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Neural activity induced by 
visual food stimuli presented 
out of awareness: a preliminary 
magnetoencephalography study
Katsuko Takada, Akira Ishii, Takashi Matsuo, Chika Nakamura, Masato Uji &  
Takahiro Yoshikawa

Obesity is a major public health problem in modern society. Appetitive behavior has been proposed 
to be partially driven by unconscious decision-making processes and thus, targeting the unconscious 
cognitive processes related to eating behavior is essential to develop strategies for overweight 
individuals and obese patients. Here, we presented food pictures below the threshold of awareness 
to healthy male volunteers and examined neural activity related to appetitive behavior using 
magnetoencephalography. We found that, among participants who did not recognize food pictures 
during the experiment, an index of heart rate variability assessed by electrocardiography (low-
frequency component power/high-frequency component power ratio, LF/HF) just after picture 
presentation was increased compared with that just before presentation, and the increase in LF/HF was 
negatively associated with the score for cognitive restraint of food intake. In addition, increased LF/HF 
was negatively associated with increased alpha band power in Brodmann area (BA) 47 caused by food 
pictures presented below the threshold of awareness, and level of cognitive restraint was positively 
associated with increased alpha band power in BA13. Our findings may provide valuable clues to the 
development of methods assessing unconscious regulation of appetite and offer avenues for further 
study of the neural mechanisms related to eating behavior.

Obesity is a major public health problem in modern society. The prevalence of overweight individuals and obesity 
are increasing worldwide: The prevalence of overweight individuals and obesity in the adult population exceeds 
60% in the United States and 50% in the United Kingdom1. Obesity is a cause of many health problems, including 
diabetes mellitus, dyslipidemia, hypertension, coronary heart disease, certain kinds of cancer such as colon can-
cer, and sleep-breathing disorders2.

Body weight is determined by the balance between energy expenditure and food intake: even a caloric intake 
less than 0.5% over energy expenditure can reportedly lead to weight gain3,4. Appetite is controlled by homeo-
static and non-homeostatic mechanisms5–7. The hypothalamus, gut hormones, and adipokines are involved in 
the homeostatic control of appetite whereas the neural networks among the forebrain and brainstem, including 
reward-related brain regions, are involved in the non-homeostatic control of appetite. Particularly in humans, 
non-homeostatic control of appetite is thought to be an important factor that regulates food intake in terms of 
satiety6. It has been suggested that the abundance of food cues in the environment and the increased accessibility 
to palatable foods are related to excessive food intake through a variety of conscious and unconscious processes 
that result in an increasing prevalence of obesity in modern society. Among the unconscious processes that could 
have an effect is the non-homeostatic control of appetite6,7. Therefore, along with identifying the processes under-
lying homeostatic control of appetite, clarifying the neural mechanisms of non-homeostatic control of appetite, 
in particular, those of the food-related behavior induced by the food cues, is important.

Various reports have investigated the neural mechanisms of food-related behaviors through neural responses 
to visual food cues8. For example, a study using magnetoencephalography (MEG) reported that the intensity 
of the equivalent current dipole in the insular cortex evoked while viewing food pictures was associated with 
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self-awareness of appetitive motives under fasting conditions9, and that neural activity in the insular cortex was 
reduced after consuming rice balls to the point before satiety10. Activation in the dorsolateral prefrontal cortex 
(DLPFC) and dorsal striatum correlated with the degree of dietary restraint in a functional magnetic resonance 
imaging (fMRI) study11 and a decrease in theta-band (4–8 Hz) power in the DLPFC was observed when partici-
pants were instructed to suppress appetitive motivation in an MEG study, suggesting that the DLPFC is involved 
in the suppression of motivation to eat12. In line with these findings, previous studies revealed that activation in 
the insular cortex caused by visual food cues was greater in obese individuals than in lean individuals13–15, and 
activation in the DLPFC caused by visual food cues was stronger in obese individuals than in lean participants15. 
These findings were interpreted as showing enhancement of appetitive motive and increased effort for appetite 
control in obese individuals.

