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Birth order is a crucial environmental factor for child development. For example, later-born children
are relatively unlikely to feel secure due to sibling competition or diluted parental resources. The
positive effect of being earlier-born on cognitive intelligence is well-established. However, whether
birth order is linked to social behavior remains controversial, and the neural correlates of birth order
effects in adolescence when social cognition develops remain unknown. Here, we explored the birth
order effect on prosociality using a large-scale population-based adolescent cohort. Next, since the
amygdala is a key region for sociality and environmental stress, we examined amygdala substrates
of the association between birth order and prosociality using a subset neuroimaging cohort. We
found enhanced prosociality in later-born adolescents (N =3160), and observed the mediating role of
larger amygdala volume (N =208) and amygdala-prefrontal functional connectivity with sex-selective
effects (N =183). We found that birth order, a non-genetic environmental factor, affects adolescent
social development via different neural substrates. Our findings may indicate the later-born people’s
adaptive survival strategy in stressful environments.

In family psychological studies, the positive effect of being earlier-born on cognitive intelligence was
established'™. This phenomenon can be accounted for by the resource dilution model positing that parental
resources are limited, thus the resource allocation to each child declines as sibling number and birth order
increase®. A historical debate has centered on a potential birth order effect in social ability, where later-born
siblings have putative higher levels of social development®. In addition, the recent report on reduced problem
behaviors in later-born children suggested that they may be advantaged in developing positive social behavior
through interactions with older siblings®. In contrast, later-born children are less likely to feel secure in a family
environment compared to first-born adolescents, due to sibling competition”® or reduced time spent by mothers
in affectionate attachment with their later-born children®.

Prosocial behavior (PB) or prosociality, defined as “voluntary behavior intended to benefit another™', is
considered a measurable benchmark of healthy social development. PB is a fundamental basis for human social
interaction. PB can be accounted for by the cost benefit model such as indirect reciprocity'’ and the group
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selection theory such as the strong reciprocity model'. PB is a factor related to psychological resilience'. PB
strengths protect against depressive symptoms during the adolescent period'*. This is at least partly because PB
is associated with having someone to talk to if there was a problem". Although many studies have documented
the importance of parent-child interaction for the promotion of PB', children’s source of prosocial learning is
not limited to parents, and may extend to competent others generally'’. Older siblings, who are usually more
competent than their younger siblings, may also be a source of prosocial learning in family environment, but a
definitive resolution of the potential association between birth order and prosociality remains controversial with
divergent results attributed to differences in target generation'®'®. Previous studies revealed that PB increases
rather than decreases under stress, through which it may be hypothesized that later-born people, who are less
likely to feel secure, are relatively prosocial®>?!. Prosociality emerges in childhood, develops until early adoles-
cence, slightly declines during middle adolescence, and bounces during late adolescence?*?. This suggests that
focusing on this critical window of pre-teenage and early teenage development would be helpful in resolving
the effect of birth order on prosociality.

Only recently have the neuroanatomical and neurofunctional correlates of prosociality in adolescence been
reported using magnetic resonance imaging (MRI). Previous adolescent structural MRI (sMRI) studies dem-
onstrated that prosociality is associated with a thicker cortex in the lateral orbitofrontal cortex/pars orbitalis,
pre-/postcentral cortex*, superior frontal cortex and middle frontal cortex®. In addition, higher prosociality
is associated with greater cortical thinning during early-to-middle adolescence, followed by attenuation of this
process during the transition to young adulthood®. Previous adolescent functional MRI (fMRI) studies revealed
that prosociality is related to the temporoparietal junction?’-*’, medial temporal lobe subsystem?, inferior frontal
gyrus®*’!, posterior superior temporal sulcus, temporal pole, and dorsolateral prefrontal cortex (DLPFC)*!. A
recent meta-analytic fMRI study showed that cortical regions including middle cingulate cortex, DLPFC, dorsal
posterior cingulate cortex, and ventromedial prefrontal cortex are consistently engaged by PB*. In addition, of
note, previous MRI studies for adults have revealed positive associations of amygdala volume with the size and
complexity of social networks* and cooperation®, and the amygdala is recognized as a hub in the brain networks
supporting social life*>. We thus hypothesize that the adolescent amygdala is involved in prosocial development™.
The effect of birth order on neuroanatomical and neurofunctional development during adolescence is also still
unclear. Among the above-mentioned brain regions relevant to PB, the amygdala is relatively unlikely to be volu-
metrically altered during early adolescence by genetic factors compared to the other cortical regions®”*, which
implies a hypothesis that the amygdala may be more likely to be influenced by environmental factors such as
birth order. Given that birth order affects sibling competition, which may cause stress’, as well as responses to
stress®, and that the amygdala is involved in responses to stressful environments*’, birth order may influence
the maturation of the amygdala. Furthermore, sex differences in prosociality are present during adolescence,
indicating that girls are more prosocial than boys?*?’. Moreover, sex may moderate the association of amygdala
volume*' and functional connectivity (FC) with psychology in adolescence*?. Therefore, addressing sex differ-
ences when analyzing prosociality and MRI-based amygdala measurements is crucial.

Here, we explored the effect of birth order on daily life PB (mainly towards familiar others), using a
large-scale population-based birth cohort sample of adolescents [N =3160, mean age + standard deviation
(SD)=10.2+0.3 years] recruited from the Tokyo TEEN Cohort (TTC) survey (http://ttcp.umin.jp/). PB was
assessed using strengths and difficulties questionnaire (SDQ). Successively, we examined its amygdala volu-
metric and FC substrates [measured by sMRI and resting-state fMRI (rsfMRI), respectively], using a subsample
of the TTC cohort [N =208, mean age+SD=11.6+0.7 years (SMRI); N=183, mean age+SD=11.7+0.7 years
(rstMRI)]. This type of research strategy is termed "population neuroscience"® and minimizes selection bias
derived from laboratory-based neuroimaging studies, which represents the strength of our study.

Results
Study I: Population-based birth cohort study. First, we investigated the effect of birth order on PB,
using a large-scale population-based birth cohort sample of adolescents (N=3160) recruited from the TTC
survey*. We created a new birth order variable called “sibling status,” which was classified as only, first-born,
middle-born, or last-born. The demographic details are described in Fig. 1a and Supplementary Table S1. In a
preliminary analysis, an absence of sex difference in sibling status was found (p=0.77). Furthermore, significant
effects were observed for the sibling status on the SES (p=7.5%107), and parental age (p=1.5% 107'%*), but not
on adolescents’ age (p=0.74).

The effects of both sibling status and sex as well as their interaction term on SDQ PB score were investigated,
controlling for adolescents’ age (Model 1, main model, N =3156), additionally for SES (Model 2, N=3032)
and additionally for parental age (Model 3, N =2841). Significant main effects of sibling status (Models 1-3:

Pp=3.3x107°-1.4x107°) and sex (Model 1-3: p=4.0 x 1071%-6.0 x 10~'*) were observed, although a significant

effect of the sibling status by sex interaction was not found (Models 1-3: p=0.83-0.90). Specifically, girls pre-
sented a higher SDQ PB score. Post-hoc tests revealed last-born adolescents to show significantly higher SDQ
PB scores than only (Models 1 and 3, Bonferroni-corrected p =3.4 x 1072-4.4 x 1072) and first-born adolescents
(Models 1-3, Bonferroni-corrected p=1.6 x 10°~1.2 x 107*), and middle-born adolescents to show significantly
higher SDQ PB scores than first-born adolescents (Models 1-3, Bonferroni-corrected p=2.1x102-3.7x 107%).
These results are summarized in Fig. 1b.

Study lla: Amygdala structural MRI correlates. We explored the neuroanatomical and neurofunc-
tional correlates of prosociality in adolescence using a subset brain imaging cohort [the population-neurosci-
ence study of the TTC (pn-TTC)]*. A total of 208 adolescents were enrolled in a structural MRI study. Prior
to the main analysis, the existence of differences in the SDQ PB score between the participants (N =208) and
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Figure 1. The association between sibling status and prosocial behavior (Study I). (a) Histograms of
adolescents’ age, socioeconomic status, and parental age in each sibling status group are shown. (b) The means
and standard deviations of the Strengths and Difficulties Questionnaire (SDQ) prosocial behavior score in each
sibling status and sex group are illustrated (*: Bonferroni-corrected p <0.05).

non-participants (N =2952) of the present imaging analysis was investigated. The means and SDs were 6.8+2.1
and 6.7 +2.0 for the participants and the non-participants, respectively, indicating an absence of significant dif-
ferences in the SDQ PB score between the two groups (p=0.79).

