 
a trade-off, the number of participants was limited to 293, excluding 
75.8 % of the baseline participants from the analysis. This may have 
resulted in reduced statistical power, potentially leading to the non- 
detection of small effect sizes. There may also have been some selec-
tion bias; participants were not a representative sample of older Japa-
nese in the general population because the study cohort only included 
non-institutionalized, community-dwelling older adults. Because the 
study targeted individuals who were able to participate in the venue 
surveys over a period of nine years, those with severely impaired 
cognitive function were unlikely to be included in the analyzable sam-
ples. Furthermore, the median number of teeth was 24, suggesting that 
the oral health of the analyzable participants was relatively good. It is 
important to note this bias when interpreting the results. In this study, 
the number of teeth and individual food intake were assessed, which 
aimed the interpretation of mechanisms and longitudinal changes. 
However, in this study, the cross-sectional relationship between the 
number of teeth and food intake was examined. The intermediate factors 
between the number of teeth and cognitive function were not investi-
gated rigorously. Based on the findings from this study, it is believed that 
there is a need to examine more complex longitudinal effects, the oral 
function restored through prosthetic rehabilitation, dietary diversity, 
and dietary patterns. 

5. Conclusions 

In conclusion, the intake of green and yellow vegetables, along with 
the intake of meat, influenced by the number of teeth, was found to be 
associated with cognitive function in Japanese community-dwelling 
older adults. 
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