Given such findings, evidence has been accumulating that the DLPFC and other brain regions involved in 
cognitive control are important for the intentional control of appetite. On the other hand, appetitive behavior has 
been proposed to be driven more by unconscious decision-making processes than by conscious processes16, and 
targeting the unconscious cognitive processes related to eating behavior is essential to develop strategies against 
overweight individuals and obesity16,17. Of course, much of the process of the homeostatic control of appetite is 
below the threshold of conscious awareness and there seems to be interactions between the processes of the home-
ostatic and non-homeostatic controls of appetite18. Thus, the process of the non-homeostatic control of appetite 
seems to include some unconscious processes related to appetite by nature18. As for the neural mechanisms of 
the food-related behaviors induced by visual food cues, there have been numerous studies which investigated the 
neural activities induced by viewing the food cues presented above the threshold of awareness8. However, as far 
as we know, there have been no reports directly investigated the neural mechanisms of the food-related behaviors 
induced by visual food cues presented below the threshold of conscious awareness. There is a possibility that these 
kind of neural mechanisms (i.e., the neural mechanisms related to the control of the appetite induced by visual 
food cues which affect food-related behaviors of individuals although they are not aware of the fact that the food 
cues have affected their behavior) play important roles in the unconscious decision-making process related to the 
food-related behavior.

The present study aimed to clarify the neural activity induced by visual food cues although individuals are not 
aware of the fact that they viewed the visual food cues. We used a visual backward masking procedure19–21 to pres-
ent visual food cues below the threshold of awareness22,23 and recorded the neural activity observed during the 
presentation of the visual food cue using MEG to detect changes in oscillatory power reflecting changes in neural 
dynamics24–26. We hypothesized that the neural activity induced by viewing a visual food cue presented below 
the threshold of conscious awareness would reflect appetitive behaviors such as cognitive control of appetite if 
the unconscious control of appetite is essential as proposed and assessed the neural activity induced by viewing 
a visual food cue presented below the threshold of conscious awareness by using MEG. We also assessed the 
alterations in the measurements of electrocardiography (ECG) which would be caused by viewing the visual food 
cue presented below the threshold of conscious awareness to provide secondary evidence that the presentation of 
masked food pictures had some effects on neural systems.

Materials and Methods
Participants.  Twenty healthy male volunteers (mean (±standard deviation, SD) age, 20.6 ± 2.3 years) partic-
ipated in this study. All participants were confirmed to be right-handed according to a questionnaire27. Current 
cigarette smokers, individuals with a history of mental or neural and/or upper extremity disorder, and those 
taking medications that affect the activity of the central nervous system were excluded. The Ethics Committee 
of Osaka City University Graduate School of Medicine approved the protocol of this study (approval number, 
3680). All participants provided written informed consent in accordance with the principles of the Declaration 
of Helsinki and the Ethical Guidelines for Medical and Health Research Involving Human Subjects in Japan 
(Ministry of Education, Culture, Sports, Science and Technology of Japan and Ministry of Health, Labor and 
Welfare of Japan). As a result, the MEG data from 14 participants were analyzed as described in the Results.

Experimental design.  For 1 day before the experiment, participants were instructed to finish dinner by 
21:00, to fast overnight (drinking water was allowed), to avoid intense physical and mental activity, and to main-
tain normal sleeping hours.

