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Brain conditions mediate
the association between aging
and happiness

Keisuke Kokubun'?"¢, Kiyotaka Nemoto® & Yoshinori Yamakawa®*>67

As the population ages, the realization of a long and happy life is becoming an increasingly important
issue in many societies. Therefore, it is important to clarify how happiness and the brain change with
aging. In this study, which was conducted with 417 healthy adults in Japan, the analysis showed that
fractional anisotropy (FA) correlated with happiness, especially in the internal capsule, corona radiata,
posterior thalamic radiation, cingulum, and superior longitudinal fasciculus. According to previous
neuroscience studies, these regions are involved in emotional regulation. In psychological studies,
emotional regulation has been associated with improvement in happiness. Therefore, this study is the
first to show that FA mediates the relationship between age and subjective happiness in a way that
bridges these different fields.

As the population ages, the realization of a society in which people can live happily in old age is becoming an
increasingly important issue in many countries. This is because it is generally believed that people become
unhappy with age'. However, many studies using the Subjective Happiness Scale (SHS)?, a typical psychological
measure of happiness, have contradicted this idea. An Italian study found that happiness under the age of 45 is
higher than happiness over the age of 45° In contrast, some studies have shown that happiness increases with
age®~®. However, more studies have found that happiness does not differ depending on age®’-'!. Similarly, a recent
study of 4,977 people in nine locations in Europe, the United States, and Australia found no differences in hap-
piness with age'?. Studies using well-being scales other than SHS have also shown a U-shaped relationship with
age'®>71%. There is an argument'” that aging does not reduce happiness because people change their life goals to
be more realistic as they grow older. It is also argued that as one gains experience with age, one becomes more
aware of the positive aspects of life and averts unhappiness'®. Similarly, most studies with SHS found that there
was no gender difference in happiness®!»121920,

However, in the field of neuroscience, studies have shown that the index of the brain indicated by gray mat-
ter (GM) and FA decreases with age?'~?’. Studies have also shown that the brain correlates with happiness. For
instance, it has been demonstrated that individuals with high SHS and related scales have greater rostral anterior
cingulate cortex®, insular cortex®, and precuneus® as measured by GM volume. Similarly, whole-brain VBM
studies on dispositional optimism?! and global life satisfaction®? have reported positive correlations with GM
volume of the medial temporal lobes, including the parahippocampal gyrus. In addition, two structural MRI
studies have found that smaller hippocampal volume is related to lower self-esteem®**. Furthermore, several
previous functional imaging studies have found that other brain regions, such as the anterior cingulate gyrus
and amygdala, were active during the induction of happy emotions*-*’.

The differences in the regions that correlate with happiness in each study may be due to small sample sizes,
cultural differences, and variations in research methods?**%4, although these views have not been empirically
confirmed. However, we think the bigger problem lies, not in these regional inconsistencies, but elsewhere.
Specifically, if the brain weakens with age, why does the sense of happiness empirically correlate with the brain
and not decline with age? To the best of our knowledge, no study has answered this question. One possibility
is that it may be another brain index that correlates more directly with happiness, rather than GM volume. For
example, previous studies have shown that FA, especially the limbic-thalamo-cortical pathway, is involved in
emotional regulation*!-*4. Therefore, in this study, we aimed to clarify the relationship between age, brain, and

1Open Innovation Institute, Kyoto University, Kyoto, Japan. 2Smart-Aging Research Center, Tohoku University,
Sendai, Japan. 3Department of Psychiatry, Faculty of Medicine, University of Tsukuba, Tsukuba, Japan. “lmPACT
Program of Council for Science, Technology and Innovation (Cabinet Office, Government of Japan), Chiyoda,
Tokyo, Japan. ®Institute of Innovative Research, Tokyo Institute of Technology, Meguro, Tokyo, Japan. ®Office
for Academic and Industrial Innovation, Kobe University, Kobe, Japan. 7Brain Impact, Kyoto, Japan. *email:
kokubun.keisuke.6x@kyoto-u.jp

Scientific Reports |

(2022) 12:4290 | https://doi.org/10.1038/s41598-022-07748-6 natureportfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-07748-6&domain=pdf

www.nature.com/scientificreports/

40

30

8]
=]

Frequency

70

Figure 1. Distribution of age.

happiness with the hypothesis that it is not GM that is directly related to happiness, but the FA that represents
the integrity of the white matter involved in emotional regulation while communicating the major brain regions.