The demographic data for Study Ila are summarized in Supplementary Table S1. Histograms of adolescents’
age at MRI scanning, SES, and parental age at the TTC survey are illustrated in Fig. 2a. The effects of both sibling
status and sex as well as their interaction term on SDQ PB score were investigated, controlling for adolescents’ age
(Model 1, main model), additionally for SES (Model 2, data from 5 participants were missing), and additionally
for parental age (Model 3, data from 19 participants were missing). Significant main effects of the sibling status
(Model 1: p=5.0x107%, Model 2: p=9.0x10~%, Model 3: p=1.5x107) and sex (Model 1: p=3.5x 1072, Model
2: p=3.4x107% Model 3: p=2.9 x 1072) were observed; a significant effect of the sibling status by sex interaction
was not found instead (Model 1: p=0.88, Model 2: p=0.87, Model 3: p=0.94). Specifically, girls presented higher
SDQ PB scores. Post-hoc multiple comparison tests revealed last-born adolescents to show significantly higher
SDQ PB scores than only (Models 1-2, Bonferroni-corrected p=1.2x 1072-2.1 x 107?) and first-born adolescents
(Models 1 and 3, Bonferroni-corrected p=1.6 x 102-2.6 x 1072). These results are summarized in Fig. 2b.

The effects of both sibling status and sex as well as their interaction term on the total amygdala volume were
investigated, controlling for age at MRI scanning, and intracranial volume (ICV) (Model 1, main model, N =208),
additionally for SES (Model 2, N=203), and additionally for parental age (Model 3, N =189). Significant main
effects of sibling status in Models 1 and 2 (p=2.6x 107-4.0 x 107) but not in Model 3 (p=6.4 x 1072) and sex in
all models (p=2.7 x 1072-3.3 x 1072) were observed, although a significant effect of the sibling status by sex inter-
action was not found (Models 1-3: p=0.34-0.40). Specifically, boys presented a larger total amygdala volume,
while post-hoc tests revealed last-born adolescents to show a significantly higher total amygdala volume than
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Figure 2. Amygdala volumetric correlates (Study Ila). (a) Histograms of adolescents’ age at MRI scanning,
socioeconomic status, and parental age at the Tokyo TEEN Cohort (TTC) survey in each sibling status group
are shown. (b, ¢) The means and standard deviations of the Strengths and Difficulties Questionnaire (SDQ)
prosocial behavior (PB) score (b) and total amygdala volume (c) in each sibling status and sex group are
illustrated (*: Bonferroni-corrected p <0.05). (d) Total amygdala volume and the SDQ PB score are positively
correlated. (e, f) The mediation effects (e) and sex-moderated mediation effects (f) of the pathways from sibling
status to the SDQ PB score via the total amygdala volume are shown. (g) The gray matter volume in the drawn
region (basolateral amygdala) is significantly positively correlated with the SDQ PB score. The analyses were
adjusted for age, sex, intracranial volume (the first and second panels), additionally for socioeconomic status
(the third panel), and additionally for parental age (the fourth panel).

first-born adolescents (Bonferroni-corrected p=4.4x 107?) in Model 1. In contrast, a significant difference in total
amygdala volume between any two groups was not seen in Models 2 or 3. These results are summarized in Fig. 2c.

Furthermore, the association of the total amygdala volume with SDQ PB score was investigated, controlling
for age at MRI scanning, sex, and ICV (Model 1, main model), additionally for SES (Model 2), and additionally
for parental age (Model 3). A significant positive correlation between the total amygdala volume and the SDQ
PB score was found (Models 1-3: p=2.9x 107°~1.6 x 1072). Moreover, the effect of the interaction between sex
and total amygdala volume on the SDQ PB score was investigated. A significant effect was not seen in any of the
models (Models 1-3: p=0.67-0.95). These results are described in Fig. 2d.

Mediation analyses were performed to assess whether the total amygdala volume mediates the effect of sibling
status on the SDQ PB score. Neither direct (95% confidence interval [CI] =[-0.099, 1.3]) nor indirect effects
(95% CI=[-0.068, 0.28]) of the presence of siblings on SDQ PB score were significant. However, both direct
(95% CI=1[0.33, 1.5]) and indirect effects (95% CI=[0.016, 0.32]) of the presence of older siblings on the SDQ
PB score were significant. In contrast, direct effects of the absence of younger siblings on the SDQ PB score were
not significant (95% CI=[-0.28, 0.89]), whereas indirect effects were significant (95% CI=[0.0077, 0.28]). These
results of the mediation analysis are illustrated in Fig. 2e. In addition, the moderating effects of sex on these
pathways were examined and they were not found on either the pathway from the presence of siblings (95%
CI=[-0.32, 0.44]), the presence of older siblings (95% CI=[-0.32, 0.33]), or the absence of younger siblings to
the SDQ PB score via total amygdala volume (95% CI=[-0.61, 0.043]). These results are summarized in Fig. 2f.

In additional analyses, the amygdala subregions in which the gray matter volumes (GMV's) were significantly
correlated with the SDQ PB score were explored, controlling for age at MRI scanning, sex and ICV (Model 1,
main model), additionally for SES (Model 2), and additionally for parental age (Model 3), by using voxel-based
morphometry. The statistical threshold was set at an uncorrected p <0.001 at the voxel level and at a small-
volume correction (SVC) family-wise error (FWE)-corrected p <0.05 at the cluster level. In Model 1, the SDQ
PB score was significantly positively correlated with the GMV in the bilateral amygdala clusters (peak voxel
MNIxyz=[26-6-27] and [-21—-8-26]) (Supplementary Table S2), whose peak voxels were located in the
basolateral amygdala (BLA) (Fig. 2g). In contrast, PB was significantly positively correlated with the GMV in a
right amygdala cluster in both Models 2 and 3 (peak voxel MNIxyz =[26 —4 —27] for both models) (Supplemen-
tary Table S2), whose peak voxel was also located in the BLA (Fig. 2g).

In a contrast analysis, the effects of both sibling status and sex as well as their interaction term on the total hip-
pocampal volume were investigated. A significant effect of neither the sibling status (Models 1-3: p=0.44-0.69),
sex (Models 1-3: p=0.25-0.45), nor sibling status by sex interaction (Models 1-3: p=0.66-0.79) was observed.
These results are summarized in Supplementary Fig. Sla.

The association of the total hippocampal volume with the SDQ PB score was investigated. A significant
correlation between the total hippocampal volume and the SDQ PB score was not observed (Models 1-3:
p=0.18-0.30). In addition, the effect of interaction between sex and total hippocampal volume on the SDQ
PB score was explored. An absence of significant effects in any of the models was reported (Models 1-3:
p=0.58-0.69). These results are described in Supplementary Fig. S1b.

Mediation analyses were also conducted as contrast analyses to assess whether the total hippocampal volume
mediates the effect of sibling status on the SDQ PB score and to examine the moderating effects of sex on these
pathways. However, no significant findings were observed (data are not shown).

Study llb: Amygdala functional MRI correlates. A total of 183 adolescents were enrolled in a rsfMRI
study. Prior to the main analysis, the existence of any differences in the SDQ PB score between the participants
(N'=183) and non-participants (N =2977) of the present imaging analysis was investigated. The means and SDs
were 6.8+2.2 and 6.7 + 2.0 for the participants and the non-participants, respectively, suggesting a lack of signifi-
cant differences in the SDQ PB score between the two groups (p=0.49).

