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Happiness is one of the most fundamental human goals, which has led researchers to examine the source of in-
dividual happiness. Happiness has usually been discussed regarding two aspects (a temporary positive emotion
and a trait-like long-term sense of being happy) that are interrelated; for example, individualswith a high level of
trait-like subjective happiness tend to rate events as more pleasant. In this study, we hypothesized that the
interaction between the two aspects of happiness could be explained by the interaction between structure and
function in certain brain regions. Thus, we first assessed the association between gray matter density (GMD) of
healthy participants and trait-like subjective happiness using voxel-based morphometry (VBM). Further, to
assess the association between the GMD and brain function, we conducted functional magnetic resonance imag-
ing (MRI) using the task of positive emotion induction (imagination of several emotional life events). VBM indi-
cated that the subjective happiness was positively correlated with the GMD of the rostral anterior cingulate
cortex (rACC). Functional MRI demonstrated that experimentally induced temporal happy feelings were posi-
tively correlated with subjective happiness level and rACC activity. The rACC response to positive events was
also positively correlated with its GMD. These results provide convergent structural and functional evidence
that the rACC is related to happiness and suggest that the interaction between structure and function in the
rACC may explain the trait–state interaction in happiness.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Since ancient times, people have thought about and desired happi-
ness. Although happiness may be difficult to define scientifically, it has
been defined to correspond to the sum of one's recent levels of positive
affect, high life satisfaction, and infrequent negative affect (Diener,
1984, 1994; Diener et al., 1999). Because no appropriate device exists
that can measure happiness objectively, researchers have generally
relied on self-report measurements of happiness (i.e., subjective
happiness level; Lyubomirsky and Lepper, 1999). Although subjective
assessment of happiness has been shown to be associated with a wide
variety of factors, including demographic status, personality traits, and
circumstances (Lyubomirsky et al., 2005; Schimmack, 2008), subjective
happiness appears to be trait-like and relatively stable over long periods
of time (Lyubomirsky et al., 2005). In contrast, there is also a temporal
aspect to happiness (hedonia; Diener, 1984, 1994; Diener et al., 1999).
d Psychosocial Medicine, Aichi
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sunaga).
The temporal hedonic component of happiness is usually generated
when we get the material objects and action opportunities we wish to
possess or experience (Berridge and Kringelbach, 2011; Otake et al.,
2006; Oyama, 2012; Schimmack, 2008; Seligman et al., 2005). Previous
studies have demonstrated that individuals with high trait-like subjec-
tive happiness tend to evaluate their current emotional statesmore pos-
itively when they experience positive events (Matsunaga et al., 2011b;
Schimmack, 2008). It also has been indicated that repetitive experiences
of hedonic events elevate our subjective happiness level (Otake et al.,
2006; Schimmack, 2008; Seligman et al., 2005). Two psychological
models explain this interaction in happiness: a top-down and bottom-
up model (Schimmack, 2008). The top-down model assumes that indi-
viduals with a positive propensity, such as optimism, evaluate their
long-term happiness and temporal happy events more positively than
others who experience a similar number of positive life events
(Schimmack, 2008). In contrast, the bottom-up model suggests that
consecutive hedonic experiences in each of the life domains
(e.g., household income, housing conditions) elevate long-term happi-
ness (Schimmack, 2008). Thus, the sum of positive life events may be
important for constructing long-term happiness. However, previous
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epidemiological data could not indicate biologicalmechanisms underly-
ing the interaction between the two aspects of happiness.

The biological mechanisms underlying trait–state interactions in
happiness may be explicable by means of structural and functional
interactions in certain brain regions. Numerous structural magnetic
resonance imaging (MRI) studies have reported structural plasticity in
the adult human brain (Driemeyer et al., 2008; Hamzei et al., 2012;
Kwok et al., 2011). Gray matter is a major component of the central
nervous system, consisting of neuronal cell bodies, neuropil (dendrites
and unmyelinated axons), glial cells (astroglia and oligodendrocytes),
and capillaries; changes in gray matter reflect changes in cells or
neuropil within the brain (Cook and Wellman, 2004; Wellman, 2001).
Previous structural MRI studies have demonstrated associations be-
tween gray matter density (GMD), personality, and higher cognitive
functions, including perception, intelligence, and memory (Giménez
et al., 2004; Kanai et al., 2012; Kanai and Rees, 2011; Mårtensson
et al., 2012; Spampinato et al., 2009). For example, lonely individuals
show a reduction in gray matter in the left posterior superior temporal
sulcus (pSTS), an area implicated in basic social perception (Kanai et al.,
2012). Further, the GMD of the rostral anterior cingulate cortex (rACC)
is reduced in patients with depression compared to healthy individuals
(Du et al., 2012). Sharot et al. (2007) have previously suggested an
association between gray matter reduction in the rACC in patients
with depression and difficulties in creating detailed images of future
events. Individual differences in human behavior and cognition may
be explicable in termsof brain anatomybecause greater cortical volume,
or greater GMD, is associated with greater computational efficacy
(Kanai and Rees, 2011). Therefore, if trait-like subjective happiness is
represented in the structure of certain brain regions, and temporal
happy feelings are represented by the activation of similar brain regions,
the interaction between structure and function may be a key concept
explaining the biological mechanisms underlying the interaction
between the two aspects of happiness. This is because individuals
with greater volumes of trait happiness-related brain regions may
have higher-magnitude responses to positive stimuli and more easily
experience happy feelings. This may be linked to the biological founda-
tion of the top-down theory of happiness. Further, several structural
MRI studies have reported training-related structural plasticity in the
adult human brain (Driemeyer et al., 2008; Hamzei et al., 2012; Kwok
et al., 2011). It has been demonstrated thatmotor skill training and a va-
riety of trial and error learning increase GMD in cortical motor areas,
which is also accompanied by performance improvements (Hamzei
et al., 2012). Thus, repetitive stimulation of certain brain regions may
increase their cortical volume, suggesting that continuous experiences
of positive events might stimulate temporal happiness-related brain
regions and enlarge the cortical volumes associated with trait happi-
ness. This may be the biological foundation of the bottom-up theory of
happiness.

