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Abstract

Background

Recent stressful life events (SLEs) are an established risk factor for a range of psychiatric
disorders. Animal studies have shown evidence of grey matter (GM) reductions associated with
stress, and previous work has found similar associations in humans. However longitudinal studies

investigating the association between stress and changes in brain structure are limited.

Methods

The current study uses longitudinal data from the UK Biobank and comprises 4,543 participants
with structural neuroimaging and recent SLE data (mean age=61.5 years). We analysed the
association between recent SLEs and changes in brain structure, determined using the
longitudinal FreeSurfer pipeline, focusing on total GM volume and five a priori brain regions: the
hippocampus, amygdala, anterior cingulate cortex, orbitofrontal cortex, and insula. We also
examined if depression and childhood adversity moderated the relationship between SLEs and

brain structure.

Results

Individuals who had experienced recent SLEs exhibited a slower rate of hippocampal decrease
over time compared to individuals who did not report any SLEs. Individuals with depression
exhibited smaller GM volumes when exposed to recent SLEs. There was no effect of childhood

adversity on the relationship between SLEs and brain structure.

Conclusions
Our findings suggest recent SLEs are not directly associated with an accelerated decline in brain
volumes in a population sample of older adults, but instead may alter brain structure via affective

disorder psychopathology. Further work is needed to investigate the effects of stress in younger
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50 populations who may be more vulnerable to stress-induced changes, and may yet pinpoint brain
51  regions linked to stress-related disorders.
52
53 Keywords: recent stress, structural neuroimaging, longitudinal, grey matter

54

https://doi.org/10.1192/j.eurpsy.2025.2 Published online by Cambridge University Press


https://doi.org/10.1192/j.eurpsy.2025.2

55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
7
78
79
80
81
82

Accepted manuscript: Authors' Copy

Introduction

Stressful life events (SLEs) are a recognised risk factor for a range of disorders including
depression, psychosis and infectious ilinesses [1]. The brain is central to responding to external
stressors and regulating the biological stress response [2]. Findings from animal studies have
suggested prolonged exposure to stress can cause reductions in grey matter (GM) volumes within
the brain in areas such as the hippocampus, cingulate cortex, and prefrontal regions [3-5]. This
has been attributed to the hypothalamic-pituitary-adrenal (HPA) axis, the main biological system
that secretes glucocorticoids in response to stress, which is thought to be neurotoxic at sustained
levels [6, 7]. It is posited this could in part be due to excitotoxicity, where the over-stimulation of
cells via glutamate receptors are further exacerbated by elevated glucocorticoids, resulting in

neuronal damage [8, 9].

Cross-sectional structural neuroimaging studies have reported associations between recent SLEs
in adulthood and smaller grey matter (GM) volumes within regions including the anterior cingulate
cortex (ACC), insula, prefrontal cortex, hippocampus, and amygdala in healthy adults [10-13]. To
clarify the direction of effect, studies using longitudinal data are required, of which we are aware
of only two in non-clinical samples. Papagni et al. [14] (N=26) found reductions in the
hippocampus, parahippocampus, and anterior cingulate cortex (ACC) associated with SLEs that
occurred over a three-month period. Ringwald et al. [15] (N=212) found a negative association
between SLEs and GM volume changes over a two-year follow-up period within the medial
prefrontal cortex. These findings indicate that recent SLEs may have a detectable effect on

macroscopic brain structure.

The current study investigated the effects of recent SLEs on brain structure using a large,

longitudinal, population dataset from the UK Biobank (htips://www.ukbiobank.ac.uk). Previous

work examining the neural correlates of lifetime adulthood stress and early life adversity using

cross-sectional UK Biobank data has been carried out by McManus et al. [16], where the authors
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did not find a significant association with GM volumes in their hypothesised regions-of-interest
(ROls): the hippocampus, amygdala, and thalamus. Here, we sought to investigate whether recent
SLEs are distinctly associated with brain structural changes in this population sample. We have
focused on total GM volume and five subregions of the brain: the hippocampus, amygdala, ACC,
orbitofrontal cortex (OFC), and insula. These regions have previously been implicated in the
regulation of the stress response [7], with evidence of structural neuroanatomical changes within
these regions associated with stress in non-clinical adult samples [10-15, 17]. These brain regions
have also been observed to exhibit aberrant functional connectivity associated with stress in
healthy adults [18, 19], and in animal studies [20]. One study further observed persistent
anomalous resting-state connectivity in rodents a week after being exposed to a stressor within

the prefrontal cortex and amygdala [21].

We have analysed a subset of UK Biobank participants who had available structural neuroimaging
and recent SLE data measured at two timepoints. We categorised participants into two groups
based on whether they had any or no recent SLE exposure and examined for group differences
in brain structure. We hypothesised that individuals exposed to recent SLEs would have smaller
brain volumes and lower cortical thickness, and that changes in their brain structure over the
follow-up period would be more adversely affected when compared to individuals without recent
SLE exposure. Among individuals with recent SLE exposure, we hypothesised that brain structural

measures would be negatively associated with the number of events.
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Methods

UK Biobank data
The UK Biobank is a population-based cohort of over 500,000 participants from across the United

Kingdom (https://www.ukbiobank.ac.uk), recruited between the ages of 40-69 [28]. Recruitment

began in 2006, and baseline data were collected covering an extensive range of variables relating
to health and wellbeing, sociodemographic measures, and lifestyle. There have since been three
follow-up assessments, where imaging data were collected in the latter two [29]. Between 2014-
2020, participants completed their first MRI scan, while data collection for the second MRI scan
occurred between 2019-2022. At each follow-up, participants who completed the MRI scan also
completed the main assessment suite on the same day, which included recent SLE data and
depressive symptom data. The current study used data from participants who had complete
structural MRI data and recent SLE data at both imaging visits (N = 4,543). In between
assessments, participants were also invited to complete one-off online questionnaires such as the
2016 Mental Health Questionnaire (see Figure S1 in the supplement for a timeline illustrating data
collection). The current study obtained only childhood adversity data from the Mental Health
Questionnaire. Figure S2 presents a flow chart depicting sample sizes of the analyses and a list

of the variables used is reported in Table S1.