The demographic data for Study IIb are summarized in Supplementary Table S1. Histograms of adolescent’s
age at MRI scanning, SES, and parental age at the TTC survey are illustrated in Fig. 3a. The effects of both
sibling status and sex as well as their interaction term on SDQ PB score were investigated, controlling for ado-
lescents’ age (Model 1, main model), additionally for SES (Model 2, data from 4 participants were missing), and
additionally for parental age (Model 3, data from 18 participants were missing). A significant main effect of the
sibling status in Models 1 and 2 (Model 1: p=3.9x 1072, Model 2: p=5.0x 1072, Model 3: p=7.8x 1072) and sex
in all models (Model 1: p=4.9 x 1072, Model 2: p=3.9x 1072, Model 3: p=2.3 x 10~2) was observed; a significant
effect of the sibling status by sex interaction was not found instead (Model 1: p=0.64, Model 2: p=0.68, Model
3: p=0.79). Specifically, girls presented higher SDQ PB scores. Post-hoc multiple comparison tests revealed
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Figure 3. Amygdala functional correlates (Study IIb). (a) Histograms of adolescents’ age at MRI scanning,
socioeconomic status, and parental age at the TTC survey in each sibling status group are shown. (b) The means
and standard deviations (SDs) of the Strengths and Difficulties Questionnaire (SDQ) prosocial behavior (PB)
score in each sibling status and sex group are illustrated (*: Bonferroni-corrected p <0.05). (c) The two major
amygdala nuclei, the basolateral amygdala (BLA) (green) and the centromedial amygdala (CMA) (red), were
used as seed regions. (d) In the drawn region [right dorsolateral prefrontal cortex (DLPFC)], the sibling status
has marginal and significant effects on the right BLA functional connectivity (FC), when controlling for age, sex
(left), and additionally for socioeconomic status (right), respectively. (e) The means and SDs of the right BLA FC
in the cluster described in the left panel of (d) are illustrated (*: Bonferroni-corrected p <0.05). (f, g) Mediation
effects (f) and sex-moderated mediation effects (g) of the pathways from the sibling status to the SDQ PB score
via the right BLA-right DLPFC FC are shown.

last-born adolescents to show significantly higher SDQ PB scores than only adolescents (Model 1, Bonfer-
roni-corrected p=5.0x 1072). These results are summarized in Fig. 3b.

Brain regions in which the sibling status had a significant main effect on the FC seeded in the four main
amygdala nuclei (each side of the BLA and centromedial amygdala [CMA]) (Fig. 3¢c) were investigated, con-
trolling for sex and age at MRI scanning in Model 1 (N =183), additionally for SES in Model 2 (N=179), and
additionally for parental age in Model 3 (N =165). The statistical threshold was set at an uncorrected p <0.00025
(0.001/4) at voxel level and at an FDR-corrected p <0.05 at cluster level. A significant effect of sibling status on
FC between the right BLA and with the right DLPFC (peak voxel MNIxyz = [33 54 27], cluster size 13) was found
in Model 2 (cluster-level FDR-corrected p=3.6 x 1072), whereas a trend was observed in Model 1 (cluster-level
FDR-corrected p=8.1x1072) (Fig. 3d and Supplementary Table S3). No significant effects of sibling status on the
right BLA FC were observed in Model 3. Post-hoc tests showed such FC to be significantly stronger in middle-
born adolescents compared with only (Models 1-2: Bonferroni-corrected p=4.2 x 10-1.0 x 107) and first-born
ones (Models 1-2: Bonferroni-corrected p=4.8x 107#-2.1x107?) and in last-born adolescents compared with
only (Model 1-2: Bonferroni-corrected p=1.1 x1072-2.6 x 1072) and first-born ones (Models 1-2: Bonferroni-
corrected p=9.2x107#-1.5x 107%) (Fig. 3e). In contrast, a significant effect of sibling status on the FC seeded in
either the left BLA, left CMA, or right CMA was not observed. Successively, brain regions in which the sibling
status by sex interaction influenced the amygdala-seeded FC were examined, however, significant brain regions
were not seen.

Subsequently, it was investigated whether the right BLA-right DLPFC FC was associated with the SDQ PB
score using multiple regression models. No significant association was observed.

Given the finding of a region in which the sibling status had a significant effect on the right BLA FC, media-
tion analyses were conducted to assess whether this FC mediates the effect of the sibling status on the SDQ PB
score. Neither direct (95% CI=[-0.17, 1.4]) nor indirect effects (95% CI=[-0.078, 0.21]) of the presence of
siblings on the SDQ PB score were significant. However, direct effects of the presence of older siblings on PB
were significant (95% CI=[0.29, 1.7]), while indirect effects were not significant (95% CI=[-0.28, 0.22]). In
concordance, neither direct (95% CI=[-0.23, 1.1]) nor indirect effects (95% CI=[-0.032, 0.17]) of the absence
of younger siblings on PB were significant. These results are described in Fig. 3f. Finally, the moderating effects of
sex on these pathways were investigated. Significant effects were found from the presence of older siblings (95%
CI=10.034, 1.0]), but not from either the presence of siblings (95% CI =[-0.14, 0.54]) or the absence of younger
siblings (95% CI=[-0.071, 0.54]). In the pathway from the presence of older siblings, boys had a marginally
significant negative mediation effect (90% CI=[-0.61,—-0.0092]), while girls showed no significant mediation
effect (90% CI=[-0.0071, 0.57]). These results are summarized in Fig. 3g.

Discussion
In the current study, we found enhanced prosociality in later-born adolescents, and observed the mediating role
of larger amygdala volume and amygdala-prefrontal FC with sex-selective effects.

Later-born adolescents presented higher prosociality than earlier-born ones. This finding is line with our
hypothesis and some previous results", despite no significant effects of birth order on sociality in middle-aged
adults*®. We suggest that the social development in adolescence should be relatively sensitive to the birth order
effect. A possible psychological mechanism of this phenomenon is that later-born adolescents may get more
prosocial in order to adaptively overcome their adversity. They are relatively unlikely to feel secure due to sibling
competition”® or less attachment to mothers’, which was also reported in chimpanzees*’. Another possible psy-
chological mechanism is that later-born adolescents may develop PB through interactions with older siblings®.

Last-born adolescents presented significantly larger amygdala volumes than first-born adolescents. Previ-
ous reports indicating that institutionalized adoptees, one extreme of the birth-order continuum, have enlarged
amygdala, support our current results****. Previous studies reported that stressful events increase the volume
of amygdala, especially the BLA. Decreased perceived stress is associated with decreased BLA GMVs in human
adults®. High levels of anxiety in childhood are associated with increased amygdala, that is specifically localized
to the BLA’!. Animal studies also reported the association of stressful environment and amygdala volumetric
changes. Stressor causes dendritic growth in the BLA in rats®. Early-weaned mice show precocious myelina-
tion in the amygdala®. Stress exposure increases amygdala volume as well as alters the sensitivity of hypo-
thalamic-pituitary-adrenal (HPA) axis®. In sum, given that later-born children are less likely to feel secure
due to sibling competition”® or diluted parental resources*’, we thus suggest that a stressful or adverse family
environment of later-born adolescents may increase their amygdala volumes through neuroendocrinological
and microstructural neural changes.
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The FC between the right BLA and the right DLPFC was significantly increased in later-born adolescents. The
amygdala-DLPFC FC, a major frontolimbic pathway, is involved in emotional regulation. Although the results
are mixed, a reduction of such FC is associated with not only adolescent depression® but also childhood anxiety
traits both in humans®**” and young monkeys*. Later-born children are less likely to feel secure as mentioned
above. Such stressful or adverse circumstances may compensatorily strengthen the emotional pathway to adapt
appropriately.

Significant moderating effects of sex on the pathways from the presence of older siblings to PB via such FC
were revealed. Females tend to emphasize emotion, care, and relationships, while males accentuate collective
orientation and justice®®. A recent work reported that moral elevation, a positive moral emotion triggered by
witnessing other’s virtuous act, mediates the effect of moral judgment on PB to a larger extent in female young
adults than in males®. Different types of motivation for altruism (empathy versus reciprocity) may be based on
different brain networks®. Thus, such potential sex differences in factors related to PB may underlie the sex-
moderating effects found in the current study.

Our study has some strengths. First, using a large-scale cohort dataset of more than 3000 adolescents, we
successfully replicated previous results about the relationship between birth order and prosociality". Second, to
our knowledge, this is the first to report the association of birth order with brain regional volume and FC. Finally,
we successfully revealed the neurobiological correlates of later-born adolescents’ prosociality. In contrast, our
study has some limitations. First, some of the significant results were demonstrated only in one or two out of the
three employed models in multiple stepwise analysis. This may be ascribed to the effect of covariates or to the
difference in subject numbers across models. In fact, other factors that we did not include in this study may also
possibly affect the significant relationship. Further investigations will be needed to reveal the effect of various
factors on our current findings. Second, we did not reveal how stressful or adverse environments of later-born
adolescents alter the amygdala volume as well as FC. Further investigations targeting stress-related factors such
as psychological, physiological, and hormonal factors may overcome this limitation.

In conclusion, we found that birth order, a non-genetic environmental factor, affects adolescent social devel-
opment via different neural substrates. The current study provides novel insights into the developmental neuro-
science of birth order, enriching the long history of the research field on birth order psychology.

Methods

All methods were carried out in accordance with relevant guidelines and regulations.

Ethics. A written informed consent was obtained from each participant and their primary carer before par-
ticipation. All the protocols were approved by the research ethics committees of the University of Tokyo, Faculty
of Medicine (Approval Nos. 3150, 10057, and 10069), Tokyo Metropolitan Institute of Medical Science (Approval
No. 12-35), and the Graduate University for Advanced Studies (SOKENDAI) (Approval No. 2012002).