However, the neural substrates of subjective happiness remain
somewhat ambiguous. A recent structural MRI study demonstrated an
association between gray matter volume in the insular cortex and
subjectively assessed eudemonic well-being (Lewis et al., 2014).
Eudemonia is one of the important trait-like aspects of happiness and
corresponds to certain cognitive and/or moral aspects of a well-lived
life (Berridge and Kringelbach, 2011). The insular cortex is associated
with interoceptive awareness because it is the top-level center of the
ascending pathways of information flow from the body to the brain
(Craig, 2009). Because one of the concepts of happiness centers on
positive inner feelings, such as pleasure and joy (Oishi et al., 2013),
such an association between the interoception-related brain region
and subjective happiness might make sense. Another structural MRI
study indicated an association between subjective happiness and gray
matter volume in the precuneus (Sato et al., 2015). When we evaluate
our life events, there is no objective answer based on external
circumstances; rather, the evaluation is based on our own experiences
or preferences. A recent neuroimaging study indicated that various
neural networks including the medial prefrontal cortex, precuneus,
and the superior temporal gyrus are consistently activated by such
subjective evaluation (Nakao et al., 2012). These neural networks are in-
volved in episodic memory retrieval, theory of mind, and prospection,
which is the act of thinking about the future (Buckner and Carroll,
2007; Krueger et al., 2009; Nakao et al., 2012; Northoff and Bermpohl,
2004; Roy et al., 2012). Thus, the association between the precuneus
and subjective happiness also has face validity. However, a meta-
analysis of neuroimaging studies—indicating the brain regions associat-
ed with happiness through a variety of psychological tasks, such as
happy face recognition, listening to happy music, and recollection of
happymemories, all of which can induce temporary states of happiness
(Cerqueira et al., 2008; Damasio et al., 2000; Mitterschiffthaler et al.,
2007; Sato et al., 2004)—confirmed that experimentally induced
happiness consistently activates the superior temporal gyrus (STG;
Brodmann area [BA] 22), rACC (BA 24), cerebellum, thalamus, lingual
gyrus, inferior occipital gyrus, insular cortex, and basal ganglia (Vytal
and Hamann, 2010). A different meta-analysis indicated that happiness
consistently activates only the peristriate (Lindquist et al., 2012). In
contrast, Berridge and Kringelbach (2011) advocated the importance
of reward-related regions such as the nucleus accumbens and ventral
pallidum in happiness processing. The lack of consistency between the
neural correlates of trait-like subjective happiness and of temporal
happy feelings is problematic, although it is possible that not just one
cortical area is involved in happiness processing.

In the present study, in order to clarify the association between
structure–function interactions in the brain and trait–state interactions
in happiness, we conducted both voxel-based-morphometry (VBM,
Experiment 1) and functional MRI using a task that induced happy
feelings (Experiment 2). We first measured the GMD of 106 healthy
Japanese participants using VBM. In Experiment 1, participants were
asked to evaluate their subjective happiness level using the Japanese
version of the Subjective Happiness Scale (JSHS; Matsunaga et al.,
2011a, 2011b; Shimai et al., 2004). The JSHS is a four-item scale that
measures relatively stable, trait-like subjective happiness. We searched
for brain regions in which there were positive correlations between
GMD and the JSHS score. Subsequently, to assess the association
between the GMD and temporal happiness-related brain activations,
we conducted Experiment 2, in which 26 healthy Japanese participants
took part in an fMRI study. Theywere asked to imagine how happy they
would feel when they encountered several types of emotional life
events (positive, neutral, negative, and non-emotional), while images
depicting each life event were presented (Fig. 1). The participants
rated their present level of happiness subsequent to imagining each
event bymeans of a visual analog scale (VAS).We assessed associations
between blood oxygen level-dependent (BOLD) response andGMD.We
revealed structural and functional associations of the rACCwith subjec-
tive happiness by combining the results of Experiments 1 and 2.

2. Methods

2.1. Experiment 1

2.1.1. Participants
We recruited 106 right-handed healthy volunteers (49 men and 57

women; age range: 18–34 years; mean age: 21.4 years), following ap-
proval of the study by the Ethics Committee of the National Institute
for Physiological Sciences. All participants provided written informed
consent in accordance with the Declaration of Helsinki. Participants
were excluded if they had any chronic and infectious illnesses, and if
they had taken medication in the week prior to the experiment.
Although we did not record the social status of all participants, almost
all participants in Experiment 1 were Japanese undergraduate and
graduate students of universities located near the National Institute
for Physiological Sciences. We did not record the body mass index
(BMI) in Experiment 1.



