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Diet and nutrition play a key role in the promotion and maintenance of good health, as they are important modifiable risk factors for chronic diseases. A growing number of studies indicate that optimal food intake and optimal physical activity are essential for the gray matter volume (GMV). However, the precise definition of “optimal” is extremely difficult and a topic of several studies. In the current research, we used the magnetic resonance imaging (MRI)-based normalized GMV (nGMV), for monitoring brain conditions based on GMV. By analyzing the relationship between the nGMV of 171 healthy Japanese participants and the results of a brief self-administered diet history questionnaire (BDHQ), we found that while nGMV was high in the participants with high intake of milk and yogurt, it was low in the participants of “alcohol and animal foods dietary pattern” (high intake of alcohol and animal foods). On the other hand, another food pattern “vegetable-animal balanced dietary pattern” (balanced intake of vegetables and animal foods) has no significant association with nGMV, indicating that although a diet consisting of a good balance of vegetables and animal foods may not lead to brain atrophy, it might not positively contribute to a higher nGMV. nGMV, as an objective measure of the association between food intake and the brain, might provide useful information for “optimal” food intake for GMV.
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INTRODUCTION

One’s food choices can make a big difference to one’s health and wellbeing. Moreover, growing number of studies indicate that optimal foods and nutrition are essential for brain conditions as determined by gray matter volume (GMV) (Titova et al., 2013b; Pelletier et al., 2015; Gu et al., 2016; Croll et al., 2018). However, a precise definition of “optimal” is extremely difficult and is being extensively studied (Dauncey, 2012).

Prior studies have examined the association between GMV and foods such as fish (Raji et al., 2014), fish oil (Witte et al., 2013), and meat products (Titova et al., 2013a); however, the results have been inconsistent. The investigation of a single food factor in relation to the brain volume may be difficult, given that foods are consumed in combination and their complex effects are likely to be interactive or synergistic (Hu, 2002). To overcome these issues, the analysis of dietary patterns has gained much interest because a dietary pattern is a comprehensive variable that integrates consumption of several foods or food groups and is expected to have a greater impact on human health than any single nutrient (Hu, 2002).

For instance, some studies, such as Jacka et al. (2015) have used a data-driven, latent factor approach to determine diet composition groups, and then looked at longitudinal changes in the hippocampus in late middle-aged adults (i.e., 60–64 years). Espeland et al. (2016) in middle-aged to aged adults showed less total white matter hyperintensity burden after a broad “healthy lifestyle” intervention that partly included information on diet. By contrast, most of this literature has focused on a specific dietary pattern, the Mediterranean (Medi) diet, and brain volumes in aged, non-demented adults (i.e., 65+ years of age). Exceptionally, a study in Japan showed that the type of breakfast (rice or bread) affected brain gray and white matter volumes and cognitive function in healthy children (Taki et al., 2010). However, we are not aware of any study on the relationship between general dietary patterns (not only Medi diet but also more diverse foods) and brain volume among healthy adults (including middle aged, 30s to 60s years old).

In our previous study, we developed the MRI-based normalized gray matter volume (nGMV), which is approved as the international standard as per the recommendation ITU-TH.861.1 by the International Telecommunication Union Telecommunication (ITU-T) Standardization Sector, for monitoring brain conditions based on GMV (ITU-T, 2018). The nGMV employs a standardized score (e.g., mean of population is 100 and 1 standard deviation is 15, so that 95% of population falls within the range of 70–130) calculated by averaging individual regions’ scores. Therefore, it could be said that the nGMV has biological characteristics (Porter, 2004). On the other hand, recent algorithms derived from deep learning are for estimating objective variables and lack such biological features. To sum up, they have a mutually complementary relationship. Moreover, we also showed that nGMV is inversely correlated with age and BMI (Nemoto et al., 2017) and could be a means to objectively evaluate stress and fatigue (Kokubun et al., 2018). These results are in line with the growing number of research which has indicated the existence of positive correlations of regional GMV with material factors of healthy life including emotional intelligence (Killgore et al., 2012), affective and cognitive empathy (Eres et al., 2015), information-processing ability (Nadkarni et al., 2013), etc., and correlations between GMV reductions and diseases including major depression (Abe et al., 2010), chronic pain in trigeminal neuralgia (Obermann et al., 2013), cognitive deficits in dementia (Sanchez-Castaneda et al., 2009), etc. However, we have to note that there are opposed findings (e.g., Li et al., 2018) that challenge an unambiguous positive relation of GMV and health.