Materials and methods

Subjects. From September 2018 to October 2020, a total of 417 healthy participants (107 women, 310 men),
21-63 years of age (mean + standard deviation (SD) age, 42.9+10.0 years) were recruited in Kyoto and Tokyo.
Participants are mainly employed persons gathered by member companies of the BHQ Consortium, which is
a study group aimed at maintaining and improving the brain health of individuals. No subjects recruited were
likely to have records of neurological, psychiatric, or other medical conditions that could affect the central nerv-
ous system. This study was approved by the Ethics Committee of Kyoto University (Approval Number 27-P-13)
and Tokyo Institute of Technology (Approval Number A16038) and was conducted following the institutes’
guidelines and regulations. All participants provided written informed consent before participation, and their
anonymity was maintained. Figure 1 shows a histogram showing the distribution of age.

Psychological scales. We use the Subjective Happiness Scale?, which was developed to assess subjective
happiness and consists of four items assessed on a 7-point Likert scale. For the first two items, respondents
were required to rate their general happiness (1=not a very happy person to 7=a very happy person) and hap-
piness compared to their peers (1 =less happy to 7=more happy). The other two items give a brief description
of generally happy and unhappy people, and respondents are asked to indicate how much each trait describes
them (1=not at all to 7=a great deal). The variables used in the analysis were the arithmetic mean values of the
four items. The reliability coefficient (Cronbach’s a) of the SHS used in this study was 0.834, which is sufficiently
high. Recent studies using SHS have shown that people with higher resilience, hope, and positive attitude tend
to maintain lower fear and higher happiness during the COVID-19 pandemic**. The results of these studies
indicate that happiness is associated with certain stress tolerances.

The reason why the current study uses SHS is that this scale is one of the most widely used well-being meas-
ures internationally. SHS has also been used in recent studies of brain structure in Japan®****". However, there is
another merit of using SHS. A study by Sato and colleagues® showed that SHS correlates with gray matter volume
in the right precuneus, while the same region also correlates with positive and negative emotional intensity and
purpose in life. This suggests that if some correlations with SHS can be confirmed in the brain structure, a cor-
relation with other similar well-being indicators can be inferred to some extent. Moreover, some studies based
on resting-state functional magnetic resonance imaging found that functional connectivity between the right
precuneus and the right amygdala® or between the dorsolateral prefrontal cortex and some networks (decreased
primary sensory cortices, decreased default mode network, and increased frontoparietal attention networks)*’
were positively associated with SHS scores. These indicate that SHS is involved not only in brain structure but
also in function.

In addition, especially in studies other than Japan, measures other than SHS are used in studies of brain
structure?***°**! and function®**. However, not all typical well-being scales are commonly used in brain research.
For example, few studies have used the Cantril Ladder Scale®, one of the leading measures of overall well-being,
to test the correlation of well-being with brain structure and function. Exceptionally, Buhrmann and colleagues
analyzed the relationship between the Ladder Scale and cerebellar GM volume but found no statistically signifi-
cant correlation between the two™. One possible reason is that the Ladder Scale has been shown to correlate more
strongly with physical affluence than other well-being scales®*-8. This is because Ladder Scale primes financial
security and material possessions as well as nonmaterial factors, and therefore responses to it are affected by
material wealth as well as other factors®. Based on the above, considering that this study is aimed at Japanese
people, SHS, which is a scale for measuring pure happiness and has been used in the same country, is used instead
of comprehensive well-being scales.
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Demographic scales. As demographic scales, the body mass index (BMI in kg/m?), knowledge work, and
annual income were adopted. BMI was computed using height and weight. Knowledge work is a binary variable
that takes 1 when “administrative” or “professional/technical” is selected and 0 when either is not selected from
the following 13 choices for occupation: “administrative”, “professional/technical’, “office work’, “sales”, “service”,
“security”, “agriculture, forestry, and fishery”, "production process’, “transportation/mechanical operation’, “con-
struction/mining”, “carrying/cleaning/packaging’”, “student”, and “unemployed”. The annual income was created
by allocating 1 to 16 points for each of the following 16 options: "No income", "less than 500,000 yen", "500,000
t0 990,000 yen", "1 to 1.49 million yen", "1.5 to 1.99 million yen", "2 to 2.49 million yen". "2.5 to 2.99 million yen",

"on "on won

"3 to 3.99 million yen", "4 to 4.99 million yen", "5 to 5.99 million yen", "6 to 6.99 million yen", "7 to 7.99 million
yen", "8 to 8.99 million yen", "9 to 9.99 million yen", "10 to 14.99 million yen", and "15 million yen or more".

