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Age Effects

Age (in months) was positively associated with both total left amygdala [β = 0.006, 95% CI: 0.003 – 0.009, p <
0.001] and right amygdala volumes [β = 0.006, 95% CI: 0.003 – 0.009, p < 0.001] (Supplemental Table 2). Age was
also positively associated with volumes in all amygdala subregions, except for the left AAA and CMN (Figure 1
and Supplemental Table 2). Age was not associated with differences in subregion apportionment except for the
left AAA, which displayed a significant decrease in RVF (Figure 1 and Supplemental Table 3).

Figure 1. Age Effects on Amygdala Subregions. Standardized beta coefficients with 95% confidence intervals
(CIs) for age effects on subregion volumes (left panel) and RVFs (right panel) by hemisphere. CIs
intersecting the dashed line indicate null effects. Subregion beta coefficients that remained significant after
FDR correction are heat mapped onto the amygdala in the bottom panel of the figure.
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Sex Effects

Female preadolescents had smaller total left [β = -0.233, 95% CI: -0.289 – -0.177, p < 0.001] and right amygdala
volumes [β = -0.168, 95% CI: -0.224 – -0.112, p < 0.001] as compared to male preadolescents (Supplemental Table
4). This sex difference was observed for most amygdala subregions, except for the bilateral CMN, right CEN, and
right BM (Figure 2, Supplemental Table 4). Sex differences were also observed in the apportionment of amygdala
subregions (Figure 2, Supplemental Table 5). In both hemispheres, females exhibited larger amygdala RVFs in
the CMN, CEN, and ASTA, and smaller RVFs in the BLVPL. Females were found to have larger amygdala RVFs in
the right BM, but smaller RVFs in the right LA and left ATA.

Figure 2. Sex Effects on Amygdala Subregions. Standardized beta coefficients with 95% CIs for female sex
effects on subregion volumes (left panel) and RVFs (right panel) by hemisphere. CIs intersecting the dashed
line indicate null effects. Subregion beta coefficients that remained significant after FDR correction are
visualized on the amygdala in the bottom panel of the figure.
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Pubertal Stage Effects

Pubertal stage was not significantly related to total left [F(3, 3926.5) = 0.246, p = 0.86] or right amygdala volumes
[F(3, 3920.5) = 1.876, p = 0.13] (Supplemental Table 6). Moreover, pubertal stage was unrelated to subregion
volumes or RVFs (Supplemental Tables 6-7).
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BMIz Effects

BMIz was also negatively associated with both total left [β = -0.035, 95% CI: -0.055 – -0.015, p = 0.001] and total
right amygdala volumes [β = -0.024, 95% CI: -0.044 – -0.004, p = 0.02] (Supplemental Table 8). In both
hemispheres, BMIz was also found to be negatively associated with LA and BLDI volumes (Figure 3,
Supplemental Table 8). For apportionment, BMIz was associated with larger RVFs of the bilateral CMN, bilateral
ATA, and right BM and was associated with smaller RVFs for bilateral LA and right BLDI (Figure 3,
Supplemental Table 9).

Figure 3. BMIz Effects on Amygdala Subregions. Standardized beta coefficients with 95% CIs for BMIz on
subregion volumes (left panel) and RVFs (right panel) by hemisphere. CIs intersecting the dashed line
indicate null effects. Subregion beta coefficients that remained significant after FDR correction are visualized
on the amygdala in the bottom panel of the figure.
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Discussion

Our findings indicate that age, sex, and BMIz are associated with variations in amygdala subregion volumes and
apportionment in a large, diverse sample of 9- and 10-year-old preadolescents. Age was associated with increases
in the volume of nearly all subregions (~89%), even within this narrow two-year age range; yet age did not
explain differences in apportionment of amygdala subregions. These findings suggest that the amygdala may
undergo a near-global (i.e., non-specific) expansion of its subregion volumes during this period of preadolescence.
In contrast, once accounting for overall smaller total amygdala volume differences in females, notable sex
differences in amygdala subregion apportionment patterns were seen, with larger relative CMN, CEN, ASTA, and
BM and smaller relative BLVPL, LA, and ATA volumes in females as compared to male preadolescents. Similarly,
childhood weight status was negatively associated with smaller total amygdala volumes, albeit this effect was
primarily driven by two of the large basolateral subregions (i.e., LA and BLDI), with relative increases observed in
the CMN, ATA, and BM. Lastly, pubertal stage displayed no statistically significant associations with amygdala
volumes or apportionment during this age range, which contrasts with theorized relationships about the
influence of pubertal progression on amygdala substructure.2,11 However, this may be due to (1) an insufficient
time window to capture the full effects of puberty, (2) the parent-report Tanner Staging method lacking granular
resolution, and/or (3) a mismatch between pubertal brain changes and the physical changes assessed by the
current method of Tanner Staging. Building upon animal,43–45 postmortem,25 and prior MRI studies,26,35,46 our
findings lend support to the growing evidence that notable differences exist in the structural development of
distinct amygdala nuclei and subregions across childhood and adolescence, influenced by age, sex, and indicators
of childhood obesity.