The nGMV was derived as an average of standardized gray matter measure for 116 brain regions based on the automated anatomical labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002). Since this measure reflects GMV, we hypothesized that it could vary based on food intake patterns. Therefore, in this study, we investigated the cross-sectional relationship between the nGMV of healthy participants and the results of a brief self-administered diet history questionnaire (BDHQ), which was developed for assessing Japanese consumption frequency of selected foods to estimate the dietary intake of food and beverage items during the preceding month.



MATERIALS AND METHODS


Subjects

One hundred and seventy-one healthy participants (89 females and 82 males), aged 30–69 (mean (M) ± standard deviation (SD): 49.8 ± 8.3 years) were recruited in Kyoto, Japan. This study was approved by the Ethics Committees of Kyoto University (approval number 27-P-13) and performed in accordance with the guidelines and regulations of the institute, respecting the Declaration of Helsinki. All participants gave written informed consent prior to participation, and participant anonymity was preserved.



Food-Intake Scales

Dietary habits during the preceding month were assessed using a validated BDHQ (Sasaki et al., 2000), which contained queries about the consumption frequency of 56 foods and beverages and nine dishes commonly consumed by the general Japanese population. These Food and beverage items contained in the BDHQ were selected mainly from a food list used in the National Health and Nutrition Survey of Japan (Ministry of Health, Labour and Welfare of Japan, 2008), while standard portion sizes were derived from several recipe books for Japanese dishes (Sasaki et al., 2000). Dietary intake (g/time) was estimated using an ad hoc computer algorithm, based on the Standard Tables of Food Composition in Japan (Department of Social and Preventive Epidemiology, School of Public Health, the University of Tokyo, 2008). For instance, consumption of milk/yogurt for a man who perceives consuming less than ordinary man is estimated to be 155 g/time, which is calculated as: 150 g/time (average woman consumption) times 1.15 (the difference of necessary energy between men and women) times 0.9 (individual differences of portion volume: eating much more = 1.2; eating slightly more = 1.1; eating almost the same amount = 1.0; eating slightly less = 0.9; and eating much less = 0.8, compared with normal portion of foods prepared at restaurants) times 1 (frequency: every day more than two times = 2; every day one time = 1; 4 to 6 times for a week = 5/7; two to three times for a week = 2.5/7; one time for a week = 1/7; less than one time for a week = 2/30; no consumption = 0). Using this questionnaire, previous research indicated that higher alcohol consumption or lower calcium intake increased the risk of brain microbleeds (Hara et al., 2013).



MRI Data Acquisition

All magnetic resonance imaging (MRI) data were collected using a 3-T Siemens scanner (Verio, Siemens Medical Solutions, Erlangen, Germany or MAGNETOM Prisma, Siemens, Munich, Germany) with a 32-channel head array coil. A high-resolution structural image was acquired using a three-dimensional (3D) T1-weighted magnetization-prepared rapid-acquisition gradient echo (MP-RAGE) pulse sequence. The parameters were as follows: repetition time (TR), 1900 ms; echo time (TE), 2.52 ms; inversion time (TI), 900 ms; flip angle, 9°; matrix size, 256 × 256; field of view (FOV), 256 mm; and slice thickness, 1 mm.



MRI Data Analysis

We developed another index which is based on fractional anisotropy (FA) value of white matter (WM) assessed by diffusion tensor imaging analysis (ITU-T, 2018). However, in the current research, we were focused on nGMV, which was calculated according to our previous study (Nemoto et al., 2017). In summary, gray matter images were segmented from T1-weighted images using Statistical Parametric Mapping 12 (SPM12; Wellcome Trust Centre for Neuroimaging, London, United Kingdom) running on MATLAB R2015b (Mathworks Inc., Sherborn, MA, United States), followed by spatial normalization using diffeomorphic anatomical registration through an exponentiated lie algebra (DARTEL) algorithm (Ashburner, 2007) and modulation to preserve the GM volume. All normalized, segmented, and modulated images were smoothed with an 8-mm full width at half-maximum (FWHM) Gaussian kernel. Additionally, intracranial volume (ICV) was calculated by summing the GM, white matter, and cerebrospinal fluid images for each subject. Proportional GM images were generated by dividing smoothed GM images by ICV to control for differences in whole-brain volume across participants. Using these proportional GM images, images for the mean and standard deviation (SD) across participants were generated. Then, we calculated the nGMV using the following formula: 100 + 15 × (individual proportional GM – mean)/SD. Regional GM quotients were then extracted using an AAL atlas (Tzourio-Mazoyer et al., 2002) and averaged across regions to produce participant-specific nGMV. For reference, all of the 116 regional GM quotients, included in the Supplementary Table S1, were correlated with nGMV (p < 0.001), indicating that nGMV reflects regional GMV comprehensively.