The experiment consisted of a food and a control conditions and each condition was performed on the same 
day in a double-crossover fashion (Fig. 1A). In the food and control conditions, the participant lay in a supine 
position on a bed placed in a magnetically shielded room and was asked to view a visual stimulus projected 
onto a screen placed in front of the participant using a projector (PG-B10S; SHARP, Osaka, Japan). The visual 
stimulus used in the food condition consisted of a fixation cross (for 1000 ms), a food-picture (16.7 ms), and a 
mask-picture (2000 ms) (Fig. 1B). This sequence of visual presentations was played 200 times. Twenty pictures 
of typical modern Japanese food items were used as food pictures9,10,12,28, and 20 pictures of non-food items such 
as scenery or buildings were used as mask-pictures: Each picture was used 10 times to construct the 200-picture 
set. The visual stimulus used in the control condition consisted of a fixation cross (for 1000 ms), a mosaic-picture 
(16.7 ms), and a mask-picture (2000 ms) (Fig. 1B). Mosaic pictures were created from the food-pictures used in 
the food condition using commercial software (Adobe Photoshop Elements 6.0; Adobe Systems, San Jose, CA) 
to control for luminance and color between food and control conditions9,29,30. The set of mask-pictures used in 
the control condition was the same as that used in the food condition. Neural activities caused by viewing visual 
stimuli in the food and control conditions were recorded using MEG. Just before and after the food-picture and 
mosaic-picture sessions in the food and control conditions, respectively, ECG was recorded while the participant 
lay on a bed quietly with eyes closed for 5 min. After the end of the experiment on day 2, the participant was asked 
to answer the Japanese version of the Three Factor Eating Questionnaire (TFEQ) Revised 21-item version, to 
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assess eating behavior31–33. Just after the food and mosaic picture sessions, we asked our participants whether they 
could recognize any images other than the mask-pictures (i.e., the pictures of scenery and buildings) during the 
food and mosaic picture sessions, respectively.

MEG measurements.  A 160-channel MEG system (MEG vision; Yokogawa Electric Corporation, Tokyo, 
Japan) was used to assess the neural activity caused in the food and mosaic picture sessions. The MEG system 
has a magnetic field resolution of 4 fT/Hz1/2 in the white-noise region. The sensor and reference coils were gra-
diometers (diameter, 15.5 mm; baseline, 50 mm): The two coils were separated by 23 mm. The sampling rate was 
1,000 Hz. The MEG data were high-pass filtered at 0.3 Hz.

Spatial filtering analyses of the MEG data.  Magnetic noise from outside the shielded room was elim-
inated by subtracting the data obtained from reference coils using specialized software (MEG 160; Yokogawa 
Electric Corporation, Tokyo, Japan). Parts of the MEG data which included artifacts were identified visually and 
excluded from analyses. The MEG data was analyzed using spatial filtering method to identify changes in oscilla-
tory brain activity that reflected cortical activities induced by the food and mosaic pictures presented below the 
threshold of conscious awareness24–26. Sine alpha- and beta-band oscillatory brain activity has been reported to be 
related to cognitive control such as response inhibition26,34, MEG data were filtered at 8–13 Hz (i.e., alpha band) 
and 13–25 Hz (i.e., beta band) using a finite impulse response filtering method implemented in Brain Rhythmic 
Analysis for MEG software (BRAM; Yokogawa Electric Corporation, Tokyo, Japan). After the processing with the 
filtering methods, the estimation of the locations and intensities of neural activities were performed using BRAM, 
which employs a narrow-band adaptive spatial filtering algorithm35,36. Voxel size was set at 5.0 × 5.0 × 5.0 mm. 
Alpha- and beta-band powers of MEG data during viewing of visual stimuli in the food condition were calculated 
relative to those under the control condition (i.e., oscillatory power ratio) in 150-ms intervals from 0 to 1500 ms 
after the onset of mask-pictures.

Group analyses of the MEG data.  Group analyses of the data obtained from the spatial filtering analy-
ses were performed using statistical parametric mapping software (SPM8; Wellcome Department of Cognitive 
Neurology, London, UK), implemented in Matlab 2011 (Mathworks, Natick, MA). The MR image of each par-
ticipant was transformed into the Montreal Neurological Institute (MNI) T1-weighted image template37 and the 
parameter used in this transformation was applied to the data obtained from the spatial filtering analyses to 
normalize the MEG data. Smoothing of the anatomically normalized MEG data was performed using a Gaussian 

