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Abstract

Although several studies have demonstrated a potential correlation of dietary patterns with
cognitive function, the relationship between tooth loss and dietary patterns and cognitive
function have not been identified. In this cross-sectional study, we used a reduced rank
regression (RRR) analysis, a technique used previously to observe dietary patterns based
on the intakes of nutrients or levels of biomarkers associated with the condition of interest,
to identify tooth loss-related dietary patterns and investigate the associations of such pat-
terns with cognitive impairment in 334 community-dwelling Japanese subjects aged > 60
years. According to Pearson correlation coefficients, the intakes of six nutrients (ash con-
tent, sodium, zinc, vitamin B1, a- and 3-carotene) correlated significantly with the number of
remaining teeth. Using RRR analysis, we extracted four dietary patterns in our subject popu-
lation that explained 86.67% of the total variation in the intakes of these six nutrients. Partic-
ularly, dietary pattern 1 (DP1) accounted for 52.2% of the total variation. Food groups with
factor loadings of > 0.2 included pickled green leafy vegetables, lettuce/cabbage, green
leaves vegetables, cabbage, carrots/squash; by contrast, rice had a factor loading of <-0.2.
In a multivariate regression analysis, the adjusted odds ratios regarding the prevalence of
cognitive impairment for the lowest, middle and highest tertiles of the DP1 score were 1.00
(reference), 1.224 (95% confidence interval [Cl]: 0.611-2.453) and 0.427 (95% CI: 0.191—
0.954), respectively. To our knowledge, this is the first report to show that tooth loss-related
dietary patterns are associated with a high prevalence of cognitive impairment. These
results may motivate changes in dental treatment and the dietary behaviours and thereby
lower the risk of cognitive impairment.
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Introduction

Currently, the global population is ageing, and this is accompanied by a rapid increase in the
number of patients with dementia [1]. Approximately 46.8 million people worldwide were
reported to live with dementia in 2015, and this population is expected to increase to 131.5
million by 2050 [2]. Despite significant research interest, however, the pathogenesis of demen-
tia remains somewhat unclear [3], and few treatments or healthcare options are available for
affected patients [4, 5]. These deficiencies indicate the need for in-depth studies that aim to
identify factors that could reduce the risk of dementia and consequently reduce the associated
healthcare burdens. A previous study demonstrated that a better adherence to a dietary pattern
characterised by a high intake of vegetables and low intake of rice correlated with a reduced
risk of dementia in a general Japanese population [6]. Several observational longitudinal stud-
ies have evaluated the potential relationship between cognitive status and oral health (particu-
larly the number of teeth) [7-18]. However, to the best of our knowledge, there are no studies
that have demonstrated the relationship between tooth loss and dietary patterns and cognitive
status.

Notably, the intakes of certain foods, including fish and vegetables, were reported to poten-
tially protect against all-cause dementia and Alzheimer’s disease in an epidemiological study
[19]. However, the results of studies of the effects of nutrient intakes on cognitive outcomes
remain inconclusive [19, 20], and such studies are complicated by the fact that foods and nutri-
ents are consumed in combination (i.e. meals), rather than in isolation. Accordingly, an evalu-
ation of dietary patterns might identify the factors that most strongly protect against the
development of dementia. Recently, dietary pattern analyses have been introduced in conjunc-
tion with more traditional studies. In such an analysis, a subject’s overall diet is evaluated to
determine the effects on disease risks and may be particularly useful when the development of
a disease can be attributed to multiple nutrients [21]. A more recent publication proposed
reduced rank regression (RRR) as a novel a posteriori statistical method that combines infor-
mation about a specific disease (e.g. biomarkers) with population-level dietary data (e.g.
nutrient intake) to identify dietary patterns associated with the disease of interest. [22].
Accordingly, RRR analysis may be appropriate for investigations of dietary patterns associated
with health outcomes in a population [22]. Therefore, in this study, which we believe to be the
first of its type, we used RRR analysis to identify tooth loss-related dietary patterns and investi-
gate their associations with cognitive impairment in an elderly Japanese population.

