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ABSTRACT

BACKGROUND: Increased stress is a proposed risk factor for Alzheimer’s disease (AD). We examined cross-
sectional associations between circulating stress biomarkers and multimodal measures of brain health and
cognition susceptible to AD in older adults and sex-specific subgroups.
METHODS: Baseline data from 132 cognitively unimpaired participants without depression (age, mean 6 SD =
74.0 6 4.0 years, women: n = 80) in the Age-Well trial (NCT02977819) were included. Stress hormone levels were
measured in overnight fasting blood serum (cortisol, dehydroepiandrosterone sulfate) and blood plasma
(epinephrine, norepinephrine) samples. AD-sensitive measures of brain health, including glucose metabolism (n =
89), cerebral perfusion, gray matter volume, amyloid deposition in a priori regions of interest, and cognitive
markers were evaluated. Models were adjusted for age, sex, education, trait anxiety, and depressive symptoms.
RESULTS: Higher epinephrine levels were associated (false discovery rate–corrected p , .05) with lower glucose
metabolism in the anterior cingulate cortex (b = 20.26, p = .008), posterior cingulate cortex (b = 20.32, p = .006),
and precuneus (b = 20.27, p = .021) and lower perfusion in the posterior cingulate cortex (b = 20.23, p = .013).
Interactions between stress hormones and sex showed (false discovery rate–corrected p , .05) that in women
only, higher epinephrine was associated with larger anterior cingulate cortex volume (interaction: b = 0.32,
p = .016), whereas in men only, higher cortisol was associated with lower episodic memory performance
(interaction: b = 0.98, p = .012).
CONCLUSIONS: The current study demonstrates the involvement of circulating stress hormones, particularly
epinephrine and cortisol, in greater resilience or vulnerability of brain health and cognitive indicators of susceptibility
to AD in older adults. The identification of sex-specific patterns in these associations may inform the development of
more effective and tailored interventions.

https://doi.org/10.1016/j.bpsgos.2024.100431

The stress response, or fight-or-flight reaction, involves a
powerful interplay between the brain, nervous system, and
secretory organs. Dysfunction/dysregulation of the stress
response can lead to systemic physiological changes that are
thought to be associated with accelerated brain and cognitive
aging and increased risk of cognitive impairment and Alz-
heimer’s disease (AD) [for review, see (1,2)] (3,4). Elevated
stress levels have been identified as a potentially modifiable
risk factor for dementia [for review, see (5)]. Several studies
have shown that stress biomarker levels, as measured in
blood, saliva, or cerebrospinal fluid (CSF), are altered in AD
dementia and associated risk states with regard to cortisol
(6–10), dehydroepiandrosterone sulfate (DHEAS) (6,11), and
catecholamines, including epinephrine and norepinephrine (12)
[for review, see (13)], although there have been some

inconsistent findings across studies (14). Here, we aimed to
better understand the relationships between multiple stress
biomarkers, which reflect the two key axes of the stress
response system, and brain health and cognition in healthy
older adults.

Stress as a Risk Factor

There is growing evidence that even subtle elevations of the
stress response system may be linked to indicators of brain
and cognitive health that are susceptible to AD in older adults.
Mainly, two axes are involved in the physiological stress
response, i.e., the sympathetic-adrenal-medullary (SAM) and
the hypothalamic-pituitary-adrenal (HPA) axes, and they
appear to act on different temporal scales (15) [for review, see
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(16)]. The SAM axis represents the immediate stress response
of the nervous system, promptly increasing circulating cate-
cholamine (epinephrine and norepinephrine) levels. The HPA
axis, acting via the activation of hypothalamus and pituitary
and adrenal glands, stimulates the elevation of circulating
cortisol as well as DHEA and its sulfate ester DHEAS, which
may counteract the neurotoxic effects of cortisol through
neuroprotective actions [for review, see (17)]. Nevertheless,
circulating catecholamines can be associated with chronic
stress [for review, see (18,19)] by reflecting increased under-
lying sympathetic nervous system activity that may be trig-
gered by prolonged/chronic stress.

Stress Biomarkers and Brain Health. Stress biomarkers
have been associated with poorer brain health in regions
vulnerable to AD. Specifically, studies have shown associations
between higher cortisol levels measured in blood, CSF, or saliva
of middle-aged and older adults (with and without dementia)
and smaller brain structure in the hippocampus (8,20–26) and in
medial prefrontal areas including the anterior cingulate cortex
(ACC) (27); lower glucose metabolism in lateral and medial
parietal brain regions including the posterior cingulate cortex
(PCC) and precuneus (22); as well as increased brain amyloid-b
(Ab) deposition (28). Another study linked smaller left ACC
volumes to HPA axis dysregulation in a sample of healthy older
men (N = 20) (29). The Age-Well trial has also demonstrated a
correlation between plasma epinephrine levels and brain
function (30), namely altered functional connectivity between
hypothalamic and hippocampal subfields in healthy older
adults with subclinical depression (N = 73).

