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Abstract
Objective
To assess the association of early morning serum cortisol with cognitive performance and brain
structural integrity in community-dwelling young and middle-aged adults without dementia.
Methods
We evaluated dementia-free Framingham Heart Study (generation 3) participants (mean age
48.5 years, 46.8% men) who underwent cognitive testing for memory, abstract reasoning, visual
perception, attention, and executive function (n = 2,231) and brain MRI (n = 2018) to assess
total white matter, lobar gray matter, and white matter hyperintensity volumes and fractional
anisotropy (FA) measures. We used linear and logistic regression to assess the relations of
cortisol (categorized in tertiles, with the middle tertile as referent) to measures of cognition,
MRI volumes, presence of covert brain infarcts and cerebral microbleeds, and voxel-based
microstructural white matter integrity and gray matter density, adjusting for age, sex, APOE, and
vascular risk factors.
Results
Higher cortisol (highest tertile vs middle tertile) was associated with worse memory and visual
perception, as well as lower total cerebral brain and occipital and frontal lobar gray matter
volumes. Higher cortisol was associated with multiple areas of microstructural changes
(decreased regional FA), especially in the splenium of corpus callosum and the posterior corona
radiata. The association of cortisol with total cerebral brain volume varied by sex (p for
interaction = 0.048); higher cortisol was inversely associated with cerebral brain volume in
women (p = 0.001) but not in men (p = 0.717). There was no eﬀect modiﬁcation by the APOE4
genotype of the relations of cortisol and cognition or imaging traits.
Conclusion
Higher serum cortisol was associated with lower brain volumes and impaired memory in
asymptomatic younger to middle-aged adults, with the association being evident particularly in
women.
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Glossary
BP = blood pressure; CES-D = Center for Epidemiologic Studies Depression Scale; DTI = diﬀusion tensor imaging; FA =
fractional anisotropy; FLAIR = ﬂuid-attenuated inversion recovery; HPA = hypothalamic-pituitary-adrenal; HRT = hormone
replacement therapy; HVOT = Hooper Visual Organization Test; OCP = oral contraceptive pill; SE = standard error; TrA =
Trails A; TrB = Trails B; WMH = white matter hyperintensities.

Long-term elevation of cortisol levels negatively inﬂuences
cardiometabolic changes.1 The eﬀects of cortisol likely extend
beyond cardiometabolic outcomes. Sustained cortisol elevation was shown to have deleterious eﬀects on brain structure
and function in animals.2 Similar alterations in brain structure
and cognition were described in the Cushing syndrome.3–6
Adrenal insuﬃciency has also been linked to changes in the
amygdala and hippocampus on MRI.7
Whether subtle alterations of the hypothalamic-pituitaryadrenal (HPA) axis among people without overt hormonal
excess or deﬁciency relate to brain-related outcomes in the
general population is unclear. A few studies have described an
association between higher blood cortisol and decreased brain
volumes,8–11 with some studies suggesting that changes in
brain volumes correlate with cognitive decline associated with
cortisol levels.10,12 Population-based studies have also seldom
examined the association of circulating cortisol and early
asymptomatic ischemic cerebrovascular disease.12,13 Extant
studies of cortisol and brain-related outcomes have limitations. These studies are mainly clinical studies conducted in
small and convenience samples. These have focused on older
people, have not always excluded confounding conditions
(e.g., dementia), and have seldom examined multiple brain
regions focusing on the hippocampal and limbic areas, possibly because these are involved in regulating the HPA axis.8,9
It is important to examine other brain regions because corticosteroid receptors are expressed throughout the brain.14
Animal and small human studies suggest that the medial
prefrontal cortex is aﬀected by high cortisol levels.15–17
Using data from the Framingham Heart Study, a large
community-based study, we assessed the cross-sectional associations of morning serum cortisol with cognitive performance
and MRI-based brain structural measures. We hypothesized
that higher blood cortisol is associated with worse cognitive
functioning, reduced brain volumes, microvascular damage,
and alterations in brain microstructure.