BMI is used because a negative correlation with GM has been consistently seen in the previous studies -2,
Therefore, to accurately measure the correlation between GM and age, it is necessary to control the effect of
BMLI. In studies with SHS as the dependent variable, BMI is also used as a control variable along with sex and
age*>**%* Such manner is justified considering the correlation of SHS with health satisfaction® and an evaluation
that BMI is the measure as a holistic appraisal of health®. On the other hand, the reason why knowledge work
is used as a variable is that it is necessary to control the intellect of the respondents because this study deals with
the brain. Previous studies investigating the relationship between SHS and brain structure also used variables
related to intelligence as covariates®®®. In a study by Sato and colleagues who analyzed the relationship between
GM volume and SHS, full-scale intelligence quotient (IQ) was used as a covariate in addition to sex and age®. On
the other hand, in a study by Maeda and colleagues who investigated the relationship between FA and well-being
as in this study, a widely used measure of general intelligence, which is different from IQ, was used as a covari-
ate in addition to brain volume®. In this study, we decided to use knowledge work instead of IQ as a variable
that reflects the more social background of the respondents, which is not sufficiently captured by IQ, although
previous studies have shown that knowledge work generally has a high IQ®. Income, on the other hand, is used
because several studies have shown that SHS and well-being correlate with social status such as income®>. There
are also examples of its use in studies of brain structure®”®. However, income has not been used in a series of
studies investigating the relationship between the brain and well-being discussed above. Therefore, as a trial, in
this study, we examine a model in which annual income is added to covariates in addition to BMI and knowledge
work. In other words, by controlling BMI, knowledge work, and income, it is thought that the effect of health,
intelligence, and social status differences on SHS can be minimized and the correlation of age and brain infor-
mation with SHS can be estimated more accurately. The adoption of these three variables is consistent in the
light of previous studies of brain structure studies that put intelligence into covariates, and with the argument
that the main determinants of well-being are mental and physical health, social relations such as occupation,
and living standards such as income®. However, unlike intelligence, income is not often used in the research
of the relationship between happiness and the brain. Also, unlike BMI, which is calculated from height and
weight, income information obtained from written answers together with SHS items in the same questionnaire
cannot eliminate the effects of common method bias. In addition, the problem of multicollinearity due to a high
correlation with knowledge work can occur. Therefore, in this paper, we describe two results with and without
income added to the control. However, other demographic variables are not used in this study as they have not
been used in previous studies on the relationship between the brain and well-being. For example, many studies
have shown the relationship between marital status and well-being®>”°. Marital status has also often been used
in some brain studies’!. However, it has not been used in the study of the relationship between happiness and
the brain shown above. Therefore, there may be discoveries by using the marriage status as a covariate. However,
to facilitate the interpretation of the results and comparison with previous studies, these demographic variables
will be used at another time rather than in this study which focuses on happiness and the brain structure related
to the function of emotional regulation.

MRI data acquisition. All magnetic resonance imaging (MRI) data were obtained using a 3-T Siemens
scanner (Verio, Siemens Medical Solutions, Erlangen, Germany or MAGNETOM Prisma, Siemens, Munich,
Germany) with a 32-channel head array coil. A high-resolution structural image was acquired using a three-
dimensional (3D) T1-weighted magnetization-prepared, rapid-acquisition gradient echo pulse sequence. The
parameters were as follows: repetition time (TR), 1900 ms; echo time (TE), 2.52 ms; inversion time (TI), 900 ms;
flip angle, 9° matrix size, 256 x 256; field of view (FOV), 256 mm; and slice thickness, 1 mm. DTI data were col-
lected by spin-echo echo-planar imaging (SE-EPI) using generalized auto-calibrating partially parallel acquisi-
tions (GRAPPA). The image slices were parallel to the orbitomeatal (OM) line. The parameters were as follows:
TR =14,100 ms; TE =81 ms; flip angle = 90° matrix size =114 x 114; FOV =224 mm; slice thickness=2 mm. The
baseline image (b=0 s/mm?) and 30 different diffusion directions were obtained with a b-value of 1000 s / mm?.

GM-BMQ and FA-BHQ. TI-weighted images were pre-processed and analyzed using Statistical Paramet-
ric Mapping 12 (SPM12; Wellcome Trust Center for Neuroimaging, London, United Kingdom) running on
MATLAB R2015b (Mathworks Inc., Sherborn, MA, United States). Each MPRAGE image was divided into gray
matter (GM), white matter (WM), and cerebrospinal fluid (CSF) images. The segmented GM images were spa-
tially normalized using a diffeomorphic anatomical registration through an exponentiated lie algebra (DAR-
TEL) algorithm’®. A modulation step was also incorporated into the pre-processing model to reflect the regional
volume and preserve the total GM volume before the warp. As a final preprocessing step, all normalized, seg-
mented, and modulated images were smoothed with an 8 mm full width at half-maximum (FWHM) Gaussian
kernel. Intracranial volume (ICV) was calculated by summing the GM, WM, and CSF images for each subject.
Proportional GM images were generated by dividing the smoothed GM image by ICV to control for differences
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Figure 2. Distribution of SHS scores.