The UK Biobank obtained ethical approval from the Research Ethics Committee
(Ref:11/NW/0382), and participants provided written, informed consent. Data in the current study

(application ID: 87152) were retrieved from the UK Biobank in July 2023.

Recent stressful life events
At each imaging assessment, participants were asked if they had experienced any SLEs within

the last two years (Data-Field 6145). Participants selected events from a pre-specified list of six

events which included: a serious illness, injury or assault to self or to a close relative, death of a

close relative or spouse/partner, marital separation/divorce, or financial difficulties. We calculated
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an SLE score based on the number of events (0 to 6). Participants were assigned group
membership at each timepoint to either SLE-, for scores of zero, or SLE+, for scores greater than
zero. In our analyses, we compared brain structural measures between the two groups, and we

also examined the association between the SLE score and brain structure within the SLE+ group.

Neuroimaging measures

The UK Biobank’s MRI acquisition protocol and quality control has been previously described [30].
Participants were scanned at four centres (Cheadle, Reading, Newcastle, and Bristol) using the
same scanner model (3T Siemens Skyra). At the time of data retrieval in the current study, there
were no repeat imaging scans completed at Bristol and therefore only data from three centres

have been included.

T1-weighted scans from both timepoints were processed using the longitudinal stream in the

software FreeSurfer (v7.3.2) (https://surfer.nmr.mgh.harvard.edu) [31], which has demonstrated

reliable structural measurements for longitudinal neuroimaging analysis [32]. Segmented regions
were derived based on the Desikan-Killiany Atlas [33]. In the current study, we focused on global
total GM volume and five brain regions which have been previously associated with recent stress
in healthy adults: (1) hippocampus [14, 34, 35]; (2) amygdala [12, 35]; (3) OFC [10, 13]; (4) ACC
[11, 13, 14]; and (5) insula [13, 17]. Results from the FreeSurfer processing were assessed
following the ENIGMA Quality Control (QC) Protocol

(https://enigma.ini.usc.edu/protocols/imaging-protocols/), where seven participants were

excluded due to poor data quality. Further details are reported in the supplement.

For the subcortical regions, the hippocampus and amygdala, we analysed bilateral GM volumes
summing left and right volume measures as obtained from FreeSurfer. For the cortical regions,
the OFC, ACC, and insula, we analysed the mean cortical thickness, which was calculated by

averaging the FreeSurfer thickness estimates across hemispheres for each region.
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Other non-imaging variables
Time
The time between assessments was considered as the time from the first imaging assessment
and calculated using the assessment date (Data-Field 53) for each participant. Time at the first
imaging assessment was therefore zero across all participants. The time to the second imaging
assessment was calculated in days by subtracting assessment dates, and dividing by 365 to

convert it to years.

Depressive symptoms
Recent depressive symptoms were measured using the total score of the Patient Health

Questionnaire (PHQ)-2 (Data-Fields 2050-2080), the depression subscale of the PHQ-4 [36, 37].

We selected the PHQ-2 as this data were collected on the same day as the MRI scans and was
the most complete measure of psychopathology. As a large number of participants scored zero,
indicating no recent depressive symptoms, we grouped participants based on the established
PHQ-2 cut-off score, where scores of >3 indicated probable depression (PHQ+) and <3 indicated

no probable depression (PHQ-) [36].

Childhood adversity
Participants completed the Childhood Trauma Screener (CTS-5) [38] as part of the online 2016

Mental Health Questionnaire (Data-Fields 20489-20491), and a total CTS-5 score was calculated.

Not all participants completed the online assessment, which was issued between follow-up
assessments, and 1,219 participants were missing data. As just over half of participants reported
experiencing no childhood adversity, we created a childhood adversity (CA) grouping where
participants were assigned membership based on whether they experienced any (CA+) or no

childhood adversity (CA-).

Sociodemographic variables
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Other variables used in the current study as potential confounders included: employment status

(Data-Field 6142), the presence of a long-standing iliness, disability or infirmity (Data-Field 2188),

alcohol intake frequency (Data-Field 1558), smoking status (Data-Field 20116), and the Townsend

deprivation index (Data-Field 22189). The Townsend deprivation index measures socioeconomic

deprivation, with higher scores indicating higher deprivation [39]. Further details regarding the

treatment of the variables are reported in the supplement.

Statistical Analysis
All analyses were conducted in R (v4.3.1), with the statistical significance level set at p<.05 (two-

tailed).

Sample characteristics of the SLE- and SLE+ groups were compared using independent sample
t-tests or chi-square tests as appropriate, using data from the first imaging assessment or at

recruitment.

Our primary analysis was to compare brain structural measures between the groups SLE+ and
SLE-. We employed linear mixed models (LMM), using the R package Ime4 [40], and participants
were modelled with random intercepts to account for the repeated measures. LMMs do not require
data to be measured at consistent time intervals making it suitable for analysing longitudinal data
[41]. We fitted separate LMMs with each brain structural measure as the outcome variable, and
SLE group, time, and the interaction term SLE group x time as the main fixed effects. The
interaction term allowed us to examine whether there were group differences in brain structural
changes over the study period. Time was measured in years from the date of the first imaging

assessment.

