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ABSTRACT 

To investigate the neural underpinnings of the effect of nutrition, brain activity of six young healthy volunteers who had 
a breakfast including various nutrients was compared to when they skipped breakfast or had only sugar for breakfast by 
functional magnetic resonance imaging. A repeated measure counterbalanced crossover design was employed. We 
demonstrated that significantly higher brain activation was observed in the medial aspect of the prefrontal cortex when 
the subjects had a nutritionally balanced breakfast while the subjects were conducting N-back tasks. This preliminary 
report was the first to demonstrate by means of brain imaging techniques that taking various nutrients as breakfast as 
well sugar has relevant impacts on underlying physiological events or cognition. 
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1. Introduction 

Previous behavioral studies have shown the various aver- 
sive effects of skipping breakfast such as fatigue, a low 
body temperature, and decreased work efficiency [1]. 
Other evidence also suggests that breakfast consumption 
may improve cognitive function related to memory, test 
grades, and school attendance [2]. Furthermore, the pre- 
sence of sugar is beneficial and a lack of dietary carbo-
hydrates can indeed negatively influence cognitive per-
formance and memory [3]. Based on these studies, Hi-
guchi and colleagues conducted a behavioral study and 
demonstrated that a nutritionally well-balanced breakfast 
could contribute to the elevation of cognitive task effi-
ciency [4].  

To our knowledge, only one previous neuroimaging 
study investigated the relationship between brain activity 
measured by fMRI and ingestion of foods. Liu et al [5] 
demonstrated that oral ingestion of D-dextrose induced 
activation of the supplementary motor area, cerebellum, 
anterior cingulate and orbitofrontal cortex at the early 
phase, and deactivation of the medial hypothalamus at 
several minutes after the ingestion. They concluded that 
the formerly activated areas may be involved in the inte-
gration of sensory and visceral signals, and affective ac-
tivity may be associated with appetite and taste or olfac-

tion, however, the exact neurophysiological mechanisms 
underlying the negative response are unknown. Never-
theless, the neural basis of how the nutritional qualities 
of breakfast affect cognitive function is still unknown. In 
this experiment, we used fMRI techniques to investigate 
the relationship between cognitive function and the nutri-
tional quality of breakfast. Water, sugar water, and a nu-
tritionally balanced liquid food (NBLF) were used as 
breakfast. 

2. Methods 

2.1. Subjects 

We recruited six healthy right-handed volunteers (Five 
males, mean age ± SD = 20.9 years ± 0.69), who were 
confirmed to be in the habit of eating nutritionally bal-
anced breakfast every day. The protocol of this study was 
reviewed and approved by an institutional review board. 
Written informed consent was obtained from each sub-
ject. 

2.2. Task Procedures 

A repeated measure counterbalanced crossover design 
was employed for this study (Figure 1); each subject 
participated in this study three times, with a week break 
in between participation days. The subjects were in-
tructed to have the same supper prepared for them (a  s 
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Figure 1. Experimental paradigm. A crossover design was used. Each subject participated in this study three times and had 
one of the following three types of breakfast: water, sugar water, and NBLF. On the experiment day, the subjects were in-
structed to perform a modified version of the Uchida-Kraepelin test (U-K test: a serial addition test) and N-back tasks (0back, 
2back, 3back and 4back). The subjects were scanned while they were performing the N-back tasks before breakfast and at 
the following time points: 30 min, 90 min, and 180 min after the consumption of breakfast. At each time point, the subjects 
were instructed to indicate their level of hunger, fatigue, and concentration by using a visual analogue scale (VAS). 

packed box lunch with steamed rice, meat, fish, and vege-
tables; 3698.7 kJ/supper) before 8pm on the evening of 
the day before the experiment. After an overnight fast, on 
the experiment day, the subjects were instructed to take 
500ml water when they got up in order to avoid dehydra-
tion. Then, the subjects came to the lab and were in-
structed to perform a modified version of the Uchida- 
Kraepelin test (U-K test: a serial addition test, one set 
consists of two 10 min-tests with 2 min rests in-between). 
The U-K test was employed to induce mental fatigue and 
to evaluate the level of cognitive performance [6,7]. 

