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Abstract

Although seasonal changes in amygdala volume have been demonstrated in

animals, seasonal differences in human amygdala subregion volumes have yet

to be investigated. Amygdala volume has also been linked to depressed mood.

Therefore, we hypothesised that differences in photoperiod would predict dif-

ferences in amygdala or subregion volumes and that this association would be

linked to depressed mood. 10,033 participants ranging in age from 45 to

79 years were scanned by MRI in a single location. Amygdala subregion vol-

umes were obtained using automated processing and segmentation algorithms.

A mediation analysis tested whether amygdala volume mediated the relation-

ship between photoperiod and mood. Photoperiod was positively associated

with total amygdala volume (p < .001). Multivariate (GLM) analyses revealed

significant effects of photoperiod across all amygdala subregion volumes for

both hemispheres (p < .001). Post hoc univariate regression analyses revealed

significant associations of photoperiod with each amygdala subregion volume

(p < .001). PLS showed the highest loadings of amygdala subregions in lateral

nucleus, ABN, basal nucleus, CAT, PLN, AAA, central nucleus, cortical

nucleus and medial nucleus for left hemisphere and ABN, lateral nucleus,

CAT, PLN, cortical nucleus, AAA, central nucleus and medial nucleus for

right hemisphere. There were no significant associations between photoperiod

and mood nor between mood scores and amygdala volumes, and due to the

lack of these associations, the mediation hypothesis was not supported. This

study is the first to demonstrate an association between photoperiod and

amygdala volume. These findings add to the evidence supporting the role of

photoperiod on brain structural plasticity.
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1 | INTRODUCTION

There is evidence showing the impact of changes in envi-
ronmental factors such as photoperiod on brain morphol-
ogy. Recent previous studies (Majrashi, Ahearn, &
Waiter, 2020; Majrashi, Ahearn, Williams, &
Waiter, 2020; Miller et al., 2015) have found that photo-
period (day length) is positively associated with the vol-
ume of brain regions such as the hippocampus and
brainstem substructures and that individuals exposed to
longer photoperiod days exhibited larger hippocampal
and brainstem substructure volumes compared with
those exposed to shorter photoperiod days. The amyg-
dala, a region responsible for emotion, cognition and
social behaviours (Pessoa, 2010), has also been shown to
be affected by seasonal differences in photoperiod in ani-
mals (Romeo & Sisk, 2001). In particular, hamsters
exposed to shorter photoperiod days exhibited smaller
volumes compared with those exposed to longer photope-
riod days (Cooke et al., 2001, 2002; Romeo & Sisk, 2001).
Furthermore, the growth of the ventral medial amygdala
has been shown to be affected by changes in photoperiod
and that shorter photoperiods delayed the growth by
10%, whereas longer photoperiods recovered the growth
by 22%–25% (Cooke et al., 2007). It has been suggested
that these changes in brain volume may be due to the
reduction in dendritic spine density in brain substruc-
tures. For example, the change in hippocampal volume
has been suggested to be due to the reduction in dendritic
spine density in the CA-1 and CA-3 substructures mea-
sured during short photoperiods (Pyter et al., 2005;
Workman et al., 2011), suggesting that seasonal varia-
tions in dendritic complexity in amygdala subregions
may result in global amygdala volume differences. Over-
all, these previous mammal studies point to consistent
seasonal differences in amygdala volume that have yet to
be explored in humans.

Seasonal variations in the amygdala may contribute
to seasonally occurring phenotypes, including mood.
Morphological changes in the amygdala have been impli-
cated in seasonal depressive-like and anxiety-like behav-
iours. Mice exposed to shorter photoperiod days
exhibited increased aggressive behaviour, fear memory
and dendritic spine density of the neurons of the bas-
olateral amygdala compared with those exposed to longer
photoperiod days (Silva et al., 2010; Walton et al., 2012).
Further, a previous mammal study (Wen et al., 2004)
found that hamsters exposed to shorter photoperiods
exhibited less neuronal nitric oxide synthase (nNOS), an
enzyme implicated in aggressive behaviour, neuronal
NOS-immunoreactive cells in the anterior and basolateral
amygdaloid areas and were more aggressive compared
with those exposed to longer photoperiods. These

previous mammal studies suggest that seasonal changes
in amygdala volume are linked to depressive like behav-
iours. Based on this suggestion, it is plausible that sea-
sonal differences in amygdala volume may contribute to
the high prevalence of seasonal variation in mood among
humans. A previous study (Kasper et al., 1989) found that
up to 92% of community residents report some degree of
lower mood during shorter photoperiod days and an
increase in mood during longer photoperiod days. Impor-
tantly, the majority of the literature demonstrates that
changes in the amygdala and subregion volumes are
linked with depression (Burke et al., 2011; Sheline
et al., 1998) and that depressed subjects exhibited
decreased whole amygdala subregion volumes compared
with healthy subjects. Therefore, seasonal differences in
mood may be partly due to seasonal differences in amyg-
dala volume.

