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Objective: Along with the known effects of stress on brain structure and inflammatory processes, increasing evidence
suggest a role of chronic stress in the pathogenesis of Alzheimer’s disease (AD). We investigated the association of
accumulated stressful life events (SLEs) with AD pathologies, neuroinflammation, and gray matter (GM) volume among
cognitively unimpaired (CU) individuals at heightened risk of AD.
Methods: This cross-sectional cohort study included 1,290 CU participants (aged 48–77) from the ALFA cohort with
SLE, lumbar puncture (n = 393), and/or structural magnetic resonance imaging (n = 1,234) assessments. Using multiple
regression analyses, we examined the associations of total SLEs with cerebrospinal fluid (1) phosphorylated (p)-tau181
and Aβ1–42/1–40 ratio, (2) interleukin 6 (IL-6), and (3) GM volumes voxel-wise. Further, we performed stratified and inter-
action analyses with sex, history of psychiatric disease, and evaluated SLEs during specific life periods.
Results: Within the whole sample, only childhood and midlife SLEs, but not total SLEs, were associated with AD patho-
physiology and neuroinflammation. Among those with a history of psychiatric disease SLEs were associated with higher
p-tau181 and IL-6. Participants with history of psychiatric disease and men, showed lower Aβ1–42/1–40 with higher SLEs.
Participants with history of psychiatric disease and women showed reduced GM volumes in somatic regions and pre-
frontal and limbic regions, respectively.
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Interpretation: We did not find evidence supporting the association of total SLEs with AD, neuroinflammation, and
atrophy pathways. Instead, the associations appear to be contingent on events occurring during early and midlife, sex
and history of psychiatric disease.

ANN NEUROL 2024;95:1058–1068

Introduction
Currently, dementia affects around 50 million people
worldwide and this number is projected to triple by the
year 2050.1 The most common cause of dementia,
Alzheimer’s disease (AD), is characterized by the accumu-
lation of β-amyloid (Aβ) and phosphorylated-tau (p-tau)
proteins in the brain, neurodegeneration,2 progressive cog-
nitive decline,3 and neuroinflammation.4

Various psychological risk factors have been identified
for AD dementia, including depression,5 anxiety,6 and psy-
chological chronic stress.7 These risk factors may act through
shared psychological processes and biological mechanisms8

that could be the target of early interventions. While studies
are starting to link neuropsychiatric symptoms and early
AD-related changes,9,10 less research has placed attention on
stressful life events (SLEs) in relation to AD biomarkers.

Definitions of stress vary from objective external
threats (eg, SLEs), to individuals’ subjective appraisal of
the threat, and to the physiological systems that get acti-
vated in response to the threats.11 These definitions have
been suggested to represent different stages in a model
where SLEs viewed as threatening, activate behavioral and
physiological responses that may have possible down-
stream implications for various diseases.11 Indeed, the
majority of studies, but not all,12 suggest that experiencing
stress/SLEs is associated with an increased risk of demen-
tia13,14 and cognitive decline, notably among specific
populations, such as those with depressive symptoms.15,16

Exposure to SLEs could influence AD risk through
various mechanisms. First, events that are appraised as
threats, will elicit affective responses (eg, anxiety) and alter
the functioning of the hypothalamic–pituitary–adrenal
(HPA) axis.11 The immune system17 gets activated and may
promote the synthesis of pro-inflammatory cytokines, such
as interleukin 6 (IL-6), which are elevated among patients
with AD18 and have been linked with cognitive decline and
AD metabolic alterations.19 Second, stress may lower resis-
tance to AD pathologies, as higher Aβ burden and p-tau
levels have been associated with chronic stress in animal
models.20,21 Finally, as the HPA axis gets activated, it releases
glucocorticoids, which may accelerate clinical AD progres-
sion22 and cause structural brain damage.23,24