Statistical Analysis

We derived dietary patterns through a principal component analysis of food intake for the 42 items of foods, beverages, and dishes (excluding four overlapping items), using with 10 overlapping animal foods and nine animal dishes alternatively. We used eigenvalues, the scree test, and the interpretability of the factors to determine the number of factors that could be retained. The factors each had an eigenvalue greater than one. The scree plots dropped substantially between the second and the third factors (from 3.50 to 2.88 for the dietary pattern I using animal foods; from 3.46 to 3.09 for the dietary pattern II using animal dishes) and remained similar thereafter (2.54 for the fourth and 2.29 for the fifth factor for the dietary pattern I; 2.26 for the fourth and 2.10 for the fifth factor for the dietary pattern II); thus, we retained two factors (for the dietary pattern I and the dietary pattern II) as are shown in Table 1 (the figures are factor loadings derived by principal-components analysis without rotation). Hereafter, we will call the first and the second factors “vegetable-animal balanced dietary pattern” and “alcohol and animal foods dietary pattern,” respectively. The factor scores for each dietary pattern were calculated by adding the food item intakes weighted by their factor loadings and used as the independent variables to determine nGMV.


TABLE 1. Factor loading matrix for major dietary patterns identified by principal component analysis.
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To investigate the correlation between the nGMV and various variables, we employed hierarchical regression analysis. We entered the control variables of age, sex, and BMI in Step 1 and the main effects of food and food-pattern variables individually in Step 2 and Step3, respectively. We added these respective variables to the models based on the hypothesis that food and food-pattern variables are closely related to nGMV after adjusting for age, sex, and BMI. Significance level was set at p < 0.05. All statistical analyses were performed using IBM SPSS Statistics Version 20 (IBM Corp., Armonk, NY, United States).



RESULTS

Descriptive statistics of subjects and correlation coefficients between variables are shown in Table 2. nGMV correlated with age (r = −0.534, p < 0.001) and sex (r = 0.388, p < 0.001). Moreover, nGMV negatively correlated with 19 of 61 food variables and all the four dietary patterns, whereas none of food items correlated positively with nGMV, indicating high-volume intake may lead to lower nGMV irrespective of the type of foods. Table 3 shows the results of regression analyses. In Step 1, both sex (R = 0.656, b = 0.393, p < 0.001) and age (R = 0.656, b = −0.531, p < 0.001) were significant, indicating that nGMV scores tended to be lower in the male and elderly than the female and younger participants. In addition, BMI (R = 0.696, b = −0.237, p < 0.001) was independently significant after controlling for sex and age, indicating that nGMV scores tend to be negatively associated with obesity.


TABLE 2. Descriptive statistics and correlations.
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TABLE 3. Multiple regression analysis of food- or nutrition-intake factors on nGMV.
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In Step 2, with age and sex as control variables, milk, and yogurt (R = 0.677, b = 0.145, p = 0.015), rice (R = 0.781, b = −0.133, p = 0.030), sake (R = 0.676, b = −0.133, p = 0.023), wine (R = 0.674, b = −0.123, p = 0.038), and grilled meat/steak (R = 0.678, b = −0.142, p = 0.015) were significantly associated with nGMV, but other food variables were not. However, after including BMI as an additional control variable, only milk and yogurt (R = 0.710, b = 0.141, p = 0.014), rice (R = 0.707, b = −0.129, p = 0.028), and grilled meat/steak (R = 0.707, b = −0.123, p = 0.029) were significantly associated with nGMV, but sake (R = 0.704, b = −0.108, p = 0.057) and wine (R = 0.704, b = −0.103, p = 0.072) were not.