Study I: Population-based birth cohort study. The data were drawn from the TTC study, that was
launched in 2012. It is a large-scale longitudinal general population-based survey to elucidate adolescent
development*. The first wave of the TTC survey targeted a sample of youths of 10 years of age and assessed
a broad range of factors, including biological, psychological, and social factors, allowing for investigations on
youth’s mental and physical health development. The participants were recruited in three municipal areas of
Tokyo, by using the resident register. Of the 18,830 adolescents born between September 1, 2002 and August 31,
2004, 14,553 pairs of adolescents and parents were randomly selected to participate in the survey. However, 4319
pairs could not be contacted and 5756 pairs refused to participate, restricting our population sample to 4478
pairs and revealing a response rate of 43.8%. Thereafter, this group was entered in the Tokyo Early Adolescence
Survey (T-EAS), which is a cross-sectional survey. Details on the recruitment and sampling procedures of the
T-EAS are provided elsewhere*!. Among the 4478 pairs of participants in the T-EAS survey, 3171 agreed to par-
ticipate in the longitudinal study. Therefore, a total of 3171 pairs were included in the TTC survey.

The Japanese version of the parent-reported SDQ, a widely used screening instrument for mental health state
among children aged 4-16 years old, was used to assess adolescents’ PB'. In the SDQ, PB is associated with an
adolescent’s ability to relate well with peers, favoring actions which mainly benefit familiar others®. The SDQ PB
subscale includes five items: ‘considerate of other people’s feelings, ‘shares readily with other children, ‘helpful
if someone is hurt, upset or feeling ill, ‘kind to younger children, and ‘volunteers to help others’ Its total score
ranges from 0 to 10 (low to high prosociality).

To date, most studies have analyzed the effects of birth order and sibling number separately. The present study
cross-classified birth order (1st-6th borns) with sibling number (0-6 siblings), capturing all the combinations
of sibling status. This new variable (hereafter labelled as sibling status) was classified into the following: 559
(17.6%) only adolescents (adolescents without siblings), 1214 (38.3%) first-born adolescents (adolescents with
only younger siblings), 332 (10.5%) middle-born adolescents (adolescents with both older and younger siblings),
and 1066 (33.6%) last-born adolescents (adolescents with only older siblings).

An ecological theory posits that child development should be viewed in the milieus of ecological systems,
meaning that both child’s characteristics and environmental variables influence his/her development. The pre-
sent analysis adjusted for the potential confounding effects of adolescents’ age, sex, family SES, and parental
age. The indications from previous reports on the potential age and sex differences in prosocial development
were considered. Specifically, the SES was hypothesized to have both direct and indirect influences on prosocial
development®, also considering the traditional argument stating that parents with a lower SES tend to have
an increased number of children. In the present analysis, the SES was classified based on the annual house-
hold income with the following ordinal variables: (1) <Japanese Yen (JPY) 1,999,999, (2) JPY 2,000,000-JPY
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3,999,999, (3) JPY 4,000,000-JPY 5,999,999, (4) JPY 6,000,000-JPY 7,999,999, (5) JPY 8,000,000-JPY 9,999,999,
and (6) 2JPY 10,000,000 [JPY 100 = United States Dollar (USD) 1]. Additionally, both the mother’s and father’s
ages were included as confounding factors, given that parental age can alter the prosocial development in the
offspring and differ among the sibling status group due to a similar age (i.e., the birth order is high, the parental
age is high). To prevent collinearity issues, parental age was defined as the mean of the mother’s and father’s ages
and was included in the statistical models of the current study.

The SDQ PB score data were missing for 11 adolescents, and thus 3160 adolescents were enrolled in Study I.
The demographic data for Study I are summarized in Supplementary Table S1. Histograms of adolescents’ age,
SES, and parental age are illustrated in Fig. la.

The significance level was set at p <0.05 (two-tailed). Statistical analyses were conducted using SPSS Sta-
tistics (IBM, New York, USA). In the preliminary analysis, chi-square tests were performed to assess whether
four groups of sibling status differed depending on sex. Furthermore, one-way non-parametric Kruskal-Wallis
ANOVA tests were conducted to assess whether the effects of sibling status on adolescents’ age, SES, and parental
age were significant. With regard to the main analysis, two-way non-parametric Quade’s rank ANCOVA tests
were performed®, with both the sibling status and sex as well as their interaction term set as explanatory variables
and the SDQ PB score as a dependent variable, controlling for adolescents’ age (Model 1, data from 4 participants
were missing). In addition, the SES (Model 2, data for 128 participants were missing) and parental age (Model
3, data for 319 participants were missing) were incrementally included as nuisance covariates to assess whether
they could alter the effect of sibling status. Such multiple stepwise analysis could achieve multifaceted results by
assessing unique effects at each step. Finally, post-hoc tests with Bonferroni correction were conducted to correct
for multiple comparison tests and determine significant differences between any two groups.

Study Ila: Amygdala structural MRI correlates. Participants of the pn-TTC study were subsampled
from a larger participant group of the TTC study®. The latter is a large-scale longitudinal population-based
cohort survey conducted in the Tokyo metropolitan area, in which 3171 early adolescents participated. Those
who showed interest in the pn-TTC study were regarded as candidate participants, and some subjects were
enrolled in the pn-TTC study approximately one year following their participation in the TTC study. The target
sample size of the pn-TTC study was set to approximately 300. To check for any non-negligible sampling bias in
the pn-TTC subsample, the basic attributes acquired in the TTC study were compared between the participants
and the non-participants in the pn-TTC study and significant differences in adolescents’ age, sex, SES, and intel-
ligence quotient were not found (p>0.20). Thus, the pn-TTC subsample was confirmed to be demographically
and socioeconomically representative of the original TTC study population. During their first visit, participants
were introduced to a mock scanner to acclimatize to the MRI scanner environment and practice lying still dur-
ing the scan. Thereafter, participants underwent MRI scanning in their second visit. The exclusion criteria for
participation included: (a) evident psychiatric or neurological disorders [e.g., ASD, attention-deficit hyperactiv-
ity disorder (ADHD), Down syndrome, or epilepsy]; (b) visual or auditory impairments (except for myopia); (c)
endocrinological diseases, or diseases that might have an effect on the HPA axis function (e.g., diabetes mellitus,
thyroid disease, or renal dysfunction), gonadotropic dysfunction, or adrenal dysfunction; (d) recent or long-
term use of drugs that might influence the central nervous system (e.g., steroid hormones and antihistamines);
(e) history of head trauma with loss of consciousness for five minutes or more; (f) metal implants in the body
(except titanium); and (g) unrest during the MRI practice session in the first visit.

MRI scanning was performed on a Philips Achieva 3 T system (Philips Medical Systems, Best, The Neth-
erlands) using an eight-channel receive head coil. Each subject underwent an MRI examination, comprising
fluid attenuated inversion recovery (FLAIR), rsfMRI, a T1 three-dimensional (3D) magnetization-prepared
rapid gradient echo sequence (3D-MPRAGE), and MR angiography (MRA) sequences. Sagittal T1-weighted
images were acquired with the following parameters; repetition time (TR)=7.0 ms, echo time (TE)=3.2 ms,
flip angle =9 degrees, matrix =256 x 256, field of view (FOV) =256 x 240 x 200 mm, voxel size=1x1x 1 mm,
slice thickness =1 mm, number of slices = 200. The total acquisition time was approximately 10 min and 42 s.

T1-weighted imaging data that had passed the quality control step were processed with Linux-based Free-
Surfer software version 5.3 (http://surfernmr.mgh.harvard.edu)®. FreeSurfer provides an automated processing
pipeline, through which the images of the subcortical segmentation and regional volumes of the bilateral lateral
ventricles, thalamus, caudate, putamen, globus pallidus, hippocampus, amygdala, accumbens and the ICV were
obtained. Briefly, this method comprises the following five steps: an affine registration with Montreal Neurological
Institute (MNTI) 305 space, an initial volumetric labeling, a B1 bias field correction, a high dimensional nonlinear
volumetric alignment to the MNI 305 atlas, and a volumetric labeling. FreeSurfer software was used in previous
studies for segmentation of adolescents’ brain images in some previous studies. However, some images could
not be processed during FreeSurfer preprocessing for technical reasons.