Indeed, there is growing evidence suggesting that
exposure to SLEs is cross-sectionally and longitudinally
associated with lower volumes in the anterior cingulate,
hippocampus, amygdala, and prefrontal regions,25,26

although larger amygdala volumes have also been
reported.27 However, studies examining SLEs and/or
stress in the context of AD pathologies in humans are lac-
king. The little available evidence shows that midlife stress
in women is associated with unspecified neurodegenera-
tive, but not AD processes28 and that higher perceived
stress among African Americans with mild cognitive
impairment is associated with higher p-tau.29

The general goal of this study was to identify
whether SLEs across the life course are associated with AD
pathophysiology and brain structure among cognitively
unimpaired (CU) individuals at an increased risk of AD
dementia. Building upon previous evidence, we examined
(1) associations between lifetime SLEs and AD biomarker,
neuroinflammation, and brain structure pathways and
(2) interaction with and stratification by history of psychi-
atric disease and sex to test specific vulnerability to SLEs
in these groups. As exploratory analyses, we further inves-
tigated (3) the associations with SLEs within specific age
periods. We hypothesized that lifetime SLEs will be asso-
ciated with higher Aβ, p-tau, and neuroinflammation and
with lower gray matter volume in limbic and frontal areas.
We further expected to see stronger effects among partici-
pants with a history of psychiatric disease, women and for
SLEs experienced in childhood, as early life may be a par-
ticularly vulnerable period due to the rapid changes during
brain maturation.23

Methods
Study Population
The ALFA (for ALzheimer’s and FAmilies) is an ongoing
longitudinal cohort study. The ALFA parent cohort con-
sists of 2,743 CU participants at an increased risk of AD
(86% have at least one parent diagnosed with AD30)
enrolled between 2013 and 2014. The assessments include
clinical interviews and questionnaires related to lifestyle
and health, cognitive tests, blood tests for genotyping,
lumbar puncture, and magnetic resonance imaging (MRI).
Participants were excluded if they reported an active psy-
chiatric disease at baseline, and if an interdisciplinary com-
mittee of physicians and a neuropsychologist evaluated the
disease likely to interfere with their cognitive abilities
(Supplementary Fig S1). Participants with a major psychi-
atric active disorder (according to DSM-IV-TR), severe
auditory and/or visual disorder, neurodevelopmental
and/or psychomotor disorder, or a disorder that could
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affect cognition at the time of recruitment, were excluded.
Further, participants with neurological disorders or brain
injuries that could affect cognition, or with a suspected pat-
tern of family history of autosomal dominant Alzheimer’s
disease, were also excluded. Details of the ALFA project
have been previously described in detail elsewhere.30

The ALFA study (ALFA-FPM-0311) has been
approved by the Independent Ethics Committee “Parc de
Salut Mar,” Barcelona, and registered at Clinicaltrials.gov
(identifier: NCT02485730). Participants provided
informed consent at baseline with a form approved by the
Independent Ethics Committee “Parc de Salut Mar,” Bar-
celona. This study followed the Strengthening the
Reporting of Observational Studies in Epidemiology
(STROBE) reporting guideline.

Cerebrospinal Fluid Measurements
Phosphorylated-tau181 (p-tau181) and Aβ1–42/1–40 ratio
were chosen to reflect the core AD processes. Based on
previous literature,19 IL-6 was chosen to reflect
neuroinflammation.

Lumbar puncture was performed between years 2016
and 2019. Cerebrospinal fluid (CSF) p-tau was measured
using the Elecsys® Phospho-tau (181P) CSF
electrochemiluminescence immunoassay on a fully auto-
mated cobas® e 601 instrument (both Roche Diagnostics
International Ltd, Rotkreuz, Switzerland). Aβ1–42/1–40 ratio
and IL-6 were measured with the NeuroToolKit, a panel of
robust prototype assays (Roche Diagnostics International
Ltd), on a cobas e 411 or e 601 instrument. All CSF mea-
surements were performed at the Clinical Neurochemistry
Laboratory in Sahlgrenska University Hospital, Sweden.