Figure 1.  Experimental design. (A) The experiment consisted of food and control conditions, with each 
condition performed on the same day in a double-crossover fashion. In the food and control conditions, the 
participant lay in a supine position on a bed placed in a magnetically shielded room, and was asked to view 
a visual stimulus projected onto a screen placed in front of the eyes. (B) The visual stimuli used in the food 
condition consisted of a fixation cross, a food-picture, and a mask-picture. The visual stimulus used in the 
control condition consisted of a fixation cross, a mosaic-picture, and a mask-picture. These sequences of visual 
presentations were played 200 times in the food and control conditions, respectively. Twenty pictures of typical 
modern Japanese food items were used as food-pictures, and 20 pictures of non-food items such as scenery or 
buildings were used as mask-pictures. The mosaic pictures were created from the food-pictures used in the food 
condition to control for luminance and color between foods and control conditions. The permission to include 
the food-picture in this figure was obtained from Kagawa Nutrition University Publishing Division and the 
permission to include the mask-picture in this figure was obtained from the copyright holder of this image.
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kernel of 20 mm (full-width at half-maximum) in the x-, y-, and z-axes. Individual data were incorporated into 
a random-effect model38 and the parameters estimated in the individual analysis was used to create “contrast” 
images and these “contrast” images were used for group analyses38. The significance in oscillatory band power 
between the food and control conditions (i.e., oscillatory power ratio) were assessed using t statistics (i.e., 
one-sample t test)38. The threshold for the one-sample t test was set at P < 0.005 (familywise-error corrected for 
multiple comparisons, FWE), considering the multiple comparison among the time windows and frequencies 
(i.e., alpha- and beta-band power). Localization of brain regions was performed using WFU_PickAtras, version 
3.0.4 (http://fmri.wfubmc.edu/software/pickatlas) and Talairach Client, version 2.4.3 (http://www.talairach.org/
client.html).

Anatomical magnetic resonance (MR) imaging.  MR images were obtained for each subject for gen-
erating subject-specific MEG source models. The images were obtained with a Philips Achieva 3.0 TX (Royal 
Philips Electronics, Eindhoven, the Netherlands). Five MRI compatible markers (Medtronic Surgical Navigation 
Technologies, Broomfield, CO) were placed on the head (i.e., two markers 10 mm in front of the left and right 
tragi, one marker 35 mm above the nasion, and two markers 40 mm to either side of the marker above the nasion). 
MEG data were co-registered to MR images using information obtained from these five markers and MEG local-
ization coils.

ECG.  To examine changes in the measurements of ECG caused by viewing the food and mosaic pictures pre-
sented out of awareness, ECG was recorded during the eye-closed sessions just before and after the picture ses-
sions in the food and control conditions using the EEG system (EEG-1518, Nihon Kohden, Tokyo, Japan) at a 
sampling rate of 1000 Hz. ECG data were transferred to the MEG system and analyzed with a maximum entropy 
method using MemCalc for Windows (Global Medical Solution, Tokyo, Japan). R-R wave variability was assessed: 
R-peaks extractions and the correction for ectopic beats were performed using MemCalc for windows. For fre-
quency domain analysis of the R-R wave intervals, low-frequency power (LF) was calculated as the power within 
the frequency range of 0.04–0.15 Hz, and high-frequency power (HF) was calculated as that within the frequency 
range of 0.15–0.4 Hz. LF and HF were measured in absolute units (ms2). Since the unit for the R-R wave interval 
is millisecond (ms), the unit for the power spectral density is ms2/Hz. Therefore, the unit for LF and HF is ms2. 
HF has been reported as vagally mediated39–41, but LF originates from a variety of sympathetic and vagal mech-
anisms39,42. The LF/HF ratio has been considered to reflect sympathetic nervous system activity43. It is of note 
that there have been arguments about the interpretation of the origin of LF and LF/HF ratio in recent years44. 
However, since there have been reports that LH/HF ratio is related to pathophysiological states such as mental 
stress, fatigue, and so on45–49, LF/HF ratio seems to include important information about physiological processes. 
Therefore, there is a possibility that the alteration of LF/HF ratio is caused by the processes induced by the pres-
entation of the masked food pictures. The natural logarithms of LF, HF, and LF/HF were calculated and used for 
statistical analyses (i.e., ln LF, ln HF, and ln LF/HF).