in whole-brain volume between participants. These proportional GM images were used to generate the mean
and standard deviation (SD) images of all participants. Next, we calculated the GM brain healthcare quotient
(BHQ), which is similar to the intelligence quotient (IQ). The mean was defined as BHQ 100, and SD was defined
as 15 BHQ points. By this definition, about 68% of the population is between BHQ 85 and BHQ 115, and 95% of
the population is between BHQ 70 and BHQ 130. Individual GM quotient images were calculated using the fol-
lowing formula: 100 + 15 x (individual proportional GM-mean)/SD. Next, automatic anatomical labeling (AAL)
atlas” was used to extract regional GM quotients and averages across regions to create participant-specific GM-
BHQs.

DTI data were preprocessed using the FMRIB software library (FSL) 5.0.117“. First, we aligned all the dif-
fuse images with the initial b0 image and used eddy correction to perform motion and eddy current distortion
corrections. Following these modifications, the FA images were calculated using a DTIFit. FA images were
then spatially normalized into the standard Montreal Neurological Laboratory (MNI) space using FLIRT and
FNIRT. After spatial normalization, the data were smoothed with an 8 mm FWHM. Mean and SD images were
generated from all FA images, and individual FA quotient images were calculated using the following formula:
100 + 15 x (individual FA-mean) / SD. Regional FA quotients were extracted using the Johns Hopkins University
(JHU) DTI-based white matter atlas’® and averaged across regions to create a participant-specific FA-BHQ. See
Nemoto et al. (2017)*! for more information. In our previous studies, whole-brain level GM-BHQ showed a posi-
tive correlation with dietary balance®,curiosity*, and behavioral activation?’ as well as negatively correlated with
fatigue® and unhealthy lifestyles®. Similarly, it was shown that whole-brain FA-BHQ was positively correlated
with cognitive function, fish diet intake??, housing quality, and anxiety’®.

In addition to GM-BHQ and FA-BHQ, which are representative of the whole brain, we also defined 7 subre-
gions of FABHQ from the perspective of the region of interest (ROI) since previous studies have elucidated the
relationship between structural connectivity in these regions and emotional regulations”’ . Previous studies have
shown that some regions of FA on the limbic-thalamo-cortical pathway including corona radiata, internal capsule,
and cingulum are associated with emotional regulation*~*%. On the other hand, others argue that the prefrontal
cortex/uncinate fasciculus/amygdala pathway®-%” or the corpus callosum®*® are more critical for emotional
regulation. Therefore, correlation analysis with SHS and age is performed for these regions in the section below.

Statistical analysis. Path analysis was performed to investigate the association between age, GM-BHQ,
FA-BHQ, and SHS based on the hypothesis that GM-BHQ and FA-BHQ mediate the association between age
and SHS. The level of statistical significance was set at p<0.05. All statistical analyses were performed using
SPSS/AMOS version 26 (IBM Corporation, Armonk, NY, USA).

Results
Figure 2 shows a histogram showing the distribution of SHS scores.

Table 1 indicates a statistically significant difference between institutes for SHS (t=2.186, p <0.05), age
(t=5.089, p<0.001), income (t=10.766, p <0.001), FA-BHQ (t=9.737, p<0.001), sex (x*=49.575, p<0.001),
and knowledge work (X2 =38.417, p<0.001). Therefore, we decided to use the entire sample in a single model,
controlling for institute in the following analyses.

The descriptive statistics of all subjects and the correlation coefficients between the psychological scales are
shown in Table 2. SHS was correlated with knowledge work (r=0.124, p <0.05), income (r=0.241, p <0.001),
and the FA-BHQ scores (r=0.134, p<0.01). In contrast, age was correlated with income (r=0.225, p<0.001),
FA-BHQ (r=-0.386, p<0.001), and GM-BHQ scores (r=- 0.627, p<0.001). For FA-BHQ, a statistically signifi-
cant correlation was shown at the 5% level with all variables except sex and BMI. For GM-BHQ, a statistically
significant correlation was shown at the 5% level with all variables except SHS and knowledge work. In addition,
as expected, a relatively high correlation was shown between knowledge work and income (r=0.407, p <0.001).