Methods

Study procedure and participants

This cross-sectional study was conducted as a part of the Nakajima study in Nakajima, Ishi-
kawa Prefecture, Japan, between 2015 and 2016. The Nakajima study is a population-based
cohort study that investigated the association between lifestyle and cognitive function of
elderly Japanese residents of Nakajima. Additional information about the design of the Naka-
jima study has been described previously [23, 24]. There are 2,392 elderly individuals aged
>60 years in Nakajima. In this study, we targeted all inhabitants aged >60 years who were
legally residing in the Toyokawa area of Nakajima on the prevalence day (1 April 2015), and
522 inhabitants meeting the age requirement were considered potential candidates. The Naka-
jima study was supported by Nanao city, and the residence information was used to list target
candidates and send invitations for a mass examination. The mass examination for the cogni-
tive functions was conducted at public town halls. The examination included a battery of tests
for neurological and cognitive function, whereas the survey inquired about the subjects’
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lifestyle habits, medical conditions and neuropsychological function. This study was con-
ducted by trained researchers, including five neurologists, two psychologists, seven nurses, five
dentists, one physiotherapist and one occupational therapist. In addition, the residents com-
pleted self-administered questionnaires soliciting sociodemographic information (e.g. age,
sex) and medical histories (e.g. hypertension, hyperlipidaemia and diabetes mellitus), as previ-
ously described [23, 24]. The trained researchers reviewed the completed questionnaires to
identify inconsistent or unanswered items. To assess the cognitive function of non-partici-
pants, we visited them at home. The in-home survey included the same questionnaires used in
the mass examination at public town halls. This phase of the Nakajima study was conducted
with the assistance of collaborators of the neighbourhood association (local welfare commis-
sioners and chairmen of the neighbourhood association) with the hope that their cooperation
would encourage participation of the reluctant residents. The study protocol was approved

by the medical ethics review board of Kanazawa University in Japan, and written informed
consent was obtained from all participants, who signed a form stating the study aims and
methodology, potential risks and benefits to participants, the voluntary nature of participation
and right to withdraw without penalty, and a guarantee of confidentiality and personal data
security.

Cognitive status

Diagnosis of dementia was based on the guidelines of the Diagnostic and Statistical Manual of
Mental Disorders, third edition, revised (DSM-III-R) [25], whereas diagnosis of MCI was
established according to the International Working Group on general criteria for MCI [26],
which state that (1) persons should be judged as abnormal using other modalities besides not
fulfilling the DSM-III-R dementia criteria, (2) functional activities of the person are mainly
preserved or at least impairment is minimal and (3) the person should have evidence of cogni-
tive decline, either by self-assessment and/or the use of an informative report in conjunction
with deficits on the objective cognitive tasks. Among participants without dementia, a CDR
score of 0.5 was used as the objective cognitive impairment value to denote cognitive and func-
tional impairment consistent with MCIL.

Evaluation of tooth loss

Each patient underwent a clinical oral examination performed by a dentist in accordance with
the methodology of the Third National Health and Nutrition Examination Survey [27]. The
remaining teeth were classified as healthy, carious, or treated (including crowned, inlay and
abutment teeth for prostheses) inclusive of completely erupted third molars. The number of
remaining teeth was also recorded as a measure of tooth loss (excluding unerupted or congeni-
tally missing teeth, root tips and extremely mobile teeth indicated for extraction) and grouped
into three categories (>20 or <19 with denture, 1-19 without denture, 0 without denture) to
indicate the extent of tooth loss with evaluation of denture use.

Dietary assessment

Each subject completed a validated brief self-administered diet history questionnaire (BDHQ)
for the assessment of their dietary habits during the previous 1 month [28]. The BDHQ com-
prises of five sections soliciting the following information: (I) intake frequencies of 46 foods
and non-alcoholic beverages; (II) daily intakes of rice and miso soup; (III) frequencies of over-
all alcoholic beverage consumption and of the intake of five alcoholic beverages per typical
drinking occasion; (IV) frequently used cooking methods; and (V) general dietary behaviours.
Subsequently, an ad hoc computer algorithm was used to calculate the dietary intakes of 58
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food and beverage items, intake of energy and intakes of 96 nutrients according to the
responses to the BDHQ [29], as well as the Standard Tables of Food Composition in Japan [30,
31]. A BDHQ validation study based on 16-day weighted dietary records yielded standard cor-
relation coefficients exceeding 0.40 for the intakes of various foods, beverages [29] and nutri-
ents evaluated in the present study [28].