Statistical analyses.  Kolmogorov-Smirnov test was performed to confirm the normality of ln LF, ln HF, 
ln LF/HF, the score for cognitive restraint of food intake, and the increases of alpha band power observed in the 
BA 47 and BA13. Values are shown as mean and SD unless otherwise stated. A paired t-test with Bonferroni’s 
correction was used to compare the indices derived from the measurements of ECG such as LF and HF between 
food and control conditions. Relationships among increased alpha-band power, an index derived from the meas-
urements of ECG, and a subscale of TFEQ were evaluated using Pearson’s correlation. Multivariate analysis of 
variance (MANOVA) for repeated measures was used to assess the effect of conditions (i.e., the food and control 
conditions) and time points (i.e., before and after the picture presentations) on the indices derived from the meas-
urements of ECG (i.e., ln LF/HF, ln LF, and ln HF). All probability values were two-tailed and values of P < 0.05 
were considered statistically significant. The statistical analyses mentioned above were performed using the SPSS 
version 21.0 software package (IBM, Armonk, NY).

Results
ECG analysis.  Alterations in the measurements of ECG were analyzed for 13 participants, because 6 par-
ticipants were excluded from analyses of MEG data as described below and ECG data from one participant 
whose MEG data were analyzed were not obtained due to a technical error of measurement. MANOVA for 
repeated measures which included three dependent variables (i.e., ln LF/HF, ln LF, and ln HF) was performed. 
The results showed that there was a main effect of time point (i.e., before and after the picture presentations)  
[F(2, 11) = 5.317, P = 0.024], but there was no main effect of conditions (i.e., the food and control conditions) 
[F(2, 11) = 1.205, P = 0.336] or conditions × time points interaction [F(2, 11) = 1.265, P = 0.320]. Since the num-
ber of the comparisons performed regarding the indices derived from the measurements of ECG were 6 (i.e., ln 
LF/HF, ln LF, and ln HF in the food and control conditions, respectively), the p-values for paired t test multiplied 
by 6 were reported below, to control the increase of a type I error caused by the multiple comparison (i.e., paired 
t test with Bonferroni’s correction). The ln LF assessed just after the food picture session showed an increasing 
tendency compared with that assessed just before the session (P < 0.10, paired t test with Bonferroni’s correction; 
Fig. 2). The ln LF/HF assessed just after the food picture session was increased compared with that assessed just 
before the session (P < 0.05, paired t test with Bonferroni’s correction; Fig. 2). The increase in ln LF/HF observed 
just after the food picture session correlated negatively with the level of cognitive restraint of food intake as 
assessed by TFEQ (r = −0.562, P = 0.045; Fig. 3). There was no correlation between the increment of ln LF/HF 
caused through the control condition and the level of cognitive restraint of food intake (r = −0.099, P = 0.748).

Spatial filtering analyses of MEG data.  MEG data from six participants were excluded from our anal-
ysis. MEG data from four participants were excluded because the participants reported that they recognized the 
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food and/or mosaic pictures during MEG measurements. MEG data from the remaining two participants were 
contaminated with magnetic noise originating from outside the shielded room and the number of epochs that 
remained after exclusion of those that included artifacts was thus insufficient for analysis. We therefore analyzed 
MEG data from 14 participants: all 14 participants declared that they had not recognized food or mosaic pictures 
at any point during the experiment. The body mass index of these 14 participants was 21.1 ± 2.5 kg/m2.

To identify changes in neural activity caused by viewing food pictures presented below the threshold of aware-
ness, the oscillatory powers observed while viewing the visual stimulus in the food condition were compared with 
those in the control condition. Brain regions were identified in which alpha-band power in the food condition 
was decreased (Fig. 4A) or increased (Fig. 4B) compared with that in the control condition (Table 1). The thresh-
old for the SPM{t} of the one-sample t was set for P < 0.05 (FWE) for the purposes of presentation in Fig. 4.

The increase in alpha-band power in Brodmann area (BA) 47 in the time window of 750 to 900 ms after the 
onset of mask-pictures correlated negatively with the increase in ln LF/HF observed just after the food picture 
session (r = −0.579, P = 0.038; Fig. 5A). The increase in alpha-band power in BA13 in the time window of 750 
to 900 ms after the onset of mask-pictures correlated positively with the level of cognitive restraint (r = 0.592, 
P = 0.026; Fig. 5B). There was no correlation between the increase in alpha-band power in BA 47 in the time win-
dow of 750 to 900 ms after the onset of mask-pictures and the increment of ln LF/HF caused through the control 
condition (r = −0.385, P = 0.193).