Amygdala subregions and their relative apportionment within the amygdala evolve with age during
development in a sex-specific manner.26 Studying the amygdala as a single, unified structure obscures important
individual variability in anatomical changes across its structurally and functionally distinct subregions during
childhood and adolescence. The paralaminar nucleus, included as part of the BLVPL subregion in the CIT168
Atlas, contains neurons that continue to mature and migrate into adulthood.47–50 Notably, many of these quiescent
excitatory neurons initiate changes to their transcriptional profiles during adolescence, indicating their
maturation.51 Some of these recently-matured neurons migrate to neighboring nuclei, which may contribute to the
reconfiguration of amygdalae substructure or cortical connectivity.11 However, the repository of immature
paralaminar neurons that remain into adulthood may act as a reservoir of neuroplasticity for the
amygdalar-hippocampal interface.51 Supporting this, post-mortem studies have demonstrated increased mature
neurons in specific BLN subregions from childhood to middle adulthood.25 Consistent with other MRI studies,26,52

our findings suggest that age, but not pubertal development, is associated with these observed amygdalae
changes, with a broadly similar scale of increases across subregion volumes within this narrow age range.
Age-related increases from 9 to 10 years likely reflect the period before the peak (or plateau) of total amygdala
growth, which occurs uniformly across subregions during preadolescence. In contrast, prior work observed
non-linear volume decreases within distinct subregions from ages 10 to 17 years, occurring in a sex-specific
manner and leading to notable differences in amygdala apportionment.26 Moreover, the amygdala undergoes
specific age-related changes in the cellular microstructure of subregions, with increasing neural density of BLN
subregions (i.e., LA, BLDI, BLVPL).46 Future longitudinal study during later developmental periods is warranted
to better probe the heterogeneity in amygdalar subregion growth patterns following the ‘peak’ period during
adolescence and subsequent refinement.

Total amygdala volumes, assessed using sMRI, are larger in males than in females, with differences in
developmental trajectories observed across adolescence.17,18 In developing the CIT168 Atlas in young adults,
Tyszka and Pauli8 noted that sex differences in total amygdala and subregion volumes disappeared after
normalizing for ICV or amygdala relative volume fraction. However, in 10- to 17-year-olds, a significant effect of
sex was observed for the absolute volumes of the LA, BLDI, BM, CMN, AAA, and total amygdala, with males
having larger volumes even after accounting for differences in ICV. In this study, we confirm the emergence of
these sex differences as early as ~10 years of age for the majority of the prior identified subregions (i.e., LA, BLDI,
AAA, total amygdala) and introduce novel findings in four additional amygdala subregions (i.e., ASTA, ATA,

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 11, 2024. ; https://doi.org/10.1101/2024.10.07.617048doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.07.617048
http://creativecommons.org/licenses/by-nc-nd/4.0/


Overholtzer et al. 14

BLVPL, and CEN). Additionally, sex differences in amygdala apportionment patterns for 9- and 10-year-olds
observed in the current study were largely consistent with the findings utilizing a broader study of ages 10 to 17
years — females have smaller relative volumes of the BLVPL and larger relative volumes of the CEN and ASTA.
Notably, we also observed a novel finding of larger relative volumes in the CMN for female preadolescents. These
three relatively larger subregions in females (i.e., CEN, CMN, ASTA) belong to two distinct nuclear groups but are
adjacent in the dorsal region of the amygdala, near the stria terminalis—a major efferent pathway of the
amygdala that projects to the hypothalamus, modulating the output of hypothalamic nuclei both directly and
indirectly.53 Our novel findings regarding sex differences in amygdala substructure may be attributed to the
increased statistical power provided by our larger sample size, or they may reflect that sex differences in
amygdala subregion volumes vary across developmental stages. Interestingly, Campbell et al.26 observed that the
age-related changes in the apportionment of amygdala subregions in males result in a greater similarity of
amygdala apportionment to that of females by age 17 as compared to the differences observed at age 10. Recently,
GWAS studies have also revealed that genetic loci associated with amygdala whole and subregion volumes
overlap with genetic risk factors for common brain disorders.54,55 Consequently, our findings on sex differences in
the amygdalar subregion volumes provide an interesting basis for future research to explore whether the
observed amygdala apportionment findings in male and female adolescents play a role in the notable sex
differences in the prevalence and timing of the onset of brain disorders that emerge later in adolescence and
adulthood.