Stress Biomarkers and Cognition. Stress biomarkers
have been associated with lower cognitive functioning in do-
mains that are vulnerable to AD. Specifically, higher cortisol
levels, as measured in blood, CSF, saliva, or hair, have been
associated with lower performance in working and short-term
verbal memory (26,31) and/or lower executive functioning in
middle-aged and older adults at baseline (23,32) and over time,
either alone [for review, see (33)] (34) or in synergy with Ab burden
(35). Longitudinal studies have further linked altered baseline
DHEAS levels (both decreased and increased)measured in blood
serum or CSF to a faster decline in AD-sensitive global cognitive
performance during a 3-year follow-up period in independent
cohorts comprising 755 (36) and 145 (34) older adults, respec-
tively. Higher levels of CSF norepinephrine have been associated
with lower executive functioning in healthy adults across the
lifespan (N = 258, ages 21–100 years) (37) and age-related
cognitive deficits (38) [for review, see (39)].

Sex Specificities

Only a few studies reported to date have examined potential
sex differences in the association between stress markers and
indicators of brain health and cognition that are susceptible to
AD in older adults. This is surprising given the growing evi-
dence that men and women respond differently to stress
across the life course [for review, see (40,41)], which may
be relevant to sex differences in age-related disease
risks including AD [for review, see (42)]. A previous cross-
sectional study of middle-aged adults without dementia

(N = 2018) showed sex-specific differences in the susceptibility
of brain structure to stress (26), with higher levels of serum
cortisol being related to less total brain volume in women but
not in men. These findings collectively suggest the potential for
sex differences in stress hormone–related associations, which
warrants further investigation.

The Present Study

To date, most studies have examined potentially adverse ef-
fects of a single stress biomarker, primarily cortisol, in older
populations. Less is known about the associations of other
circulating stress hormones with brain health and cognition in
older adults with particular attention paid to potential sex
specificities in this context. The main objective of the current
study was to better understand the links between circulating
stress biomarkers that reflect the two main axes of the stress
response system and multimodal indicators of brain health and
cognition that are susceptible to AD. We hypothesized that
overnight fasting blood serum (cortisol, DHEAS) and plasma
(epinephrine, norepinephrine) stress hormone levels would be
associated with predetermined indicators of brain health and
cognition in older adults. We also hypothesized that older
women and men might demonstrate differential stress
hormone–related associations.

METHODS AND MATERIALS

General Methodological Approach

In this cross-sectional study, we analyzed baseline data from
the Age-Well trial (NCT02977819) (43), a community-based
study of well-characterized older adults. Positron emission to-
mography (PET) and magnetic resonance imaging were used to
assess brain glucose metabolism, cerebral perfusion, and gray
matter volume in a set of a priori regions of interest (ROIs) that
are part of the stress-regulatory system and that are also sus-
ceptible to AD, including the ACC, PCC, precuneus, and hip-
pocampus, as well as neocortical Ab deposition. Cognitive
performance was measured using a global composite score of
AD risk, namely the Preclinical Alzheimer’s Cognitive Com-
posite 5 (PACC-5) (44), and a domain composite score of
episodic memory (45). We examined the associations between
multiple stress biomarkers (i.e., epinephrine, norepinephrine,
cortisol, DHEAS, and the DHEAS/cortisol ratio) measured in
blood and multimodal AD-sensitive measures of brain health
and cognition in the total sample and in sex-specific subgroups.

Study Participants

The current study included 132 cognitively unimpaired older
adults from the Age-Well trial (NCT02977819) (43). Participants
were enrolled between November 24, 2016, and March 5,
2018. Detailed inclusion and exclusion criteria for the Age-Well
trial have been described previously (43). Briefly, all partici-
pants were 65 years or older, had received at least 7 years of
education, and showed no evidence of neurological or psy-
chiatric disorders. The participants had no chronic disease or
acute unstable illness, no history of cerebrovascular disease,
and no current or recent medication that might have interfered
with cognitive performance. The absence of clinical depression
was assessed using a clinician-administered questionnaire,
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the Montgomery–Åsberg Depression Rating Scale (46). The
participation selection process is depicted in Figure 1 and
detailed in the Supplement.

Protocol Approval, Registration, and Patient

Consent

The Age-Well randomized clinical trial was approved by the
local ethics committee (Comité de Protection des Personnes
Nord-Ouest III, Caen, France; trial registration number:
EudraCT: 2016-002441-36; IDRCB: 2016-A01767-44;
ClinicalTrials.gov Identifier: NCT02977819). All participants
gave written informed consent prior to the examinations.