Statistical analyses

The associations of dietary patterns with tooth loss were assessed using a RRR analysis [22],
and we selected the six nutrients found to correlate significantly with the number of remaining
teeth in the categories (>20 or <19 with denture, 1-19 without denture, 0 without denture) as
response variables. Subsequently, we derived dietary patterns based on intakes of these six
nutrients in 58 food and beverage items. We used the SAS procedure PLS (partial least squares)
with the options for RRR analysis. In general, principal component analysis finds combina-
tions of the predictors with large variance. However, this technique makes no use of response
values. On the other hand, multiple linear regression finds a combination of the predictors
that best fit a response. The RRR technique is something of a cross between principal compo-
nent analysis and multiple linear regression. The RRR analysis extracts predictors that explain
as much response variation as possible with large variance. For further details concerning
other possible options and their SAS syntax, refer to the chapter of The PLS Procedure in SAS/
STAT 9.3 User’s Guide [32]. The density method was used to energy-adjust all nutrients and
food/beverage items before performing the RRR analysis. We additionally calculated the
explained percentages of variations and Pearson correlation coefficients between the intakes of
nutrients (response variables) and food/beverage items and the extracted dietary patterns; this
information was subsequently used to compute dietary pattern scores, which were categorised
into tertiles.

A one-way analysis of variance (ANOVA) and chi-square test were applied to evaluate con-
tinuous and categorical variables, respectively. Univariate and multivariate logistic regression
models were used to determine the independent effects of the number of remaining teeth or
dietary pattern score on the risk of cognitive dysfunction (dementia or MCI); here, the lowest
category in each measure served as the reference group. In the multivariable-adjusted model, 6
covarijates known to be potential risk for dementia were selected: age; sex; history of hyperten-
sion, diabetes mellitus, hyperlipidemia; low education, as described in previous Nakajima
Study [33, 34]. For these analyses, Model 1 was sex- and age-adjusted, while Model 2 com-
prised Model 1 with further adjustments for a history of hypertension, diabetes mellitus,
hyperlipidaemia and formal education.

For all analyses, statistical significance was defined as a two-sided P-value of < 0.05. SPSS
version 23.0] (SPSS Inc., Chicago, IL, USA) or SAS (on-demand academics version; SAS Insti-
tute, Cary, NC, USA) was used to perform the statistical analyses.

Results

Of the 522 potential candidates, 20 were excluded (4 died and 16 relocated). Thus, the remain-
ing 502 residents were considered as baseline candidates. In total, 214 candidates participated
in the mass examination for cognitive function at the public town halls, whereas 215 candi-
dates participated in the in-home survey. In addition, 38 institutionalised individuals were
enrolled. In total, 467 residents participated in the present study, and 35 residents refused to
participate in our study. We excluded 133 subjects: those with psychiatric illnesses (n = 1),
consciousness disturbances (n = 2) and cerebral palsy (n = 2); those who failed to complete the
cognitive tests (n = 8) and self-administered questionnaires (n = 53) or those who refused an
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. =20 or =19 with denture 1-19 without denture 0 without dentute
Number of remaining teeth P-trend
n=313 n=13 n=28§
Age, years 73.3 (7.8) 75.6 (9.0) 73.2(6.1) 0.418
Sex: women, % 57.1 38.4 375 0.088
Hypertension, % 54.6 538 50 0.837
Hyperlipidemia, % 30 7.6 12.5 0.014
Diabetes mellitus, % 16.6 7.6 25 0.806
Body mass index 229(3.1) 23.6 (3.6) 25.0 (4.1) 0.089
Formal education, years 10.7 (2.5) 9.3(1.5) 11.0(2.5) 0.331
Cognitive impairment (MCI or dementia), % 18.2 53.8 25 0.007

Values expressed at mean (SD) unless otherwise indicated

Fig 1. Characteristics of study population based on the number of remaining teeth.

https://doi.org/10.1371/journal.pone.0194504.9g001

oral examination (n = 67). Finally, data from 334 subjects were analysed for the prevalence of
dementia. The characteristics of the study population according to the number of remaining
teeth are shown in Fig 1. Notably, we observed significant differences in the frequencies of
hyperlipidaemia and cognitive impairment across the categories for the number of remaining
teeth.