To clarify the relationship among age, GM-BHQ, FA-BHQ, and SHS, we conducted path analysis as depicted in
Fig. 3. Modification indices were used to improve the model fittings. For reference, the figures of the standardized
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Mean SD Mean SD t P
SHS 4.899 1.049 5.183 1.066 2.186 *
Age 46.830 7.123 41.890 10.411 | 5.089 bl
BMI 22.563 3.375 23.277 3.689 1.685
Income 6.3293 3.49622 |10.9313 |3.358 10.766 bt
FA-BHQ 96.603 3.396 100.624 | 3.163 9.737 ek
GM-BHQ 100.057 | 5.644 101.487 | 7.475 1.918

N % N % X2
Male 36 43.9% 274 81.8% |49.575 il
Female 46 56.1% 61 18.2%
Knowledge work 20 24.4% 209 62.4% | 38.417 il
Non-Knowledge work 62 75.6% 126 37.6%

Table 1. Statistical differences between institutes for participation. n=417; * p<0.05; ** p<0.01; *** p<0.001.

Variable Mean SD 1 2 3 4 5 6 7
1 SHS 5.127 1.068
2 Age 42.860 | 10.039 | —0.008
3 Sex 1.26 0.437 | 0.066 0.020
4 BMI 23.137 3.635 | -0.031 0.059 —0.355%**
5 Knowledge work 0.549 0.498 | 0.124* 0.036 -0.119* —-0.044
6 Income 10.026 3.845 | 0.241%* 0.225%* | —0.339*** | 0.088 0.407***
7 FA-BHQ 99.833 3.583 | 0.134** —0.386*** | = 0.057 —-0.052 0.195%** 0.160**
8 GM-BHQ 101.205 7.168 | 0.006 —0.627*%* | 0.264** —0.332*** 1 0.003 —0.204***| 0.371**

Table 2. Descriptive statistics and correlations. n=417; *p <0.05; **p <0.01; **p <0.001.

path coefficient are also shown. The model’s goodness-of-fit indices (displayed in the figure legend) showed high
adaptability. However, although FA-BHQ was directly associated with SHS, age and GM-BHQ were not; the lat-
ter had only an indirect association with SHS via FA-BHQ. Therefore, the total effect on SHS was 0.108 (0.098)
for FA-BHQ, 0.025 (0.023) for GM-BHQ, and — 0.034 (- 0.031) for age, as calculated from the figures in Table 3
(The numbers in parentheses are the ones when income is used for control).

Given that this study was conducted between multiple institutions, a multi-group analysis*® was performed
to verify invariance in the magnitude of the path coefficients between the institutes. As a result, there were sig-
nificant differences in the path from knowledge work to SHS in the model without income in control and from
sex to SHS in the model with income in control between institutes at the 5% level. There were also significant
differences between institutes at the 5% level in the correlation between sex and knowledge work in the model
without income in control, sex and income in the model with income in control, and age and income in the
model with income in control (details will be provided upon request). However, there was no significant differ-
ence of 5% level between institutes in the paths between the major variables, i.e., age, GM-BHQ, FA-BHQ, and
SHS. This shows the robustness of the model shown in Fig. 3.

As shown in Table 4, FA-BHQ is still significantly correlated with SHS (r=0.098, p <0.05) and age (r=—0.166,
p<0.01) at the 5% level even when controlled by sex, BMI, knowledge work, institute, GM-BHQ (and age for
SHS). Moreover, the following 5 FA regions showed a significant correlation with SHS individually (p <0.05,
controlled for age, sex, BMI, knowledge work, institute, and GM-BHQ): the internal capsule (r=0.115, p<0.05),
corona radiata (r=0.127, p <0.05), posterior thalamic radiation (r=0.115, p <0.05), cingulum (r=0.103, p <0.05),
and superior longitudinal fasciculus (r=0.118, p <0.05). These variables were also statistically significant at
the 5% level in the multiple comparisons using the Benjamini & Hochberg method. However, when income
was added to the control, although each alone, except for Cingulum (r=0.096, p <0.10), still had a statistically
significant correlation with SHS at the 5% level, none of them was statistically significant at the 5% level in the
multiple comparisons using the Benjamini & Hochberg method. For GM-BHQ, no regions showed a significant
correlation with SHS (p <0.05, controlled for age, sex, BMI, knowledge work, and institute). This result was
similar when income was put in the control.

Contrastingly, 6 of 7 FA regions showed a significant correlation with age (p <0.05, controlled for sex, BMI,
knowledge work, institute, and GM-BHQ). Furthermore, all the GM regions correlated with age (p <0.05, con-
trolled for sex, BMI, knowledge work, and institute). These results did not change much with the multiple com-
parisons by the Benjamini & Hochberg method, and even with income in the control.