In humans, seasonal morphological differences in
brain volume, particularly the brainstem, have been
implicated in seasonal depressive symptoms. Brainstem
volume was found to mediate the relationship between
seasonal differences in photoperiod and depressive symp-
toms, including low mood and anhedonia, in females but
not in males (Majrashi, Ahearn, & Waiter, 2020). In light
of the importance of the amygdala to mood regulation
and the lack of research linking seasonal variations in
photoperiod to seasonal variations in mood and amyg-
dala volume, the aims of this study were to (a) test the
seasonal pattern of amygdala and subregion volumes;
(b) explore whether photoperiod is associated with amyg-
dala and subregion volume, as well as depressive symp-
toms; and if so, (c) explore whether the effect of
photoperiod on mood might be mediated by seasonal var-
iations in amygdala morphology. We predicted that par-
ticipants scanned on longer photoperiods would have
larger amygdala and subregion volumes compared with
those scanned on shorter photoperiods and that the sea-
sonality of depressive symptoms is mediated by seasonal
differences in amygdala volumes.

2 | METHODS

2.1 | UK Biobank participants

UK Biobank (UKBB) is a large population-based prospec-
tive study, which was established to investigate genetic,
environmental and lifestyle determinants of several dis-
abling diseases, with up to 500,000 participants (Allen
et al., 2012). The UKBB participants have previously been
described in the literature (Allen et al., 2012; Sudlow
et al., 2015). In brief, from 2006 to 2010, UKBB recruited
502,524 participants (men and women throughout
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England, Wales and Scotland) aged 40–69 years from a
total of 9.2 million postal invitations. All participants
were living in the United Kingdom and registered with
the National Health Service (NHS). The participants
attended one of 22 assessment centres across the
United Kingdom and completed a range of lifestyle,
demographic, health and mood questionnaires, cognitive
assessments and physical measures and subsequently
brain imaging at a single centre (UK Biobank Coordinat-
ing Centre, Adswood, Stockport) between 2014 and 2016
(Sudlow et al., 2015). More details can be found on the
UKBB online data showcase (https://biobank.ndph.ox.ac.
uk/ukb/).

2.2 | UKBB imaging sub-cohort

In 2014, UKBB started imaging the participants, aiming
to scan 100,000 participants by 2022. The imaging
included MRI brain, heart and abdomen, carotid ultra-
sound and dual-energy X-ray absorptiometry body scans
(Miller et al., 2016). The total imaging time was about
two and half hours. Participants who were living within
75 miles (120 km) of the imaging centre in Stockport
were further invited to take part in the UKBB Imaging
study from April 2014 to December 2016. Participants
who had metal implants, non-removable metallic items
and penetrating metal injury and those who were not
able to complete the imaging due to claustrophobia were
excluded from the study. In 2016/2017, the imaging data
of 10,103 participants aged between 45 and 79 years
(mean = 62.4, SD = 7.4) was released and were included
in this cross-sectional study. Out of 10,103 participants,
70 participants were excluded from the study because of
issues with their T1-weighted MRI structural images. Out
of 10,033 participants, 745 participants were excluded
because they did not complete their mood measures in
the 2 weeks prior to the scanning. All UKBB participants
gave written, informed consent. UKBB received ethical
approval from the North-West Multi-Centre Research
Ethics Committee (11/NW/03820). This research was
conducted using the UKBB Resource under Application
Number 24089 (PI Waiter).

2.3 | Photoperiod calculation

Photoperiod in hours of daylight on the day of scan was
derived from the latitude and longitude information of
the location of residence for each participant determined
by the ‘season’ package in R (https://www.r-project.org/).
Photoperiod in hours was calculated by subtracting sunset
from sunrise on the day of scan.

2.4 | Mood variable

Mood outcomes composed of scores reflecting the fre-
quency of low mood, anhedonia, tenseness and tiredness
over 2 weeks before the assessment. Participants were
asked to indicate how often they experience these depres-
sive symptoms including low mood, anhedonia, tense-
ness and tiredness over the previous 2 weeks during a
computerised touchscreen assessment. They were asked
the following questions: (a) ‘Over the past 2 weeks, how
often have you felt down, depressed or hopeless?’ for low
mood, (b) ‘Over the past 2 weeks, how often have you
had little interest or pleasure in doing things?’ for anhe-
donia, (c) ‘Over the past 2 weeks, how often have you felt
tense or restless?’ for tenseness and (d) ‘Over the past
2 weeks, how often have you felt tired or had little
energy?’ for tiredness. One additional score was a total
depressive symptoms score (ranged from 0 to 12), and it
was calculated by summing all the scores of the four
depressive symptoms. Participants responded with the
following: ‘not at all’, ‘several days’, ‘more than half the
days’ and ‘nearly every day’. These responses were coded
from 0 to 3, respectively, (i.e. 0 = not at all, 1 = several
days, 2 = more than half the days and 3 = nearly every
day). These coded responses were derived directly from
the Patient Health Questionnaire (PHQ-9), instrument
for depression screening (Spitzer et al., 1999, 2000).

2.5 | MRI acquisition

MRI scans were acquired using a 3T Siemens Skyra with
a standard Siemens 32-channel RF receive head coil
(Miller et al., 2016). T1-weighted three-dimensional
(3D) magnetisation-prepared rapid gradient echo
(MPRAGE) images were acquired in the sagittal plane
within 5 min with these parameters: resolution
1 � 1 � 1 mm, TR = 2000 ms, TI = 880 ms, field of view
208 � 256 � 256 mm, iPAT = 2, superior inferior field of
view 256 mm (Miller et al., 2016).