Methods
Study sample
The Framingham Heart Study is a single-site, longitudinal
community-based cohort study that was initiated in 1948.
Since the inception of the study, 3 generations of participants
have been enrolled. The current study includes participants
enrolled in the Third Generation Cohort of the Framingham
Heart Study.18 The ﬁrst examination of the generation 3
2
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cohort conducted between 2002 and 2005 was attended by
4,095 participants (53.3% women, mean age 40 ± 9 years, age
range 19–72 years) who had at least 1 parent recruited to the
Framingham Oﬀspring Cohort.19 Information on serum
cortisol and covariates was ascertained from this baseline
examination. The selection process to retain study participants for the present investigation is shown in ﬁgure e-1
(available from Dryad, doi.org/10.5061/dryad.gj21173). As
part of an ancillary study, these participants were invited to
undergo volumetric brain MRI and neuropsychological assessment. Of the participants with measured early morning
serum cortisol (n = 4,036), 2,297 underwent a neuropsychological assessment. Of these, we excluded participants
with a history of clinical dementia, stroke, or other neurologic
conditions (brain tumor, major head trauma, multiple sclerosis) that could aﬀect the cognitive or MRI assessments
(n = 52). Other criteria of exclusion included use of exogenous glucocorticoids (n = 14). After exclusions, 2,231 participants were eligible for our investigation of cognitive
measures, and 2,018 of those were eligible for investigation of
MRI measures. Comparisons between the participants included in the cognitive performance (neuropsychological)
and brain MRI analyses and those not included (table e-1,
Dryad) showed that the included participants were more
educated, less likely to be smokers or to have elevated blood
glucose levels, and less likely to use diabetes medications.
Standard protocol approvals, registrations,
and patient consents
The study protocol was approved by the institutional review
board at the Boston University Medical Center, and all participants gave written informed consent.
Assessment of cortisol
Fasting blood samples were drawn by venipuncture after ≈10
minutes of rest in a supine position in the morning, typically
between 7:30 and 9 AM. Participants were instructed to take all
routine medications. Blood samples were centrifuged, and the
serum/plasma fraction was stored at −70°C to −80°C until it
was thawed for analysis. Serum cortisol concentration
(micrograms per deciliter) was measured with a chemiluminescent immunoassay (Roche Diagnostics, Indianapolis, IN),
with intra-assay coeﬃcients of variation ranging from 3.3% to
10% for high concentrations and low concentrations. The
limits of detection of the test were 0.036 to 63.4 μg/dL.
Cognitive evaluation
A comprehensive and standardized cognitive test battery administered by trained examiners was used to assess cognitive
Neurology.org/N
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function. Initial screening evaluation was conducted between
2008 and 2011, with the Consortium to Establish a Registry
for Alzheimer’s Disease Word List (total, recall, and retention
scores)20 and the Victoria Stroop test (interference score).
Additional neuropsychological evaluation was performed just
before or simultaneously with the MRI and included the
Delayed Recall component of the Visual Reproductions Test,
Similarities Test from the Wechsler Adult Intelligence Scale,
Hooper Visual Organization Test (HVOT), Trails A (TrA),
Trails B (TrB), Wechsler Memory Scale Logical Memory
Test Immediate and Delayed Recall, and Delayed Recall of
the Paired Associates Learning Test. These tests evaluate
cognitive performance in verbal and visual memory, abstract
reasoning, visual perception, attention, and executive function. We also assessed a global cognitive score. This variable
was created previously with a principal component analysis
and forcing a single score solution.21 The score combines
weighted loadings for the Delayed Recall Component of the
Visual Reproductions Test, Similarities Test, HVOT, Delayed
Recall of the Paired Associates Learning Test, TrB, and
Logical Memory. Higher scores across all cognitive endpoints
indicate superior performance, except for Trail Making, for
which higher scores indicate slower task completion.
Brain morphology assessment
The brain MRI was acquired with a 1.5T Siemens Avanto
scanner (Malvern, PA) using 3 sequences: 3-dimensional T1weighted coronal spoiled gradient recalled echo acquisition,
ﬂuid-attenuated inversion recovery (FLAIR) sequence, and
diﬀusion tensor imaging (DTI). Segmentation and quantiﬁcation of total intracranial volume, total cerebral brain volume,
hippocampal volume, white matter hyperintensities (WMH),
and gray matter were performed by automated procedures
previously described.22 Total intracranial volume was determined by outlining intracranial vault lying above the tentorium.23 To distinguish CSF from brain matter, we used
a semiautomated analysis of MRI pixel distributions for CSF,
gray matter, and white matter.24 HPV was computed by
a semiautomatic multiatlas hippocampal segmentation algorithm.25 We used a semiautomated procedure for the segmentation and quantiﬁcation of WMH on FLAIR.26 The total
cerebral brain and WMH volumes were corrected for diﬀerences
in head size with the FLAIR-derived total cranial volume. Segmented gray matter maps were coregistered to a minimal deformation template27,28 for group statistical analyses. We used
DTI measures of fractional anisotropy (FA), which is a sensitive
indicator of white matter integrity.29 DTI data were preprocessed with the FMRIB Software Library Diﬀusion Toolbox
(University of Oxford, UK)30,31 and included brain tissue extraction and correction for head motion and eddy currents. FA
images were computed from DTI with FMRIB Software Library
software tools31 and coregistered to a standard DTI template
(FMRIB58_FA_1 mm.nii) using linear and nonlinear transformations. Each voxel corresponds to a similar brain location
across all individuals. This enables the evaluation of the associations of both FA and gray matter density with various markers.
Covert brain infarcts were deﬁned as an area of abnormal signal
Neurology.org/N