Due to non-normality of the residuals in the simple
models of Aβ1–42/1–40 ratio and IL-6 with SLEs, these two
variables were log10-transformed.

MRI Acquisition and Processing
MRI scanning was performed between 2016 and 2019.
The T1-weighted 3D turbo field echo sequence was acquired
in a Philips (Best, the Netherlands) 3 T Ingenia CX scanner
with a voxel size of 0.75 � 0.75 � 0.75 mm3, field of view
of 240 � 240 � 180 mm3, sagittal acquisition, flip angle of
8�, repetition time of 9.9 milliseconds, echo time of 4.6 mil-
liseconds, and inversion time of 900 milliseconds. The VBM
pre-processing was carried out using Statistical Parametric
Mapping (SPM12) software running on MATLAB R2010a.
Briefly, after segmentation into gray matter, white matter,
and CSF, gray matter maps were normalized using Dartel,
then, the images were smoothed by convolving with an iso-
tropic Gaussian kernel of 8 mm full width half maximum. A
mean normalized group-level gray matter mask was generated
from individual segmented masks and thresholded at gray

matter probability >0.3. Cerebellar and vermian areas were
removed from the mask.

Assessment of SLEs
Exposure to SLEs was measured through semi-structured
interviews containing 18 different pre-defined events adopted
from the SNAC-K study,27 based on Miller and Rahe’s list
of life change events31,32 (Supplementary Table S1 and S2).
These events have been defined as likely to bring about
readjustment-requiring changes in individuals’ lives.32 Some
participants went through the SLE interview twice and for
these participants their latest assessment was considered. Par-
ticipants reported whether each event had happened at any
point during their lifetime, how many times and the age(s)
at which the events occurred. Each event was counted as a
single event and events were summed to create a continuous
score. For further exploratory analyses, age period SLE vari-
ables were calculated by counting the reported ages during
which events were reported creating a score per each age
period. There was a 6% mismatch between the total SLE
scores versus the age period scores, reflecting missing data
within one of the two scores.

Semi-structured SLE interviews reduce intra-category
variability and have better test–retest reliability than tradi-
tional SLE checklists.33,34 Further, in the current study par-
ticipants with a current/active psychiatric diagnosis were
excluded, which reduces the likelihood of recall bias. We
ran test–retest correlations to assess the reliability of our
measurement in participants with 2 assessments. The SLE
measurements showed a high test–retest correlation within
the whole CSF (r = 0.93, p < 0.001) and brain structure
sample (r = 0.93, p = 0.001; mean time in between
assessments = 4.0 and 3.9 years, respectively). The test–retest
reliability was similarly high for those with history of psychi-
atric disease—for whom recall bias could be a concern—in
both CSF (r = 0.94, p < 0.001) and brain structure sample
(r = 0.92, p < 0.001; Supplementary Table S3).

Covariates
All main models/analyses were adjusted for age, sex, years of
education in a first step, and additionally for apolipoprotein E
(APOE) ε4 carrier status, categorized as carriers or non-car-
riers; and self-reported lifetime history of cardiovascular and
psychiatric disease (Supplementary Table S4), both catego-
rized as yes or no in a second step. Participants reported their
sex/gender using a binary label (woman/man) and therefore
we refer to women/men throughout the manuscript.

Statistical Analyses
Characteristics of the sample were summarized as mean
and SD for continuous variables and as frequencies and
percentages for categorical variables. We first performed
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multivariable regression analyses to examine the relation-
ship of the total number of SLEs with Aβ, p-tau, and IL6.
Next, in fully adjusted models, we examined the interac-
tion of SLEs with sex and history of psychiatric disease
and performed stratified analyses.