2.6 | Volumetric analysis and
segmentation

Volumetric processing and segmentation were performed
using a developmental version of FreeSurfer v6.0 (devel-
opmental version of v6.0, which is now a part of a new
version of FreeSurfer V7.1.1) software package (http://
surfer.nmr.mgh.harvard.edu), with amygdala segmenta-
tion (Saygin et al., 2017). We chose FreeSurfer because it
has longitudinal reproducibility in cortical and subcorti-
cal segmentations (Glatard et al., 2015; Khan et al., 2008;
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Liem et al., 2015; Ochs et al., 2015; Reuter et al., 2012)
and very good reliability in morphometric measurements
across scanner manufacturers and field strengths (Han
et al., 2006; Reuter et al., 2012). In addition, it has good
reproducibility in subcortical segmentations compared
with other automated methods (Velasco-Annis
et al., 2018). FreeSurfer was used to process the data
including averaging volumetric T1-weighted images,
motion correction, transformation to Talairach image
space, non-uniform intensity normalisation for intensity
inhomogeneity correction, removal of non-brain tissues
using hybrid watershed and segmentation of subcortical
volumetric structures: white matter and deep grey matter
(Dale et al., 1999; Fischl et al., 2002; Ségonne et al., 2004).

Total amygdala and subregion volumes were seg-
mented using a novel automated algorithm from
Freesurfer (developmental version of 6.0v) (Saygin
et al., 2017). The basis of the segmentation algorithm is
based on combining manual labels from ex vivo
(10 autopsy samples scanned at ultrahigh-resolution
[0.1 mm at 7 T]) and in vivo T1 MRI scans (39 scans) of
the whole brain (1-mm resolution) to establish an atlas of
the amygdala subregion with a new Bayesian inference
algorithm to detect local variations in MRI contrast
(Saygin et al., 2017). The FreeSurfer algorithm results in
the segmentation of nine distinct amygdala subregions
per hemisphere, and these include the lateral nucleus,
basal nucleus, accessory basal nucleus, anterior amygda-
loid area (AAA), cortical nucleus, medial nucleus, central
nucleus, cortical amygdaloid transition area (CAT) and
para-laminar nucleus (Figure 1). The accuracy of the seg-
mentation of all amygdala subregion volumes has been
validated against the publicly available ADNI and ABIDE
neuroimaging datasets, with standard resolution T1 data
(Saygin et al., 2017). Therefore, we included all amygdala

subregion volumes in the current analysis. For each sub-
ject, volumetric data for the amygdala subregion volumes
were calculated using the software’s automatic Bayesian
segmentation technique. Volumetric data for the amyg-
dala subregion volumes were extracted from FreeSurfer
and used for statistical analyses. Brain volumes including
total brain volume (TBV) and intracranial volume (ICV)
were also calculated by FreeSurfer using the Talairach
transformation matrix created from the registration of
normalisation and MNI atlas (Buckner et al., 2004). All
segmentations for the amygdala were visually checked
for errors. No manual interventions were performed on
the data. No outliers were detected.

2.7 | Statistical analyses

Statistical analyses were conducted using SPSS Version
24, with an alpha for all analyses of p = .05. The results
were thresholded by the standard criterion for correction
for multiple comparisons (Bonferroni correction) to mini-
mise the likelihood of Type I (false positive) statistical
errors (Armstrong, 2014). In multiple regression analyses
investigating the association between photoperiod and
total amygdala volume, the threshold of p-value was
(.05/3) = <.016.

To investigate the association of photoperiod with
depressive symptoms including low mood, anhedonia,
tenseness, tiredness and total depressive symptoms score,
a negative binomial regression model was used. Likeli-
hood ratio tests for these depressive scores showed that
overdispersion was greater than 1, that is, their variance
was greater than their mean.

To investigate the seasonality, assuming a sinusoidal
pattern, of variables of interest including low mood,

F I GURE 1 The amygdala

subregion segmentations using the

developmental version of FreeSurfer;

(a) sagittal (top), axial (middle) and

coronal (bottom) views displaying the

labels of the amygdala subregions

and (b) only the subregions marked

with different colours

MAJRASHI ET AL. 1391



anhedonia, tenseness, tiredness and total depressive score
as well as amygdala subregion volumes, a cosinor gener-
alised linear regression (GLM) analysis with sine and
cosine functions and month as the time variable
(Barnett & Dobson, 2010; Cornelissen, 2014) was used.
Sine and cosine transformations of the month of scan
were calculated using the formulas

Sin¼ 2�π M�1ð Þ=12ð Þ

Cos¼ 2�π M�1ð Þ=12ð Þ

where M = month of scan (integer number from 1 to
12). We assessed whether the seasonal pattern of the
depressive symptoms and amygdala volumes is sinusoidal
by comparing a model including sine and cosine month
transformations and the covariates of age, ethnicity,
Townsend deprivation and living area with models
excluding sine and cosine month transformations
(Barnett & Dobson, 2010). There were two specific
criteria for indicating the significance of seasonality or
improved model fit, and these were (a) significance of
sine and/or cosine (cosinor) terms (p < .05), with ampli-
tude significantly greater than zero and (b) lower Akaike
Information Criterion (AIC) for the model including the
cosinor terms (Barnett & Dobson, 2010; Lyall
et al., 2018). The amplitude of the cosinor model
(or curve) was calculated as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β2þγ2

q

where β and γ are cosine and sine generalised regres-
sion coefficients, respectively. Finally, the acrophase (φ;
peak of cosinor model) in month of scan was calculated
from

φ¼ 12� tan
�1 γ=βð Þ
2π

þ1

The seasonal pattern of photoperiod (as a continu-
ous measure of day length) was tested, and it was
found that it followed a sinusoidal pattern. No further
transforms were applied. Photoperiod was then used as
a time variable in all regression analyses instead of the
transformed months because photoperiod followed a
seasonal pattern.