intensity in a vascular distribution based on a size of ≥3 mm, as
well as location and imaging characteristics of the lesion.32
Covariates
The covariates including sociodemographic and clinical characteristics were assessed by standardized questionnaires,
physical examination, and laboratory tests.18 Educational
achievement was deﬁned as a binary variable (some college
experience vs none). Current smokers were deﬁned as those
who reported having smoked ≥1 cigarette per day regularly
during the year preceding the examination. Use of hormone
replacement therapy (HRT) or oral contraceptive pills
(OCPs) was assessed at the physician interview. Depressive
symptoms were assessed with the 20-item Center for Epidemiologic Studies Depression Scale (CES-D).33 A cut point of
≥16 on the CES-D or use of antidepressants was used to deﬁne
depression. Waist circumference, height, and weight were
measured, and body mass index was calculated (kilograms per
meter squared). Blood pressure (BP) was measured twice in
the left arm of the seated participant with a mercury column
sphygmomanometer. The average of the 2 readings was used
as the examination BP, and hypertension was deﬁned as
a systolic BP ≥140 mm Hg, a diastolic BP ≥90 mm Hg, or self‐
reported antihypertensive medication use. Diabetes mellitus
was deﬁned by a fasting glucose level ≥126 mg/dL or self‐
reported use of glucose-lowering medications. Plasma total
cholesterol, high‐density lipoprotein cholesterol, triglycerides,
and fasting plasma glucose concentrations were measured with
standard enzymatic methods, as previously described.18
Statistical analyses
The baseline characteristics of participants with cognitive
performance measures were presented for the overall sample
and by tertiles of cortisol. Cognitive scores were standardized
to facilitate comparisons between performances on diﬀerent
cognitive tests and between brain structural outcomes.
We used multivariable linear (for continuous measures) or
logistic (for binary variables) regression models to relate serum
cortisol to each measure of cognitive performance and brain
structure. We categorized serum cortisol into tertiles because
the middle tertile of the distribution of cortisol in our sample
roughly corresponded to the commonly accepted range of
normality in clinical practice. Using the categorization by tertiles, we then assessed the relations between serum cortisol and
cognitive or brain structural outcomes, with the middle cortisol
tertile as the reference category. In the ﬁrst model (model 1),
we adjusted for age, sex, and use of OCPs or HRT, with the
addition of age squared for the MRI outcomes and education
for the cognitive outcomes. In a subsequent model (model 2),
we additionally adjusted for cardiovascular risk factors, including smoking status, systolic BP, use of antihypertensives,
impaired fasting plasma glucose (>100 mg/dL), and body mass
index. We tested for interactions of serum cortisol with sex and
APOE4 genotype (known to be associated with the risk of
dementia) by including multiplicative interaction terms in the
models, and we stratiﬁed analyses presented when necessary on
Neurology | Volume , Number  | Month 0, 2018
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Table 1 Descriptive statistics
Variables