In exploratory analyses, to examine the association
of SLEs experienced during specific age periods with AD
pathophysiology and brain structure, we performed fully
adjusted models that were further adjusted for other SLE
age periods. For that, we computed the following variables
based on previous literature23,27: childhood events (at or
before the age of 12); adolescence events (ages 13–18);
early adulthood events (ages 19–39); middle-adulthood
events (ages 40–64); and late-life events (at or after the
age of 65; Supplementary Table S1 and S2). Due to skew-
ness, we categorized each period’s events into “low level”
and “high level of SLEs” based on the median number of
events within each period (Supplementary Table S5).

The p-values were 2-sided with statistical significance
set at <0.05. All analyses were pre-specified and performed
with Stata SE, version 17.0 (StataCorp LLC). Given that
all analyses were pre-specified, the hypotheses based on
previous literature, and we expected low-to-moderate
effects of SLEs in a preclinical sample, we did not use cor-
rection for multiple comparison methods as they are too
conservative and increase type II error.35

Voxel-Wise Statistical Analyses
We used multiple regression in SPM to test for the associ-
ation of SLEs during the whole life course and during spe-
cific age periods with brain structure, including SLEs as a
main variable, adjusting for total intracranial volume, age,
gender, years of education, APOE ε4 status, history of car-
diovascular disease, and history of psychiatric disease. We
considered significant results surviving an uncorrected p-
value of 0.005 at voxel level and a cluster-level p < 0.05
family-wise error (FWE) correction. When no significant
cluster survived FWE correction, we explored results at an
uncorrected voxel-level, p-value of 0.005 and k > 600.

Results
In the current study, brain structure analyses were restricted
to participants with data available on SLEs evaluations, brain
imaging and across all other variables, resulting in 1234 par-
ticipants. The AD pathophysiology analyses were restricted
to participants with data available on CSF measurements and
across all other variables, resulting in 393 participants (over-
lap of 337 participants). Characteristics of the participants
included in the present study are showed in Table 1. The
differences in participant characteristics between the ALFA
parent cohort (1,743) and current study’s participants are
shown in Supplementary Table S6. Women and those with

a history of psychiatric disease reported more SLEs
(Supplementary Tables S7 and S8). A higher number of
SLEs was associated with being older at lumbar puncture
and MRI (both p < 0.001), and with having a history of psy-
chiatric disease in the CSF (p = 0.003) and brain structure
sample (p < 0.001). Both age and history of psychiatric dis-
ease were controlled for in the main statistical analyses.
Adjusting for all covariates and all SLEs, history of psychiat-
ric disease was not associated with any of the CSF measure-
ments, or with brain structure in voxel-wise analyses at
uncorrected 0.005 at voxel level (Supplementary Table S9).

Associations of SLES with AD Pathophysiology
Total SLEs were not associated with Aβ1–42/1–40 ratio,
p-tau181, or IL-6 (Table 2). Stratified analyses revealed
that a higher number of SLEs was associated with lower
levels of Aβ1–42/1–40 ratio and higher levels of p-tau and
IL-6 among those with a history of psychiatric disease
(Table 3), and with lower levels of Aβ1–42/1–40 ratio
among men (Table 4).

There was evidence of an interaction between the total
number of events and history of psychiatric disease on
Aβ1–42/1–40 ratio (p = 0.027; Supplementary Table S10 and
Supplementary Figure S2) supporting the results of the strati-
fied analyses, while no interaction was observed for sex.

Voxel-Wise Associations of SLEs with Brain
Structure
Structural associations with SLEs are shown in Figure .
Within the whole sample, there were no clusters surviving
FWE correction. However, SLEs were associated with
reduced gray matter volume mainly in the left pre and
postcentral gyrus; right superior and middle temporal
lobe; right amygdala and parahippocampal gyrus; and left
amygdala extending to the putamen and the insular cortex
at an uncorrected p = 0.005 level.

Among women, SLEs were associated with reduced
gray matter volume bilaterally in the anterior and posterior
cingulate and paracingulate gyri; frontal medial cortices;
orbitofrontal cortex; and temporal poles and accumbens;
and in the the left hemisphere with reduced amygdala vol-
ume extending to the putamen, insular cortex, and hippo-
campus; at uncorrected 0.005 at voxel level and FWE
correction at cluster level. This pattern was similar in
interaction analyses, but restricted to medial-frontal
regions at uncorrected p < 0.005 at voxel level and FWE
correction at cluster level (Supplementary Figure S3).