Discussion
In the present study, participants viewed food and control pictures followed by mask pictures as food and control 
conditions, respectively. Among the 20 participants, 14 participants declared that they did not recognize any food 
or mosaic pictures during the experiment, and the data from these 14 participants were therefore analyzed. Only 
in the food condition, LF/HF assessed just after picture presentation was increased compared with that assessed 
just before presentation (i.e., the increase in LF/HF did not reach significance for the control condition), and 

Figure 2.  Alterations in the measurements of electrocardiography assessed by frequency domain analysis of the 
R-R wave intervals of electrocardiography are shown. Values were transformed by natural logarithm (ln). Low-
frequency power (ln LF; A), high-frequency power (ln HF; B), and LF/HF ratio (ln LF/HF; C) in the food and 
control conditions are shown. White columns indicate values assessed just before the picture presentation and 
black columns indicate values assessed just after the picture presentation. While the ln LF/HF assessed just after 
the food picture session was increased compared with that assessed just before the session (P < 0.05, paired t test 
with Bonferroni’s correction), that assessed just after the mosaic picture session were not altered compared with 
that assessed just before the session. Data are presented as mean and SD. *P < 0.05 and #P < 0.10, paired t-test 
with Bonferroni’s correction.

Figure 3.  Relationship between increased LF/HF and level of cognitive restraint of food intake is sown. The 
increase in LF/HF during the presentation of food pictures in the food condition was negatively associated with 
the level of cognitive restraint of food intake. The linear regression line, Pearson’s correlation coefficient, and P 
value are shown.
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this increase in LF/HF was negatively associated with the score for cognitive restraint. Increased and decreased 
alpha-band powers in several brain regions were observed under the food condition compared with the control 
condition (Table 1): The increased alpha-band power at BA47 in the time window of 750–900 ms after the onset of 
mask-pictures was negatively associated with the increase in LF/HF during the food condition and the increased 
alpha-band power at BA13 in the time window of 750–900 ms was positively associated with the score for cogni-
tive restraint of food intake.

We used a visual backward masking procedure19–21 to present the visual food cue below the threshold of aware-
ness. Since 14 of 20 participants declared that they had not recognized any food or mosaic pictures at all during the 
experiment, the food and control pictures were considered to have been successfully presented below the threshold 
of awareness for these 14 participants. LF/HF assessed just after the food picture session was increased compared 
with that assessed just before the session in these participants, even though they had not been consciously aware of 
the food pictures. This result shows that the presentation of masked food pictures had effects on the neural system 
despite being presented without the participant being aware50. However, although the alteration in LF/HF during 
the control conditions were not detected in our present study, we are not able to conclude that the increase of LF/
HF observed in the food condition was greater than that in the control condition in our present study due to small 
sample size. In this sense, the findings regarding the alterations in LF/HF caused by the food and control conditions 
are preliminary (limitations of this work are described in more detail below). On the other hand, since the increase 

Figure 4.  Statistical parametric maps of brain areas where alpha-band power was lower in the food condition 
than in the control conditions (A) and of brain areas where alpha-band power was higher in the food condition 
than in the control condition (B) are shown. Random-effect analyses of 14 participants, P < 0.05, familywise-
error corrected for the entire search volumes.

Increase or decrease in 
oscillatory power relative 
to control condition Time window Location BA

MNI coordinates (mm)