To examine whether photoperiod was associated with
total amygdala volume, first a simple linear regression
analysis was performed. Due to previously found associa-
tions of age, gender and TBV with amygdala volumes,
bivariate correlations with amygdala volumes were per-
formed. Significant correlations were found between age

and TBV and amygdala volumes (see Section 3), and
these factors were, therefore, included as covariates to
further explore the variance in the amygdala volumes.
Then, multiple regression analyses with total amygdala
volume as dependent variables, age, gender and TBV as
covariates and photoperiod as independent variable were
performed.

To account for correlations of photoperiod among the
subregion volumes of the amygdala across all partici-
pants, a multivariate generalised linear model (GLM)
was used. A multivariate GLM included all amygdala
subregion volumes as dependent variables, age, gender
and TBV as covariates and photoperiod as the indepen-
dent variable. If the initial multivariate GLM models
were significant, then univariate regression model includ-
ing each amygdala subregion volume as a dependent var-
iable, age, gender and TBV as covariates and photoperiod
as the independent variable to assess the correlation
between photoperiod and each amygdala subregion vol-
ume across all participants was performed.

To examine how the subregion volumes of the amyg-
dala covary with photoperiod when adjusted for age, sex
and TBV, a partial least squares (PLS) analysis was used.
PLS is a multivariate technique that transforms the pre-
dictor (photoperiod) to a smaller set of uncorrelated com-
ponents and then performs least squares regression on
these defined components (Bussy et al., 2021). The main
aim of PLS is to identify a set of latent variables (LVs)
explaining patterns of covariance between ‘subregions’
and ‘photoperiod’ data with the constraint that LVs
explain the covariance between the two matrices as much
as possible (Chen et al., 2019; Sawatsky et al., 2015). The
two input matrices are composed of the ‘subregions’ and
‘photoperiod’ data. The ‘subregion’ data included the
volume of each substructure of the amygdala (nine subre-
gions). The ‘photoperiod’ data contained both photope-
riod and covariates (age, sex and TBV) together. A
previous study (Chen et al., 2020) has shown that PLS
regression can analyse dependent variables when the
number of parts of all compositional covariates is higher
than the number of observations (the PLS regression
between more than one compositional response variable
and more than one compositional covariate). Mathemati-
cally, each LV will describe linear combinations of the
‘substructures’ and ‘photoperiod’ data that maximally
covary. A series of PLS analyses were used to investigate
(a) the variance accounted for by all left and right amyg-
dala subregion volumes in the first latent factor and
(b) the relationships between the amygdala subregion
volumes and photoperiod. Each latent factor was then
tested statistically by a permutation test (Krishnan
et al., 2011; McIntosh & Lobaugh, 2004; McIntosh &
Miši�c, 2013). Row permutations (5000 iterations) of the
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amygdala subregions for both hemispheres and photope-
riod were subject to PLS using structural equation model-
ling (Riou et al., 2016). From these permutation tests, a
p-value was calculated.

For mediation analysis, a standard three-variable path
model (Shrout & Bolger, 2002) (photoperiod ! amygdala
volumes, amygdala volumes ! mood and photo-
period ! mood) was used to test whether amygdala or
subregion volumes mediate the relationship between
photoperiod and low mood, anhedonia, tenseness and
tiredness. Multiple regression was used to test the associ-
ation between photoperiod and amygdala volumes
(adjusted for age, sex and TBV). Negative binomial
regression analysis was used to examine the association
between depressive symptoms (adjusted for age, ethnic-
ity, Townsend deprivation index, location of imaging cen-
tre and urban–rural settings) and amygdala subregion
volumes. Negative binomial regression analysis was used
to examine the association between photoperiod and
depressive symptoms (adjusted for the above confounders
added to TBV). Evidence of mediation is present when
the associations between mood and volume and mood
and photoperiod are significant. Bootstrapping with 5000
samples was used to compute the 95% confidence interval
using the ‘PROCESS’ method (Preacher & Hayes, 2008)
in SPSS Version 24.

3 | RESULTS

3.1 | Participant characteristics

A total of 10,033 participants (52.2% females and 47.7%
males) ranging in age from 45 to 79 years (mean = 62.5,
SD = 7.4) taken from the UKBB cohort were included
in the current cross-sectional study. 3D T1-weighted
images were collected from all participants. The MRI
scans were acquired between May 2014 and December
2016 with the date of scan recorded for each partici-
pant. Out of 10,033 participants, only 9289 participants
completed a touchscreen questionnaire of their mood in
the 2 weeks prior to the MRI assessment. Participants
lived in approximately equal proportions north and
south of the scanning centre with a mean distance of
31.1 km north or south. Photoperiod for each partici-
pant’s date of scan was measured based on the location
of residence of each participant. The range of observed
photoperiod was from 7.25 hours in winter to
17.22 hours in summer. The range for each mood mea-
sure was from 0 to 3 (where 0 = not at all and
3 = nearly every day). Demographic characteristics and
amygdala volumes are presented in Table 1.