Among those with a history of psychiatric disease,
SLEs were associated with reduced gray matter volume in
the pre- and postcentral gyrus at uncorrected 0.005 at
voxel level and FWE correction at cluster level (Figure ).
At uncorrected 0.005 at voxel level and FWE correction
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at cluster level, there was no interaction between psychiat-
ric disease and SLEs on gray matter volume.

Exploratory Analyses: Associations of Life
Periods with AD Pathophysiology and Voxel-
Wise Associations
Higher SLEs (vs lower) in childhood were associated
with higher levels of IL-6 later in life (Supplementary
Table S11). Similarly, higher SLEs (vs lower) in middle
adulthood were associated with lower levels of
Aβ1–42/1–40 ratio. There were no association of SLEs in
specific age periods and brain structure at FWE
corrected or uncorrected p < 0.005.

Discussion
In cognitively unimpaired older adults at risk for AD, the
findings of this study provide moderate support for SLEs to
be associated with increased AD pathologies, neu-
roinflammation, and reduced brain volume depending on
history of psychiatric disease, sex, and the timing of exposure
to stressors. An association of lifetime SLEs with AD and
neuroinflammation pathways was observed only among par-
ticipants with history of psychiatric disease, while increased
Aβ was observed only among men. Childhood and middle
adulthood SLEs showed a link with IL6 and Aβ, respectively,
within the whole sample. These primary findings, when
taken in the context of existing literature linking SLEs with

Table 1. Characteristics of the Participants in the CSF Sample (n = 393), Brain Structure Sample (n = 1,234), and
Full Sample (n = 1,290)

Variable

CSF Sample
(n = 393)

Brain Structure
Sample (n = 1,234)

All Participants
(n = 1,290)

n (%) n (%) n (%)

Sex (women) 242 (61.6) 764 (61.9) 792 (61.4)

Ethnicity (White Caucasian) 391 (99.5) 1,225 (99.3) 1,281 (99.3)

History of cardiovascular disease (yes) 160 (40.7) 382 (31.0) 408 (31.6)

History of psychiatric disease (yes) 120 (30.5) 374 (30.3) 390 (30.3)

APOE ε4 carrier (yes) 210 (53.4) 493 (40.0) 525 (40.7)

At least one parent diagnosed with AD Dementia
(yes)

348 (88.6) 912 (73.9) 947 (73.4)

M (SD; range) M (SD; range)

Age at lumbar puncture (yr) 61.2 (4.7; 49.3–73.6) � �
Age at scan (yrs) 59.2 (6.6; 47.6–76.8) �
Years of education completed 13.5 (3.5; 6–20) 13.6 (3.5; 5–20) 13.6 (3.5; 5–20)

Number of stressors across lifespan 5.2 (2.2; 0–13) 5.4 (2.4; 0–16) 5.4 (2.3; 0–16)

Number of stressors in childhood 0.2 (0.6; 0–4) 0.2 (0.5; 0–4) 0.2 (0.5; 0–4)

Number of stressors in adolescence 0.1 (0.4; 0–3) 0.1 (0.4; 0–3) 0.1 (0.4; 0–3)

Number of stressors in early adulthood 1.3 (1.4; 0–8) 1.5 (1.5; 0–9) 1.5 (1.5; 0–9)

Number of stressors in middle adulthood 3.6 (1.9; 0–9) 3.6 (2.0; 0–14) 3.6 (2.0; 0–14)

Number of stressors in late adulthood 0.5 (0.8; 0–5) 0.5 (0.8; 0–6) 0.5 (0.8; 0–6)

β-amyloid1–42/1–40 ratio � 100 7.5 (2.0; 2.0–14.2) � �
Phosphorylated-tau181 (pg/mL) 16.3 (7.6; 7.9–81.1) � �
Interleukin 6 (pg/mL) 4.1 (2.0; 1.7–18.4) � �

APOE = Apolipoprotein, M = mean, SD = standard deviation.
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dementia risk, support further research to evaluate SLEs in
relation to AD biomarkers, neuroinflammation and atrophy
pathways in cognitively unimpaired older adults at risk for
cognitive decline.