Fig 2 demonstrates the inverse association of the number of remaining teeth with the preva-
lence of cognitive impairment (dementia or MCI) models adjusted for age-, sex, hypertension,
diabetes mellitus, hyperlipidaemia and formal education. The multivariate-adjusted odds
ratios regarding the prevalence of cognitive impairment were 1.00 (reference) for > 20 teeth or
<19 with dentures, 4.56 (95% confidence interval [CI]: 1.266-16.488; P = 0.02) for 1-19 teeth
without dentures and 1.87 (95% CI: 0.323-10.923; P = 0.482) for 0 teeth without dentures
(Fig 2).

Fig 3 lists the Pearson correlation coefficients of nutrient intakes with the number of
remaining teeth. In this study, we observed significant correlations between the number of
remaining teeth and the intakes of six nutrients (ash content, sodium, zinc, vitamin B1, o-
carotene and B-carotene) selected from among a panel of 96 nutrients; these six nutrients
were designated as response variables. We analysed the differences between two categories
for the number of remaining teeth (>20 and <19 with denture). However, there were no sig-
nificant correlations between the number of remaining teeth in these categories (>20 and
<19 with denture) and the intake of 96 nutrients. In addition, there were no significant asso-
ciations between the number of remaining teeth in these categories (>20 and <19 with den-
ture) and the prevalence of cognitive impairment models adjusted for age, sex, hypertension,

» =20 or =19 with denture  1-19 without denture 0 without dentute
Number of remaining teeth
n=2313 n=13 n=3§

Cognitive impairment (MCI or dementia)

Number of cases 57 7 2

Unadjusted model 1.00 (ref) 5.24 (1.697 - 16.181)* 1.49 (0.295 - 7.609)

Model 1 1.00 (ref) 4.87 (1372 - 17.352)* 1.59 (0.292 - 8.697)

Model 2 1.00 (ref) 4.56 (1.266 - 16.488)* 1.87 (0.323 - 10.923)

Values expressed as odds ratios (95% CI) unless otherwise indicated.

*P-value <0.05.

Model 1 was adjusted for age and sex.

Model 2 was adjusted as for model 1 plus history of hypertension, diabetes mellitus, hyperlipidemia and formal education.

Fig 2. Association between the number of remaining teeth and cognitive impairment.

https://doi.org/10.1371/journal.pone.0194504.9002
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Nutrients
Ash Sodium Zinc Vitamin Bl a-carotene [B-carotene
Number of ramaining teeth 0.129* 0.128* 0.121* 0.113% 0.117* 0.113%

*P-value <0.05.

Fig 3. Pearson’s correlation coefficients for the number of remaining teeth nutrient intake.

https://doi.org/10.1371/journal.pone.0194504.9003

diabetes mellitus, hyperlipidaemia and formal education. Subsequently, in this study, the two
categories for the number of remaining teeth (>20 and <19 with denture) were combined
into one category.

Subsequently, we used the RRR analysis to extract four dietary patterns in our participant
sample that taken together, explained 86.67% of the total variation in the intakes of the
response variables (Fig 4). As dietary pattern 1 (DP1) accounted for 52.2% of the total variation
whereas DP2-4 explained very few of the observed variations (Fig 4), we selected the DP1
scores as the target dietary pattern in further analyses. In a Pearson’s correlation analysis, we
identified strong correlations of the DP1 scores with the intakes of all six nutrients identified
as response variables (Pearson’s correlation coefficients <0.01 for all; Fig 4).

Fig 5 presents factor loadings indicating the magnitudes and directions of the contributions
of 19 food groups to the DP1 scores, as well as the correlation coefficients of these food groups
with the six previously identified response variables. Notably, a positive factor loading value
indicates an association between an increased intake of that food with a higher DP1 score. We
identified the following foods with factor loadings > 0.2: pickled green leafy vegetables, let-
tuce/cabbage (raw), green leafy vegetables, cabbage/Chinese cabbage and carrots/squash. By
contrast, rice had a factor loading of < -0.2.

Fig 6 presents the clinical characteristics of the study subjects by DP1 score tertiles. Subjects
with lower DP1 scores were more likely to be men, to exhibit cognitive impairment (dementia
or MCI) and to have a higher mean body mass index. A higher DP1 score was associated with
number of remaining teeth and higher mean intakes of ash content, sodium, zinc, vitamin BI,
o-carotene and B-carotene.