Z valuex y z

Decrease

150–300 ms middle temporal gyrus 21 57 8 −30 4.4

450–600 ms middle temporal gyrus 21 67 −2 −10 4.3

750–900 ms superior temporal gyrus 42 62 −32 5 4.2

Increase

750–900 ms inferior frontal gyrus 47 57 28 −5 4.5

middle frontal gyrus 47 57 48 −5 4.4

insula 13 47 8 5 3.8

1050–1200 ms precentral gyrus 6 62 3 10 4.8

inferior frontal gyrus 45 57 33 5 4.1

middle frontal gyrus 46 57 48 10 3.9

1200–1350 ms
middle temporal gyrus 21 −63 −52 5 4.7

middle occipital gyrus 19 −48 −82 5 3.8

Table 1.  Brain regions showing greater decrease or increase in alpha band power in the food condition 
compared with the control condition. BA, Brodmann’s area; MNI, Montreal Neurological Institute. x, y, z: 
Stereotaxic coordinate. Data were obtained from random-effect analyses. Only significant changes are shown 
(one sample t test, P < 0.005, familywise error rate).
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in LF/HF observed just after the food picture session correlated negatively with the level of cognitive restraint of 
food intake while there was no correlation between the increment of LF/HF caused through the control condition 
and the level of cognitive restraint of food intake, the interpretation of the increment of LF/HF caused in the food 
condition is different from that caused in the control condition (i.e., the increment of LF/HF in the food condition 
was related to the level of cognitive restraint of food intake although the increment of LF/HF in the control condition 
was not caused in relation to the level of cognitive restraint of food intake). Therefore, the finding that the LF/HF 
assessed just after the food picture session was increased compared with that assessed just before the session after the 
correction for multiple comparisons provides valuable clues to clarify the neural mechanisms related to appetitive 
behavior induced by the visual food cures presented below the threshold of awareness.

The increase in LF/HF observed in the food condition was negatively associated with the score for cognitive 
restraint of food intake as assessed by the TFEQ in participants who were not aware of the visual cue. Cognitive 
restraint is one of the cognitive and behavioral domains of eating behaviors and represents the conscious restric-
tion of food intake to control body weight or promote weight loss51. This suggests that the individuals who 
engaged in higher levels of dietary restriction have lower levels of sympathetic tone when they view food pic-
tures below the threshold of conscious awareness. However, contrary to our finding, there has been a report that 
individuals with restraint eating patterns showed elevations in heart rate in response to food pictures presented 
above the threshold of awareness52. In their study, since aversive response was also induced by food pictures in 
individuals with restraint eating patterns, activity of the sympathetic nervous system might have been modulated 
by subjective feelings of aversion when food pictures were presented in manner that the individual was aware of. 
As discussed in the next paragraph, taking that the negative correlation between the increased alpha-band power 
in BA 47 and the increased LF/HF during the food condition was observed in our present study, it may be that the 
individuals with high cognitive restraint of food intake suppressed the responses in ECG activity to visual food 
cues unconsciously. However, since there has been insufficient knowledge for the alterations in the responses in 
ECG activity caused by the presentation of food pictures either above or below the threshold of conscious aware-
ness, further studies are needed in this point.

Several brain regions were seen in which alpha-band power was increased or decreased in the food condition 
compared with the control condition. Among these, the increased alpha-band power in BA47 (i.e., the inferior 
frontal gyrus) in the time window of 750–900 ms was negatively associated with the increased LF/HF seen in the 
food condition. A decrease or increase in oscillatory power in a specific frequency band has been reported as a 
specific feature of information processing26. Numerous reports have found that the right inferior frontal gyrus is 
involved in inhibitory control53–60 and it has been proposed that the increase of the alpha and beta band power is 
related to the inhibitory control34,54,59.Thus, the increase in alpha-band power observed in BA47 in our present 
study may reflect the inhibition of the responses to visual food cues presented below the threshold of awareness.

The increased alpha-band power in BA13 (i.e., the insular cortex) in the time window of 750–900 ms was pos-
itively associated with the score for cognitive restraint of food intake. In addition to serving as the taste cortex61,62, 
the insular cortex has been reported to be activated by visual food cues9,14,63, and activation is greater in obese 
individuals than in lean individuals13,15. Furthermore, activation in the insular cortex caused by visual food cues is 
reportedly related to subjective experience of appetite64 and to appetitive motives9. Taking these findings into con-
sideration, the increase in alpha-band power observed in the insular cortex in the present study may indicate the 
suppression of appetite caused by food pictures presented below the threshold of awareness. This interpretation is 
in line with the observation that individuals with more increased alpha-band power in BA13 showed higher levels 
of cognitive restraint for food intake. In fact, the increase in alpha-band power has also been proposed to reflect 
deactivation of cortical areas involved in the processing of sensory or cognitive information26,65.