Following that, the subjects were scanned with a 3.0 
Tesla MRI scanner (Philips Achieva Quasar Dual, Phil-
ips Medical Systems, Best, The Netherlands) while they 
were conducting N-back tasks (0back, 2back, 3back and 
4back) [8,9]. During fMRI, stimuli were displayed on a 
small screen attached to the head coil of the scanner. The 
test stimuli were numbers (i.e. 1 to 4) that were presented 
one at a time. Each stimulus appeared for 0.5 s and the 
inter stimulus interval was 0.7 s. The participants were 
presented with a series of stimuli and were asked to 
memorize them and their temporal order. That is, the 
subjects were continuously required to push one of four 
buttons that corresponded to the stimuli that were shown 
N stimuli ago during the task period. A standard block 
design was used; each session consisted of twelve 21.6- 
sec blocks. There was a 1.9-sec instruction screen before 
each task block and a 14-sec block of rest after each task 
block. During rest, subjects were instructed to fix their 
eyes on a cross that was displayed at the center of the 
screen. Each subject completed two 8-min sessions per 
run. The sequence of the presentation of the N-back 
block types was counterbalanced among subjects.  

Then, the subjects had one of the following three types 
of breakfast: 1) 500 ml water, 2) 500 ml sugar water 
containing 100 grams dextrin (1673.6 kJ), and 3) NBLF: 
a commercial food product (®Calorie Mate, Otsuka 
Pharmaceutical Co., Ltd., Tokyo, Japan: a liquid type 
nutritional supplement; 400 ml; 1673.6 kJ) with 100 ml 
water. This food product contains, not only carbohy-
drates (sugar, dextrin, and lactose; total 67 g), but also 
proteins (15.2 g), lipids (8.8 g), vitamins (Vitamin A 450 
μg, Vitamin B1 1 mg, Vitamin B2 1.2 mg, Vitamin B6 1 
mg, Vitamin B12 2 μg, Niacin 11 mg, Pantothenic acid 
5.6 mg, Folic acid 200 μg, Vitamin C 80 mg, Vitamin D 
5 μg and Vitamin E 8 mg) and minerals (Sodium 680 mg, 
Potassium 340 mg, Calcium 140 mg, Iron 2.6 mg, Mag-
nesium 50 mg and Phosphorus 240 mg). The food’s en-
ergy ratio of protein, fat and carbohydrates is 15:20:65. 
The order of the breakfast type was counterbalanced 
among the subjects. After breakfast, the subjects were 
instructed to repeatedly perform the U-K test and the N- 
back tasks. The subjects were scanned while they were 
performing the N-back tasks at the following time points: 
30 min, 90 min, and 180 min after the consumption of 
breakfast. Before and after breakfast (at the above men-
tioned time points), the subjects were instructed to indi-
cate their levels of hunger, fatigue, and concentration by 
using a visual analogue scale (VAS). 

2.3. Brain Imaging 

Functional images were obtained using a T2*-weighted 
gradient-echo echo-planer imaging sequence (TE/TR: 30/ 
2500 ms, matrix: 64 × 64, FOV 192 mm, Forty-two 3 
mm-thick axial slices).  

Imaging data were preprocessed and analyzed using 
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SPM5 (Welcome Department of Cognitive Neurology, 
London, UK) in MATLAB (Mathworks, Sherborn, MA). 
While our experimental design was three factorial (i.e., 
breakfast type × time × n-back), the number of our sub-
ject was too small for a three-way ANOVA approach 
(i.e., insufficient number of images to calculate covari-
ance components). Therefore, to search for the cortical 
regions affected by breakfast type, we focused to the 
4back condition in which the effect of breakfast type was 
expected to be largest.  

A standard two-stage random effect approach was em-
ployed. First, image representing change from “before” 
(prior to breakfast) to 4back task at 30 min, 90 min, or 
180 min compared with that at was calculated for each 
subject for each breakfast type. Then, a two-way re-
peated measure analysis of variance (AVONA; breakfast 
type (water, sugar, NBLF) × time (30 min-before, 60 
min-before, 180 min-before)) was conducted as second- 
level analysis. Since we were interested in the main ef-
fect of breakfast type and interaction, corresponding 
SPM{F}s were thresholded at p < 0.001 in height and 
100 voxels in cluster size. 

Because we found a region exhibiting a significant 
main effect of breakfast type (see Results), the following 
contrasts were post hoc tested (i.e., t-test): NBLF vs. 
(sugar + water), and (NBLF + sugar) vs. water. These 
contrasts were intended for higher activity specifically 
for NBLF, and those common for NBLF and sugar, re-
spectively. Results were thresholded at p < 0.001 in 
height, then for multiple comparisons corrected to p < 
0.05 using cluster size. 

The breakfast-type effect was also examined in each 
N-back condition in each identified region of interest 
(ROI) at the local maxim of the result of those contrasts 
to see whether the same tendency would be observed. In 
addition, the mean activation during the 4-back task  

compared with the rest was calculated at the local maxi- 
ma of each breakfast type. 