In several cases SD is significantly larger than mean, indicating that some foods were consumed in considerable amounts by some participants, while others did not consume these foods at all (see Supplementary Table S1). In these cases it must be discussed, whether there is an actual linear correlation of the amount of intake with GMV, or whether there is a non-linear function between no consummation and any consummation. Therefore, we alternatively employed dichotomous values (consumption = 1; no consumption = 0) for milk and yogurt, sake, wine, and grilled meat/steak as the independent variables (omitted in the tables but available upon request). However, none of them was significantly associated with nGMV, indicating that small amount of consumption does not influence nGMV.

In step 3, using age and sex as control variables, alcohol and animal foods dietary pattern (I) (R = 0.669, b = −0.149. p = 0.028) and alcohol and animal foods dietary pattern (II) (R = 0.678, b = −0.212. p = 0.003) were significantly associated with a lower nGMV but vegetable-animal balanced dietary pattern (I) (R = 0.658, b = −0.052. p = 0.415) and vegetable-animal balanced dietary pattern (II) (R = 0.657, b = −0.040. p = 0.527) were not. Additionally, using BMI as a control variable, only alcohol and animal foods dietary pattern (II) (R = 0.705, b = −0.178. p = 0.011) was significantly associated with a lower nGMV.



DISCUSSION

Diet and nutrition play a key role in the promotion and maintenance of good health, as eating healthy can not only lower the risk of developing health problems, but also help manage health issues such as heart disease and diabetes (Gadiraju et al., 2015). Optimal food intake and optimal physical activity has been shown to influence good brain health. However, determination of these “optimal” levels is extremely difficult, made harder due to a lack of objective methods to measure food intake (Dauncey, 2012). In this research, we used the MRI-based nGMV as an objective scale to measure the association between food intake and the whole brain (please note that this study is cross-sectional and the findings in a strict sense report only correlations of nutritional styles with GMV, not cause and effect chains). We analyzed the relationship between the nGMV of healthy participants and the data obtained from a BDHQ. Interestingly, our results indicate higher nGMV in participants partaking a diet rich in milk and yogurt, and lower nGMV in participants partaking “alcohol and animal foods dietary pattern” (high intake of alcohol and animal foods) and a diet rich in rice, sake, wine, grilled meat/steak, alcohol, and animal foods. Thus, consuming more milk and yogurt, and less rice, sake, wine, grilled meat/steak, or alcohol could increase the nGMV, and help stave off brain atrophy. Surprisingly, the other foods and food pattern “vegetable-animal balanced dietary pattern” had no impact on the nGMV, indicating that although balanced vegetables and animal foods may not lead to brain atrophy, they do not help against lower nGMV either.

The result of the positive correlation between milk/yogurt and nGMV reiterates that dairy foods provide several important nutrients beneficial for bone, cardiovascular, and overall health (Rice et al., 2013). Moreover, bioactive components that alter serum lipid levels may be present in milk fat (US Department of Health and Human Services et al., 2010; Rice et al., 2013). Therefore, whereas some studies point to detrimental effects of dairy (Bolland et al., 2011; Goldbohm et al., 2011), majority of research indicates that dairy foods may have beneficial effects on the risks of coronary heart diseases (Rice et al., 2013), cardiovascular diseases (Soedamah-Muthu et al., 2010), elevated blood pressure (Ralston et al., 2012), obesity (Kratz et al., 2013), and type 2 diabetes (Malik et al., 2011; Tong et al., 2011). A study by Miyake et al. (2016) used similar parameters as in the current research, and showed a significant inverse relationship between milk intake during pregnancy and the risk of postpartum depression symptoms (Miyake et al., 2016), which has the potential to lead to a reduced GMV in the anterior cingulate cortex (Grieve et al., 2013), the bilateral caudate nucleus, and the thalamus (Kim et al., 2008). This is because milk is a source of many biologically active substances such as proteins, lipids, carbohydrates, lactose, vitamins, minerals, enzymes, hormones, immunoglobulins, and growth factors, that may confer many health benefits (Hsieh et al., 2015).

Previous research indicates that high intake of processed meat and fried food is positively associated with depression symptoms (Akbaraly et al., 2009), type 2 diabetes, heart failure, obesity, and hypertension (Gadiraju et al., 2015). Reduced intake of meat products is associated with increased total GM volume (Titova et al., 2013b). A meta-analysis of nine studies consisting of 296 alcohol-dependent patients and 359 healthy controls found regional GM atrophy in alcohol-dependent patients in the prefrontal cortex (including the anterior cingulate cortex), the dorsal striatum/insula, and the posterior cingulate cortex consistently across studies (Xiao et al., 2015). Therefore, our current results, implicating high intake of alcoholic beverages and grilled meat/steak or tendency toward alcohol and animal foods dietary pattern in reduction of nGMV are in line with these studies.