In an additional analysis we fitted LMMs using SLE score with data from only the SLE+ group, to

examine whether the number of SLEs were associated with changes in brain structure. Separate
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LMMs were modelled for each brain structural measure as the outcome variable, and with SLE

score, time, and SLE score x time as the main fixed effects.

In exploratory analysis, we investigated whether recent SLEs influenced the relationship between
depression and brain structure, given the strong evidence linking recent stress and the onset of
depressive disorders [22, 23]. We fitted LMMs with depression group (PHQ+ or PHQ-), SLE group,
and the interaction term SLE group x depression group as the main fixed effects, controlling for
time. We also considered the effects of childhood adversity as it has been associated with smaller
brain volumes [24, 25], and is linked to an increased sensitivity to stress in later life, potentially
amplifying the effects of stress in adulthood [26, 27]. To examine for the effects of childhood
adversity, we fitted LMMs to include CA group (CA+ or CA-), SLE group, and the interaction term

CA group x SLE group as the main fixed effects, controlling for time.

In all models, where the interaction term was not significant, we re-fitted the models excluding the
interaction term to report the fixed effects of the variables of interest [42]. All models were adjusted
for age, age? (where age was taken at the first imaging assessment), sex, total intracranial volume
(ICV), and scan centre, included as fixed effects. Age and total ICV were standardised to avoid
varying scales across covariates affecting model convergence [40]. Neuroimaging and SLE data

were used across both timepoints in all models.

To adjust for multiple comparisons, we used a 5% false discovery rate (FDR) correction inclusive
of the main and exploratory analyses (51 p-values). The p-values reported in the results section

are uncorrected, with a superscript indicating whether significant p-values had passed correction.

We conducted several sensitivity analyses to test for changes to the significance of our results in
our main SLE group analysis. Firstly, we excluded data from participants who had experienced a
stroke in their lifetime (n=52), and who had outlier total ICV (n=36), defined in the ENIGMA QC

protocol as 2.698 standard deviations above or below the sample mean ICV. Next, we adjusted

10
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the models for potential confounding sociodemographic variables, which were found to be different
between SLE groups (see Table 1): employment status, the presence of a long-standing illness,
disability or infirmity, alcohol intake frequency, smoking status, and the Townsend deprivation
index. Finally, we re-fit the models to include a broader range of neuroimaging confounders as
identified by Alfaro-Almagro et al. [43], which included non-linear terms for time, age and sex

interactions, and head motion measures. Further details are provided in the supplement.

Whole-brain exploratory analysis

We conducted a final exploratory analysis looking at group differences in structural measures
across all FreeSurfer regions in the brain between SLE+ and SLE-. This analysis was to provide
further insight into potential stress-affected brain regions separate from our analytical plan detailed
above. Using LMMs with SLE group as the main fixed effect, and controlling for time, we examined
left and right cortical thickness and surface area measures for a total of 68 regions, and left and
right subcortical volumes for a total of 18 regions. Results were corrected for multiple comparisons

using a 5% FDR correction.

1
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Results

Sample characteristics

The current study used 4,543 participants from the UK Biobank who had available neuroimaging
and recent SLE data at both imaging assessments. Sample characteristics and group differences
between SLE+ and SLE- at the first imaging assessment are reported in Table 1. The SLE+ group
were younger, consisted of more females, were more likely to be in employment, consumed less
alcohol, more likely to be current smokers, and lived in more socioeconomically deprived areas.
More SLE+ individuals reported having a long-standing illness, disability or infirmity and
depression, and had a mean SLE score of 1.26 (SD=0.53) at the first imaging assessment. The
frequencies of SLE types are reported in Table S2. All participants completed two imaging
assessments with a mean time of 2.65 years (SD=1.09; Range 1.00-7.34 years) between

assessments.

Associations between recent SLEs and brain structure

The estimates of the main effects of SLE group and time are reported in Table 2 for the LMMs
fitted for each brain structure. Where the interaction term for SLE group x time was not significant,
the reported coefficient estimates are from the models where we have excluded the interaction

term.

Only the hippocampus revealed a significant SLE group x time interaction, where hippocampal
volumes decreased over time at a slower rate in the SLE+ group as compared to the SLE- group
(seen by the different slopes in Figure 1). In all other brain regions, SLE group did not have a
significant effect, suggesting there was no difference in brain structure between SLE+ and SLE-
when controlling for time. All brain regions, except for the ACC, reported a significant effect of time,
exhibiting a reduction in GM volumes and in mean cortical thickness over the follow-up period.

The full model results are reported in Table S3.

12
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When we examined for associations between the SLE score and brain structure within the SLE+
group, we did not find any significant effect of the interaction term SLE score x time, nor of the
SLE score as a main effect (see Table S4). This suggests the number of events was not associated

with brain structure.

Exploratory analyses of the effects of depression and childhood adversity

The results from the exploratory analysis investigating the effects of depression group (PHQ+ or
PHQ-) are reported in Table 3. The interaction term SLE group x depression group only had a
significant effect on total GM volume. Individuals with probable depression exhibited smaller total
GM volumes where they reported recent SLEs, compared to those who did not report any recent
SLEs (Figure 2). We also observed a significant interaction effect of SLE group x depression group
on hippocampal volumes, however this did not pass correction (pcorrected=-070). The full model

estimates are reported in Table S5.

We did not find a significant interaction between SLE group and CA group associated with brain
structure, nor was there a main effect of CA group on brain structure in the subsequent models
excluding the interaction term (all p > .05). Our results indicate there were no differences in brain
structure between individuals who had experienced childhood adversity and those who had not.

The full model estimates are reported in Table S6.