Dietary patterns
DP1 DP2 DP3 DP4 Total explained variation

Explained variation in nutrients, % 52.20 19.88 11.12 3.45 86.67
Explained variation in food and beverageitems, %  4.82 2.75 1.92 1.56 11.06
Pearson correlation coefficients

Ash 0.502%* -0.141%* 0.080 0.060

Sodium 0.354%* -0.263%* 0.141%* 0.126*

Zinc 0.430%* -0.116%  -0.206%*  0.134*

Vitamin Bl 0.512%* 0.050 -0.111% -0.001

a-carotene 0.363%* 0.324%*  0.081 0.094

B-carotene 0.422%* 0.253** 0.075 -0.076

Dietary patterns were derived by reduced rank regression analysis.

*P-value <0.05.

**P-value <0.01.

Fig 4. Explained percentage of variation in nutrients (response variables) and food and beverage items by extracted dietary patterns.

https://doi.org/10.1371/journal.pone.0194504.9004
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Factor loading Correlations between food groupes and 6 respons variables
Food groups (dietary pattern 1) Ash Sodium Zinc Vitamin Bl  a-carotene  [-carotene
Rice -0.257 -0.490%* -0.348%% -0.191%* -0.466%* -0.239%* -0.278%*
Sake -0.140 -0.208** -0.131% -0.246%* -0.240%* -0.119% -0.149%*
Beer -0.126 -0.153%% -0.081 -0.271%% -0.221%* -0.123% -0.135%
Tofu/fried tofu 0.127 0.123* -0.027 0.244%* 0.291% 0.179%* 0.165%*
Lean fish 0.129 0.219%* 0.179%* 0.209%* 0.264%* 0.037 0.083
Seaweeds 0.132 0.182%* 0.101 0.160%* 0.185%* 0.226%* 0.209%*
Small fish with bones 0.139 0.276%* 0.244%% 0.324%* 0.161%* 0.039 0.046
Other root vegetables 0.152 0.125* -0.059 0.199%* 0.333%* 0.316%* 0.273%*
Dried fish/salted fish 0.155 0.372%%* 0.366%* 0.251%* 0.192%* -0.018 0.047
Pork/beef 0.158 0.070 -0.030 0.499%* 0.503%* 0.066 0.065
Potatoes 0.161 0.182%* 0.002 0.142%% 0.378%% 0.267%* 0.279%*
Japanese radish/turnip 0.173 0.207** 0.059 0.167+* 0.297+% 0.374%% 0.281#*
Tomatoes 0.179 0.176%* 0.022 0.270%* 0.366%* 0.224%% 0.328%*
Mushrooms 0.191 0.271%* 0.149%% 0.261%* 0.350%* 0.197%* 0.268%*
Lettuces/cabbage (raw) 0.200 0.219%* 0.026 0.223%* 0.392%* 0.315%* 0.395%*
Pickled green leaves vegetables 0.231 0.388%* 0.260%* 0.199%* 0.309%* 0.218%* 0.455%*
Cabbage/Chinese cabbage 0.234 0.277%* 0.067 0.220%* 0.394%* 0.413%* 0.487%*
Green leaves vegetables 0.270 0.306%* 0.048 0.236%* 0.453%* 0.343%* 0.727%*
Carrots/squash 0.272 0.194** -0.035 0.185%* 0.396+* 0.857+* 0.635%*

Omitted in the table were food items with factor loadings less than =+ 0.10 for dietary pattern 1 (low-fat milk and yogurt, milk and yogurt, oily fish, egg, natto, squid/octopus/shrimp/shellfish, chicken,
ham/sausage/bacon, liver, canned tuna, other pickles, western-type confectioneries, Japanese confectioneries, rice crackers/rice cake/okonomiyaki: meat/fish and vegetables pancake, icecream,
mayonnaise/dressing, bread, buckwheat noodles, Japanese wheat noodles,Chinese noodles, spaghetti and macaroni, black tea/oolong tea, coffee, 100% fruit and vegetable juice, misosoup, citrus
fruit, persimmons/strawberries/kiwifruit, other fruit, green tea, cola drink/softdrink, shochu, whisky, and wine.)

*P-value <0.05.
**P-value <0.01.