Previous studies have reported mixed findings regarding the relationship between childhood obesity and total
amygdala volumes.19,56,57 In our study, higher BMIz was associated with smaller total amygdala volumes,
primarily driven by differences in BLN subregions (i.e., LA and BLDI), the two largest measured subregions.
After accounting for the overall smaller amygdala volumes, higher BMIz was linked to decreased relative
volumes of the LA and BLDI, and increased relative volumes of the CMN, ATA, and BM. These findings contrast
with earlier studies that found no relationship between BMIz and amygdala subregions in 405 adolescents aged
10 to 17 years26 and a relationship between CEN volumes and waist-to-height ratio (WHtR) in 71 youth aged 8 to
22 years.20 The reasons for the lack of replication of CEN volume effects in our study remain unclear, though it is
possible that sample differences influenced the previous findings. While rodent models suggest a significant role
for the CEN in regulating homeostatic and cue-mediated eating behaviors,58,59 distinct populations of basolateral
amygdalar principal cells both mediate and suppress appetitive behaviors outputted by the CEN.60 Future
research is needed to explore whether the observed effects of BMIz relate to higher-order disruption in the eating
behavior circuity of the amygdala.60 Our work builds upon prior evidence of a relationship between childhood
obesity and global amygdala volumes to suggest that pediatric weight status is associated with specific
subregional differences in amygdala volumes and apportionment. Elucidating the mechanisms linking weight
status to amygdala substructure could provide critical insights into the neural underpinnings of disordered eating
patterns (e.g., emotional eating behaviors) and inform targeted interventions.

Future Directions and Limitations

It is important to acknowledge both the strengths and limitations of this study. Our study underscores the utility
of the CIT168 Atlas, a probabilistic atlas of amygdala subregions, in studying neurodevelopment in pediatric
populations, contributing to a more refined understanding of amygdala substructure development. Importantly,
the in vivo segmentation template approach uses joint high accuracy diffeomorphic registration of T1- and
T2-weighted structural images to display reliable extraction of major amygdala nuclei and subregions on
individual subjects and has been validated against manual-tracing and cross-referencing to four histological
sources.8 Moreover, the current study used a rigorous approach limited to high-quality 3T images collected on
scanners from a single manufacturer (Siemens) with appropriate contrast-to-noise ratios. However, in doing so,
the final sample did not represent the larger ABCD study cohort. Moreover, our sample included participants
from only 13 of the 21 ABCD study sites, as the CIT168 was developed and validated using 3T Siemens scanner
data. Thus, further research is needed to assess the fidelity of CIT168 Atlas registrations to data acquired on MRI
machines from other manufacturers. Additionally, our study focuses on a single wave of data from this large
longitudinal cohort, specifically when participants are 9- to 10-years-old. Implementing the atlas in future data
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waves will be crucial for gaining a deeper understanding of how age, sex, and body mass influence the
developmental trajectories of amygdala subregions throughout adolescence.

Conclusions

We uncovered distinct associations between amygdala total volumes, subregion volumes, and subregion relative
volumes with age, sex, and BMIz, but not with pubertal stage, in nearly 4,000 preadolescents ages 9 to 10 years.
Age was associated with a near-global growth of the amygdala, without changes to apportionment. Female sex
was related to smaller total amygdala volumes and smaller volumes in most subregions; however, when
controlling for total amygdala volume, female sex was associated with larger relative volume in dorsal
subregions. Our childhood obesity metric (i.e., BMIz) was related to smaller total amygdalae, primarily driven by
decreases in the volume of two BLN subregions (i.e., LA and BLDI), which led to greater relative volumes in
smaller subregions. This research contributes to the growing evidence that distinct neurodevelopmental patterns
exist among heterogenous amygdala nuclei and subregions across childhood and adolescence, with potential
relevance to socioemotional and physical health.
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