Sensitivity analyses

There were no changes to the significance of our results when we excluded individuals who
reported having a stroke in their lifetime or outlier total ICV, and nor when we included the lifestyle
and sociodemographic variables as covariates of no interest. When we expanded our model to
include the additional neuroimaging confounders, the interaction between SLE group x time

associated with the hippocampus was no longer significant.

Whole-brain exploratory analysis

13
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312  The results of the whole-brain analysis are reported in the supplementary material Table S7 for
313  group differences between SLE+ and SLE-. None of the findings survived correction for multiple

314  comparisons.
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Discussion

We investigated for the effects of recent SLEs on brain structure using a longitudinal neuroimaging
dataset from a large population cohort. The hippocampus exhibited a slower decline in GM volume
over the study period in individuals with recent SLE exposure compared to those without recent
SLE exposure. In exploratory analysis, total GM volume differed between SLE exposure groups
in individuals with depression but not in non-depressed individuals. We found childhood adversity

had no effect on the relationship between recent SLEs and brain structure.

Our results exhibited a decrease in hippocampal volumes with time, which is expected in terms of
aging-related changes [44]. However, contrary to our expectations, the SLE+ group exhibited a
slower rate of volume reduction over the follow-up period. The hippocampus is highly plastic, and
while this may make it a region of vulnerability in many disorders [45], hippocampal GM volume
reduction might be countered through mental stimulation, exercise, or social interaction [46-50],
which may serve as protective factors. This may explain our findings, as a higher proportion of the
SLE+ group were still in employment, which could suggest higher mental stimulation, and were
found to consume less alcohol, a risk factor associated with brain shrinkage [51, 52]. However,
there were no changes to our results when we controlled for employment status and alcohol intake
in a sensitivity analysis. The interaction between SLE group and time was no longer significant
when we expanded our model to include a wider set of neuroimaging confounders. However, the
difference in the rate of hippocampal volume change between SLE groups was very subtle,
estimated to be slower by 0.007ml/year in the SLE+ group (see the interaction term of SLE Group

x Time in Table 2).

It is possible that stress may pose more of a risk at a younger age, given the global median age
of onset for stress-related disorders was found to be below 35 years [53]. Neuroimaging studies
investigating stress in older cohorts (>60 years) are limited. One longitudinal study, in a depressed

and non-depressed sample (N=159, mean age=70 years), found that SLEs were associated with
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larger hippocampal volumes at baseline but there was no evidence of a temporal association
between SLEs and brain structure [54]. Another cross-sectional study (N=466, mean age=71
years) reported SLEs that occurred over the age of 65 were associated with greater amygdala
volumes, but not with hippocampal volumes [55]. Previous longitudinal studies by Papagni et al.
[14] and Ringwald et al. [15] that found significant associations between recent SLEs and changes
in brain structure analysed younger samples with mean ages of 25.2 years (N=26) and 32.8 years
(N=212) respectively, suggesting stress-induced changes could be more prominent in younger

populations.

Stress is subjective to an individual’s experience, and it may be the perception of stressful events
that is more relevant to structural brain changes rather than the occurrence of an event. Previous
cross-sectional work has reported associations between higher perceived stress levels and
smaller GM volumes within the prefrontal cortex [56] and insula [17], and a longitudinal study has
suggested that a smaller hippocampus represents a vulnerability to stress [57]. There is also some
evidence of rumination being associated with larger GM volumes within the prefrontal cortex and
ACC [58], which may have affected our results. As such, future studies could incorporate

subjective measures of stress and rumination.

We found total GM volume differed between depressed individuals with and without recent SLE
exposure, but not in nondepressed individuals. Stress is linked to the onset of depression [22, 23]
and severe subclinical depressive symptoms have been associated with smaller GM volumes [59,
60]. Our findings indicate that recent stress may influence the association between depressive
symptoms and total GM volume as has been previously reported [61]. However, further work is
required to clarify the direction of effect as smaller GM volumes have been associated with major
depressive disorder in non-stress studies [62, 63]. In addition, affective-disorder psychopathology
could result in an individual becoming susceptible to SLEs [64, 65], subsequently leading to further

harmful effects. We did not observe any effects of childhood adversity on the association between
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recent SLEs and brain structure. However, as childhood adversity is thought to increase sensitivity

to stress [26, 27], perceived stress levels may be more relevant in this context.

The current study had several limitations. Firstly, the questionnaire capturing recent SLEs was
limited to six events. While these events are found in other validated life event questionnaires [66,
67], it did not capture other event types such as having serious problems with a friend or being the
victim of theft. The questionnaire also did not facilitate for the reporting of multiple events of the
same type, meaning the data may have underreported the number of SLEs. The UK Biobank data
comprised individuals from mainly white European ethnic backgrounds (97% of the current
sample), and older adults, affecting the generalisability of results to other racial and ethnic groups.
In addition, we may be observing a survival bias in the study sample as participants have actively
participated in repeated data collection, which could indicate that they are overall healthier and
perhaps more resilient to stress. The time between assessments varied with some participants
completing a follow-up assessment more than two years after their first imaging assessment. It is
therefore possible that SLEs with potentially impactful or lasting effects may have occurred outside
of the two-year period defining a recent SLE, and were therefore not accounted for in the study.
Future study design using experience sampling methods to record daily stressors over a shorter

period may be an alternative approach to capture an individual’s experience of stress.

In conclusion, using longitudinal neuroimaging data from a large population cohort, we have found
that recent SLEs may not accelerate brain structure reductions in older adults, but may influence
changes through affective disorder psychopathology. Further research is needed to uncover the
effects of stress on the general population, with a particular focus on younger populations, who
may be more vulnerable to stress-induced changes. This work may yet pinpoint vulnerable brain

regions linked to stress-related disorders.