Fig 5. Factor loadings of food groups associated with dietary pattern 1 and correlation coefficients between food groups and nutrients (response variable).

https://doi.org/10.1371/journal.pone.0194504.9005

The odds ratios of cognitive impairment (dementia or MCI) according to DP1 tertile cate-
gory are shown in Fig 7. In Model 1, DP1 tertile 3 (>0.40) was significantly associated with
a decreased prevalence of cognitive impairment. Although this association was somewhat
attenuated by further adjustments for other covariates (Model 2), it remained significant.
The multivariate-adjusted odds ratios for the lowest, middle and highest DP1 tertiles were
1.00 (reference), 1.224 (95% CI: 0.611-2.453; P = 0.568) and 0.427 (95% CI: 0.191-0.954;
P =0.038), respectively.

Discussion

The present study aimed to evaluate the relationship between tooth loss and cognitive
impairment, in light of several similar prospective studies of the risk of all-cause dementia
associated with tooth loss [9-12, 15]. The findings of a prospective cohort study of elderly Japa-
nese adults, in which subjects with few remaining teeth and no dentures had a significantly
higher incidence of all-cause dementia relative to those retaining at least 20 teeth [9], agreed
well with our current findings of a significantly higher prevalence of cognitive impairment
(dementia or MCI) in subjects with fewer teeth without denture. However, we and others
failed to identify a significant difference between subjects with no teeth without dentures and
those with 20 teeth or less than 19 with a denture [10, 12, 15]. These discrepancies suggest the
existence of currently unknown mechanisms underlying the association between tooth loss
and cognitive impairment.

To better clarify this relationship, we conducted the first RRR analysis [22] of dietary pat-
terns associated with tooth loss in the current study. Previous studies have generally based
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Score for dietary pattern 1

. Tertile 1 (low) Tertile 2 Tertile 3 (high)
Variables less than -0.44  -0.44 t0 0.36 =036 1 tend
Number of subjects 112 111 111
Score for dietary pattern 1 -1.09 (0.575) -0.021 (0.245) 1.172 (0.69) <0.001
Age, years 73.22 (8.48) 73.75 (8.06) 73.43 (7.02) 0.795
Sex: women, % 392 65.7 63.0 <0.001
Number of remaining teeth 23.88 (8.43) 24.89 (6.74) 25.50 (6.32) 0.042
Hypertension, % 56.2 54.9 52.2 0.550
Hyperlipidemia, % 27.6 35.1 225 0.398
Diabetes mellitus, % 16.0 16.2 17.1 0.834
Body mass index 23.67 (3.22) 22.75(3.13) 22.57 (3.25) 0.016
Formal education, years 10.88 (2.67) 10.51 (2.39) 10.64 (2.63) 0.547
Cognitive mpament 232 252 10.8 0.021
(MCT or dementia), %
Daily dietary intake
Ash (g/1000 kcal) 8.92 (1.10) 10.77 (1.08) 12.70 (1.69) <0.001
Sodium (mg/1000 kcal) 2196.38 (327.50) 2594.11 (451.80)  2875.97(516.94)  <0.001
Zinc (mg/1000 kcal) 4.01 (0.43) 4.43(0.41) 5.02 (0.52) <0.001
Vitamin B1 (mg/1000 kcal) 0.32(0.05) 0.40 (0.05) 0.50 (0.08) <0.001

a-carotene (ug/1000 kcal) 136.78 (101.47)
-carotene (ug/1000 kcal) 1007.06 (571.09)

Values expressed at mean (SD) unless otherwise indicated

223.55(125.78)  343.18(225.00)  <0.001
1561.70 (740.99)  2801.06 (1502.65) < 0.001

Fig 6. Characteristics of the study population by tertiles of dietary pattern 1 scores.
https://doi.org/10.1371/journal.pone.0194504.g006

Score for dietary pattern 1

Tertile 1 (low) Tertile 2 Tertile 3 (high)
less than -0.43 -0.43 to0 0.40 = 040
Cognitive impairment (MCI or dementia)
Events/population at risk 26/112 28/111 12/111
Unadjusted model 1.00 (ref) 1.116 (0.604 - 2.060) 0.401 (0.191 - 0.842)*
Model 1 1.00 (ref) 1.210 (0.614 - 2.383) 0.422 (0.192 - 0.925)*
Model 2 1.00 (ref) 1.224 (0.611 - 2.453) 0.427 (0.191 - 0.954)*

*P-value <0.05.
Model 1 was adjusted for age and sex.