Fig. 1. Sequence of events in a trial. The example picture was actually used in the present functional MRI study. Statements were written in Japanese in the task.
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2.1.2. Evaluation of subjective happiness level
To assess the subjective happiness level, participants completed the

JSHS (Matsunaga et al., 2011a, 2011b; Shimai et al., 2004). The JSHS is
the Japanese version of the SubjectiveHappiness Scale (SHS), developed
by Lyubomirsky and Lepper (1999). The SHS exhibits excellent
psychometric properties, such as high internal consistency, a unitary
structure, and stability over time (Lyubomirsky and Lepper, 1999).
Therefore, the SHS is a widely used psychometric tool to evaluate
subjective happiness levels (Matsunaga et al., 2011a, 2011b; Shimai
et al., 2004; Zhang et al., 2013). The JSHS subjectively assesses whether
a person is happy or unhappy and assesses the person's positive
personal trait. Thus, the JSHS assesses the cognitive evaluation about
one's happiness level. Each item is answered on a 7-point Likert scale,
and we asked the participants to circle the point on the scale that they
feel is most appropriate in describing the following statements and/or
questions: 1) “In general, I considermyself,” 1 (not a very happy person)
to 7 (a very happy person). 2) “Compared to most of my peers, I
consider myself,” 1 (less happy) to 7 (more happy). 3) “Some people
are generally very happy. They enjoy life regardless of what is going
on, getting the most out of everything. To what extent does this
characterization describe you?” 1 (not at all) to 7 (a great deal).
4) “Some people are generally not very happy. Although they are not
depressed, they never seem as happy as they might be. To what extent
does this characterization describe you?” 1 (not at all) to 7 (a great
deal). The internal consistency, test–retest reliability, and convergent
discriminant validity of the JSHS have been confirmed previously
(Lyubomirsky and Lepper, 1999; Matsunaga et al., 2011a, 2011b;
Shimai et al., 2004). Cronbach's alpha for the JSHS was 0.82 in the
original study of Shimai et al. (2004).

2.1.3. Voxel-based morphometry
A whole-brain, high-resolution T1-weighted anatomical

magnetization-prepared rapid-acquisition gradient echo (MP-RAGE)
MRI was acquired for each subject using a 3-Tesla MRI scanner (Verio;
Siemens Ltd., Erlangen, Germany). Anatomical brain images were proc-
essed using the VBM8 toolbox (r435; http://dbm.neuro.uni-jena.de/
vbm/), which was incorporated into the Statistical Parametric Mapping
(SPM) software (SPM8 revision 3684; The Wellcome Department of
Cognitive Neurology, London, UK), and implemented via Matlab 2010a
(MathWorks, Sherborn,MA, USA). VBM8 involves bias correction, tissue
classification, and spatial normalization with diffeomorphic anatomical
registration through exponentiated Lie algebra (Ashburner, 2007). We
used the default parameters of VBM8. As a result, segmented, normal-
ized, and modulated gray matter images were provided for subsequent
VBM statistical analysis. The modulation process was performed using
Jacobian determinants of the nonlinear deformations employed for
normalization so that voxel intensities reflected regional gray matter
volumes adjusted for individual brain sizes. Finally, the modulated
gray matter images were smoothed with an 8-mm full-width at half-
maximum (FWHM) isotropic Gaussian kernel. After preprocessing of
anatomical brain images, graymatter density in thewhole brainwas ex-
amined for potential correlations with subjective happiness level by
using a multiple regression design. Age was considered a covariate of
no interest to partial out its contribution to gray matter density. The
statistical threshold was set at an uncorrected p b 0.001 at the voxel
level and at p b 0.05, family-wise error (FWE) corrected, at the cluster
level. The plot function in SPM8 was used to generate the scatter plot
indicating the correlation between parameter estimates at [−6, 36, 1]
and JSHS scores.

2.2. Experiment 2

2.2.1. Participants
Twenty-six right-handed healthy volunteers (11 men and 15

women; age range: 18–28 years; mean age: 21.9 years) took part in
Experiment 2. Ethical approval and exclusion criteria were the same
as those for Experiment 1. Twenty-five participants were Japanese
undergraduate and graduate students of universities located near our
institute; one participant was a Japanese office worker. The mean
body mass index (BMI) of participants was 20.3 (range: 17.1–24.5),
indicating that all were in the normal weight range. In addition, to as-
sess the subjective happiness level of participants in Experiment 2,
they completed the JSHS similar to Experiment 1 (Matsunaga et al.,
2011a, 2011b; Shimai et al., 2004). Most participants from Experiment
1 participated in Experiment 2, but two participants from Experiment
2 did not participate in Experiment 1.

2.2.2. Experimental stimuli
We searched for life events that could induce happy feelings. Before

the fMRI experiment, we asked 16 laboratory members (9 men and 7
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women; age range: 22–46 years; mean age: 28.9 years), who did not
participate in the fMRI experiment, to evaluate how happy they would
feel in several life events in the questionnaire. Based on the evaluation
scores in this questionnaire, we selected 12 positive life events, such
as marriage, travel, and good family relationships (Table 1). We
obtained copyright-free pictures indicating each life event from the
Internet (http://www.photo-ac.com) and displayed the images in the
center of the display.