3.2 | Tests of seasonality of total
amygdala and its subregion volumes

A cosinor GLM analysis was used to test whether total or
amygdala subregion volumes show a seasonal pattern.
We assessed whether significant evidence of seasonality
was present by testing whether inclusion of sine and/or
cosine transformations of month of scan resulted in
improved model fit compared with models not including
a month transformation. There were significant cosinor
terms for total amygdala (Figure 2) and all subregion vol-
umes (lateral nucleus, basal nucleus, accessory basal
nucleus, anterior-amygdaloid-area [AAA] nucleus, cen-
tral nucleus, medial nucleus, cortical nucleus, cortico-
amygdaloidal-transition [CAT] nucleus, para-laminar
nucleus) in both hemispheres (Table 2). The peak volume
for whole amygdala and most subregion volumes
occurred in June. The exceptions were left AAA peak vol-
ume that occurred in July and right central nucleus peak
volume that occurred in May. The highest amplitude or
volume change was found in the lateral nucleus followed
by the basal nucleus, accessory basal nucleus and then
CAT bilaterally. The right hemisphere showed greater
volume difference than the left hemisphere in most
regions.

3.3 | Associations of photoperiod with
total amygdala and its subregion volumes

3.3.1 | Total amygdala volume associations

Linear regression revealed significant correlations
between photoperiod and total amygdala volume. Pho-
toperiod was positively correlated with left amygdala
(r(10,033) = .044, B = 2.91 � .65 mm3/h), right amyg-
dala (r(10,033) = .051, B = 3.43 � .67 mm3/h) and total
(left + right) amygdala (r(10,033) = .050,
B = 6.34 � 1.2 mm3/h) volumes, p < .001. To better
understand the variance in amygdala volume explained
by age, sex and TBV, a multiple regression model was
performed. Age, sex and TBV were significantly associ-
ated with amygdala volume. When amygdala volume
was adjusted for age, sex and TBV in multiple regres-
sion models, correlations between photoperiod and left
amygdala (r(10,033) = .065, B = 3.02 � .46 mm3/h),
right amygdala (r(10,033) = .076, B = 3.53 � .46 mm3/h)
and total amygdala (r(10,033) = .076,
B = 6.55 � .85 mm3/h) volumes remained significant,
p < .001 (Figure 3). When the p-value was Bonferroni
corrected (.05/3 = .016), all correlations remained signifi-
cant, p < .016 (Table 3).

MAJRASHI ET AL. 1393



TAB L E 1 Characteristics of the UKBB imaging participants with amygdala subregion volumes

Variables

(N = 10,033)

Mean SD

Age (years) 62.53 7.40

Low mood .211 .500

Anhedonia .19 1 .450

Tenseness .240 .520

Tiredness 0.570 .740

Total depressive score 1.212 .760

Townsend deprivation score �2.010 .560

Photoperiod in hours 13.01 3.05

Rural (number, %) 671 (7.22%)

Urban (number, %) 8553 (92.07%)

Ethnic background: White (number, %) 8728 (93.96%)

Ethnic background: Black (number, %) 29 (0.31%)

Ethnic background: Mixed (number, %) 271 (2.91%)

Ethnic background: Asian (number, %) 191 (2.05%)

Ethnic background: Chinese (number, %) 30 (0.32%)

Ethnic background: Other (number, %) 40 (0.43%)

Left lateral nucleus (mm3) 661.20 80.4

Left basal nucleus (mm3) 432.14 53.8

Left ABN (mm3) 242.28 33.2

Left AAA (mm3) 53.16 8.10

Left central nucleus (mm3) 42.51 9.10

Left medial nucleus (mm3) 18.64 5.71

Left cortical nucleus (mm3) 22.00 4.50

Left CAT (mm3) 165.52 22.5

Left PLN (mm3) 50.88 6.70

Whole amygdala (mm3) 1688.37 200.4

Right lateral nucleus (mm3) 685.80 81.8

Right basal nucleus (mm3) 452.08 54.5

Right ABN (mm3) 259.95 34.7

Right AAA (mm3) 57.95 8.63

Right central nucleus (mm3) 46.84 9.62

Right medial nucleus (mm3) 21.49 6.10

Right cortical nucleus (mm3) 24.70 4.50

Right CAT (mm3) 171.98 22.2

Right PLN (mm3) 51.93 6.50

Whole amygdala (mm3) 1772.75 205.4

Total (L + R) amygdala 3461.1 390.8

WMV (cm3) 470.7 57.2

TGM (cm3) 627.1 55.2

TBV (cm3) 1097.9 106.9

Abbreviations: AAA, anterior-amygdaloid area; ABN, accessory-basal nucleus; CAT, cortico-amygdaloid transition; GMV, grey matter volume; PLN, para-

laminar nucleus; SD, standard deviation; TBV, total brain volume; WMV, white matter volume,
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3.3.2 | Amygdala subregion volume
associations

Multivariate regression analysis revealed significant lin-
ear effects of photoperiod across all amygdala subregion
volumes (Wilk’s lambda = .992; F = 9.28; df = 9; partial
eta squared = .008; observed power = 1.00; p = <.001)
for left hemisphere and (Wilk’s lambda = .990;
F = 10.82; df = 9; partial eta squared = .010; observed
power = 1.00; p = <.001) for right hemisphere. Further,
individual multiple regression analyses revealed signifi-
cant linear correlations between photoperiod and amyg-
dala subregion volume in across both hemispheres
(Table 3). When the p-value was Bonferroni corrected
(.05/54 = .0009), most correlations remained significant

(p < .0009). The exceptions were the left AAA and right
central nuclei.