Contrary to our hypothesis, SLEs across the life
course were not associated with Aβ, p-tau, or IL-6 within
the whole sample. A previous study reported an association
of midlife stress with unspecific markers of neurodegenera-
tive processes later in life, namely total tau and Aβ1–40,28

but not with Aβ1–42 or p-tau. The study suggested that the
effects of stress may not be detected in CSF early in the

disease progression. The majority of participants of the pre-
sent study are in the early stages of the AD continuum
which may have prevented detecting effects on p-tau levels,
that occur downstream to Aβ1–42/1–40 ratio changes.36

Although our results showed no overall effect of
SLEs (or history of psychiatric disease) on AD pathophysi-
ology within the whole sample, our findings indicate an
association of SLEs with AD pathophysiology among
those with a history of psychiatric disease, as expected.
Further, we showed history of psychiatric disease not to
be associated with AD pathophysiology and reported a

Table 2. Unstandardized Regression Coefficients (95% Confidence Intervals; p-Values) for the Change Per
1-Event Increase in the Total Number of Stressors Across the Life Course in Alzheimer’s Disease
Pathophysiological Markers (n = 393)

Model 1 (n = 393) Model 2 (n = 393)

Coeff. (95% CI) p Coeff. (95% CI) p

AD pathwaya

Log10 β-amyloid1–42/1–40 ratio
b �0.21 (�0.082 to 0.40) 0.495 �0.55 (�1.13 to 0.04) 0.066

Phosphorylated tau181 0.25 (�0.09 to 0.59) 0.145 0.28 (�0.06 to 0.63) 0.109

Neuroinflammation pathwaya

Log10 interleukin 6b 0.71 (�0.06 to 1.48) 0.072 0.71 (�0.08 to 1.51) 0.078

Note: Model 1 adjusted for sex, age, years of education. Model 2 adjusted for Model 1 and APOE ε4 carrier status, history of cardiovascular disease
and history of psychiatric disease.
AD = Alzheimer’s disease.
aAdjusted for age at lumbar puncture.
bValues of cerebrospinal fluid log10 β-amyloid1–42/1–40 ratio and log10 interleukin 6 were multiplied by 100 to facilitate the interpretation of the
coefficient.

Table 3. Unstandardized Regression Coefficients (95% Confidence Intervals; p-values) for the Change in
Alzheimer’s Disease Biomarker and Neuroinflammation Measures per 1-Event Increase in the Total Number of
Stressors in the Whole Sample (n = 393) Stratified by History of Psychiatric Disease

No history of Psychiatric Disease (n = 273) History of Psychiatric Disease (n = 120)

Coeff. (95% CI) p Coeff. (95% CI) p

AD pathwaya

Log10 β-amyloid1–42/1–40 ratio
b �0.10 (�0.81 to 0.61) 0.773 �1.54 (�2.57 to �0.51) 0.004

Phosphorylated tau181 0.12 (�0.32 to 0.57) 0.585 0.61 (0.04 to 1.18) 0.036

Neuroinflammation pathwaya

Log10 interleukin 6b 0.20 (�0.75 to 0.16) 0.675 1.68 (0.21 to 3.14) 0.025

Note: Adjusted for sex, age, years of education, APOE ε4 carrier status, and history of cardiovascular disease.
AD = Alzheimer’s disease.
aAdjusted for age at lumbar puncture.
bValues of cerebrospinal fluid log10 β-amyloid1–42/1–40 ratio and log10 interleukin 6 values were multiplied by 100 to facilitate the interpretation of the
coefficient.
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cross-over interaction of SLEs and psychiatric disease on
Aβ. It is possible that those with a history of psychiatric
disease could more susceptible to the effects of SLEs, for
example, due to impaired stress-coping abilities37 thus
making them more vulnerable to experiencing psychologi-
cal stress and tau-burden.38 Alternatively, experiencing