Stress Biomarkers

We analyzed levels of stress biomarkers derived from blood
sampling that reflect the two main axes of the stress response
system, including plasma epinephrine and norepinephrine,
serum cortisol and DHEAS, and the DHEAS/cortisol ratio.
Detailed extraction procedures have been described previ-
ously (43,47). Details are provided in the Supplement.

Neuroimaging Assessments

All participants were scanned at Cyceron Center in Caen,
France on the same magnetic resonance imaging scanner
(Philips Achieva 3T) and PET scanner (Discovery RX VCT 64
PET-CT; GE Healthcare). Details on neuroimaging acquisition
and preprocessing procedures have been described in our
previous publications (43,47–49). Structural magnetic
resonance imaging scans and PET scans of early and late
18F-florbetapir (AV45; Amyvid) and 18F-fluorodeoxyglucose
PET were assessed. The images were processed to obtain
gray matter volume, glucose metabolism, and cerebral perfu-
sion, as well as Ab deposition in a priori ROIs that are sensitive
to AD. Details are provided in the Supplement.

In addition, standard procedures (50,51) were used to
obtain Centiloid values from the 18F-florbetapir PET. To

categorize participants as amyloid positive, a threshold of
.12 Centiloid was used to indicate the presence of moderate-
to-frequent neuritic plaques (52).

Cognitive Assessments

All participants underwent comprehensive neuropsychological
assessments. For this study, we assessed the association
between stress biomarkers and a priori cognitive composite
scores that are sensitive to AD, namely the PACC-5 (44) and a
verbal episodic memory composite (45). Details are provided in
the Supplement.

Assessment of Other Variables

We assessed a number of additional variables, including the
State-Trait Anxiety Inventory part B (STAI-B) (53), the Geriatric
Depression Scale (GDS-15) (54), and the AD risk score Lifestyle
for Brain Health (LIBRA) (49,55). Details are provided in the
Supplement.

Statistical Analysis

All statistical analyses were performed and plots were gener-
ated using R Studio (version 1.4.1106 for Mac and version
4.3.2 for Windows; https://posit.co/products/open-source/
rstudio/). To facilitate interpretation, we considered p values
, .05 as statistically significant and applied correction for
multiple comparisons using false discovery rate (FDR). First,
the entire sample as well as sex-stratified subgroups (women,
men) were characterized using baseline demographic, clinical,
health risk, biological, and neuroimaging markers as well as
cognitive composite scores. Sex-stratified subgroups were
compared using t tests for continuous variables or c2 statistics
for categorical variables.

Multiple linear regression analyses were conducted to
investigate the association between each of the selected
circulating stress hormones (i.e., plasma epinephrine and
norepinephrine, serum cortisol and DHEAS, and the DHEAS/
cortisol ratio) as independent variables and the multimodal
brain markers (cerebral glucose metabolism, cerebral perfu-
sion, gray matter volume in the a priori ROIs, and neocortical
amyloid deposition) and cognitive composite scores (PACC-5
and episodic memory) as dependent variables. In follow-up
analyses, interaction analyses were carried out to assess
whether stress-related associations were moderated by sex.
For this purpose, the interaction term stress hormone 3 sex
was modeled as an independent variable for each stress
biomarker and included in statistical models with each brain
marker and cognitive scores as dependent variables. If a sig-
nificant interaction was found, post hoc sex-stratified regres-
sion analyses were carried out.

Statistical analyses were conducted using models with and
without adjustment for covariates of no interest. Models were
adjusted for age, sex, education, trait anxiety (STAI-B), and
depressive symptoms (GDS). We have reported unadjusted
and adjusted outcomes in the respective result tables.

Additional Analyses

We conducted a series of follow-up analyses that included
additional dependent variables (i.e., glucose metabolism,

Figure 1. Flow diagram. The flow diagram shows the inclusion process
from the baseline dataset of the Age-Well trial. DHEA, dehydroepiandros-
terone; MRI, magnetic resonance imaging.
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cerebral perfusion, and gray matter volume in the insula as well
as executive function). Details are provided in the Supplement.

RESULTS

Participant Characteristics

Demographic data and other sample information are provided
in Table 1 for the total sample and sex-stratified subgroups.
The Age-Well participants showed low levels of anxiety/
depression symptoms (measured by the STAI-B/GDS) and
intermediate dementia risk (measured by the AD risk score

LIBRA). Women differed significantly from men in education,
depressive symptoms, stress biomarker levels, episodic
memory performance, and brain measures related to cerebral
perfusion and gray matter volume (all ps , .05).