Figures 4, 5, and 6 are a scatter plot showing the relationship between age and FA-BHQ, age and SHS, and
FA-BHQ and SHS, respectively. The largest correlation is the relationship between age and FA-BHQ (Fig. 4).
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Figure 3. Path diagram for the resulting association between age, SHS, the GM-BHQ, and the FA-BHQ.
Goodness-of-fit indices: x2=9.606 (17.885); df=12 (17); root mean square error of approximation

(RMSEA) =0.000 (0.011); probability of close fit (PCLOSE)=0.982 (0.970); goodness of fit index (GFI) =0.994
(0.991); adjusted goodness of fit index (AGFI) =0.983 (0.975); normed fit index (NFI) =0.986 (0.981);
comparative fit index (CFI)=1.000 (0.999). n=417; *p <0.05; **p <0.01; ***p <0.001. The figures are controlled
for sex, BMI, knowledge work, and institute. The numbers in parentheses are the ones when income is added to
the control. Error terms and correlations between variables are omitted in the figure. The yellow variables are the
main variables.

Path Path coefficient

GM-BHQ => FA-BHQ 0.235%%* (0.234**%)

Institute = |FA-BHQ — 0.370%* (= 0.368***)

Age => FA-BHQ —0.171** (- 0.170**)

Knowledge work > FA-BHQ 0.089* (0.089*)

Age => GM-BHQ —0.621%%* (- 0.622%*%)

Sex => GM-BHQ 0.198*** (0.195%*%)

BMI = GM-BHQ —0.228%%% (- 0.228***)

FA-BHQ => SHS 0.108* (0.098%)

Sex => SHS nil (0.166***)

Knowledge work => SHS 0.103* (nil)

Income => SHS nil (0.282***)
Covariance

Age =3 Institute 0.199°%* (0.193***)

Sex = Institute 0.348%** (0.316***)

BMI = Institute —0.104* (nil)

Income = Institute nil (- 0.477%%%)

Income s Age nil (0.224%%%)

BMI e Sex —0.358%** (— 0.321***)

Income =S Sex nil (- 0.323**%)

Error of SHS =3 Sex 0.089% (nil)

Institute = Knowledge work | — 0.315%** (= 0.311***)

Sex B3 Knowledge work | — 0.134** (- 0.134**)

Income o Knowledge work | nil (0.399***)

Table 3. Path coefficient. n=417; *p <0.05; **p <0.01; **p <0.001. The figures are controlled for sex, BMI,
knowledge work, and institute. The numbers in parentheses are the ones when income is added to the control.
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Mean SD SHS Age
FA-BHQ 99.833 | 3.583 | 0.098* (0.086) —0.166** (- 0.155**)
Corpus callosum 100.759 | 5.147 | 0.055 (0.046) — 0.152%*F (= 0.157**%)
Internal capsule 100.344 [4.979 | 0.115* (0.107*) | — 0.189**** (= 0.194***%)
Corona radiata 102.802 | 6.738 | 0.127** (0.110%) | — 0.211%%* (- 0.226***)
Posterior thalamic radiation 99.804 | 5.546 | 0.115%%(0.103%) | — 0.211%F (= 0.220%*)
Cingulum 99.523 | 4.182 | 0.103** (0.096) | — 0.105** (- 0.112*%)
Superior longitudinal fasciculus | 100.231 | 4.506 | 0.118** (0.105%) | — 0.175"*** (= 0.187****)
Uncinate fasciculus 98.666 | 6.484 | 0.045 (0.036) —0.004 (- 0.015)

Table 4. Partial correlations. n=417; *p <0.05; **p <0.01; ***p < 0.001. *p < 0.05 for multiple comparisons
using the Benjamini and Hochberg method. The figures are controlled for age, sex, BMI, knowledge work,
institute, and GM-BHQ for SHS. The figures are controlled for sex, BMI, knowledge work, institute, and
GM-BHQ for age. The numbers in parentheses are the ones when income is added to the control.

85

Age

Figure 4. Scatter plot showing the relationship between age and FA-BHQ.
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Figure 5. Scatter plot showing the relationship between age and SHS.

In addition, although it is smaller than this, a correlation can be visually confirmed between FA-BHQ and SHS
(Fig. 6). However, there is almost no correlation between age and SHS, so the regression line is almost flat (Fig. 5).
Figures 7 and 8 show MRI slices for subjects with the smallest and largest FA-BHQ, respectively.