The events had two components, namely, the occasion and the
outcome. For example, “When you propose to your romantic partner
(occasion), the proposal is accepted (outcome).” We then changed the
outcomes to devise negative events (“the proposal is rejected”) and
neutral events (“a proposal has not been proffered yet”). In this
manner, we created 12 positive, 12 negative, and 12 neutral events
(Table 1). In addition, to both reduce the priming effects of emotional
stimuli during functional MRI and add a low-level control (LLC), we
devised 12 arithmetical conditions, consisting of 6 successive
subtractions (100 − 2 − 2 − 2 − 2 …, 100 − 3 − 3 − 3 − 3 …,
100 − 5 − 5 − 5 − 5 …, 100 − 6 − 6 − 6 − 6 …, 100 − 7 − 7 −
7 − 7 …, 100 − 8 − 8 − 8 − 8 …) and 6 successive additions
(10 + 2 + 2 + 2 + 2 …, 10 + 3 + 3 + 3 + 3 …,
10 + 5 + 5 + 5 + 5 …, 10 + 6 + 6 + 6 + 6 …, 10 + 7 + 7 + 7 + 7
…, 10 + 8 + 8 + 8 + 8 …). Participants were asked to perform the
calculation while it was displayed. Thus, there were four conditions in
total: positive, neutral, negative, and arithmetical (Fig. 1).

2.2.3. Experimental task and procedure for functional MRI
Participants were asked to perform the life event imagination task

depicted in Fig. 1. Each trial commenced with presentation of a fixation
cross for 30 s, followed by: 1) an introductory text phrase, explaining
the life event (2.5 s); 2) the imagination phase (15 s); 3) a rating
phase (5 s); and 4) a relaxation phase (10 s). During the imagination
phase, a picture was presented along with a statement pertaining to
Table 1
Hypothetical life events used in the functional MRI task (12 occasions and 12 positive, 12 neut

Occasion

When you feel hungry,

When you are at home,

When you sleep,

When you go on a trip,

When you are job hunting,

When you go to the party in the Japanese style pub,

When you are with your romantic partner,

When you think about marriage,

When you go on vacation,

When you propose to your romantic partner,

When you look up,
the outcome (positive, neutral, or negative) or an arithmetical problem,
and participants were asked to imagine how happy they would feel in
this situation including the LLC condition. Following the picture
presentation, participants were allowed 5 s to rate their current level
of happiness using a VAS, specified at the 0% point of the scale (“very un-
happy”), 50% point (“neither happy nor unhappy”), and 100% point
(“very happy”). Subsequent to the rating, participants had a 10-s period
of rest, during which they looked at a fixation cross before the onset of
the next trial. The experiment consisted of 48 trials. Four functional
imaging runs (12 trials, about 7 min in total) were performed for each
subject, and the 12× 4 conditionswere presented randomly throughout
thewhole acquisition run. Participants received four training trials prior
to the experiment to familiarize themselves with the procedure. The
order of the four conditions was counterbalanced across participants.

2.2.4. Statistical analyses of behavioral data in the functional MRI paradigm
Behavioral results are expressed as means ± SEM. The rating scores

for happiness in each condition were compared using repeated
measures analysis of variance (ANOVA) followed by multiple compari-
sons test with Bonferroni correction.

2.2.5. Functional MRI data acquisition
Functional imaging was conducted using the 3-Tesla MRI scanner

(Verio; Siemens Ltd., Erlangen, Germany). Each subject's head was
immobilized within a 32-element phased-array head coil. The imaging
was performed using an echo-planar imaging (EPI) gradient-echo
sequence (echo time [TE] = 30 ms, repetition time [TR] = 2500 ms,
field of view [FOV] = 192 × 192 mm2, flip angle = 80°, matrix size =
64 × 64, 39 slices, slice thickness = 3 mm, total number of volumes =
168). A whole-brain, high-resolution T1-weighted anatomical MP-
RAGE MRI was also acquired for each subject (TE = 1.98 ms, TR =
1800 ms, FOV = 256 × 256 mm2, flip angle = 9°, matrix size =
256 × 256 pixels, and slice thickness = 1 mm).
ral, and 12 negative outcomes). All statements were written in Japanese in the task.

Outcome

your stomach is full after eating delicious food. (positive)
you think whether or not to cook. (neutral)
you are ostracized by peers at a dinner party. (negative)
you enjoy yourself with your family. (positive)
you read the newspaper alone in your room. (neutral)
you hear that your family had an accident. (negative)
you lie down on a warm bed comfortably. (positive)
you prepare the bed. (neutral)
you can't sleep due to an intense headache. (negative)
you go to various places and fully enjoy traveling. (positive)
you make plans to travel. (neutral)
you lose your passport and can't return to Japan. (negative)
you get an informal invitation from the company you want to work for. (positive)
you go to a job seminar. (neutral)
you receive no informal invitation from any company. (negative)
you enjoy yourself with your friends. (positive)
you decide whether to sit down at the counter. (neutral)
you are disparaged by your superior. (negative)
you and your partner are in love with each other. (positive)
your partner asks you about tomorrow's weather (neutral)
you break up with your partner. (negative)
you can get married to your favorite person. (positive)
you see a poster of a wedding hall. (neutral)
you can't get married to anyone. (negative)
you stroll through a park in the warm season. (positive)
you try to remember the name of a tree. (neutral)
you suffer from heat exhaustion. (negative)
the proposal is accepted. (positive)
a proposal has not been proffered yet. (neutral)
the proposal is rejected. (negative)
the clearing blue sky has spread. (positive)
you see an advertisement. (neutral)
pigeon feces fall on your clothing. (negative)