PLS regression analysis revealed significant latent fac-
tors (via a permutation test with 5000 iterations)
(p = <.001). The first latent factor accounted for 28.6%
and 30.8% of variances in the relationship between vol-
ume and photoperiod in the left and right amygdala,
respectively. PLS showed the strongest associations with
photoperiod in the basal nucleus followed by the acces-
sory basal nucleus, lateral nucleus, CAT, PLN, AAA, cen-
tral nucleus, cortical nucleus and medial nucleus in the
left hemisphere and the basal nucleus followed by the
accessory basal nucleus, CAT, lateral nucleus, PLN,
AAA, cortical nucleus, central nucleus and medial
nucleus in the right hemisphere (Figure 4).

F I GURE 2 Left, right and total amygdala

volumes, fitted with cosinor model to illustrate

seasonal pattern
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TAB L E 2 Cosinor parameters and model comparison for (a) left and (b) right amygdala and subregion volumes

Multivariate generalised regression estimates

Outcome
Amygdala subregion

Cosine
coefficient (SE) p

Sine
coefficient (SE) p ΔAIC

Acrophase
(month) Amplitude

(a) Left

Lateral nucleus �3.74 .841 <.001 2.10 .831 .012 �20.23 June 4.32

Basal nucleus �3.10 .580 <.001 1.24 .570 .031 �27.2 June 3.31

ABN �2.34 .360 <.001 1.13 .350 .002 �44.3 June 2.60

AAA �.221 .102 .031 .042 .100 .233 �.712 July .236

Central nucleus �.330 .111 .005 .270 .113 .016 �8.82 June .434

Medial nucleus �.392 .071 <.001 .210 .072 .006 �26.0 June .450

Cortical nucleus �.353 .056 <.001 .190 .051 .001 �40.9 June .415

CAT �1.14 .258 <.001 .670 .257 .008 �20.9 June 1.33

Para-laminar nucleus �.400 .074 <.001 .130 .075 .079 �24.9 June .432

Whole amygdala �12.0 2.06 <.001 6.02 2.03 .003 �36.2 June 13.5

(b) Right

Lateral nucleus �5.20 .833 <.001 2.62 .827 .001 �41.8 June 5.80

Basal nucleus �3.63 .572 <.001 2.06 .565 <.001 �45.4 June 4.12

ABN �2.06 .369 <.001 1.35 .363 <.001 �38.8 June 2.44

AAA �.364 .106 .001 .122 .108 .445 �8.3 June .385

Central nucleus �.155 .129 .208 .491 .123 <.001 �14.0 May .527

Medial nucleus �.280 .084 .001 .225 .083 .007 �14.0 June .368

Cortical nucleus �.230 .052 <.001 .211 .050 <.001 �20.3 June .324

CAT �1.17 .240 <.001 .486 .240 .048 �20.7 June 1.28

Para-laminar nucleus �.530 .070 <.001 .236 .070 .001 �53.6 June .570

Whole amygdala �13.6 2.04 <.001 7.82 2.01 <.001 �51.8 June 15.7

Total (L + R)
amygdala

�25.7 3.80 <.001 13.84 3.73 <.001 �54.9 June 29.1

Notes: Generalised linear regression coefficients (b), robust standard error (SE) and probability of significance (p) for cosine and sine transformations of the
month of scan. Models were adjusted for age, gender and TBV. AIC values refer to the differences between this model and a model excluding sine and cosine
terms but including the covariates (age, sex and TBV). Seasonality of outcome variables (total and left and right amygdala subregion volumes) is inferred from
(a) the significance (p < 0.05) of the cosine and/or sine generalised linear regression coefficients and (b) improved model fit included cosinor terms by reduced
AIC value (ΔAIC).

F I GURE 3 Linear correlations between photoperiod and left, right and total amygdala volumes across all participants, + % difference

means percentage difference in amygdala volumes from mid-winter (7 h) to mid-summer (17 h), whereas � % difference means percentage

difference from mid-summer (17 h) to mid-winter (7 hs)
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3.4 | Association of photoperiod with
depressive symptoms

Negative binomial regression was conducted to investi-
gate the association between photoperiod and depressive
symptoms including low mood, anhedonia, tenseness,
tiredness and total depressive score. There was a signifi-
cant negative correlation between photoperiod and low
mood only (p < .05). When corrected for age, sex, ethnic-
ity, living area (urban or rural) and Townsend depriva-
tion index the correlation with low mood did not remain
significant (see Table 4).

3.5 | Association of amygdala subregion
volumes with depressive symptoms

There were no significant correlations between amygdala
subregion volumes and depressive symptoms including
low mood, anhedonia, tenseness, tiredness and total
depressive scores (corrected for age, sex, TBV, ethnicity,
urban–rural settings and Townsend deprivation index)
across all participants (Table 5).