Associations Between Stress Biomarkers and Brain

Health

Cerebral Glucose Metabolism. Total sample: Results of
the analyses are shown in Table 2 and Figure 2. In the total
sample, higher epinephrine was significantly ( pFDR , .05)

Table 1. Descriptive Baseline Characteristics

Total Sample, N Women, n = 80 Men, n = 52 p Value

Demographics, N = 132

Age, Years 74.0 (4.0) 74.0 (3.9) 74.0 (4.2) .943

Education, Years 13.1 (3.1) 12.5 (3.0) 14.1 (3.1) .003

Psychological and Lifestyle Risk Markers, N = 132

STAI-B 34.4 (6.97) 35.0 (6.91) 33.6 (7.04) .239

GDS 1.30 (1.75) 1.56 (1.98) 0.81 (1.21) .015

LIBRA 0.90 (2.41) 1.05 (2.24) 0.67 (2.65) .375

Stress Biomarkers

Epinephrine, mg/L, Plasma, n = 131 0.04 (0.03) 0.03 (0.02) 0.05 (0.04) ,.001

Norepinephrine, mg/L, Plasma, n = 131 0.58 (0.22) 0.59 (0.22) 0.56 (0.21) .509

Cortisol, nmol/L, Serum, N = 132 438 (103) 463 (104) 400 (91) ,.001

DHEAS, mmol/L, Serum, N = 132 2548 (1571) 1986 (969) 3412 (1905) ,.001

DHEAS/Cortisol Ratio, N = 132 6.32 (4.70) 4.57 (2.75) 9.01 (5.72) ,.001

Cognitive Composite Scores, N = 132

Verbal Episodic Memory 0.013 (0.981) 0.305 (0.945) 20.437 (0.864) ,.001

PACC-5 0.003 (0.997) 0.183 (0.989) 20.273 (0.954) .010

Multimodal Neuroimaging Markers

Glucose Metabolism, SUV Ratio, n = 89

Posterior cingulate cortex 1.38 (0.12) 1.39 (0.12) 1.37 (0.13) .387

Precuneus 1.24 (0.09) 1.24 (0.09) 1.24 (0.10) .850

Anterior cingulate cortex 0.99 (0.07) 0.99 (0.06) 0.98 (0.08) .411

Cerebral Perfusion, SUV Ratio, n = 130

Posterior cingulate cortex 1.25 (0.08) 1.26 (0.08) 1.24 (0.09) .118

Precuneus 1.14 (0.07) 1.15 (0.07) 1.14 (0.06) .331

Anterior cingulate cortex 1.02 (0.06) 1.03 (0.05) 1.00 (0.07) .026

MRI Volumes, mm3, N = 132

Anterior cingulate cortex 10,033 (732) 10,239 (653) 9717 (741) ,.001

Hippocampus 3371 (376) 3231 (316) 3585 (361) ,.001

Amyloid Deposition

Neocortex, SUV ratio, n = 131 1.24 (0.15) 1.24 (0.13) 1.25 (0.18) .717

Neocortex, Centiloid units, n = 130 7.39 (24.97) 6.27 (21.50) 9.10 (26.62) .528

Amyloid status, positive/negative, n = 131 35/96 21/58 14/38 .966

Timing of Assessments

Time Interval, Blood to MRI, Days, N = 132 11.53 (20.72) 12.17 (21.86) 10.58 (19.03) .670

Time Interval, Blood to FDG-PET, Days, n = 89 37.56 (23.84) 36.54 (23.90) 39.30 (24.00) .600

Time Interval, Blood to AV45-PET, Days, n = 131 31.21 (23.83) 32.06 (22.71) 29.89 (25.64) .610

Time Interval, Blood to Cognition, Days, N = 132 25.63 (19.53) 25.03 (20.25) 26.56 (18.52) .661

Values are presented as mean (SD) or n. MRI volumes were adjusted for total intracranial volume.
AD, Alzheimer’s disease; AV45, florbetapir; DHEAS, dehydroepiandrosterone sulfate; FDG, fluorodeoxyglucose; GDS, Geriatric Depression Scale; LIBRA, Lifestyle for

Brain Health; MRI, magnetic resonance imaging; PACC-5, Preclinical Alzheimer’s Cognitive Composite 5; PET, positron emission tomography; STAI-B, State-Trait Anxiety
Inventory part B; SUV, standardized uptake value.

Stress Biomarkers and Brain Health

4 Biological Psychiatry: Global Open Science March 2025; 5:100431 www.sobp.org/GOS

Biological
Psychiatry:
GOS



associated with lower glucose metabolism in the ACC
(adjusted b = 20.26, p = .008), PCC (adjusted b = 20.32, p =
.006), and precuneus (adjusted b = 20.27, p = .021). No other
significant associations were found.