Fig. 2. Result of the VBM analysis. Statistical parametric map illustrating the cluster (red)
positively associated with the JSHS score. The statistical threshold for the analysis was set
at p b 0.001 (uncorrected) at the voxel level and p b 0.05 (FWE corrected; whole brain) at
the cluster level. The scatter plot demonstrates the positive correlation between
parameter estimates at [−6, 36, 1] (rACC) and JSHS scores. FWE: family-wise error;
JSHS: Japanese version of Subjective Happiness scale; and rACC: rostral anterior cingulate
cortex.
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2.2.6. Functional MRI data preprocessing and analysis
The initial eight volumes of each fMRI run were discarded owing to

unsteadymagnetization. Image and statistical analyses were performed
using SPM8 software. Initially, EPI images were realigned to the first
image, and then realigned to themean image following thefirst realign-
ment. We used slice-timing correction to adjust for differences in slice-
acquisition times. We interpolated and re-sampled the data such that,
for each time series, slices were acquired simultaneously with the
reference slice, which was the middle slice. The high-resolution
anatomical imageswere then co-registered to themean of the function-
al images. The co-registered anatomical image was normalized to the
Montreal Neurological Institute (MNI) atlas (Evans et al., 1994). The
parameters from this normalization process were then applied to each
of the functional images. Finally, the spatially normalized functional
images were filtered using a Gaussian kernel with an FWHM of 8 mm
in the x, y, and z axes. After preprocessing, the imagination phase-
related activation was statistically evaluated on a voxel-by-voxel basis,
using the general linear model at the individual level to generate
contrast images. The introduction (2.5 s), imagination (15 s), and rating
phases (5 s) were separately modeled by block design convolved with
the canonical hemodynamic response. The introduction and rating
phases were considered as covariates of no interest to partial out their
contribution to brain activation in the single subject analyses. Using
the three types of contrast images employed in the imagination phase
(positive-LLC, neutral-LLC, negative-LLC; Fig. 1), we conducted a
random-effects analysis at the group level (Friston, 2007) with a one-
way within-subject ANOVA. We conducted a conjunction analysis
using two subtraction images [(positive-LLC) − (negative-LLC)/(posi-
tive-LLC)− (neutral-LLC)]) to reveal the brain regions thatwere strong-
ly activated in the positive condition. The statistical threshold was set at
an uncorrected p b 0.001 at the voxel level and an FWE-corrected
p b 0.05 at the cluster level (whole brain). The plot function in SPM8
was used to generate the plot of contrast estimates and 90% confidence
intervals (CIs) at the voxels [−2, 36, −2] and [−8, 0,−2] in the three
conditions; these contrast estimates were extracted from Matlab and
used to create bar graphs. Furthermore, to assess the association
between brain activity and self-evaluation score of the temporal
happy feelings in the positive condition, we conducted a group analysis
with a multiple regression design using the contrast image of the
positive condition (positive-LLC) and VAS subtraction score (positive-
LLC). Because we used the contrast images created by the 1st level
analysis (positive-LLC, neutral-LLC, and negative-LLC) in the aforemen-
tioned 2nd level analysis, we used the contrast image of the positive
condition and VAS subtraction score in this regression analysis. Based
on the result of the conjunction analysis, an anatomical region of
interest (ROI) in the rACC (Cingulum_Ant_L) was defined using the
Automated Anatomical Labeling (AAL) atlas (Tzourio-Mazoyer et al.,
2002) from the Wake Forest University (WFU) Pickatlas (Maldjian
et al., 2003) integrated in SPM8. To characterize the correlation in the
ROI (rACC), the statistical threshold was set at an uncorrected
p b 0.001 at the voxel level and at p b 0.05, FWE corrected, at the cluster
level.

2.2.7. Voxel-based morphometry
A whole-brain, high-resolution T1-weighted anatomical MP-RAGE

MRI was also acquired for each subject using the 3-Tesla MRI scanner
(Verio; Siemens Ltd.). Similar to Experiment 1, anatomical brain images
were processed using the VBM8 toolbox. After preprocessing of
anatomical brain images, graymatter density in the rACCwas examined
for potential correlations with the response of the rACC in the positive
condition. Based on the result of Experiment 1, an anatomical ROI in
the rACC (Cingulum_Ant_L) was defined using the AAL atlas from the
WFU Pickatlas. Using the contrast estimate at [−2, 36, −2] in the
positive condition, which was determined by the aforementioned 2nd
level analysis, as a covariate, we conducted a multiple regression
analysis. To characterize correlations in the ROI (rACC), the statistical
threshold was set at an uncorrected p b 0.001 at the voxel level and at
p b 0.05, FWE corrected, at the cluster level.

3. Results

3.1. Association between GMD of the rACC and subjective happiness
(Experiment 1)

As depicted in Fig. 2, there was a significant positive correlation
between JSHS scores and GMD of the rACC (peak coordinates:
x =−6, y = 36, z = 1; p b 0.05, FWE corrected (whole brain); cluster
size = 1019; t = 5.28). We did not observe significant positive
correlations in other brain regionsusing this threshold or any significant
negative correlations between GMD and JSHS scores.

3.2. Behavioral data (Experiment 2)

Fig. 3A shows the happiness ratings for the four conditions (positive,
neutral, negative, and arithmetic). A repeated measures ANOVA
revealed a significant main effect of condition on happiness rating
scores (F(3, 75) = 515.17, p b 0.01). Multiple comparisons with
Bonferroni correction indicated that happiness rating scores in the
positive condition were significantly higher than those in the neutral
(p b 0.01), negative (p b 0.01), and arithmetic LLC conditions
(p b 0.01). Happiness rating scores in the neutral condition were signif-
icantly higher than those in the negative (p b 0.01) and LLC conditions
(p b 0.01). Happiness ratings in the LLC condition were significantly
higher than those in the negative condition (p b 0.01). Furthermore,
JSHS scores were positively correlated with happiness rating scores in



Fig. 3.Behavioral data in the functionalMRI experiment. (A)Happiness rating scores in the
positive, neutral, negative, and arithmetical conditions. Each column and error bar
represents the mean ± SEM of the rating score, respectively (n = 26). (B) Scatter plot
demonstrating the positive correlation between JSHS and happiness rating score in the
positive condition. JSHS: Japanese version of Subjective Happiness Scale; LLC: low level
control; and VAS: visual analog scale.