SLEs may contribute to the development of psychiatric
diseases39 which in turn can increase vulnerability to AD
pathophysiology. In the present study, participants with a
history of psychiatric disease reported more SLEs,
supporting this view. As shown by animal studies, stress
could exacerbate AD pathogenesis,20,21 and this could be

Table 4. Unstandardized Regression Coefficients (95% Confidence Intervals; p-values) for the Change in
Alzheimer’s Disease Biomarkers, Neuroinflammation, and Brain Integrity Measures per 1-Event Increase in the
Total Number of Stressors Stratified by Sex

Women (n = 242) Men (n = 151)

Coeff. (95% CI) p Coeff. (95% CI) p

AD pathway

Log10 β-amyloid1–42/1–40 ratio
a �0.42 (�1.12 to 0.28) 0.239 �1.24 (�2.34 to �0.14) 0.028

Phosphorylated-tau181 0.45 (0.00 to 0.91) 0.052 0.03 (�0.53 to 0.59) 0.924

Neuroinflammation pathway

Log10 interleukin 6a 0.86 (�0.14 to 1.86) 0.093 0.47 (�0.93 to 1.87) 0.508

Note: Adjusted for age at lumbar puncture, years of education, APOE ε4-carrier status, history of cardiovascular disease, and history of psychiatric
disease.
aValues of cerebrospinal fluid β-amyloid1–42/1–40 ratio and IL-6 were multiplied by 100 to facilitate the interpretation of the coefficient.

Figure: Results of the voxel-wise analyses showing the association of a higher number of SLEs and reduced regional gray matter
volumes. Y axes: average gray matter volume of the significant clusters identified in SPM analyses. X axes: total accumulated lifetime
stressful events. Panel (A) Whole sample: thresholded at p < 0.005 at voxel level. Medial temporal results are shown as a binary mask
overlaid into a T1 structural image. Panel (B) Women: thresholded at p < 0.005 at voxel level and family-wise error p < 0.05 at cluster
level. Medial temporal results are shown as a binary mask overlaid into a T1 structural image. Panel (C) Participants with a history of
psychiatric disease: thresholded at p < 0.005 at voxel level and family-wise error p < 0.05 at cluster level. All models were adjusted
for age, education, total intracraneal volume, APOE ε4 carrier status, history of cardiovascular disease, history of psychiatric disease
(only Panel A and B) and sex (only Panel A and Panel C). [Color figure can be viewed at www.annalsofneurology.org]
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moderated by psychiatric disease. It is also possible that in
the current study those with a history of psychiatric disease
were more affected by recall bias. However, we did not
observe differences in test–retest scores between those with
and without history of psychiatric disease thereby not
supporting this hypothesis. Nonetheless, longitudinal stud-
ies are needed to disentangle the time relationship between
SLEs, onset of psychiatric disease, and AD pathophysiology.

Further, in contrast to our initial hypothesis
predicting stronger effects in women, we found an associa-
tion of SLEs across the life course with Aβ only among
men. Of note, the abovementioned study, reporting associa-
tion of midlife stress with unspecific markers of neurode-
generative processes,28 was conducted only in women.
Since previous studies suggest no sex-differences in Aβ bur-
den in older adults,40 our results may imply sex-specific
effects of stress on Aβ pathology. Also, men might be more
inclined to engage in unhealthy coping behaviors compared
with women, which may explain the observed sex-differ-
ences.41 Further studies are warranted to assess whether the
effects of SLEs on these pathways are seen in people at risk
as the disease advances and/or in a sex-specific manner.