In the quality control step, original T1-weighted images were checked by visual inspection and were excluded
when reporting: (a) insufficient brain coverage (FOV problem); (b) low signal-to-noise ratios; (c) any artifacts
(e.g., motion artifacts and magnetic susceptibility artifacts); and (d) any abnormal organic findings identified in
either T1-weighted, FLAIR, or MRA images (e.g., large arachnoid cysts, large cavum septum pellucidum, and
large arterial aneurythms). Furthermore, two independent researchers visually inspected each segmentation
image after the preprocessing to exclude images with poor parcellation.

Of the 301 early adolescents who participated in the pn-TTC study, 272 [144 boys and 128 girls, mean
age+SD=11.5%0.7 years] underwent T1-weighted MRI scanning. However, 63 subjects (36 boys and 27 girls)
were excluded following the identification of inadequate images in the quality control. Therefore, a total of 209
adolescents (108 boys and 101 girls) remained. Additionally, one girl was excluded due to incomplete Free-
Surfer processing, whereas none of the subjects were expelled due to poor segmentation. Overall, a total of 208
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adolescents (108 boys and 100 girls) were included in the final population of the present study. The demographic
data for Study ITa are summarized in Supplementary Table S1. Histograms of adolescents” age at MRI scanning,
SES, and parental age at the TTC survey are illustrated in Fig. 2a. The mean interval duration between the par-
ticipant in the TTC study and the MRI scanning was 16 months (ranging from 7 to 39 months).

Prior to the main analysis, the existence of any differences in the SDQ PB score between the participants
(N'=208) and non-participants (N =2952) was examined using Mann-Whitney U-tests. In addition, to verify
the similarity of the effects of the sibling status on PB among the whole cohort (TTC) and the present analy-
sis sample, the same analysis conducted in Study I was performed on the participants of the present analysis
(N'=208). One-way non-parametric Quade’s rank ANCOVA tests®* with both sibling status and sex as well as
their interaction term set as explanatory variables and the SDQ PB score as a dependent variable were performed,
controlling for adolescents” age (Model 1, main model). Furthermore, the SES (Model 2, data from 5 participants
were missing) and parental age (Model 3, data from 19 participants were missing) were incrementally included as
nuisance covariates. Finally, post-hoc tests with Bonferroni correction for multiple comparisons were conducted
to determine significant differences between any two groups.

Given our a priori interest in the amygdala, the association between sibling status and amygdala volume was
investigated. Hippocampus was also analyzed as a reference region. This is because the volumes of the amygdala
and hippocampus are reported to be highly correlated, while they have different specific functions**¢. Two-way
non-parametric Quade’s rank ANCOVA tests, with the sibling status and sex as well as their interaction term set
as explanatory variables and the total amygdala (as well as hippocampal) volume as a dependent variable, were
performed. Age at MRI scanning, and ICV were included in this model as nuisance variables (Model 1, main
model). Furthermore, the SES (Model 2, data from 5 participants were missing) and parental age at the TTC
survey (Model 3, data from 19 participants were missing) were incrementally included as nuisance covariates.
Finally, post-hoc tests with Bonferroni comparison for multiple comparisons were conducted to determine
significant differences between any two groups.

We also investigated whether a reciprocal association between the amygdala (and, as a reference region,
hippocampal) volume and the SDQ PB score existed. Linear regression analyses, with the total amygdala (as
well as hippocampal) volume set as an explanatory variable and the SDQ PB score as a dependent variable, were
performed. Sex, age at MRI scanning, and ICV were included in this general linear model as nuisance variables
(Model 1, main model). Furthermore, the SES (Model 2, data from 5 participants were missing) and parental age
at the TTC survey (Model 3, data from 19 participants were missing) were incrementally included as nuisance
covariates. Finally, the effect of the interaction between sex and the total amygdala (as well as hippocampal)
volume on the SDQ PB score was examined.

Mediation analyses were conducted to assess whether the total amygdala (as well as hippocampal) volume
mediates the effect of sibling status seen on the SDQ PB score. Since a categorical multi-level variable cannot
be entered directly into a mediation regression model, we created the following three types of dummy variables
regarding the sibling status and included them in the mediation models: (1) the presence of siblings (0: only; 1:
first, middle, and last-born); (2) the presence of older siblings (0: only and first-born; 1: middle and last-born);
(3) the absence of younger siblings (0: first and middle-born; 1: only and last-born). Sex, age at MRI scanning,
and ICV were included as nuisance variables. Successively, moderated mediation analyses were performed to
assess whether sex moderates these mediation effects. Age at MRI scanning and ICV were included as nuisance
variables. Both mediation analyses and moderated mediation analyses were performed through the PROCESS
plugin for SPSS® with 5000 bootstrapped samples.

To identify the amygdala subregions associated with the SDQ PB score, a supplementary analysis was con-
ducted on the 208 participants who were included in the main analysis. T1-weighted imaging data that had passed
the quality control step were processed for voxel-based morphometry analysis using the Statistical Parametric
Mapping (SPM) 12 software (http://www.fil.ion.ucl.ac.uk/spm/)® running on MATLAB 2014b (MathWorks,
Natick, MA) on Mac Operating System (OS). Initially, the image origin was set to the anterior commissure.
Subsequently, the MRI images were segmented using the default segmentation algorithm “new segment” in
SPM12. In the segmentation module, the ‘light regularization’ was selected for the bias regularization item.
Thereafter, the diffeomorphic anatomical registration through exponentiated lie (DARTEL) normalization tool-
box was employed to spatially normalize the gray matter (GM) segmentation maps to the MNI space, with the
Jacobian determinant modulation applied to preserve the absolute GMV. Finally, the normalized GM maps
were smoothed with an 8-mm full width at half maximum (FWHM) Gaussian kernel. The total GM, white
matter (WM), and cerebrospinal fluid (CSF) volumes were calculated from each modulated normalized image
by using the “get_totals.m” function (http://www0.cs.ucl.ac.uk/staft/g.ridgway/vbm/get_totals.m). Successively,
the ICV was obtained by summing up the GM, WM and CSF volumes. The brain regions in which GMV's were
significantly correlated with the SDQ PB score were explored. Specifically, the voxel-based multiple regression
was used to investigate the effect of the SDQ PB score on smoothed modulated normalized GM images, with age
at MRI scanning, sex and ICV (global normalization) included as nuisance regressors (Model 1, main model).
Furthermore, the SES (Model 2, data from 5 participants were missing) and parental age (Model 3, data from 19
participants were missing) were incrementally included as nuisance covariates. Given our a priori interest in the
amygdala, an SVC was applied to this region using an anatomical region of interest (ROI) binary mask for the
bilateral amygdala. This was created as a summation of four amygdala subregions (i.e., superficial, basolateral,
centromedial, and amygdalostriatal transition area)® with SPM Anatomy toolbox (http://www.{z-juelich.de/inb/
inb-3/spm_anatomy_toolbox), which provides cytoarchitectonic anatomical probability maps of the amygdala
subregions. The statistical threshold was set at an uncorrected p <0.001 at the voxel level and at an SVC FWE-
corrected p <0.05 at the cluster level. Finally, the locations of significant peaks were determined with the SPM
Anatomy toolbox, through the calculation of the maximum probability map”.
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Study lIb: Amygdala functional MRI correlates. The participant recruitment for Study IIb followed
the same procedure as Study Ila.

All rsfMRI data were acquired with a gradient-echo echo-planar imaging (EPI) sequence with the following
parameters: TR/TE, 2500 ms/30 ms; flip angle, 80°; acquisition matrix, 64 x 59; FOV, 212 x 199 x 159 mm; voxel
size, 3.31 x 3.37 x 3.20 mmy; slice thickness, 3.20 mm; and slice gap, 0.8 mm. Each brain volume consisted of 40
axial slices, and each functional run contained 250 image volumes preceded by four dummy volumes, result-
ing in a total scanning duration of 10 min and 40 s. Participants were asked to stay awake, not to focus their
thoughts on anything specific (as far as possible), and to keep their eyes on a fixation point at the center of the
screen during the rsfMRI scanning.