Figure 5.  The increase in LF/HF during the presentation of food pictures in the food condition was negatively 
associated with the increased alpha-band power in BA47 observed in the food condition (A) and the level 
of cognitive restraint of food intake was positively associated with the increased alpha-band power in BA13 
observed in the food condition (B). The linear regression line, Pearson’s correlation coefficient, and P value are 
shown.
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In the present study, changes to oscillatory neural activity in the inferior frontal gyrus and insular cortex were 
observed in the time window of 750–900 ms after the onset of mask images. However, in our previous study, the 
neural activity in the insular cortex caused by visual food pictures presented above the threshold of awareness was 
observed in the time window of 300 ms after the onset of pictures9,10. Since the findings in our present study were 
based on the enhancement of alpha band power and those in the previous study was based on the equivalent current 
dipole analysis, it may not adequate to discuss the difference in latency between these two studies. However, several 
speculations can be made on this point: This difference in latency may be due to the fact that the neural activity in the 
insular cortex observed in the present study (i.e., the increase of alpha band power in the insular cortex) was related 
to the suppression of appetite, while that observed in the previous study (i.e., the equivalent current dipole observed 
in the insular cortex) was related to the motivational aspect of appetite. In fact, neural activity related to the sup-
pression of motivation to eat is reportedly related to decreased theta-band power in the DLPFC in the time window 
of 500–600 ms after the onset of presentation of food pictures12, suggesting that the immediate neural response to 
appetitive motives is followed by neural activity related to appetite suppression. Other explanations may be that the 
processing of information related to visual food cues presented below the threshold of awareness has a different time 
course from that related to visual food cues presented within the awareness of the individual, or that the neural pro-
cesses related to visual food cues were interfered with by the backward masking procedure used in our present study.

There have been reports that the DLFPC is related to the suppression of appetitive motivation and dietary 
restraint11,12. However, the alteration of the neural activity in the DLPFC was not observed in our present study. 
The reason for this may be that the participants were not aware of the presentation of the food pictures and they 
were not instructed to intentionally suppress their appetite in our present study. It can be speculated that the 
neural activities related to the suppression of appetite caused by the food pictures presented above the threshold 
of awareness are different from those caused by the food pictures presented below the threshold of awareness.

Various limitations to this study need to be considered. First, the number of the participants was small. 
Although we successfully demonstrated that the neural activity induced by viewing a visual food cue presented 
below the threshold of awareness reflects appetitive behaviors in our present study, the statistical power for 
analyses regarding the indices derived from the measurements of ECG (i.e., ln LF, ln HF, and ln LF/HF) seems 
to be insufficient due to small number of subject. Therefore, we are not able to conclude that the increase of LF/
HF observed in the food condition was greater than that observed in the control condition. Second, all par-
ticipants in the present study were male. As eating disorders are more common in females than in males66–68, 
studies of female participants are likely to prove of great value in clarifying the pathophysiology of eating 
disorders. Third, subjective levels of appetite and/or appetitive motives under the food and control conditions 
were not assessed in the present study. We were thus unable to determine whether alteration of appetite and/
or appetitive motives was caused by suppression of the insular cortex. We did not assess subjective levels of 
appetite and/or appetitive motives in the present study, as we wanted to avoid our participants knowing that 
the present experiment was related to appetite and visual food images. Fourth, we assessed the relationships 
among increased alpha-band power, an index of heart rate variability, and the level of cognitive restraint of 
food intake using a linear correlation coefficient. Therefore, it is difficult to determine the causality among 
variables from our present study.

In summary, the neural activity caused by visual food cues presented below the threshold of awareness was success-
fully evaluated using a backward masking procedure and MEG in the present study. This may show that neural activity 
induced by viewing a visual food cue presented below the threshold of awareness reflects appetitive behaviors, i.e., 
cognitive restraint of food intake. In addition, neural activity related to response inhibition and suppression of the brain 
region related to appetite and/or appetitive motives were observed in the individuals with high cognitive restraint of 
food intake when they view visual food cues below the threshold of awareness. Our findings may provide valuable clues 
to developing methods for assessing unconscious regulation of appetite in individuals with normal and abnormal eating 
behaviors, and may motivate further studies to clarify the neural mechanisms related to eating behaviors.
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