3.6 | Mediation analysis

There was a positive association between photoperiod
and amygdala volumes, but there were no significant
associations between photoperiod and depressive symp-
toms nor between amygdala volumes and depressive
symptoms. Based on the assumptions of mediation

TAB L E 3 Linear correlations between photoperiod and left

and right amygdala subregion volumes

Amygdala subregions

(N = 10,033)

R B SE p

Left lateral nucleus .050 .966 .191 <.001

Left basal nucleus .057 .760 .132 <.001

Left accessory-basal nucleus .070 .574 .082 <.001

Left AAA .021 .051 .024 NS

Left central nucleus .037 .097 .026 <.001

Left medial nucleus .056 .102 .018 <.001

Left cortical nucleus .067 .090 .013 <.001

Left CAT .048 .282 .059 <.001

Left para laminar nucleus .056 .098 .017 <.001

Left whole amygdala .065 3.02 .466 <.001

Right lateral nucleus .069 1.31 .189 <.001

Right basal nucleus .071 .931 .131 <.001

Right accessory-basal nucleus .066 .546 .083 <.001

Right AAA .038 .092 .024 <.001

Right central nucleus .027 .075 .028 NS

Right medial nucleus .043 .081 .019 <.001

Right cortical nucleus .052 .066 .013 <.001

Right CAT .051 .291 .056 <.001

Right para-laminar nucleus .077 .130 .017 <.001

Right whole amygdala .076 3.53 .462 <.001

Total (left + right) amygdala .076 6.55 .856 <.001

Abbreviations: B, regression coefficient (mm3/hour); N, sample number; NS,
not significant p < .0009; p, probability of significance; R, Pearson
correlation; SE, standard error.

F I GURE 4 PLS loadings showing most associations with photoperiod across the amygdala subregion volumes in both hemispheres on

the first latent variable (LV). Abbreviations: AAA, anterior-amygdaloidal area; ABN, accessory-basal nucleus; BA, accessory nucleus; CAT,

cortico-amygdaloidal transition; CeN, central nucleus; Cor, cortical nucleus; LA, lateral nucleus; PLN, para-laminar nucleus
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analysis, there is no evidence that amygdala volume
mediates the association between mood and photoperiod.

4 | DISCUSSION

To our knowledge, the current study is the first to dem-
onstrate the seasonality of amygdala subregion volumes
and test whether the seasonality of depressive symptoms
is mediated by seasonal differences in amygdala volumes.
We found that amygdala subregion volumes follow a
sinusoidal pattern, with the region-dependent peak for
amygdala subregion volumes occurring in May, June and
July with the highest amplitudes found in the lateral
nucleus followed by the basal nucleus, ABN and CAT.
This finding extends previous animal findings, which
have shown that amygdala volumes in mammals change
with season and are larger in the summer months and
smaller in the winter months (Cooke et al., 2001, 2002,
2007). This significant association remained when con-
trolling for covariates including age, sex and TBV known
to be associated with amygdala volume. The associations
between photoperiod and volume were found to be differ-
ent between the subregions. The basolateral nuclei con-
sisting of the lateral, basal and accessory basal nuclei
demonstrated the greatest photoperiodic variations.

The majority of the literature (Cooke et al., 2001,
2002, 2007) have shown that photoperiod is associated
with the medial amygdala volume in mammals and that
the volume is larger during longer photoperiods and
smaller during shorter photoperiods. There is only one
previous study (Walton et al., 2012) showing the associa-
tion of photoperiod with basolateral amygdala neuronal
spine density in mammals. This study found that expo-
sure to short photoperiod days increased fear memory in
an auditory-cued fear conditioning test and increased
dendritic spine density of the neurons of the basolateral
amygdala compared with long photoperiod days,
suggesting that photoperiodic phenotypic differences in

brain morphology and physiology affect responses to
amygdala-related cognitive functions. This evidence,
therefore, supports the notion that the functions of amyg-
dala subregions may also be affected by changes in pho-
toperiod. This suggests that the basolateral amygdala
functions such as fear memory formation, reward learn-
ing and pain regulation may be affected by changes in
photoperiod and that these functions are impaired during
short photoperiods and improved during long
photoperiods.

The associations between photoperiod and total amyg-
dala and subregion volumes were also observed to be dif-
ferent between hemispheres. Right total amygdala and
the majority of the subregions displayed greater magni-
tude of photoperiodic variations, compared with the left
amygdala subregions. This finding is consistent with a
previous mammal study (Cooke et al., 2002) reporting
that seasonal changes in photoperiod affect the volume of
the right medial subnucleus of the amygdala, more than
the left. A previous study (Wright et al., 2001) found that
the right amygdala showed greater habituation to emo-
tional stimuli than the left amygdala, whereas the left
amygdala showed more activations to the contrast of fear
versus happy emotions, suggesting that the left amygdala
is specialised for sustained stimulus evaluation, whereas
the right amygdala is part of a dynamic emotional stimu-
lus detection system. In addition, (Baas et al., 2004) found
that the left amygdala is more activated in emotional
processing regardless of stimulus type, task instructions or
habituation rates than the right amygdala. These results
suggest that left and right amygdalae play different roles
in emotional regulation and that these roles may be differ-
entially affected by seasonal or photoperiodic differences.