All rsfMRI data preprocessing was performed with data processing assistant for resting-state fMRI (DPARSF)
software version 4.47!, which is a MATLAB toolbox, using Mac OS. The first 10 frames were removed to allow
signal stabilization. Functional imaging data were corrected for slice timing and spatially realigned to the mid-
dle slice. Subsequently, images were then normalized to the MNI space, through parameters derived from the
normalization of the coregistered T1-weighted images computed by New Segment and DARTEL in SPM12
(resulting in an isotropic voxel size of 3 mm?), smoothed with a FWHM kernel of 4 mm, and bandpass filtered
(0.01-0.1 Hz). The following nuisance signals were regressed out of the time course of each voxel: (a) head
motion time series estimated with the Friston 24-parameter model (head motion parameters from realigned data
including 6 head motion parameters, 6 head motion parameters one time point before, and the 12 correspond-
ing squared items); (b) head motion scrubbing regressors (time points with more than 0.5 mm of framewise
displacement and 1 back and 2 forward neighboring points were modeled as a regressor); and (c) white matter,
cerebrospinal fluid, and global signals. Finally, time course data were processed for each of the both sides of
the two major amygdala nuclei, namely the BLA and the CMA. Prior to this processing, ROI images for each of
these amygdala subregions were created using SPM Anatomy Toolbox with cytoarchitectonically defined prob-
ability maps®, only including voxels with a 50% or higher probability of belonging to each subregion (Fig. 3c),
which were resampled to an isotropic voxel size of 3 mm?®. Intra-regional correlation coefficients were calculated
between every region-voxel pair and connectivity maps were created. The correlation coefficients representing
FC were converted to z-scores with Fisher’s transformation. Finally, participants’ head motion parameters during
the rsfMRI scanning were recorded.

Subjects were excluded when presenting the following: (a) any abnormal organic findings identified in either
T1-weighted, FLAIR, or MRA images (e.g., large arachnoid cysts, large cavum septum pellucidum, and large
arterial aneurythms); (b) rsfMRI data with a maximum translation excess of 3 mm or a maximum rotation excess
of 3 degrees in any direction; and (c) connectivity maps with outlying values.

Of the 301 early adolescents who participated in the pn-TTC study, 257 (136 boys and 121 girls, mean
age+SD=11.6+0.7 years) underwent rsfMRI scanning. However, one girl who did not complete the T1-weighted
imaging scanning was excluded. Furthermore, 26 subjects (15 boys and 11 girls) with abnormal organic find-
ings, 43 subjects (26 boys and 17 girls) presenting large head motion, and 4 subjects (2 boys and 2 girls) with
outlying values in their connectivity maps were also excluded. Overall, 183 early adolescents (93 boys and 90
girls, mean age+SD =11.7 +0.7 years) were analyzed in the present study. The demographic data for Study IIb
are summarized in Supplementary Table S1. Histograms of adolescents’ age at MRI scanning, SES, and parental
age at the TTC survey are illustrated in Fig. 3a. The mean interval duration between the participant in the TTC
study and the MRI scanning was 17 months (ranging from 7 to 39 months).

Prior to the main analysis, the existence of any differences in the SDQ PB score between the participants
(N'=183) and non-participants (N =2977) was examined using Mann-Whitney U-tests. In addition, to verify the
similarity of the effects of the sibling status on PB among the whole cohort (TTC) and the present analysis sam-
ple, the same analysis conducted in Study I was performed on the participants of the present analysis (N =183).
One-way non-parametric Quade’s rank ANCOVA tests with sibling status and sex as well as their interaction
term set as explanatory variables and the SDQ PB score as a dependent variable were performed, controlling for
adolescents’ age (Model 1, main model). Furthermore, the SES (Model 2, data from 4 participants were missing)
and parental age (Model 3, data from 18 participants were missing) were incrementally included as nuisance
covariates. Finally, post-hoc tests with Bonferroni correction for multiple comparisons were conducted to deter-
mine significant differences between any two groups.

In the second-level whole-brain analysis of rsfMRI data, the statistical threshold was set at an uncorrected
p<0.001 at voxel level and at a false discovery rate (FDR)-corrected p <0.05 at cluster level. Further, in the second-
level ROI analysis of rsfMRI data using a SVC, the statistical threshold was set at an uncorrected p <0.001 at
voxel level and at an FWE-corrected p <0.05 at cluster level, given that the FWE correction better controls for
false positives in such cases when compared to FDR.

The brain regions which showed a significant main effect of the sibling status on amygdala-seeded FC were
examined using SPM ANCOVA analysis, with sex and age at MRI scanning included as covariates (Model 1,
main model). In addition, the SES (Model 2, data from 4 participants were missing) and parental age at the TTC
survey (Model 3, data from 18 participants were missing) were incrementally included as nuisance covariates.
Successively, the brain regions in which the sibling status by sex interaction had an effect on amygdala-seeded
FC were investigated using SPM two-way ANCOVA analysis, with age at MRI scanning included as a covariate
(Model 1, main model). In addition, the SES (Model 2, data from 4 participants were missing) and parental age
at the TTC survey (Model 3, data from 18 participants were missing) were incrementally included as nuisance
covariates. Given the presence of four types of amygdala subregions of interest, the statistical threshold was set
at an uncorrected p <0.00025 (0.001/4) at voxel level and at an FDR-corrected p <0.05 at cluster level. When a
significant effect of sibling status was found, a weighted average of FC in the cluster was extracted and post-hoc
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tests with Bonferroni correction were conducted to determine significant differences in it between any two
groups using SPSS software.

The brain regions that showed a correlation between the amygdala FC and the SDQ PB score were examined
using multiple regression models in SPM, with sex and age at MRI scanning included as covariates (Model 1,
main model). In addition, the SES (Model 2, data from 4 participants were missing) and parental age at the TTC
survey (Model 3, data from 18 participants were missing) were incrementally included as nuisance covariates.
Successively, the brain regions showing different regression slopes of amygdala FC on the SDQ PB score between
sexes were investigated using multiple regression models in SPM, with age at MRI scanning as a covariate
(Model 1, main model). In addition, the SES (Model 2, data from 4 participants were missing) and parental age
at the TTC survey (Model 3, data from 18 participants were missing) were incrementally included as nuisance
covariates. Given the presence of four types of amygdala subregion ROIs, the statistical threshold was set at an
uncorrected p <0.00025 (0.001/4) at voxel level and at an FDR-corrected p <0.05 at cluster level. These analyses
were also conducted using an SVC of the clusters showing a significant effect of sibling status or sibling status
by sex interaction in the above analyses (if any). The statistical threshold was set at an uncorrected p <0.001 at
voxel level and at an FWE-corrected p <0.05 at cluster level.

Mediation analyses were conducted to assess whether amygdala FC mediates the effect of the sibling status
on the SDQ PB score. Sibling status was represented in the mediation models through the same three types of
dummy variables of Study IIa. Furthermore, the amygdala FCs which were found to be accounted for by the effect
of sibling status or sibling status by sex interaction in the above analyses were included in the mediation models
(if any). Sex and age at MRI scanning were included as nuisance variables. Subsequently, moderated mediation
analyses were performed to assess whether sex moderates these mediation effects. Age at MRI scanning was
included as a nuisance variable. Both mediation and moderated mediation analyses were conducted using the
PROCESS plugin for SPSS with 5000 bootstrapped samples.

Power analysis. Power analyses were performed to ensure the statistically sufficient power of the current
study. Medium effect sizes were selected, because a previous late adolescent study reported a moderate effect
of birth order on prosociality’® and there is no previous report of the association between birth order and neu-
roimaging. Specifically, a priori power analyses («=0.05, 1 -=0.80, two-sided tests) using G*Power 3.1.9.27
revealed that the medium effect sizes for a correlational analysis (r=0.30) and those for a multiple regression
analysis (=0.15)"° could be detected in a sample with a size of 82 and 55 subjects, respectively. These calcula-
tions ensured the adequacy of all the sample sizes in all the analyses conducted in the present study.

Selected statistical models. We employed an appropriate statistical model for each analysis. We per-
formed ANCOVA analysis to explore the effect of sibling status on PB as well as amygdala volume/FC. We per-
formed regression analysis to explore the effect of amygdala volume on PB. We conducted mediation analysis to
explore the mediation effect of amygdala volume/FC on the association between sibling status (dichotomized)
and amygdala volume. We think that all kinds of analyses employed in this study are necessary.

Data availability

The pn-TTC project is currently working on making its data available openly under the grant [Brain Mapping
by Integrated Neurotechnologies for Disease Studies (Brain/MINDS) and Beyond] supported by Japan Agency
for Medical Research and Development (AMED). The data supporting the findings of the current study can
be requested by contacting the last author at kasaik-tky@umin.net. Applicants will be asked to fill out the data
request form, which will be examined by the pn-TTC Data Resource Committee.