Overall (n = 2,231)

Tertile 1 (cortisol
<10.8 μg/dL) (n = 745)

Tertile 2 (cortisol
10.8–15.8 μg/dL) (n = 740)

Tertile 3 (cortisol
>15.8 μg/dL) (n = 746)

Cortisol, μg/dL

12.9 (9.8–17.6)

8.7 (7.4–9.8)

12.9 (11.8–14.3)

20.1 (17.6–24.6)

Age at cognitive evaluation, y

48.5 (8.6)

49.6 (8.3)

49.3 (8.0)

46.6 (9.2)

Male, n (%)

1,045 (46.8)

312 (41.9)

406 (54.7)

327 (43.8)

Hormone use, n (%)

529 (23.7)

120 (16.1)

112 (15.1)

297 (39.8)

No high school degree

13 (0.6)

4 (0.5)

6 (0.8)

3 (0.4)

High school degree

309 (13.9)

105 (14.1)

114 (15.4)

90 (12.1)

Some college

706 (31.7)

264 (35.5)

217 (29.3)

225 (30.3)

College graduate

1,198 (53.8)

371 (49.9)

403 (54.5)

424 (57.1)

APOE4 presence, n (%)

470 (22.1)

176 (24.9)

150 (21.1)

144 (20.2)

Antidepressant use, n (%)

241 (13.7)

93 (15.71)

68 (12.30)

80 (12.9)

CES-D score

5 (2–10)

5 (2–11)

5 (2–10)

5 (2–10)

116 (14)

116 (13)

117 (14)

115 (14)

25.9 (23.0–29.6)

27.0 (23.5–30.8)

26.0 (23.3–29.6)

25.0 (22.4–28.5)

Smoker, n (%)

297 (13.3)

109 (14.6)

96 (13.0)

92 (12.4)

Hypertension medication, n (%)

219 (9.8)

72 (9.7)

79 (10.7)

68 (9.1)

Diabetes medication, n (%)

54 (2.4)

16 (2.2)

19 (2.6)

19 (2.65)

Fasting blood glucose, mg/dL

92 (87–98)

92 (87–98)

93 (88–98)

92 (87–99)

Examination to cognitive evaluation, d

7.7 (1.0)

7.7 (1.0)

7.7 (1.0)

7.80 (1.1)

HVOT score

27.0 (25.5–28.0)

27.0 (25.5–28.0)

27.0 (25.5–28.0)

26.8 (25.5–28.0)

Similarities Test score

17.3 (3.1)

17.3 (3.2)

17.4 (3.1)

17.2 (3.1)

TrB_TrA scorea

0.5 (0.4–0.7)

0.5 (0.4–0.73)

0.5 (0.4–0.7)

0.5 (0.4–0.7)

Visual Reproductions–Delayed Recall score

8.9 (2.6)

8.7 (2.7)

9.0 (2.6)

8.9 (2.6)