17

https://doi.org/10.1192/j.eurpsy.2025.2 Published online by Cambridge University Press


https://doi.org/10.1192/j.eurpsy.2025.2

395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420

Accepted manuscript: Authors' Copy
Supplementary material:

For supplementary material accompanying this paper, visit cambridge.org/EPA.

Acknowledgements:
We are grateful to the UK Biobank participants for their commitment and contribution, and the UK
Biobank team for managing the data. This research has been conducted using the UK Biobank

Resource under Application Number 87152.

Funding statement:

C. See is supported by the UK Medical Research Council (MR/N013700/1) and King’s College
London member of the MRC Doctoral Training Partnership in Biomedical Sciences. For the
purposes of open access, the author has applied a Creative Commons Attribution (CC BY) licence

to any Accepted Author Manuscript version arising from this submission.

Conflicts of interest:

C. See, L. Valmaggia, A. Tan, and M. Kempton declare no conflicts of interest.

Author contributions:

C. See conceptualised the study with M. Kempton and L. Valmaggia. C. See managed the project
administration of the database, developed the methodology, performed the data processing and
analysis, and prepared the original draft of the manuscript and carried out all revisions under the
supervision of M. Kempton and L. Valmaggia. A. Tan reviewed the statistical approach. M.
Kempton, L. Valmaggia, and A. Tan reviewed and edited the manuscript. All authors approved the

final version of the manuscript.

Ethics approval:

18

https://doi.org/10.1192/j.eurpsy.2025.2 Published online by Cambridge University Press


https://doi.org/10.1192/j.eurpsy.2025.2

Accepted manuscript: Authors' Copy
421 The UK Biobank has ethics approval from the North West Multi-centre Research Ethics Committee
422  (Ref:11/NW/0382), which was renewed recently in 2021. Further details are provided on the UK

423  Biobank website (https://www.ukbiobank.ac.uk).

424

425 Competing interests:
426  The authors declare none.
427

428  Data availability:

429  Data are available via the UK Biobank (https://www.ukbiobank.ac.uk).

19

https://doi.org/10.1192/j.eurpsy.2025.2 Published online by Cambridge University Press


https://doi.org/10.1192/j.eurpsy.2025.2

430

431

432
433

434
435

436
437
438

439
440
441

442
443
444

445
446

447
448
449

450
451

452
453
454

Accepted manuscript: Authors' Copy

References

1. Cohen S, Murphy MLM, Prather AA. Ten Surprising Facts About Stressful Life Events and

Disease Risk. Annu Rev Psychol. 2019;70:577-97. 10.1146/annurev-psych-010418-102857

2. McEwen BS. Neurobiological and Systemic Effects of Chronic Stress. Chronic Stress

(Thousand Oaks). 2017;1. 10.1177/2470547017692328

3. Kassem MS, Lagopoulos J, Stait-Gardner T, Price WS, Chohan TW, Arnold JC, et al.

Stress-induced grey matter loss determined by MRI is primarily due to loss of dendrites and their

synapses. Mol Neurobiol. 2013;47(2):645-61. 10.1007/s12035-012-8365-7

4. Hei M, Chen P, Wang S, Li X, Xu M, Zhu X, et al. Effects of chronic mild stress induced
depression on synaptic plasticity in mouse hippocampus. Behav Brain Res. 2019;365:26-35.

10.1016/j.bbr.2019.02.044

5. Lee T, Jarome T, Li SJ, Kim JJ, Helmstetter FJ. Chronic stress selectively reduces
hippocampal volume in rats: a longitudinal magnetic resonance imaging study. Neuroreport.

2009;20(17):1554-8. 10.1097/WNR.0b013e328332bb09

6. Dedovic K, D'Aguiar C, Pruessner JC. What stress does to your brain: a review of

neuroimaging studies. Can J Psychiatry. 2009;54(1):6-15. 10.1177/070674370905400104

7. McEwen BS, Nasca C, Gray JD. Stress Effects on Neuronal Structure: Hippocampus,
Amygdala, and Prefrontal Cortex. Neuropsychopharmacology. 2016;41(1):3-23.

10.1038/npp.2015.171

8. Reagan LP, McEwen BS. Controversies surrounding glucocorticoid-mediated cell death

in the hippocampus. J Chem Neuroanat. 1997;13(3):149-67. 10.1016/s0891-0618(97)00031-8

9. Popoli M, Yan Z, McEwen BS, Sanacora G. The stressed synapse: the impact of stress
and glucocorticoids on glutamate transmission. Nat Rev Neurosci. 2011;13(1):22-37.

10.1038/nrn3138

https://doi.org/10.1192/j.eurpsy.2025.2 Published online by Cambridge University Press

20


https://doi.org/10.1192/j.eurpsy.2025.2

455
456
457

458
459
460

461
462
463

464
465
466

467
468
469

470
471
472

473
474
475

476
477
478

479
480
481

Accepted manuscript: Authors' Copy

10. Ringwald KG, Meller T, Schmitt S, Andlauer TFM, Stein F, Brosch K, et al. Interaction of

developmental factors and ordinary stressful life events on brain structure in adults. Neuroimage

Clin. 2021;30:102683. 10.1016/j.nicl.2021.102683

1. Kuhn M, Scharfenort R, Schumann D, Schiele MA, Munsterkotter AL, Deckert J, et al.

Mismatch or allostatic load? Timing of life adversity differentially shapes gray matter volume and

anxious temperament. Soc Cogn Affect Neurosci. 2016;11(4):537-47. 10.1093/scan/nsv137

12. Sublette ME, Galfalvy HC, Oquendo MA, Bart CP, Schneck N, Arango V, et al.
Relationship of recent stress to amygdala volume in depressed and healthy adults. J Affect

Disord. 2016;203:136-42. 10.1016/j.jad.2016.05.036

13. Ansell EB, Rando K, Tuit K, Guarnaccia J, Sinha R. Cumulative adversity and smaller
gray matter volume in medial prefrontal, anterior cingulate, and insula regions. Biol Psychiatry.