3. Results 

3.1. Behavioral Data 

The behavioral data showed that there was no significant 
difference in the accuracy rate of the U-K test and the 
accuracy rate of the N-back tasks across breakfast types 
at any given time point. However, the results of the VAS 
showed significant differences (Figure 2). As for the 
subjective feeling of hunger, when the subjects had 
NBLF for breakfast they felt significantly less hunger 
(Wilcoxon test, p = 0.046) at 30 min after breakfast as 
compared to the pre (prior to breakfast). On the other 
hand, when the subjects had water for breakfast they felt 
significantly more hunger (p = 0.028 at 90 min after 
breakfast, p = 0.028 at 180 min after breakfast). When 
the subjects had sugar water for breakfast they felt sig-
nificantly more hunger (p = 0.028 at 180 min after break- 
fast). As for fatigue, there was no significant difference 
compared to the baseline when the subject had NBLF. 
However, when the subjects had water or sugar water for 
breakfast, more fatigue (p = 0.046 at 90 min after break-
fast, p = 0.075 at 180 min after breakfast) or (p = 0.046 at 
90 min after breakfast, p = 0.075 at 180 min after break-
fast), respectively, as compared to the pre. As for con-
centration, there was no significant difference compared 
to the baseline when the subject had NBLF. However, 
when the subjects had water or sugar water for breakfast, 
less able to concentrate (p = 0.075, at 90 min after break- 
fast) or (p = 0.075, at 90 min after breakfast), respec-
tively, as compared to the pre. 

What is more, a group difference was also found. The 
results of the VAS at the time point 90 min after break-
fast indicated that when the subjects had NBLF for  

 

Figure 2. The results of VAS data. Each line indicates the mean change of the VAS score ± SE as compared to the score at the 
baseline (i.e. delta from the baseline) at each time point. (a) Level of hunger: higher score indicates that the subjects felt 
stronger hunger, (b) Level of fatigue: higher score indicates that the subjects felt stronger fatigue, and (c) Level of concentra-
tion: higher score indicates that the subjects felt more able to concentrate. Wilcoxon tests were performed. A significant dif-
ference compared to the baseline was indicated as *P < 0.05 and †P < 0.01. A significant group difference at each time point 
compared to the other breakfast types was indicated as n: NBLF (P < 0.05), s: Sugar water (P < 0.05), and w: Water (P < 
0.05). 
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breakfast they felt significantly less hunger (Wilcoxon 
test, p = 0.046) and more able to concentrate (p = 0.059, 
significant trend) as compared to when they had water 
for breakfast. In addition, the results of the VAS at the 
time point 180 min after breakfast showed that when the 
subjects had NBLF for breakfast they felt significantly 
less hunger as compared to when they had water (p = 
0.028) or sugar water (p = 0.046) for breakfast. 

3.2. fMRI Data 

Statistically significant main effect of breakfast type was 
found in the medial aspect of the prefrontal cortex 
(mPFC) (two foci; MNI coordinate; x, y, z = 8, 62, 14; 
–12, 58, 22), and in the lateral surface of the superior 
frontal gyrus (SFG) (x, y, z = –18, 58, 22) (Figure 3(a)). 
The post hoc test revealed significant activation in this 
cluster specifically higher for NBLF (one located in the 
mPFC; x, y, z = –2, 54, 6, another located in the FSG; x, 

y, z = –20, 58, 20) (Figure 3(b)), as well as those com-
mon for NBLF and sugar in the mPFC (x, y, z = 8, 62, 14) 
(Figure 3(c)). However, statistically significant interac-
tion (breakfast type × time) was not identified. The ROI 
analysis demonstrated that the same tendency was ob-
served at each time point (Figures 3(b) and (c)), that the 
significant activation of those areaa did not simply reflect 
the VAS scores since the time course of each VAS (Fig-
ure 2) and that of activation profile at the local maxima 
(Figures 3(b) and (c)) showed entirely the different pat-
terns, and that those areas did not play a crucial role in 
performing the 4-back task since those areas were not 
activated (in most cases deactivated) during the 4-back 
task compared with the rest. 