Received: 17 May 2021; Accepted: 18 October 2021
Published online: 08 November 2021

References
. Belmont, L. & Marolla, F. A. Birth order, family size, and intelligence. Science 182, 1096-1101 (1973).
. Kristensen, P. & Bjerkedal, T. Explaining the relation between birth order and intelligence. Science 316, 1717 (2007).
. Sulloway, E. J. Birth order and intelligence. Science 316, 1711-1712 (2007).
. Downey, D. B. Number of siblings and intellectual development: The resource dilution explanation. Am. Psychol. 56, 497-504
(2001).
5. Sulloway, E. J. Birth Order, Sibling Competition, and Human Behavior. In Conceptual Challenges in Evolutionary Psychology:
Innovative Research Strategies 39-83 (Kluwer Academic Press, 2001).
6. Lawson, D. W. & Mace, R. Siblings and childhood mental health: Evidence for a later-born advantage. Soc. Sci. Med. 70, 2061-2069
(2010).
7. Pollet, T. V., Dijkstra, P, Barelds, D. P. H. & Buunk, A. P. Birth order and the dominance aspect of extraversion: Are firstborns
more extraverted, in the sense of being dominant, than laterborns?. J. Res. Pers. 44, 742-745 (2010).
8. Salmon, C., & Hehman, J. The evolutionary psychology of sibling conflict and siblicide. In Evolutionary psychology: The evolution
of violence (eds. Shackelford, T. K. & Hansen, R. D.) 137-157 (Springer, 2014).
9. Jacobs, B. S. & Moss, H. A. Birth order and sex of sibling as determinants of mother-infant interaction. Child Dev. 47, 315-322
(1976).
10. Eisenberg, N., Fabes, R. A. & Spinrad, T. L. Prosocial development. In Handbook of Child Psychology, Social, Emotional, and Per-
sonality Development, 6th Edn, Vol. 3 646-718 (Wiley, 2006).
11. Nowak, M. A. & Sigmund, K. Evolution of indirect reciprocity. Nature 437, 1291-1298 (2005).
12. Fehr, E. & Fischbacher, U. The nature of human altruism. Nature 425, 785-791 (2003).
13. Southwick, S. M., Vythilingam, M. & Charney, D. S. The psychobiology of depression and resilience to stress: Implications for
prevention and treatment. Annu. Rev. Clin. Psychol. 1, 255-291 (2005).

BN =

Scientific Reports |

(2021) 11:21806 | https://doi.org/10.1038/s41598-021-01146-0 nature portfolio



www.nature.com/scientificreports/

14.
15.
16.
17.

18.
. Salmon, C., Cuthbertson, A. M. & Figueredo, A. ]. The relationship between birth order and prosociality: An evolutionary perspec-

20.
21.
22.
23.

24.
25.

26.
27.
28.
29.
30.
31.
32.
33.
34.

35.

41.
42.
43.
44.
45.
46.
47.
48.
49.

50.
51.

52.
53.
54.
55.
56.

57.

Padilla-Walker, L. M., Millett, M. A. & Memmott-Elison, M. K. Can helping others strengthen teens? Character strengths as
mediators between prosocial behavior and adolescents internalizing symptoms. J. Adolesc. 79, 70-80 (2020).

Young, C., Craig, J. C., Clapham, K., Banks, S. & Williamson, A. The prevalence and protective factors for resilience in adolescent
Aboriginal Australians living in urban areas: A cross-sectional study. Aust. N. Z. J. Public Health 43, 8-14 (2019).

Carlo, G., Fabes, R. A., Laible, D. & Kupanoff, K. Early adolescence and prosocial/moral behavior II: The role of social and con-
textual influences. J. Early Adolesc. 19, 133-147 (1999).

Eisenberg-Berg, N. & Geisheker, E. Content of preachings and power of the model/preacher: The effect on children’s generosity.
Dev. Psychol. 15, 168-175 (1979).

Fehr, E., Bernhard, H. & Rockenbach, B. Egalitarianism in young children. Nature 454, 1079-1083 (2008).

tive. Pers. Individ. Differ. 96, 18-22 (2016).

von Dawans, B., Fischbacher, U,, Kirschbaum, C., Fehr, E. & Heinrichs, M. The social dimension of stress reactivity: Acute stress
increases prosocial behavior in humans. Psychol. Sci. 23, 651-660 (2012).

Tomova, L., Saxe, R., Klobl, M., Lanzenberger, R. & Lamm, C. Acute stress alters neural patterns of value representation for others.
Neuroimage 209, 116497 (2020).

Fabes, R. A., Carlo, G., Kupanoff, K. & Laible, D. Early adolescence and prosocial/moral behavior I: The role of individual processes.
J. Early Adolesc. 19, 5-16 (1999).

Luengo Kanacri, B. P, Pastorelli, C., Eisenberg, N., Zuffiano, A. & Caprara, G. V. The development of prosociality from adolescence
to early adulthood: the role of effortful control. J. Pers. 81, 302-312 (2013).

Wildeboer, A. et al. Neuroanatomical correlates of donating behavior in middle childhood. Soc. Neurosci. 13, 541-552 (2018).
Thijssen, S. et al. Cortical thickness and prosocial behavior in school-age children: A population-based MRI study. Soc. Neurosci.
10, 571-582 (2015).

Ferschmann, L. et al. Prosocial behavior relates to the rate and timing of cortical thinning from adolescence to young adulthood.
Dev. Cogn. Neurosci. 40, 100734 (2019).

Gaesser, B., Hirschfeld-Kroen, J., Wasserman, E. A., Horn, M. & Young, L. A role for the medial temporal lobe subsystem in guiding
prosociality: The effect of episodic processes on willingness to help others. Soc. Cogn. Affect. Neurosci. 14, 397-410 (2019).
Lengersdorff, L. L., Wagner, L. C., Lockwood, P. L. & Lamm, C. When implicit prosociality trumps selfishness: The neural valuation
system underpins more optimal choices when learning to avoid harm to others than to oneself. J. Neurosci. 40, 7286-7299 (2020).
Spaans, J. P, Peters, S. & Crone, E. A. Neural reward related-reactions to monetar gains for self and charity are associated with
donating behavior in adolescence. Soc. Cogn. Affect. Neurosci. 15, 151-163 (2020).

Flournoy, J. C. et al. Neural reactivity to emotional faces may mediate the relationship between childhood empathy and adolescent
prosocial behavior. Child Dev. 87, 1691-1702 (2016).

Do, K. T., McCormick, E. M. & Telzer, E. H. The neural development of prosocial behavior from childhood to adolescence. Soc.
Cogn. Affect. Neurosci. 14, 129-139 (2019).

Bellucci, G., Camilleri, J. A., Eickhoff, S. B. & Krueger, F. Neural signatures of prosocial behaviors. Neurosci. Biobehav. Rev. 118,
186-195 (2020).

Bickart, K. C., Wright, C. L, Dautoff, R. J., Dickerson, B. C. & Barrett, L. F. Amygdala volume and social network size in humans.
Nat. Neurosci. 14, 163-164 (2011).

Fermin, A. S. et al. Representation of economic preferences in the structure and function of the amygdala and prefrontal cortex.
Sci. Rep. 6,20982. https://doi.org/10.1038/srep20982 (2016).

Bickart, K. C., Dickerson, B. C. & Barrett, L. F. The amygdala as a hub in brain networks that support social life. Neuropsychologia
63,235-248 (2014).

. Blakemore, S. J. The social brain in adolescence. Nat. Rev. Neurosci. 9, 267-277 (2008).
. van Soelen, L. L. et al. Genetic influences on thinning of the cerebral cortex during development. Neuroimage 59, 3871-3880 (2012).
. Brouwer, R. M. et al. Genetic influences on individual differences in longitudinal changes in global and subcortical brain volumes:

Results of the ENIGMA plasticity working group. Hum. Brain Mapp. 38, 4444-4458 (2017).

. Green, B. & Griffiths, E. C. Birth order and post-traumatic stress disorder. Psychol. Health Med. 19, 24-32 (2014).
. Admon, R. et al. Human vulnerability to stress depends on amygdala’s predisposition and hippocampal plasticity. Proc. Natl. Acad.

Sci. USA 106, 14120-14125 (2009).

Warnell, K. R., Pecukonis, M. & Redcay, E. Developmental relations between amygdala volume and anxiety traits: Effects of
informant, sex, and age. Dev. Psychopathol. 30, 1503-1515 (2018).

Burghy, C. A. et al. Developmental pathways to amygdala-prefrontal function and internalizing symptoms in adolescence. Nat.
Neurosci. 15, 1736-1741 (2012).

Paus, T. Population neuroscience: Why and how. Hum. Brain Mapp. 31, 891-903 (2010).

Ando, S. et al. Cohort profile: The Tokyo teen cohort study (TTC). Int. J. Epidemiol. 48, 1414-1414g (2019).