2012;72(1):57-64. 10.1016/j.biopsych.2011.11.022

14. Papagni SA, Benetti S, Arulanantham S, McCrory E, McGuire P, Mechelli A. Effects of
stressful life events on human brain structure: a longitudinal voxel-based morphometry study.

Stress. 2011;14(2):227-32. 10.3109/10253890.2010.522279

15. Ringwald KG, Pfarr JK, Stein F, Brosch K, Meller T, Thomas-Odenthal F, et al.

Association between stressful life events and grey matter volume in the medial prefrontal cortex:

A 2-year longitudinal study. Hum Brain Mapp. 2022;43(11):3577-84. 10.1002/hbm.25869

16. McManus E, Haroon H, Duncan NW, Elliott R, Muhlert N. The effects of stress across the

lifespan on the brain, cognition and mental health: A UK biobank study. Neurobiol Stress.

2022;18:100447. 10.1016/j.ynstr.2022.100447

17. Li H, Li W, Wei D, Chen Q, Jackson T, Zhang Q, et al. Examining brain structures
associated with perceived stress in a large sample of young adults via voxel-based

morphometry. Neuroimage. 2014;92:1-7. 10.1016/j.neuroimage.2014.01.044

18. Wheelock MD, Rangaprakash D, Harnett NG, Wood KH, Orem TR, Mrug S, et al.
Psychosocial stress reactivity is associated with decreased whole-brain network efficiency and

increased amygdala centrality. Behav Neurosci. 2018;132(6):561-72. 10.1037/bne0000276

https://doi.org/10.1192/j.eurpsy.2025.2 Published online by Cambridge University Press

21


https://doi.org/10.1192/j.eurpsy.2025.2

482
483
484

485
486

487
488
489

490
491
492

493
494

495
496
497
498

499
500
501

502
503
504

505
506
507
508

Accepted manuscript: Authors' Copy
19. Henze Gl, Konzok J, Kreuzpointner L, Bartl C, Peter H, Giglberger M, et al. Increasing
Deactivation of Limbic Structures Over Psychosocial Stress Exposure Time. Biol Psychiatry

Cogn Neurosci Neuroimaging. 2020;5(7):697-704. 10.1016/j.bpsc.2020.04.002

20. Dopfel D, Zhang N. Mapping stress networks using functional magnetic resonance

imaging in awake animals. Neurobiol Stress. 2018;9:251-63. 10.1016/j.ynstr.2018.06.002

21. Liang Z, King J, Zhang N. Neuroplasticity to a single-episode traumatic stress revealed
by resting-state fMRI in awake rats. Neuroimage. 2014;103:485-91.

10.1016/j.neurcimage.2014.08.050

22. Stroud CB, Davila J, Moyer A. The relationship between stress and depression in first
onsets versus recurrences: a meta-analytic review. J Abnorm Psychol. 2008;117(1):206-13.

10.1037/0021-843X.117.1.206

23. Tennant C. Life events, stress and depression: a review of recent findings. Aust N Z J

Psychiatry. 2002;36(2):173-82. 10.1046/j.1440-1614.2002.01007.x

24, Begemann MJH, Schutte MJL, van Dellen E, Abramovic L, Boks MP, van Haren NEM, et
al. Childhood trauma is associated with reduced frontal gray matter volume: a large
transdiagnostic structural MRI study. Psychol Med. 2023;53(3):741-9.

10.1017/S0033291721002087

25. Calem M, Bromis K, McGuire P, Morgan C, Kempton MJ. Meta-analysis of associations
between childhood adversity and hippocampus and amygdala volume in non-clinical and general

population samples. Neuroimage Clin. 2017;14:471-9. 10.1016/j.nicl.2017.02.016

26. Duprey EB, Handley ED, Manly JT, Cicchetti D, Toth SL. Child maltreatment, recent
stressful life events, and suicide ideation: A test of the stress sensitivity hypothesis. Child Abuse

Negl. 2021;113:104926. 10.1016/j.chiabu.2020.104926

27. Bandoli G, Campbell-Sills L, Kessler RC, Heeringa SG, Nock MK, Rosellini AJ, et al.
Childhood adversity, adult stress, and the risk of major depression or generalized anxiety
disorder in US soldiers: a test of the stress sensitization hypothesis. Psychol Med.

2017;47(13):2379-92. 10.1017/S0033291717001064

22

https://doi.org/10.1192/j.eurpsy.2025.2 Published online by Cambridge University Press


https://doi.org/10.1192/j.eurpsy.2025.2

509
510
511

512
513
514
515

516
517
518

519
520
521

522
523
524
525

526
527
528

529
530
531

532
533
534

Accepted manuscript: Authors' Copy
28. Sudlow C, Gallacher J, Allen N, Beral V, Burton P, Danesh J, et al. UK biobank: an open
access resource for identifying the causes of a wide range of complex diseases of middle and

old age. PLoS Med. 2015;12(3):e1001779. 10.1371/journal.pmed.1001779

29. Littlejohns TJ, Holliday J, Gibson LM, Garratt S, Oesingmann N, Alfaro-Almagro F, et al.
The UK Biobank imaging enhancement of 100,000 participants: rationale, data collection,
management and future directions. Nat Commun. 2020;11(1):2624. 10.1038/s41467-020-15948-

9

30. Alfaro-Almagro F, Jenkinson M, Bangerter NK, Andersson JLR, Griffanti L, Douaud G, et
al. Image processing and Quality Control for the first 10,000 brain imaging datasets from UK

Biobank. Neuroimage. 2018;166:400-24. 10.1016/j.neuroimage.2017.10.034

31. Reuter M, Schmansky NJ, Rosas HD, Fischl B. Within-subject template estimation for
unbiased longitudinal image analysis. Neuroimage. 2012;61(4):1402-18.