Fig. 4. Result of the subtraction and conjunction analyses in the functional MRI experiment.
Statistical parametric map illustrating the cluster (yellow) that was significantly activated in
the positive condition, as compared to the neutral and negative conditions. Statistical
thresholds were set at p b 0.001 (uncorrected) at the voxel level and p b 0.05 (FWE
corrected; whole brain) at the cluster level. Contrast estimates at [−2, 36,−2] (rACC) in
each condition are denoted by the middle bar graph. Contrast estimates at [−8, 0, −2]
(the lentiform nucleus) in each condition are denoted by the lower bar graph. Each
column and error bar represents the mean ± SEM, respectively (n = 26). FWE: family-
wise error; LLC: low level control; and rACC: rostral anterior cingulate cortex.
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the positive condition (r(26) = 0.41, p b 0.05; Fig. 3B), whereas no
correlationswere observed for the neutral, negative, and LLC conditions.

3.3. Brain activations during positive emotion induction (Experiment 2)

We conducted subtraction and conjunction analyses to reveal the
brain regions that were strongly activated in the positive condition. As
shown in Fig. 4, the conjunction analysis using two subtractions
[(positive-LLC) − (negative-LLC) / (positive-LLC) − (neutral-LLC)])
indicated that two large clusters were significantly activated in the
positive condition. One cluster contained the prefrontal regions includ-
ing the rACC (peak coordinates: x=−2, y=36, z=−2; p b 0.05, FWE
corrected (whole brain); cluster size = 2596; t = 5.74) (Fig. 4). The
other cluster consisted of the brain regions including the thalamus
and lentiform nucleus (peak coordinates: x = −8, y = 0, z = −2;
p b 0.05, FWE corrected (whole brain); cluster size = 1871; t = 5.20).
Subsequently, we assessed the association between self-ratings of
happy feelings and brain activation. Because happy feelings were
experienced only in the positive condition, we focused on the
associations in this condition. The regression analysis using the contrast
map of the positive condition (positive-LLC) and VAS subtraction score
(positive-LLC) demonstrated that the self-evaluation score of the
present happy feelings was positively correlated with the activity in
the rACC (supragenual ACC) in the positive condition (peak coordi-
nates: x = −6, y = 30, z = 14; p b 0.05, FWE corrected (ROI); cluster
size = 20; t = 4.52; Fig. 5). We then assessed the association between
the GMD of the rACC and the response of the rACC to positive stimuli.
Using the contrast estimate at [−2, 36, −2] in the positive condition
as a covariate, the VBM analysis was conducted to reveal the potential
correlations with the rACC response in the positive condition. As
shown in Fig. 6, the VBM analysis indicated a significant positive
correlation between the GMD of the rACC and its response in the
positive condition (peak coordinates: x = −6, y = 32, z = −3;
p b 0.05, FWE corrected (ROI); cluster size = 139; t = 4.32).



Fig. 5. Association between the rACC activity and temporal happy feelings. Statistical
parametric map illustrating the cluster (green) that was significantly correlated with
self-evaluation score of the temporal happy feelings (VAS subtraction score: positive-
LLC) in the positive condition using the contrast image of the positive condition
(subtraction image: positive-LLC). Statistical thresholds were set at p b 0.001
(uncorrected) at the voxel level and p b 0.05 (FWE corrected; ROI) at the cluster level.
The scatter plot demonstrates the positive correlation between contrast estimates at
[−6, 30, 14] (rACC) and VAS subtraction scores. FWE: family-wise error; LLC: low level
control; rACC: rostral anterior cingulate cortex; and VAS: visual analog scale.

Fig. 6.Association betweenGMDof the rACC and response of the rACC to positive events in
the fMRI experiment. Statistical parametric map illustrating the cluster (cyan) that was
significantly correlated with the contrast estimate at [−2, 36, −2] (rACC) in the positive
condition. The statistical threshold for the analysis was set at p b 0.001 (uncorrected) at
the voxel level and p b 0.05 (FWE corrected; ROI) at the cluster level. The scatter plot
demonstrates the positive correlation between parameter estimates at [−6, 32, −3]
(GMD) and contrast estimates at [−2, 36, −2] (response). FWE: family-wise error;
GMD: gray matter density; and rACC: rostral anterior cingulate cortex.
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4. Discussion

4.1. Neural correlates of trait-like subjective happiness (Experiment 1)

In this study, we first investigated the association between GMD and
JSHS scores via VBM. Experiment 1 demonstrated that individuals with
high subjective happiness had greater rACC GMD (Fig. 2). The result of
the rACC involvement in subjective happiness indicates that this region
may be a trait-center for the feeling of happiness because no other
region was identified in Experiment 1. The rACC was confirmed to be
an affective division of the ACC and related to positive emotional states
(Etkin et al., 2006, 2011). In fact, previous studies have shown that
emotional laughter was associated with stronger activity in the rACC
(Szameitat et al., 2010), and it was demonstrated that electrical
stimulation of the rACC can induce laughter in humans (Caruana et al.,
2015). Thus, the involvement of the rACC in subjective happiness
seems to make sense.