Interaction analysis: As shown in Figure 2 and Table S5,
follow-up analysis showed no significant interactions between

stress hormones and sex on cerebral glucose metabolism in
the ROIs (interactions: all ps $ .09).

Cerebral Perfusion. Total sample: Results of the analyses
are displayed in Table 3 and Figure 2. In the total sample,
higher epinephrine levels were significantly associated

Table 2. Associations Between Stress Biomarkers and Cerebral Glucose Metabolism

Stress Biomarkers

ACC PCC Precuneus

Beta Coefficient p Value Beta Coefficient p Value Beta Coefficient p Value

Epinephrine, n = 88

Unadjusted model 20.23 .035a 20.28 .008a,b 20.22 .042a

Adjusted model 20.26 .008a,b 20.32 .006a,b 20.27 .021a,b

Norepinephrine, n = 88

Unadjusted model 0.15 .162 0.13 .227 0.15 .178

Adjusted model 0.12 .283 0.11 .320 0.13 .252

Cortisol, n = 89

Unadjusted model 20.00 .995 20.01 .921 20.01 .930

Adjusted model 20.04 .709 20.02 .880 20.02 .893

DHEAS, n = 89

Unadjusted model 0.02 .877 20.12 .269 0.00 .964

Adjusted model 0.05 .688 20.14 .296 20.01 .917

DHEAS/Cortisol, n = 89

Unadjusted model 20.00 .989 20.14 .197 20.03 .803

Adjusted model 0.03 .821 20.18 .169 20.06 .631

Results of the linear regression models. Models were adjusted for sex, age, education, trait anxiety (STAI-B), and depressive symptoms (GDS).
ACC, anterior cingulate cortex; DHEAS, dehydroepiandrosterone sulfate; GDS, Geriatric Depression Scale; PCC, posterior cingulate cortex; STAI-B, State-Trait Anxiety

Inventory part B.
ap , .05, uncorrected.
bp , .05, false discovery rate adjusted.

Figure 2. Associations between plasma epineph-
rine and brain health. Scatter plots show the asso-
ciation between epinephrine and cerebral glucose
metabolism in the anterior cingulate cortex (ACC)
(A), posterior cingulate cortex (PCC) (B), and pre-
cuneus (C) as well as between epinephrine and
cerebral perfusion in the PCC (D) for the total sample
and stratified by sex. Higher epinephrine levels were
associated (false discovery rate–corrected p , .05)
with lower glucose metabolism and lower cerebral
perfusion in these brain regions independent of sex.
Black lines indicate regression lines with shaded
areas showing the 95% CI for the total sample, red
dots and lines indicate data points and regression
lines for the subgroup with women, blue dots and
lines indicate data points and regression lines for the
subgroup with men. SUV, standardized uptake value.

Stress Biomarkers and Brain Health

Biological Psychiatry: Global Open Science March 2025; 5:100431 www.sobp.org/GOS 5

Biological
Psychiatry:
GOS



(pFDR , .05) with lower cerebral perfusion in the PCC (adjusted
b = 20.23, p = .013). In addition, a higher DHEAS/cortisol ratio
was associated with lower perfusion in the PCC (adjusted
b = 20.25, p = .015); however, this association was not sig-
nificant with FDR correction.

Interaction analysis: As shown in Figure 2 and Table S6,
follow-up analysis showed an interaction between sex and
norepinephrine on precuneus perfusion (interaction: adjusted
b = 0.59, p = .034) that was not significant with FDR correction.
Post hoc sex-stratified analysis showed no significant asso-
ciations between norepinephrine and precuneus perfusion
among women (adjusted b = 0.17, p = .132) or men (adjusted
b = 20.19, p = .167).

Brain Volume. Total sample: Results of the analyses are
shown in Table S2. In the total sample, higher stress hormone
levels were not significantly associated with regional brain

volumes in the ACC or hippocampus in the adjusted models
(all ps $ .1).

Interaction analysis: As shown in Figure 3, Table 4, and
Table S7, follow-up analysis showed a significant interac-
tion (pFDR , .05) between sex and epinephrine on ACC
volume (interaction: adjusted b = 0.32, p = .016). Post hoc
sex-stratified analysis indicated that in women, higher
epinephrine levels were associated with greater ACC vol-
ume (adjusted b = 0.29, p = .011). This association was not
found in men (adjusted b = 20.04, p = .808). An observed
interaction between norepinephrine and sex on the hippo-
campal volume (interaction: unadjusted b = 0.53, p = .036)
was not significant after FDR correction. Post hoc sex-
stratified analysis showed no significant associations be-
tween norepinephrine and hippocampal volume in women
(unadjusted b = 0.20, p = .085) or men (unadjusted
b = 20.18, p = .198).