Model 2 was adjusted as for model 1 plus history of hypertension, diabetes mellitus, hyperlipidemia and formal education.

Fig 7. Odds ratios and 95% confidence intervals for cognitive impairment based on tertiles of dietary pattern 1 scores.

https://doi.org/10.1371/journal.pone.0194504.9007
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such analyses on a hypothesis-oriented approach involving a known ideal dietary pattern (e.g.
Mediterranean diet) or a principal component analysis in which dietary patterns specific to the
target population are identified. By contrast, the RRR analysis does not require the identifica-
tion of an already-known dietary pattern and can incorporate existing data concerning the
relationship between the diet and disease of interest, as it uses the linear functions of food
groups within a dietary pattern to best explain variations in of nutrients identified as risk-
related or preventive factors for the disease of interest. We determined that the RRR analysis
would likely be most appropriate for estimating tooth loss-related dietary patterns, as the
scores generated using this method would likely correlate with tooth loss.

From our survey, we identified the following six nutrients (among a panel of 96) as signifi-
cantly related with the number of remaining teeth: ash content, sodium, zinc, vitamin B1, o-
carotene and B-carotene and derived dietary patterns related to the intakes of these nutrients
based on 58 food groups. Accordingly, we identified that a dietary pattern characterised by
high intakes of pickled green leafy vegetables, lettuce/cabbage (raw), green leafy vegetables,
cabbage/Chinese cabbage and carrots/squash (i.e. DP1). Notably, in our study, the highest
DP1 score tertile was significantly associated with a decreased prevalence of cognitive
impairment. We further identified a negative correlation of the intakes of rice, sake and beer
with DP1, thus suggesting an association of this pattern with an increased prevalence of cogni-
tive impairment. A previous observational longitudinal study demonstrated that a better
adherence to a dietary pattern characterised by a low intake of vegetables and high intake of
rice, similar to the tooth loss-related dietary pattern in this study, correlated with an increased
risk of dementia in a general Japanese population [6]. We note that people with few or no teeth
and no dentures will find it difficult to consume vegetables, whereas rice, sake and beer would
be more easily ingested. Therefore, our findings suggest that a low DP1 score was associated
with a high prevalence of cognitive impairment, and tooth loss may be directly linked with the
low DP1 score. The factors increasing the risk of tooth loss are poor oral hygiene and subse-
quent dental caries and periodontal disease [35]. Patients with cognitive impairment are at an
increased risk of poor oral hygiene [36] and may develop a tooth loss-related dietary pattern.
However, sugar intake has long been established as the major contributing factor in dental car-
ies and periodontal disease [35]. Because sugar was not identified as nutrient related with the
number of remaining teeth, the poor dietary pattern in the present study may not be a factor
toward prevalence of tooth loss. These suggestions underscore the importance of appropriate
and accessible dental care and treatment. Specifically, dental maintenance early in life or even
after diagnosis of mild cognitive impairment might be an important step toward reducing the
long-term risk of dementia. Further prospective longitudinal studies are necessary to reveal
that tooth loss-related dietary patterns are associated with a risk of dementia.

We note that the current study had some limitations, including cross-sectional study in the
relatively small sample size. Additionally, we did not use diagnostic tools (e.g. neuroimaging,
neuropathology) to evaluate the causes of dementia and MCI in the study participants and
note that additional studies involving these tools are needed to determine the true underlying
causes of cognitive impairment in this population. Another limitation of the study is that the
diet of our study population cannot be generalised to other populations, wherein common die-
tary patterns would consist of different nutrients and foods. Furthermore, we did not observe
a high rate of valid responses at baseline in our subject population. Despite these limitations,
however, the current study benefitted from the adjustment of potential confounding factors in
the analytical models.

In conclusion, we showed that a tooth loss-related dietary pattern was associated cognitive
impairment in a general Japanese population. Our findings suggest that better adherence to a
dietary pattern characterised by a high intake of pickled green leafy vegetables, lettuce/cabbage
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(raw), green leafy vegetables, cabbage/Chinese cabbage and carrots/squash and a low intake of
rice correlates positively with the number of remaining teeth and negatively with the cognitive
impairment. Our findings may motivate changes in the dental treatment and the dietary
behaviour within the general Japanese population, thereby, lowering the risk of dementia.
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