Okada, N. et al. Population-neuroscience study of the Tokyo TEEN Cohort (pn-TTC): Cohort longitudinal study to explore the
neurobiological substrates of adolescent psychological and behavioral development. Psychiatry Clin. Neurosci. 73, 231-242 (2019).
Rohrer, J. M., Egloff, B. & Schmukle, S. C. Probing birth-order effects on narrow traits using specification curve analysis. Psychol.
Sci. 28, 1821-1832 (2017).

Stanton, M. A., Lonsdorf, E. V,, Pusey, A. E., Goodall, ]. & Murray, C. M. Maternal behavior by birth order in wild chimpanzees
(Pan troglodytes) increased investment by first-time mothers. Curr. Anthropol. 55, 483-489 (2014).

Mehta, M. A. et al. Amygdala, hippocampal and corpus callosum size following severe early institutional deprivation: The English
and Romanian Adoptees study pilot. J. Child Psychol. Psychiatry 50, 943-951 (2009).

Tottenham, N. et al. Prolonged institutional rearing is associated with atypically large amygdala volume and difficulties in emotion
regulation. Dev. Sci. 13, 46-61 (2010).

Holzel, B. K. et al. Stress reduction correlates with structural changes in the amygdala. Soc. Cogn. Affect. Neurosci. 5, 11-17 (2010).
Qin, S. et al. Amygdala subregional structure and intrinsic functional connectivity predicts individual differences in anxiety during
early childhood. Biol. Psychiatry 75, 892-900 (2014).

Vyas, A., Mitra, R., Shankaranarayana Rao, B. S. & Chattarji, S. Chronic stress induces contrasting patterns of dendritic remodeling
in hippocampal and amygdaloid neurons. J. Neurosci. 22, 6810-6818 (2002).

Kikusui, T. & Mori, Y. Behavioural and neurochemical consequences of early weaning in rodents. J. Neuroendocrinol. 21, 427-431
(2009).

Cacciaglia, R. et al. Trauma exposure relates to heightened stress, altered amygdala morphology and deficient extinction learning:
Implications for psychopathology. Psychoneuroendocrinology 76, 19-28 (2017).

Connolly, C. G. et al. Resting-state functional connectivity of the amygdala and longitudinal changes in depression severity in
adolescent depression. J. Affect. Disord. 207, 86-94 (2017).

Monk, C. S. et al. Amygdala and ventrolateral prefrontal cortex activation to masked angry faces in children and adolescents with
generalized anxiety disorder. Arch. Gen. Psychiatry 65, 568-576 (2008).

Birn, R. M. et al. Evolutionarily conserved prefrontal-amygdalar dysfunction in early-life anxiety. Mol. Psychiatry 19, 915-922
(2014).

Scientific Reports |

(2021) 11:21806 | https://doi.org/10.1038/s41598-021-01146-0 nature portfolio


https://doi.org/10.1038/srep20982

www.nature.com/scientificreports/

58. Eagly, A. H. The his and hers of prosocial behavior: An examination of the social psychology of gender. Am. Psychol. 64, 644-658
(2009).

59. Ding, W. et al. How can prosocial behavior be motivated? The different roles of moral judgment, moral elevation, and moral identity
among the young Chinese. Front Psychol 9, 814. https://doi.org/10.3389/fpsyg.2018.00814 (2018).

60. Hein, G., Morishima, Y., Leiberg, S., Sul, S. & Fehr, E. The brain’s functional network architecture reveals human motives. Science
351, 1074-1078 (2016).

61. Goodman, R. The strengths and difficulties questionnaire: A research note. J. Child Psychol. Psychiatry 38, 581-586 (1997).

62. Silva, T. B., Osorio, F. L. & Loureiro, S. R. SDQ: Discriminative validity and diagnostic potential. Front. Psychol. 6, 811 (2015).

63. Piff, P. K., Kraus, M. W, Cote, S., Cheng, B. H. & Keltner, D. Having less, giving more: The influence of social class on prosocial
behavior. J. Per. Soc. Psychol. 99, 771-784 (2010).

64. Quade, D. Rank analysis of covariance. . Am. Stat. Assoc. 62, 1187-1200 (1967).

65. Fischl, B. FreeSurfer. Neuroimage 62, 774-781 (2012).

66. Foell, J. et al. Biobehavioral threat sensitivity and amygdala volume: A twin neuroimaging study. Neuroimage 186, 14-21 (2019).

67. Hayes, A. F. & Scharkow, M. The relative trustworthiness of inferential tests of the indirect effect in statistical mediation analysis:
Does method really matter?. Psychol. Sci. 24, 1918-1927 (2013).

68. Friston, K. J. et al. Classical and Bayesian inference in neuroimaging: Applications. Neuroimage 16, 484-512 (2002).

69. Amunts, K. et al. Cytoarchitectonic mapping of the human amygdala, hippocampal region and entorhinal cortex: Intersubject
variability and probability maps. Anat. Embryol. 210, 343-352 (2005).

70. Eickhoff, S. B. et al. A new SPM toolbox for combining probabilistic cytoarchitectonic maps and functional imaging data. Neuroim-
age 25, 1325-1335 (2005).

71. Yan, C. G., Wang, X. D., Zuo, X. N. & Zang, Y. F. DPABI: Data processing & analysis for (resting-state) brain imaging. Neuroinfor-
matics 14, 339-351 (2016).

72. Faul, F, Erdfelder, E., Lang, A. G. & Buchner, A. G*Power 3: A flexible statistical power analysis program for the social, behavioral,
and biomedical sciences. Behav. Res. Methods 39, 175-191 (2007).

73. Cohen, J. Statistical power analysis for the behavioral sciences 2nd edn. (Lawrence Erlbaum Associates, 1998).

Acknowledgements

The current work is a part of Tokyo TEEN Cohort Study, and the authors would like to thank all researchers,
investigators, and participants for substantial support in sample collection and management. The current work
was supported by MEXT Grant-in-Aid for Scientific Research on Innovative Areas (Advanced Bioimaging Sup-
port), grant number JP16H06280 (K.K.), MEXT Grant-in-Aid for Scientific Research on Innovative Areas (Per-
sonalized Value Development through Adolescence), grant numbers JP16H06395 (K.K.), JP16H06398 (A.N. and
M.H-H.), JP16H06399 (K.K.), and JP16K21720 (K.K.), MEXT Grant-in-Aid for Transformative Research Areas,
grant numbers JP21H05171 (K.K.) and JP21H05174 (K.K.), JST Moonshot R&D, grant number JPMJMS2021
(K.K.), MHLW Grant-in-Aid for Scientific Research, grant number JPMH20DA1001 (N.O.), and AMED, grant
numbers JP20dm0307001 (K.K.) and JP20dm0307004 (K.K.). The current work was also partially supported by
UTokyo Center for Integrative Science of Human Behaviour (CiSHuB), and the International Research Center
for Neurointelligence (WPI-IRCN) at the University of Tokyo Institutes for Advanced Study (UTIAS).

Author contributions

AN. and K.K. supervised the entire project. N.O., N.Y,, D.K., K.M., K.S., S.Kanata, S.E, N.S., R.T., M.M.,, S.Koike,
T.A., Y.K,KE.,S.Y.,S.A, AN, MH-H, and K.K. contributed to data collection. N.O., Y.Y,, S.M., A.N., and K.K.
analyzed the data. N.O,, Y.Y,, N.Y,, S.M,, D.K,, KM,, K.S,, S.Kanata, S.E, N.S., R.T., M.M.,, S.Koike, TA., YK,
KE.S.Y,S.A, AN.,, MH-H, C.Y,, and K.K. interpreted the results. C.Y. offered advices in writing the manuscript.
N.O, Y.Y,, C.Y,, and K.K. wrote the manuscript. All authors have reviewed and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-01146-0.

Correspondence and requests for materials should be addressed to N.O.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:21806 | https://doi.org/10.1038/s41598-021-01146-0 nature portfolio


https://doi.org/10.3389/fpsyg.2018.00814
https://doi.org/10.1038/s41598-021-01146-0
https://doi.org/10.1038/s41598-021-01146-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Birth order and prosociality in the early adolescent brain
	Results
	Study I: Population-based birth cohort study. 
	Study IIa: Amygdala structural MRI correlates. 
	Study IIb: Amygdala functional MRI correlates. 

	Discussion
	Methods
	Ethics. 
	Study I: Population-based birth cohort study. 
	Study IIa: Amygdala structural MRI correlates. 
	Study IIb: Amygdala functional MRI correlates. 
	Power analysis. 
	Selected statistical models. 

	References
	Acknowledgements