Table 3. Associations Between Stress Biomarkers and Cerebral Perfusion

Stress Biomarkers

ACC PCC Precuneus

Beta Coefficient p Value Beta Coefficient p Value Beta Coefficient p Value

Epinephrine, n = 129

Unadjusted model 20.12 .167 20.23 .008a,b 20.08 .355

Adjusted model 20.06 .491 20.23 .013a,b 20.08 .364

Norepinephrine, n = 129

Unadjusted model 0.04 .631 0.04 .637 0.07 .460

Adjusted model 0.01 .901 0.02 .864 0.04 .617

Cortisol, n = 130

Unadjusted model 0.06 .496 0.13 .130 0.13 .130

Adjusted model 20.01 .909 0.12 .209 0.13 .167

DHEAS, n = 130

Unadjusted model 0.00 .993 20.18 .040a 0.11 .228

Adjusted model 0.05 .604 20.19 .063 0.11 .258

DHEAS/Cortisol, n = 130

Unadjusted model 20.03 .844 20.22 .013a 0.06 .480

Adjusted model 0.03 .862 20.25 .015a 0.06 .571

Results of the linear regression models. Models were adjusted for sex, age, education, trait anxiety (STAI-B), and depressive symptoms (GDS).
ACC, anterior cingulate cortex; DHEAS, dehydroepiandrosterone sulfate; GDS, Geriatric Depression Scale; PCC, posterior cingulate cortex; STAI-B, State-Trait Anxiety

Inventory part B.
ap , .05, uncorrected.
bp , .05, false discovery rate adjusted.

Figure 3. Interactions between sex and stress
biomarkers on brain health and cognition. (A) The
scatter plot shows the interaction (false discovery
rate–corrected p , .05) between sex and plasma
epinephrine on anterior cingulate cortex (ACC) brain
volume. In women, but not in men, higher epineph-
rine was associated with greater ACC volume. (B)
Interaction (false discovery rate–corrected p , .05)
between serum cortisol and sex on verbal episodic
memory. In men, but not in women, higher cortisol
levels were associated with lower memory perfor-
mance. Black lines indicate regression slopes for the
total sample; red dots and lines indicate data points
and regression lines, with shaded areas showing the
95% CI for the subgroup with women; blue dots and
lines indicate data points and regression lines, with
shaded areas showing the 95% CI for the subgroup
with men.
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Amyloid Deposition. Total sample: Results of the analyses
are displayed in Table S3. In the total sample, stress hormone
levels were not significantly associated with neocortical amy-
loid deposition (all ps $ .1). Follow-up analysis showed no
significant interactions between stress hormone levels and sex
on amyloid deposition (all ps $ .5) (Table S8).

Associations Between Stress Biomarkers and

Cognition

Total sample: Results of the analyses are displayed in Figure 3
and Table S4. In the total sample, stress hormone levels were
not significantly associated with the cognitive composite
scores (all ps $ .06).

Interaction analysis: As shown in Table 4 and Figure 3,
follow-up analysis showed a significant interaction between
sex and cortisol on verbal episodic memory performance
(interaction: adjusted b = 0.98, p = .012, pFDR , .05) that was
maintained after FDR correction. Post hoc sex-stratified anal-
ysis showed that in men, higher cortisol was associated with
lower verbal episodic memory (adjusted b = 20.33, p = .020).
This association was not found in women (adjusted b = 0.08,
p = .459). For the PACC-5, we observed a significant interac-
tion between cortisol levels and sex with a similar directionality
(interaction: b = 0.94, p = .034). However, this interaction was
reduced to trend level after adjustment for covariates (inter-
action: adjusted b = 0.77, p = .057).

Additional Analyses

Results of the additional analyses are presented in the
Supplement. In summary, follow-up analyses showed no
significant associations between stress biomarkers and neu-
roimaging measures in the insula as well as executive function

(all ps . .1). In further follow-up analyses, in which an addi-
tional adjustment was made for the time interval between in-
dividual measurements, the primary results remained
significant (all ps , .05). Finally, post hoc analyses showed no
significant interactions between amyloid status (positive/
negative) and stress hormone levels (epinephrine) in the sig-
nificant models of the main analysis (all ps . .5).