Discussion

As the population ages, the realization of a society where people can live happily while getting older has become
an urgent issue in many countries. However, many previous studies using SHS, a representative scale of hap-
piness, showed no significant correlation between happiness and age*’~'>'7. On the other hand, large studies
using scales related to SHS have shown that age correlates with life satisfaction and well-being in a U-shape!*-'6.
In any case, it can be said that happiness and well-being do not tend to decrease consistently with age, which is
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Figure 6. Scatter plot showing the relationship between FA-BHQ and SHS.

almost common in many studies. This is seemingly inconsistent with studies showing that the brain atrophies
with age*'~%%, and studies showing that the brain correlates with happiness?~>!.

The current study showed that brain structures, that is, GM-BHQ and FA-BHQ, had a significant negative
correlation with age. At the same time, most regions tested had a negative correlation with age. However, the
correlation between FA-BHQ and age was smaller than the correlation between GM-BHQ and age. On the other
hand, SHS showed a significant positive correlation with FA-BHQ and some of its subscales. Additionally, as
reported in previous studies, SHS did not show a direct correlation with age. This may answer some unexplained
parts of previous studies that showed the brain declines with age, but the sense of happiness, which correlates
with the brain, does not. That is, in the brain, both GM-BHQ and FA-BHQ tended to decline widely with
aging, with the former stronger than the latter, whereas only FA-BHQ correlated with happiness. As a result, it
is thought that the effect of aging on happiness is considerably diminished. In an analysis we conducted in the
past, which is consistent with this study, FA was shown to be correlated with measures close to happiness, such
as subjective well-being and post-materialism (a personality that prefers mental affluence to physical affluence),
but GM showed no correlation with these®!. In the same vein, recent studies have also shown that measures
such as well-being and life satisfaction, which are close to happiness, correlate with indicators related to white
matter including FA®1,

GM volume reduction is thought to be associated with neuronal aging. That is, a decrease in neurogenesis in
the aged brain leads to a decrease in tissue integrity, function, and maintenance of the regenerative response. At
the same time, the reduction of metabolism of neurons in the cerebral cortex, cerebellar cortex, hippocampus,
basal ganglia, locus coeruleus, and substantia nigra leads to a decline in the number of synapses, which is thought
to disturb plasticity and lead to brain atrophy®’. On the other hand, the loss of white matter integrity in aging is
explained primarily by atrophy and lesion formation, not by the aging process itself®>. This difference between
the two is a possible reason why GM-BHQ has a higher correlation with age than FA-BHQ.

This study also showed that the FA values of the internal capsule, corona radiata, posterior thalamic radia-
tion, cingulum, and superior longitudinal fasciculus were significantly correlated with SHS controlled for sex,
age, BMI, knowledge work, institute, and GM-BHQ. This result did not change much with multiple comparisons
or with income control, although it was not significant when multiple comparisons and income control were
performed at the same time. Here, the mechanism occurring in the brain is considered as follows: The cingulate
sends projections to the amygdala and prefrontal cortex via the cingulum bundle, which extends from the pre-
frontal cortex to the entire medial collateral limbic complex including parahippocampally’’, and plays a central
role in emotional processing such as evaluation, cognitive reassessment, emotional expression, and emotional
response generation’®”’,

Superior longitudinal fasciculus is an important bundle of associated fibers in the white matter of each
cerebral hemisphere connecting the parietal, occipital, and temporal lobes with the ipsilateral frontal lobe®.
Therefore, superior longitudinal fasciculus is considered to facilitate the formation of a bidirectional neural net-
work that is necessary for core processes, such as attention, memory, emotions, and language®***. Contrastingly,
corona radiata is part of the limbic-thalamo-cortical circuits and includes thalamic projections from the internal
capsule, the pathway to the thalamus and the amygdala®®®!, to the cortex, which includes the prefrontal cortex
GM areas that have been associated with top-down emotion regulation systems®. Therefore, corona radiata has
been implicated in emotional regulation®.

In this way, the relationship between FA and happiness shown in this study can be said to be consistent con-
sidering the role that each region is thought to play. Previous studies have focused on and studied GM volume
as a factor that influences happiness and well-being. However, consistent results have not been obtained between
studies. It has been said that this is due to a difference in culture and scale used*’. However, as different GM
regions also correlated with SHS in studies of Japanese®>*, the need to test for factors other than culture and
scale increased. In this study, with more study participants than previous studies, it was shown that FA, which
is a measure of the integrity of white matter connecting each brain region, is a factor that influences SHS. This
result presents a new research theme to be tackled in future research on the brain and happiness/well-being. In
other words, when focusing on GM, consistent results may not be obtained due to the nature of the collected
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Figure 7. MRI slices of subjects with the smallest FA-BHQ.
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Figure 8. MRI slices of subjects with the largest FA-BHQ.
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subjects, but by focusing on the communication path connecting GM, a consistent tendency may be found in
the relationship between the brain and SHS.