Finally, we did not find photoperiod to be associated
with mood. This lack of association between mood and
amygdala volume contradicts the majority of the litera-
ture (Borgsted et al., 2018; Burke et al., 2011; Nolan
et al., 2020), which have found amygdala volumes to be
smaller in those who are depressed. This lack of

TAB L E 4 Associations between photoperiod and all depressive symptoms

Model

b (SE) IRR p

Low mood (n = 9289) �.015 (0.008) 0.984 .053

Anhedonia (n = 9289) �.013 (0.008) 0.987 .122

Tenseness (n = 9289) �.007 (0.007) 0.993 .339

Tiredness (n = 9289) 0.002 (0.005) 1.002 .700

Total depressive score (n = 9289) �.005 (0.004) 0.995 .247

Notes: Negative binomial regression coefficients (b), robust standard error (SE) and incidence rate ratios (IRR) for association between photoperiod (corrected
for age, sex, ethnicity, living area and Townsend deprivation index) and low mood, anhedonia, tenseness, tiredness and total depressive score.
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association between amygdala volume and mood may be
explained by a floor effect, where the participants in this
cohort reported low average depression symptomology
compared with the depressed patients in previous studies.
The lack of an association between photoperiod and
mood may also be due to the sample size. A previous
study (Lyall et al., 2018) found significant associations
between changes in photoperiod and some seasonal
depressive symptoms such as low mood and anhedonia
but with a sample size of more than 70,000.

4.1 | Potential biological mechanisms

The underlying biological mechanisms of seasonal photo-
periodic differences in amygdala and subregion volumes
in humans are unknown. However, previous animal
studies may give some insights. One possibility is that
seasonal differences in amygdala volumes may be medi-
ated by effects of hormones. Melatonin has been shown
to be directly modulated by changes in photoperiod and
mediate many photoperiod-induced adaptations
(Zawilska et al., 2007). Previous studies (Adi et al., 2010;
Drago & Busa’, 2000; Wongprayoon &
Govitrapong, 2021) have shown that melatonin receptors
are present in the amygdala. The role of melatonin has
been examined in the neural song circuitry of songbirds
(Bentley et al., 1999). In particular, when European star-
lings castrated to remove the neuromodulating activity of
gonadal steroids were exposed to longer photoperiods,
they exhibited increased volume of the song-control
nucleus high vocal centre (HVC) compared with those
exposed to short photoperiods and that administered
exogenous melatonin attenuated the long-day-induced
volumetric increase in HVC. These results suggest that
there is a role for melatonin in brain plasticity within the
central nervous system of vertebrates. Other circulating
hormones such as testosterone, oestrogen and corticoste-
rone concentrations, which have been found to be
decreased in short-day photoperiods in white-footed mice
(Feist et al., 1988), may also modulate morphological
amygdala photoperiodic-related differences observed in
this study. Siberian hamsters, a rodent that synchronises
its reproductive behaviour with season, exposed to
shorter photoperiods exhibited smaller somata size and
neuronal density of the medial amygdala, which coin-
cided with reduced gonadal weights, seminal vesicles and
reduced levels of gonadotropin releasing hormones, com-
pared with those exposed to longer photoperiods (Cooke
et al., 1999, 2001, 2002; Gomez & Newman, 1991). Photo-
period has also been shown to effect the sensitivity of the
neurons of the medial amygdala subnucleus and that this
effect is accompanied with changes in gonadotropin-

releasing hormones (Cooke et al., 2002; Tubbiola
et al., 1989). Together, these results may suggest an asso-
ciation between photoperiod, brain volume and testoster-
one and corticosterone, suggesting that short
photoperiods affect the circulation of these hormones,
which in turn may alter the morphology of these brain
regions. Future research investigating the mechanisms
underlying this seasonal plasticity may be important for
treating seasonal affective disorders.

Another possibility is that the photoperiodic differ-
ences in amygdala subregion volumes may be mediated
by the effects of social conditions or interactions. It is
known that social interaction influences the brain and
that a higher brain density of new neuronal cells has
been associated with a higher social interaction (DeVries
et al., 1996; Zhao et al., 2003). Importantly, seasonal
changes in amygdala volumes have been found to vary
depending on social interactions. During short photope-
riods, adult male hamsters housed with a female were
found to maintain their amygdala volume and gonadal
weights compared with those housed in a same-sex envi-
ronment (Cooke et al., 2001). Together, these results sug-
gest a link between volume of the amygdala, social
environment and seasonal changes in photoperiod.

4.2 | Limitations

The current study design has some limitations. Our study
was cross-sectional in which participants were measured
only once rather than at different times over the year;
therefore, the amygdala and subregion volumes mea-
sured represent inter-individual variances not changes.
Making a causal statement about seasonal change of an
individual amygdala volume would require a longitudinal
study. Depressive symptom scores in the current study
were also taken from questions about feelings over the
previous 2 weeks and may be subject to recall bias in
reporting mood. Further, the statistical approach of the
PLS used in this study has disadvantages that could affect
the accuracy of the results. The main limitations of the
PLS regression model include risk of overlooking real
correlations as well as sensitivity to the relative scaling of
the descriptive variables (Cramer, 1993). The PLS com-
posites are derived automatically by the PLS algorithm.
In addition, the PLS regression considers the variability
of the dependent variables while other models such as
principal component regression (PCR) do not. Finally, we
included all data available in the January 2017 brain
imaging data release. This means that we included partic-
ipants who may have medical or psychiatric issues
related to their brain such as stroke, Alzheimer’s disease
and congenital or acquired structural brain defects.
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5 | CONCLUSION

To conclude, the current study is the first to demonstrate
that in humans, amygdala and subregion volumes follow
a seasonal pattern with a peak in the summer, supporting
the animal literature demonstrating that mammals
exposed to short photoperiod conditions exhibit smaller
amygdala volumes relative to those exposed to long pho-
toperiod conditions. This finding adds to the evidence
supporting the role of photoperiod on brain structural
plasticity that may have implications for future investiga-
tions of changes in mood associated with human expo-
sure to variations in environment, such as natural and
artificial light.
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