10.1016/j.neurcimage.2012.02.084

32. Hedges EP, Dimitrov M, Zahid U, Brito Vega B, Si S, Dickson H, et al. Reliability of
structural MRl measurements: The effects of scan session, head tilt, inter-scan interval,
acquisition sequence, FreeSurfer version and processing stream. Neuroimage.

2022;246:118751. 10.1016/j.neuroimage.2021.118751

33. Desikan RS, Ségonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D, et al. An
automated labeling system for subdividing the human cerebral cortex on MRI scans into gyral

based regions of interest. Neurolmage. 2006;31(3):968-80. 10.1016/j.neuroimage.2006.01.021

34. Gianaros PJ, Jennings JR, Sheu LK, Greer PJ, Kuller LH, Matthews KA. Prospective
reports of chronic life stress predict decreased grey matter volume in the hippocampus.

Neuroimage. 2007;35(2):795-803. 10.1016/j.neuroimage.2006.10.045

35. Ganzel BL, Kim P, Glover GH, Temple E. Resilience after 9/11: multimodal neuroimaging
evidence for stress-related change in the healthy adult brain. Neuroimage. 2008;40(2):788-95.

10.1016/j.neuroimage.2007.12.010

23

https://doi.org/10.1192/j.eurpsy.2025.2 Published online by Cambridge University Press


https://doi.org/10.1192/j.eurpsy.2025.2

535
536
537

538
539
540
541

542
543
544

545
546

547
548

549
550

551
552
553

554
995
556

557
558

559
560

Accepted manuscript: Authors' Copy
36. Kroenke K, Spitzer RL, Williams JBW, Léwe B. An Ultra-Brief Screening Scale for Anxiety
and Depression: The PHQ—4. Psychosomatics. 2009;50(6):613-21. 10.1016/s0033-

3182(09)70864-3

37. Lowe B, Wahl I, Rose M, Spitzer C, Glaesmer H, Wingenfeld K, et al. A 4-item measure
of depression and anxiety: validation and standardization of the Patient Health Questionnaire-4
(PHQ-4) in the general population. J Affect Disord. 2010;122(1-2):86-95.

10.1016/j.jad.2009.06.019

38. Grabe HJ, Schulz A, Schmidt CO, Appel K, Driessen M, Wingenfeld K, et al. A brief
instrument for the assessment of childhood abuse and neglect: the childhood trauma screener

(CTS). Psychiatr Prax. 2012;39(3):109-15. 10.1055/s-0031-1298984

39. Townsend P, Phillimore P, Beattie A. Health and Deprivation: Inequality and the North.

London: Routledge; 1988.

40. Bates D, Machler M, Bolker B, Walker S. Fitting Linear Mixed-Effects Models Using Ime4.

Journal of Statistical Software. 2015;67(1). 10.18637/jss.v067.i01

41. Detry MA, Ma Y. Analyzing Repeated Measurements Using Mixed Models. JAMA.

2016;315(4):407-8. 10.1001/jama.2015.19394

42. Engqvist L. The mistreatment of covariate interaction terms in linear model analyses of
behavioural and evolutionary ecology studies. Animal Behaviour. 2005;70(4):967-71.

10.1016/j.anbehav.2005.01.016

43. Alfaro-Almagro F, McCarthy P, Afyouni S, Andersson JLR, Bastiani M, Miller KL, et al.
Confound modelling in UK Biobank brain imaging. Neuroimage. 2021;224:117002.

10.1016/j.neurcimage.2020.117002

44, MacDonald ME, Pike GB. MRI of healthy brain aging: A review. NMR Biomed.

2021;34(9):e4564. 10.1002/nbm.4564

45, Bartsch T, Wulff P. The hippocampus in aging and disease: From plasticity to

vulnerability. Neuroscience. 2015;309:1-16. 10.1016/j.neuroscience.2015.07.084

24

https://doi.org/10.1192/j.eurpsy.2025.2 Published online by Cambridge University Press


https://doi.org/10.1192/j.eurpsy.2025.2

561
562

563
564
565
566

567
568
569
570

571
572
573
574

575
576
577

578
579
580

581
582
583

584
585
586

Accepted manuscript: Authors' Copy
46. Fotuhi M, Do D, Jack C. Modifiable factors that alter the size of the hippocampus with

ageing. Nat Rev Neurol. 2012;8(4):189-202. 10.1038/nrneurol.2012.27

47. Fotuhi M, Lubinski B, Trullinger M, Hausterman N, Riloff T, Hadadi M, et al. A
Personalized 12-week "Brain Fithess Program" for Improving Cognitive Function and Increasing
the Volume of Hippocampus in Elderly with Mild Cognitive Impairment. J Prev Alzheimers Dis.

2016;3(3):133-7. 10.14283/jpad.2016.92

48. Kobe T, Witte AV, Schnelle A, Lesemann A, Fabian S, Tesky VA, et al. Combined omega-
3 fatty acids, aerobic exercise and cognitive stimulation prevents decline in gray matter volume
of the frontal, parietal and cingulate cortex in patients with mild cognitive impairment.

Neuroimage. 2016;131:226-38. 10.1016/j.neuroimage.2015.09.050

49. Mortimer JA, Ding D, Borenstein AR, DeCarli C, Guo Q, Wu Y, et al. Changes in brain
volume and cognition in a randomized trial of exercise and social interaction in a community-
based sample of non-demented Chinese elders. J Alzheimers Dis. 2012;30(4):757-66.