DISCUSSION

In the present study, we systematically examined cross-
sectional correlations between circulating stress biomarkers
that reflect SAM activation (plasma epinephrine and norepi-
nephrine) and HPA activation (serum cortisol and DHEAS) and
multimodal indicators of brain health and cognition susceptible
to AD. We investigated baseline data from cognitively unim-
paired older adults without clinical depression/anxiety and in-
termediate dementia risk who were enrolled in the Age-Well
trial (43). Our findings highlight that levels of circulating stress
hormones, particularly epinephrine and cortisol, were linked to
greater resilience or vulnerability of certain indicators of brain
health and cognition that are susceptible to AD in older people.
Importantly, we found sex-specific patterns in these associa-
tions, which may assist in the design of more effective and
tailored intervention strategies.

Association Between Stress Biomarkers and Brain

Health

Our findings suggest a link between circulating stress hor-
mones and functional measures of brain health, namely
glucose metabolism and cerebral perfusion, in brain regions
susceptible to AD. In our study, higher plasma epinephrine was
associated with lower glucose metabolism in the ACC, PCC,

Table 4. Selected Interactions Between Stress Biomarkers and Sex on Cognition and Brain Volume

Stress Biomarkers

Verbal Episodic Memory PACC-5 ACC Brain Volume, mm3

Beta Coefficient p Value Beta Coefficient p Value Beta Coefficient p Value

Epinephrine 3 Sex, n = 131

Unadjusted model 0.01 .931 20.20 .144 0.28 .040a

Adjusted model 0.07 .608 20.10 .421 0.32 .016a,b

Norepinephrine 3 Sex, n = 131

Unadjusted model 20.04 .873 20.25 .363 0.49 .067

Adjusted model 0.01 .978 20.17 .497 0.50 .058

Cortisol 3 Sex, N = 132

Unadjusted model 1.14 .005a,b 0.94 .034a,b 0.38 .376

Adjusted model 0.98 .012a,b 0.77 .057 0.30 .483

DHEAS 3 Sex, N = 132

Unadjusted model 20.15 .351 0.07 .690 20.05 .763

Adjusted model 20.12 .424 0.07 .641 20.03 .830

DHEAS/Cortisol 3 Sex, N = 132

Unadjusted model 20.23 .095 20.04 .809 20.11 .418

Adjusted model 20.17 .197 0.00 .984 20.09 .512

Results of the linear regression models. Brain volumes were adjusted for total intracranial volume. Models were adjusted for age, education, trait anxiety (STAI-B), and
depressive symptoms (GDS).

ACC, anterior cingulate cortex; DHEAS, dehydroepiandrosterone sulfate; GDS, Geriatric Depression Scale; PACC-5, Preclinical Alzheimer’s Cognitive Composite 5;
STAI-B, State-Trait Anxiety Inventory part B.

ap , .05, uncorrected.
bp , .05, false discovery rate adjusted.
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and precuneus and lower cerebral perfusion in the PCC. A post
hoc analysis demonstrated that these associations were
observed irrespective of brain Ab deposition in our sample. In
contrast with our initial hypothesis, no significant associations
were identified between circulating stress biomarkers and
hippocampal volume or brain Ab deposition (for discussion,
see the Supplement). Previously, we documented an associ-
ation between higher plasma cortisol and lower glucose
metabolism in AD-sensitive lateral and medioparietal brain
regions in a mixed cohort of individuals along the cognitive
continuum (22). Lower glucose metabolism and lower cerebral
perfusion in temporo-parietal and/or medial prefrontal brain
regions have been documented in older adults at increased
risk of AD (56–58) and may in turn contribute to accelerated
cognitive decline and clinical progression of the disease
(59,60).

Multiple physiological pathways may be involved in the
association between circulating epinephrine and indicators of
brain health. Epinephrine is primarily associated with short-
term stress responses via activation of the sympathetic
nervous system. However, circulating epinephrine can be
associated with chronic stress [for review, see (18,19)] because
catecholamines are indicative of the baseline activity of the
autonomic nervous system, which can be affected by pro-
longed/chronic stress and anxiety. The sympathetic nervous
system integrates a multitude of brain regions involved in the
detection and interpretation of potential threats and the acti-
vation of physiological stress responses [for review, see (19)].
While the rapid up- and downregulation of epinephrine can
contribute to stress adaptation, long-term sustained epineph-
rine elevation may facilitate maladaptation and disease.
Although circulating epinephrine does not cross the blood-
brain barrier, catecholamines may have indirect effects on
the central nervous system via visceral efferent fibers of the
vagus nerve [for review, see (61)]. Indirect effects of elevated
circulating epinephrine on the brain could also be related to
changes in glycemic (i.e., hyperglycemia), cardiovascular (i.e.,
hypertension), and inflammatory activity [for review, see (19)].
Studies have demonstrated a negative association between
vascular risk factors and functional measures of brain health,
including glucose metabolism, cerebral perfusion, and func-
tional connectivity (62,63). This may contribute to an increased
vulnerability of the aging brain.