4. Discussion 

To our knowledge, this is the first study investigate rela-
tionship between ingestion of foods and human brain  

 

Figure 3. Main effect of breakfast. (a): A brain area in the medial aspect of the prefrontal cortex extending to the lateral sur-
face of the superior frontal gyrus shows statistically significant main effect of breakfast type determined by SPM{F}s. (b), (c): 
Brain areas showing statistically significant activation in the contrast of NBLF vs. (sugar + water) (Figure 3(b)), and (NBLF + 
sugar) vs. water (c). Yellow cross lines and arrows indicate location of local maxima. Right graphs show the mean activation 
during the 4-back task compared with the rest at the local maxima of each breakfast type. Lower graphs show the activation 
profile at the local maxima at each time point. NBLF, mPFC, SFG, Lt. and Rt. indicate nutritionally balanced liquid food, 
medial aspect of the prefrontal cortex, superior frontal gyrus, left and right, respectively. 
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activity. Glucose is the primary source of energy for the 
brain [10]. In our study, however, the subjective feelings 
of hunger, fatigue and concentration differed depending 
on the quality of breakfast. Moreover, significantly higher 
brain activation was observed in the mPFC extending to 
the SFG when the subjects had a nutritionally balanced 
breakfast, as compared to when they had only sugar for 
breakfast. Thus, blood glucose itself may not be the most 
relevant marker for the underlying physiological events 
or impacts of cognition [11]. In fact, a behavioral study 
has suggested that the overall postprandial cognitive 
performance of healthy young men in the morning is 
better after a balanced or protein-rich meal than it is after 
a high to medium glycemic carbohydrate-rich meal, and 
that pure carbohydrate was worse than other nutrients 
[12]. There is also a report demonstrating that better cog-
nitive performance is observed after mixed meals com-
pared to meals particularly rich in a single macronutrient 
[13]. Taken together, our data indicates the advantage of 
having a nutritionally well-balanced breakfast over skip-
ping breakfast or only having something sugary for 
breakfast. This is consistent with the results of recent 
observational studies that report adequate intake of vita-
mins and minerals to be associated with better cognitive 
performance in a normally aging sample [14] and in 
children [15,16]. Therefore, our findings may well con-
tribute to a public health recommendation for broad 
range of generations.  

As for the fMRI data, brain activation in the mPFC 
extending to the SFG was associated with the quality of 
breakfast. Our results may be in line with the results of a 
previous imaging study reporting that dysfunction of the 
mPFC is associated with chronic fatigue [17]. Another 
interpretation for our results can be taken from task-in- 
duced deactivation (TID). TID refers to a regional de-
crease in blood flow during an active task relative to a 
“resting” or “passive” baseline [18]. Interestingly, previ-
ous behavioral and fMRI results indicate that the TID 
magnitude increases with task difficulty or increasing 
task processing demands in the default mode network 
(DMN) including the mPFC [18,19]. For example, as 
activity within the DMN increases, normalized activity in 
the external attention system shows decreased activity. 
These strong negative activities that correlate between 
the DMN and other systems is referred to as “dynamic 
equilibrium” or “anti-correlations” [20,21]. The nutri-
tional quality of breakfast may affect these anti-correla- 
tions. That is, when the subject had a nutritionally bal-
anced breakfast, their brain could work efficiently with 
less energy and thus the task demand was relatively small. 
This led to less deactivation in the mPFC in the DMN as 
compared to when the subjects had only water or only 
sugar water. In other words, with ill-balanced nutrition, 

their brains could not work efficiently and had to make 
more “efforts” (i.e. in terms of allocation of more blood 
volume from the DMN to the task related regions) to 
meet the same cognitive performance as they had with 
well-balanced nutrition. Therefore, the difference of the 
subjective feelings of hunger, fatigue, and concentration 
may have reflected the difference of the efficiency of the 
brain. 

In sum, our data indicates that mere breakfast con-
sumption is not sufficient but that nutritional quality of 
breakfast is relevant for better work efficiency. Further 
investigation will be needed for revealing the detailed 
mechanism of the association between multiple nutri-
tional factors and various cognitive functions in order to 
provide better and precise public health recommenda-
tions in our society.  

5. Conclusions 

In this experiment, we used fMRI techniques to investi-
gate the neural underpinnings of the effect of nutrition on 
young healthy volunteers who had a breakfast including 
various nutrients (i.e. food containing proteins, lipids, 
vitamins and minerals as well as carbohydrate) as com-
pared to when they skipped breakfast or had only sugar 
for breakfast. We demonstrated that subjective feelings 
of hunger, fatigue and concentration differed depending 
on the quality of breakfast. Moreover, while the subjects 
were conducting N-back tasks, significantly higher brain 
activation was observed in the medial aspect of the pre-
frontal cortex when the subjects had a nutritionally bal-
anced breakfast, as compared to when they skipped break-
fast or had only sugar for breakfast. Sugar, especially glu-
cose is the primary source of energy for the brain. We, 
however, were the first to demonstrate by means of brain 
imaging techniques that taking various nutrients as break-
fast as well sugar has relevant impacts on underlying 
physiological events or cognition. Thus, it is of general 
interest for the public as a health recommendation that 
having a nutritional breakfast is necessary in order to 
work efficiently. 
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