10.3233/JAD-2012-120079

50. Phillips C. Lifestyle Modulators of Neuroplasticity: How Physical Activity, Mental
Engagement, and Diet Promote Cognitive Health during Aging. Neural Plast.

2017;2017:3589271. 10.1155/2017/3589271

51. Yang Z, Wen J, Erus G, Govindarajan ST, Melhem R, Mamourian E, et al. Brain aging
patterns in a large and diverse cohort of 49,482 individuals. Nat Med. 2024. 10.1038/s41591-

024-03144-x

52. Daviet R, Aydogan G, Jagannathan K, Spilka N, Koellinger PD, Kranzler HR, et al.
Associations between alcohol consumption and gray and white matter volumes in the UK

Biobank. Nat Commun. 2022;13(1):1175. 10.1038/s41467-022-28735-5

53. Solmi M, Radua J, Olivola M, Croce E, Soardo L, Salazar de Pablo G, et al. Age at onset
of mental disorders worldwide: large-scale meta-analysis of 192 epidemiological studies. Mol

Psychiatry. 2022;27(1):281-95. 10.1038/s41380-021-01161-7

25

https://doi.org/10.1192/j.eurpsy.2025.2 Published online by Cambridge University Press


https://doi.org/10.1192/j.eurpsy.2025.2

587
588
589

590
591
592

593
594
595

596
597
598

599
600
601

602
603
604

605
606
607
608

609
610
611

Accepted manuscript: Authors' Copy
54. Zannas AS, McQuoid DR, Payne ME, Steffens DC, MacFall JR, Ashley-Koch A, et al.
Negative life stress and longitudinal hippocampal volume changes in older adults with and

without depression. J Psychiatr Res. 2013;47(6):829-34. 10.1016/j.jpsychires.2013.02.008

55. Gerritsen L, Kalpouzos G, Westman E, Simmons A, Wahlund LO, Backman L, et al. The
influence of negative life events on hippocampal and amygdala volumes in old age: a life-course

perspective. Psychol Med. 2015;45(6):1219-28. 10.1017/S0033291714002293

56. Moreno GL, Bruss J, Denburg NL. Increased perceived stress is related to decreased
prefrontal cortex volumes among older adults. J Clin Exp Neuropsychol. 2017;39(4):313-25.

10.1080/13803395.2016.1225006

57. Lindgren L, Bergdahl J, Nyberg L. Longitudinal Evidence for Smaller Hippocampus
Volume as a Vulnerability Factor for Perceived Stress. Cereb Cortex. 2016;26(8):3527-33.

10.1093/cercor/bhw154

58. Demnitz-King H, Goehre |, Marchant NL. The neuroanatomical correlates of repetitive
negative thinking: A systematic review. Psychiatry Res Neuroimaging. 2021;316:111353.

10.1016/j.pscychresns.2021.111353

59. Besteher B, Gaser C, Nenadic |. Brain Structure and Subclinical Symptoms: A
Dimensional Perspective of Psychopathology in the Depression and Anxiety Spectrum.

Neuropsychobiology. 2020;79(4-5):270-83. 10.1159/000501024

60. Schrader J, Meller T, Evermann U, Pfarr JK, Nenadic |. Multi-modal morphometric
association study of subclinical depressive symptoms using voxel-based morphometry, cortical
thickness, and diffusion tensor imaging (DTI). J Affect Disord. 2024;351:755-64.

10.1016/j.jad.2024.01.221

61. Frodl TS, Koutsouleris N, Bottlender R, Born C, Jager M, Scupin I, et al. Depression-
related variation in brain morphology over 3 years: effects of stress? Arch Gen Psychiatry.

2008;65(10):1156-65. 10.1001/archpsyc.65.10.1156

26

https://doi.org/10.1192/j.eurpsy.2025.2 Published online by Cambridge University Press


https://doi.org/10.1192/j.eurpsy.2025.2

612
613
614

615
616
617

618
619

620
621

622
623

624
625
626

Accepted manuscript: Authors' Copy
62. Schmaal L, Veltman DJ, van Erp TG, Samann PG, Frodl T, Jahanshad N, et al.
Subcortical brain alterations in major depressive disorder: findings from the ENIGMA Major

Depressive Disorder working group. Mol Psychiatry. 2016;21(6):806-12. 10.1038/mp.2015.69

63. Gray JP, Muller VI, Eickhoff SB, Fox PT. Multimodal Abnormalities of Brain Structure and
Function in Major Depressive Disorder: A Meta-Analysis of Neuroimaging Studies. Am J

Psychiatry. 2020;177(5):422-34. 10.1176/appi.ajp.2019.19050560

64. Alloy LB, Liu RT, Bender RE. Stress Generation Research in Depression: A Commentary.

Int J Cogn Ther. 2010;3(4):380-8. 10.1521/ijct.2010.3.4.380

65. Liu RT. Stress generation: Future directions and clinical implications. Clinical Psychology

Review. 2013;33(3):406-16. 10.1016/j.cpr.2013.01.005

66. Norbeck JS. Modification of life event questionnaires for use with female respondents.

Res Nurs Health. 1984;7(1):61-71. 10.1002/nur.4770070110

67. Brugha TS, Cragg D. The List of Threatening Experiences: the reliability and validity of a
brief life events questionnaire. Acta Psychiatr Scand. 1990;82(1):77-81. 10.1111/j.1600-

0447.1990.tb01360.x

27

https://doi.org/10.1192/j.eurpsy.2025.2 Published online by Cambridge University Press


https://doi.org/10.1192/j.eurpsy.2025.2