However, previous structural MRI studies indicated that subjective
happiness is related to other brain regions, such as the insular cortex
(Lewis et al., 2014) and precuneus (Sato et al., 2015). One of the reasons
for this discrepancy may be cultural differences in the concept of
happiness. Previous studies indicated that the concept of happiness
differs between countries (Oishi et al., 2013). In Japan, the concept of
happiness ismainly linked to lucky or fortunate circumstances, whereas
happiness is primarily linked to positive inner feelings in the United
States, Spain, Argentina, Ecuador, and many other countries (Oishi
et al., 2013). Thus, the neural correlates of happiness might differ
between individuals from different countries. Indeed, a previous
neuroimaging study in the United Kingdom demonstrated that
experimentally induced happiness is associated with striatal activity
(Rutledge et al., 2014), which is a region linked to positive inner states
associated with reward (Berridge and Kringelbach, 2011). Another
neuroimaging study from the United Kingdom also demonstrated an
association between gray matter volume in the insular cortex and
subjectively assessed eudemonic well-being (Lewis et al., 2014). These
studies confirmed that the brain regions associated with inner states
are also associated with happiness.

In contrast, a recent structural MRI study indicated an association
between subjective happiness and graymatter volume in the precuneus
in a Japanese sample (Sato et al., 2015). However, the present VBM did
not reveal such an association between the precuneus and subjective
happiness in our sample of Japanese participants. This may be due to
large variation within the data set or the small sample size in the
present study. In order to reveal the associations between other brain
regions and subjective happiness, it will be necessary to conduct a
neuroimaging study with a larger sample size.

4.2. Association between GMD of the rACC and its response to positive
stimuli (Experiment 2)

In the second part of this study, we examined the associations
between the BOLD response and the GMD of the rACC (Experiment 2,
Fig. 1) by means of fMRI. Experiment 2 demonstrated that the life-
event imagination task could induce temporal happy feelings in the
positive condition (Fig. 3), and happiness rating scores in the positive
conditionwere positively correlatedwith trait happiness level, whereas
no correlations were observed for the neutral, negative, and LLC
conditions (Fig. 3). This result replicated previous findings that individ-
uals with a high trait-happiness level tended to evaluate their current
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emotional states more positively when they experienced positive
events (Matsunaga et al., 2011b; Schimmack, 2008). The fMRI results
indicated that the rACC was significantly activated in the positive
condition, compared to the neutral and negative conditions (Fig. 4).
Further, the VBM analysis showed that the GMD of the rACC was
positively correlated with its response to positive events (Fig. 6). The
results of Experiment 2 indicated that the high GMD of the rACC was
involved in its increased response to positive stimuli, which may be
linked to a more positive evaluation of the current emotional state. By
combining the results of Experiments 1 and 2, we suggest that the
biological mechanisms underlying the interaction between the two
aspects of happiness might be explainable by the interaction between
structure and function in the rACC.

However, we cannot conclude that a single region in the rACC is in-
volved in subjective happiness because it appears that the activation
area in the fMRI was located not only in the subgenual but also in the
supragenual ACC, although the VBM area was located only in the
subgenual ACC. These two areas, subgenual and supragenual ACC, are
anatomically and functionally segregated in the human brain (Etkin
et al., 2006, 2011). The supragenual ACC is involved in the evaluation
of positive stimuli and computing the reward value (Etkin et al., 2006,
2011). In fact, the present fMRI result also indicated that the self-
evaluation score of the present happy feelings was positively correlated
with supragenual ACC activity (Fig. 5). In contrast, the subgenual ACC
may have a role in autonomic regulation of emotional behavior, and
dysfunction of the subgenual ACC is associated with mood disorders
(Drevets et al., 2008; Du et al., 2012). Thus, the greater GMD of the
subgenual ACC in happy people may be associated with maintaining a
positive mood. Furthermore, the present fMRI experiment indicated
that the brain regions including the thalamus and the lentiform nucleus
were significantly activated in the positive condition (Fig. 4). The
lentiform nucleus (putamen and globus pallidus) may be involved in
hedonic brain circuits, and stimulation of this brain region elicits
pleasure (Berridge and Kringelbach, 2011). The thalamus is known to
regulate autonomic nervous activity, and previous studies have
demonstrated that positive emotion induction can be linked to
autonomic nervous activation (Kop et al., 2011). Thus, induction of a
temporal state of happiness may be linked to activations in various
brain regions.

4.3. Other interpretations about the association between the rACC and
happiness

Although the rACC is anatomically separated from the medial
prefrontal cortex (mPFC) by the cingulate sulcus, it is known that
these prefrontal cortices are interconnected via the cingulate fasciculus
(Etkin et al., 2011; Petrides and Pandya, 2007). Krueger et al. (2009)
proposed the structural and temporal representation binding theory,
which proposes that the mPFC represents event simulators (elators)
that encompass a multi-modal representation of social event knowl-
edge distributed throughout associated modality-specific areas. Elators,
or abstract dynamic structured summary representations, provide the
underlying properties of social cognitive structures involved in the
planning andmonitoring of one's own behavior and the comprehension
and prediction of the behavior of others. Krueger et al. (2009) also
proposed that the elator function is segregated along the dorsal–ventral
axis. Specifically, goal knowledge, which supports inferences about the
likely actions of agents aiming at goal achievement, is mediated by the
dorsal mPFC pathway. In contrast, outcome knowledge, which supports
inferences about the likely reward value accompanying the achieve-
ment of goals, is mediated by the orbital medial prefrontal/ventro-
medial prefrontal cortex pathway. The most rostral parts of the mPFC
(rACC) allow for integration of information from both pathways. Thus,
the rACC may act as an event simulator and involved in the reward
estimation by integrating the information from dorsal and ventral
pathways during the visualization of self-related events (Buckner and
Carroll, 2007; Northoff and Bermpohl, 2004; Roy et al., 2012; Van
Overwalle, 2009). In fact, previous neuroimaging studies have
suggested that the rACC might play an important role in future reward
estimation (Rushworth et al., 2011; Tanaka et al., 2004). It was demon-
strated that participants' predictions of the value of future rewards are
positively correlated with rACC activity (Tanaka et al., 2004).