Consistent with our hypotheses, we found associations
of SLEs with lower gray matter volumes among women
and participants with history of psychiatric disease. In the
whole sample, these associations were only observed with a
more lenient statistical threshold. Thus, within the whole
sample, we found some support for our limbic hypothesis,
but less clear support for the frontal hypothesis. We showed
SLEs to be associated with lower volumes in regions of the
limbic system (amygdala, parahippocampal gyrus, and insu-
lar cortex) that are known to be involved in stress percep-
tion and emotional regulation.42,43 Previous research in the
general population shows SLEs to be associated with lower
volumes in the hippocampus,25 parahippocampal gurys,25

insular cortex,26 and anterior cingulate/prefrontal cor-
tex.25,44 Our results suggesting SLEs to be associated with
reduced volume in the anterior cingulate and prefrontal cor-
tex in women, are in line with animal models suggesting
that estrogen promotes stress sensitivity in the prefrontal
cortex among females.45 We also found SLEs to be associ-
ated with lower volumes of somatic motor areas among
those with a history of psychiatric disease, in line with evi-
dence suggesting a disruption of motor cortical brain
regions by stress.46

In line with our hypothesis, we found that a higher
level of childhood SLEs, compared with lower, was associ-
ated with higher levels of IL-6. Studies on the general
population report an association between chronic stress
and systemic inflammation.47,48 Our results are in line
with emerging evidence suggesting childhood trauma to
be linked with increased adulthood inflammation49 and

evidence suggesting that the risk of developing chronic
inflammation is affected by early development and persists
throughout the life course to affect health later in life.50

Although exploratory, this finding is important, as inflam-
mation has been recognized as a key molecular response in
neurodegenerative diseases.51 Further, we reported a
higher level of middle adulthood stressors, compared with
lower, to be associated with Aβ. Midlife is known to be a
period when AD pathologies start to build up,52 and stud-
ies have established the importance of other risk factors,
such as cardiovascular health, in midlife for later-age cog-
nitive functioning.53 It is therefore possible that midlife
could represent a vulnerable period54 for experiencing psy-
chological stress. It should be noted, however, that more
SLEs were reported in midlife and future research should
investigate whether specific SLEs or other factors account
for the association between midlife stress and amyloid.
Taken together, the results involving age periods, should
be interpreted with caution due to their exploratory
nature, and considered as hypothesis-generating for future
studies rather than confirmatory.

This study’s strengths include the wide range of bio-
markers investigated, the life course approach and the
large sample size for stratified analyses. Longitudinal stud-
ies investigating SLEs and spanning from decades would
be logistically challenging. There are also several limita-
tions. The SLEs checklist might not fully capture life
course events and the degree to which the events were
subjectively stressful was not considered. The events
included in our sum score vary in severity, but were
weighted equally in our study. However, using
unweighted SLEs increases replicability and comparability
across similar studies. Further, recall bias could have
affected our results, but the high test–retest score within
our sample does not support this. The duration, type, or
salience of the events should be considered in future
research. Our sample was 99.3% of White Caucasian eth-
nicity; therefore, the results are not generalizable to other
populations at risk. Finally, it is important to highlight
that some of the results present a mix of support for the
hypotheses. This suggests that future research in the area
may benefit from an update in the conceptualization and
measurement of SLEs or stress. Also, we did not use cor-
rection for multiple comparison methods; therefore, cau-
tion should be given about drawing definitive conclusions.

Conclusion
Our findings demonstrate moderate support that in some
contexts, SLEs may have a long-lasting impact on brain
health through the AD, neuroinflammation, and atrophy
pathways decades after exposure to SLEs. However, future
research studies are warranted to investigate SLEs in the
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context of history of psychiatric disease, sex, and to inves-
tigate the timing of events. Psychosocial interventions may
represent strategies to improve stress resiliency and stress-
coping strategies among those with a high exposure to
SLEs who are at risk of cognitive decline. Future research
is needed to refine the identification of risk profiles that
would most benefit from such type of interventions.
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