Higher consumption of white rice was associated with a significantly increased risk of type 2 diabetes, especially in Asian (Chinese and Japanese) population (Hu et al., 2012). In another study, global loss, and regional alterations in GMV occurred in obese male subjects, suggesting that male subjects with a high BMI are at a greater risk for future decline in cognition or other brain functions (Taki et al., 2008). Similarly, people who were obese had smaller total GMV (Gunstad et al., 2008) or smaller GMV in the bilateral supplementary motor area, bilateral dorsolateral prefrontal cortex, left inferior frontal gyrus and left postcentral gyrus (Brooks et al., 2013) than that in the normal weight or overweight individuals. Therefore, our findings are also in line with these studies, and at the same time present a new observation that white rice is negatively associated with nGMV after controlling for gender, age, and BMI, indicating that high intake of white rice may lead to brain atrophy independent of obesity. A possible reason for this is that high consumption of white rice replaces other foods and thus leads to insufficient intake of essential nutrients for the brain (e.g., thiamine, niacin) (Harper, 2006; Walters et al., 2017).

Mediterranean-type diet (Medi) has gained immense popularity of late. Previous research showed that adherence to Medi was associated with less brain atrophy among older adults and further indicated that higher fish and lower meat intake were the two key elements that contributed to the benefits of Medi on different brain regions, including the GMV (Gu et al., 2015). Our current research replicates the results of this study by showing that lower consumption of meat is associated with greater GMV. However, the association between increased fish consumption and larger GMV was not replicated in our study. Differences in dietary habits or the type of fish consumed between the United States and Japanese populations might be a factor for the discrepancy in the results. Moreover, all fish and shellfish are not necessarily healthy since dried or salted fish are high in salt. Also, the health effects of seafood other than fish are unclear (Nanri et al., 2010).

To summarize, the results of our research indicating that a high intake of milk/yogurt, and a low intake of rice, alcoholic beverages, and grilled meat/steak is associated with higher nGMV, are in line with the published data. Additionally, nGMV, as an objective measure of the association between food intake and the brain, might provide useful information for considering “optimal” food intake for brain health. However, some limitations of the current study should be acknowledged. First, the BDHQ relies on an individual’s capacity to recall their dietary behavior over the past month. Recall bias in dietary behavior could be a systematic bias. Second, this is a cross-sectional study, hampering the possibility of inferring causality between determinant and outcome. Given that dietary habits seem to be relatively invariable throughout life (Bjelland et al., 2013), we might be better able to utilize the associations found in our study which refers to a long-term cumulative effect on brain structure rather than an acute effect from recent consumption. Third, BDHQ is developed for and validated in the Japanese population, which might restrict its generalizability to other countries and their population. It is interesting whether some results – e.g., higher milk intake correlates with higher GMV – can be transferred to a European population with a usually high consummation of milk and milk products. Indeed, according to the data in the Supplementary Table S1, a number of the current research participants did not take any milk at all, which would be less common in Europe. Forth, although we found the dietary pattern which is associated with lower nGMV, we could not find the dietary pattern which is associated with higher nGMV. We only found that a single food, milk/yogurt, is associated with higher nGMV. However, given that foods are consumed in combination and their complex effects are likely to be interactive or synergistic, future research may contribute to the literature by inventing food pattern which is positively associated with nGMV. Fifth, we implicitly related healthiness with the nGMV, which gives a measure of deviation of GMV from an average over a population. However, given the multitude of healthy lifestyles, it must be critically discussed whether it is wise to align healthy lifestyle with a specific brain measure like GMV. Indeed, the interpretation that more GMV is always healthier is an unjustified generalization – there are examples where locally increased gray matter may indicate e.g., presence of psychiatric disease. For instance, decreased GMV was observed in bilateral dorsolateral prefrontal and middle cingulate cortices, while increased GMV was observed in bilateral hippocampus of primary insomnia patients compared with healthy control (Li et al., 2018). In addition, there are other possible definitions of health, considering cardiovascular aspects, absence of low level inflammation indicators, and function of immune response, all of them possibly depending on lifestyle. Therefore, future research is recommended to analyze more comprehensively using these variables in a single model to validate the relation observed in this study.
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