Sex Specificities in Stress Biomarker Associations

We found that higher epinephrine levels were associated with a
larger ACC volume in women but not in men. This observation
is surprising given that higher levels of chronic stress have
been linked to reduced ACC volume in animal (64) and human
(65,66) studies. The current finding is of interest for several
reasons. First, the ACC is a key brain region involved in
cognitive, emotional, and affective processing [for review, see
(67)]. Deficits in ACC structure and function have been impli-
cated in mood and anxiety disorders (68) and in the develop-
ment of AD (69). Conversely, preserved or enhanced ACC
structure and function have been linked to greater brain resil-
ience [for review, see (70)] and cognitive reserve mechanisms
(71,72) in older adults. An increased ACC volume has also
been associated with positive coping styles. Additionally,

greater ACC volume and positive coping styles have been
linked to lower levels of anxiety and depression in women but
not in men in the same study (73). Moreover, larger medial
prefrontal brain structures involved in emotion regulation
(including the ACC) have been associated with stress resil-
ience in animal and human studies [for review, see (74)]. Given
these findings, the positive correlation between circulating
epinephrine and ACC volume in older women may reflect a
beneficial structural adaptation associated with greater resil-
ience in this group.

Our data also showed that higher serum cortisol was
associated with lower verbal episodic memory performance in
men but not in women (a similar effect for the PACC-5 was not
significant after covariate adjustment). A previous study did not
find a significant interaction between serum cortisol and sex on
cognitive (global and domain specific) performance (26).
However, numerous studies in rodent models [for review, see
(75)] have demonstrated that stress impairs memory in male
mice (76–78). In contrast, female mice frequently show resil-
ience or even improvement in learning and memory abilities
following stress exposure (79–81). In a longitudinal study on
older adults, greater perceived stress was associated with
faster age-related cognitive decline only in men and not in
women (82). The lack of a significant association between
stress markers and cognitive ability in older women may reflect
a greater resilience of the cognitive system in this group. In
contrast, the cognitive functioning of older men appears to be
more vulnerable to the effects of stress, which could be
addressed in tailored intervention programs.

Synopsis and Future Research

Taken together, our results substantiate the notion that levels
of circulating stress hormones can be linked to the resilience or
vulnerability of brain health and cognition indicators that are
susceptible to AD, even in cognitively unimpaired older adults
without depression. Longitudinal studies will help to clarify
whether elevated stress hormone levels increase susceptibility
to pathological brain aging. Some stress-related associations
were only observed in older men or women, suggesting that
the effects of stress hormones differ between the sexes, and
different physiological pathways may be involved (for discus-
sion, see the Supplement). Given that stress and its broad
systemic impact [for review, see (83)] is considered a poten-
tially modifiable risk factor for AD and other health conditions
(4), the physiological effects of stress hormones in older
women and men and the effectiveness of sex-specific in-
terventions need to be investigated further.

Strengths and Limitations

Our study has several strengths. First, multiple stress bio-
markers indicative of SAM and HPA axis activations were
measured and analyzed together with multimodal measures of
brain health and cognition in the same well-characterized
sample of older adults, which may outweigh limitations in
sample size. Second, blood levels of stress hormone may not
provide the same information as CSF concentrations, but their
use in clinical settings represents a practical approach that
supports the potential future translation of our findings. Third,
we considered various potential confounding variables in our
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analyses, and FDR correction was applied to the p values.
Despite this strict methodological approach, several statistical
models remained significant, highlighting the validity of our
results.

The following limitations of the current study need to be
acknowledged. First, the current study used a cross-sectional
design, which does not allow us to interpret causalities. Addi-
tional investigation is required using intervention studies and
randomized clinical studies to elucidate the causal relationships
between stress biomarkers and indicators of brain health and
cognition in older adults. Second, our study included only
healthy, cognitively unimpaired participants, whichmay limit the
generalizability of the results. Third, a single blood measure-
ment of stress biomarkers was used rather than multiple
biomarker measurements over time and/or other measurement
types. This limits the interpretation of longer-term effects of
elevated stress hormone levels on brain health and cognition.
Long-term effects of increased stress may be captured better
by composite measures of allostatic load [for review, see
(83,84)]. In addition, repeated low-threshold saliva or hair
sampling could be used in future studies, with the latter
reflecting long-term stress exposure (85).

Conclusions

Our results demonstrate an association between circulating
stress hormones and certain indicators of brain health and
cognition that are vulnerable to AD in older adults. Further-
more, the current study shows that older women and men may
differ in their resilience or vulnerability to elevated stress hor-
mone levels, particularly epinephrine and cortisol. Future
research is needed to elucidate the underlying physiological
pathways and address these sex differences in tailored inter-
vention programs.
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