Although neuroscience research in recent years has not elucidated the mechanism, FA in the region related
to cognition and emotional regulation shown above has also been related to strong stress, such as PTSD and
MDD*%-101 This suggests that people with higher FA values in the regions involved in cognitive and emotional
regulation are less likely to experience strong stress and, as are shown in the current research, more likely to
experience higher happiness. This is strangely consistent with the results of previous psychological studies, which
showed that people with a higher ability to read and evaluate the emotions of others had lower stress'**-'* and
higher SHS'*>!%, and that people with lower stress tend to have higher SHS'7-'%°. Previous studies have hypoth-
esized that aging does not reduce happiness because gaining life experience increases certain tolerances'”!5.
Therefore, the mechanism behind it can be inferred from the results of this study: people who improve their
ability to read the emotions of others as they get older maintain a high FA value for their age, so they are less
likely to be stressed and feel happy.

This is the first study to show that FA levels mediate the relationship between aging and happiness. However,
this study shows consistent results with the relationship between FA and emotional regulation shown by some
previous neuroscience studies, as well as the relationship between emotional regulation and happiness shown by
some psychological studies. Therefore, this research contributes to bridging these previous studies. The results
of this study indicate that neuroscience may contribute to the policy issue of enhancing the happiness of a wide
range of age groups, including the elderly. For reference, in our previous paper, the longitudinal analysis showed
that certain types of training can prevent whole-brain FA reduction and burnout''’. By developing and imple-
menting such efforts, it may be possible to maintain the health of people’s brains and enhance their happiness
and well-being.

Limitation

The current study has roughly five limitations. First, in this study, the age range was from 21 to 63 years, and it
did not include many elderly people. However, studies involving more older people showed a statistically sig-
nificant negative correlation between age and FA, while a statistically significant positive correlation between
well-being and FA*"%*°!. In addition, many studies, including the elderly, have shown that there is no statistically
significant correlation between age and SHS*’~!. From these, it is expected that the results shown by this study
that FA regulates SHS more directly than age will be reproduced even if a study involving more elderly people
is conducted. In any case, it is hoped that future studies will verify the reproducibility of the results of this study
using samples that include more elderly people.

Next is the number and type of control variables. In this study, BMI, knonwledge work, and income were
added to the control variables, but other variables (e.g., marital status, stress, and overall health) were not because
they were not used in previous studies of the relation between brain and well-being although they were often
used in studies of well-being'!*~'"3. In addition, this study mainly targeted employees. Therefore, in future stud-
ies, these variables should be added to the control variables for analysis using a wider range of samples to verify
the reproducibility of the results of this study.

Third, it should also be noted that the results of this study were not all consistent with expectations. That is,
no correlation was found with SHS for the corpus callosum that connects the left and right cerebral hemispheres,
and the uncinate fasciculus that connects the gyrus of the frontal lobe to the anterior end of the temporal lobe.
This result contradicts, for example, in the light of studies in which uncinate fasciculus is a critical pathway for
anxiety''*. However, it is consistent with Sanjuan and colleagues’ work showing that corona radiata, internal
capsule, and cingulum play a greater role in PTSD than uncinate fasciculus in the pathway connecting the pre-
frontal cortex, thalamus, and amygdala®®. In any case, the relationship between well-being and individual brain
regions should be verified by further research in the future.

Fourth is about the definition of the mediation effect. In this study, FA-BHQ completely mediated the rela-
tionship between age and SHS, which is called the mediation effect. However, there is a view that mediation
does not occur when there is no correlation between the starting point (age) and the ending point (SHS) as in
this study’’®. Since there are pros and cons to this view, the results of this study should be verified by researchers
in various positions.

The last is about the number of samples, research subjects, and analysis methods. The number of partici-
pants exceeding 400 in this study is higher than that in the related previous studies, but it is not high enough
to guarantee generalizability. Moreover, this study is intended only for Japanese people. Besides, this study is
a cross-sectional analysis and does not show a causal relationship. Therefore, future studies should verify the
results of this study by targeting other ethnic groups with more samples and by using other analytical methods
such as longitudinal analysis.

Conclusion

In the current study, FA correlated with happiness, especially in the areas involved in emotional regulation, such
as internal capsule, corona radiata, posterior thalamic radiation, cingulum, and superior longitudinal fasciculus.
Contrastingly, age correlated with many GM and FA regions, but not with happiness. This means that brain
conditions mediate the association between aging and happiness. Unlike previous brain studies that focused on
GM, this study showed that the quality of the pathway connecting brain regions measured by FA is a factor that
directly affects happiness.
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