The future reward estimation may be key factor in enhancing
subjective happiness. The psychological self-concordance model of
happiness advocated that self-concordant goal pursuit promotes
sustained effort over time, which leads to greater progress towards
goal achievement,more satisfying daily experiences, and finally positive
changes in global happiness (Lyubomirsky et al., 2005; Sheldon and
Houser-Marko, 2001). A self-concordant goal is able to initiate an
“upward spiral” of positive outcomes: goal attainment leads to in-
creased well-being and greater motivation to engage in any subsequent
cycle of striving, which in turn leads to even greater attainment and fur-
ther increases in well-being (Fredrickson, 2004; Lyubomirsky et al.,
2005; Sheldon and Houser-Marko, 2001). If one expects positive
outcomes, then onewill work for the goals that have been set. However,
if one expects failures, then one will disengage from the goals that have
been set (Diener et al., 1999). Taken together, the enhanced function of
the rACC may be linked to increased subjective happiness level.

In addition, previous studies have indicated that optimism, which is
the tendency to expect good things, is related to happiness (Diener
et al., 1999; Scheier and Carver, 1987; Taylor and Brown, 1988).
Happy people tend to “look on the bright side” and rate events as
pleasanter, have a more positive view of others, recall more positive
events, and have pleasanter free associations (Argyle and Martin,
1991; Diener et al., 1999; Matsunaga et al., 2011b; Zhang et al., 2013).
Interestingly, a previous neuroimaging study demonstrated that activity
in the rACC during imagination of future positive events is positively
correlated with trait optimism (Sharot et al., 2007), suggesting that
the neural substrates underlying the relationship between optimistic
illusion and happiness may also reside in the rACC.

4.4. Causal relationships between happiness and brain structure

The present study indicated that individuals with a large-volume
trait-happiness-related brain region (rACC) had strong responses to
positive stimuli and could easily experience happy feelings. These
findingsmay be linked to the biological foundations of the psychological
top-down theory of happiness, which postulates that personal traits in-
fluence temporal happy feelings. Previous studies have also showed
that genetic traits, such as polymorphisms in the serotonin transporter
gene-linked polymorphic region (5HTTLPR) and in the cannabinoid re-
ceptor 1 (CNR1) gene, are associated with the GMD of the rACC, rACC
function, and subjective happiness level (Matsunaga et al., 2013, 2014;
Pezawas et al., 2005). Thus, it is possible that the greater GMD of the
rACC in individuals with a high subjective happiness level is congenital-
ly determined. In contrast, the present findings also suggested that
repetitive experience of happy events (repetitive stimulation of the
rACC) could increase rACC volume, consistent with previous structural
MRI studies (Driemeyer et al., 2008; Hamzei et al., 2012; Kwok et al.,
2011). This may be a biological foundation of the psychological
bottom-up theory of happiness, which postulates that repetitive
positive events enhance trait happiness. However, the present study
could not directly demonstrate such a relationship. More complex
relationships might exist between happiness and brain structure;
further studies are therefore required to corroborate these postulations.

4.5. Limitations

The present study has several limitations. First, the sample size
might have been too small for VBM and fMRI studies, which could ac-
count for the dearth of findings beyond the rACC. Therefore, replication
with a larger sample is important. Second, it is difficult to establish
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whether our results could be partly attributed to confounding factors,
such as smoking, alcohol consumption, and other harmful activities,
because we did not assess these factors. Third, although we assessed
effects common to both sexes by using sex-matched samples in this
study, sex differences may exist. For example, in the hypothetical
situation used in the fMRI study, proposal to a romantic partner is
more likely to be from a male to a female and less likely from a female
to a male. Subjective happiness might differ between men and
women. Thus, replication considering such gender-related differences
would be important. Fourth, although the present fMRI task could
induce temporal happy feelings, this task might be confusing with
regard to past and future memories. For example, when “marriage” is
used as a life event in the task, it was more likely a future than a past
event for most of the present participants because they were relatively
young. An event such as “party in the Japanese style pub,” could be
both a future and past event for the subjects. Thus, brain regions
associated with the present task may be complex although a previous
fMRI study demonstrated that imagining both past and future positive
events can induce rACC activation (Sharot et al., 2007). Thus, in the
future, we will have to conduct a neuroimaging study focused on the
association between subjective happiness level and future and past
event imagination.

Conclusion

The present findings indicate that the rACC is related to subjective
happiness and suggest that the interaction between structure and func-
tion in the rACC can partly explain the interaction between trait-like
subjective happiness and induction of event-related temporal happy
feelings. This study reveals one of the neural foundations of subjective
happiness. However, as mentioned above, we cannot conclude that a
single region in the rACC is involved in subjective happiness. Thus, we
will conduct further neuroimaging studies to reveal more precisely
the neural bases of happiness.
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