Logical Memories–Immediate Recall

12.6 (3.6)

12.6 (3.5)

12.5 (3.8)

12.5 (3.5)

Stroop interference scorea

186.9 (159.3–222.4)

188.8 (159.4–227.1)

188.1 (160.0–222.0)

183.8 (157.8–216.1)

CERAD Recall scorea

7 (6–8)

7 (5–8)

7 (6–8)

7 (6–8)

Global cognition score

0.03 (0.99)

0.03 (0.99)

0.03 (1.01)

0.01 (0.98)

2,825.4 (376.9)

2,816.26 (375.19)

2,812.7 (372.3)

2,846.9 (382.7)

1,262.4 (127.2)

1,251.9 (130.7)

1,273.7 (123.2)

1,261.5 (126.7)

Total cerebral brain volume, % TCV

88.6 (2.7)

88.6 (2.6)

88.7 (2.7)

88.5 (2.6)

Hippocampal volume, % TCV

0.54 (0.04)

0.54 (0.05)

0.55 (0.04)

0.54 (0.05)

WMH volume, % TCVa

0.03 (0.02–0.07)

0.03 (0.02–0.07)

0.03 (0.02–0.07)

0.03 (0.01–0.06)

Temporal gray, % TCV

10.1 (0.6)

10.1 (0.5)

10.1 (0.5)

10.1 (0.6)

Occipital gray, % TCV

5.0 (0.5)

5.0 (0.4)

5.0 (0.5)

5.0 (0.5)

Clinical characteristics

Education, n (%)

Systolic BP, mm Hg
Body mass index, kg/m

2

Cognitive measures

MRI measures (n = 2,018)
Examination to MRI, d
TCV, mm

3
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Table 1 Descriptive statistics (continued)
Overall (n = 2,231)

Tertile 1 (cortisol
<10.8 μg/dL) (n = 745)

Tertile 2 (cortisol
10.8–15.8 μg/dL) (n = 740)

Tertile 3 (cortisol
>15.8 μg/dL) (n = 746)

Parietal gray, % TCV

8.0 (0.5)

8.0 (0.5)

8.0 (0.5)

8.0 (0.5)

Frontal gray, % TCV

14.5 (0.9)

14.5 (0.9)

14.5 (0.9)

14.6 (0.9)

Any covert brain infarct, n (%)

72 (3.6)

23 (3.4)

30 (4.5)

19 (2.8)

Cerebral microbleeds, n (%)

78 (3.5)

23 (3.1)

27 (3.7)

28 (3.8)

Variables

Abbreviations: BP = blood pressure; CERAD = Consortium to Establish a Registry for Alzheimer’s Disease; CES-D = Center for Epidemiologic Studies Depression
Scale; HVOT = Hooper Visual Organization Test; TRB_TRA = Trails B-A score; TVC = total cranial volume; WMH = white matter hyperintensities.
Values are reported as mean (SD) for continuous traits and number (percent) for dichotomous traits.
a
For nonnormally distributed values, median (25th percentile–75th percentile) is given.

the basis of the signiﬁcance of the interaction term. We used
logistic regression for several outcomes: presence of any covert
brain infarct (≥1 covert brain infarcts vs none) and cerebral
microbleeds, with adjustments performed similarly to those
done for previous models. We also used linear regressions to
investigate associations of serum cortisol with white matter and
gray matter integrity at the voxel-based level. Models included
serum cortisol, transformed into a categorical variable using
tertile groups, as the independent variable and FA and gray
matter density as dependent variables. All models were adjusted for age, current smoking, hyperglycemia, systolic BP,
antihypertensive treatment, body mass index, hormone (OCP/
HRT) use, and time interval between serum cortisol assay and
MRI assessment. In secondary analyses, we repeated the regression analyses after excluding participants with depression
(CES-D score ≥16 or on antidepressants).
The signiﬁcance of obtained T maps on brain MRI was
assessed using threshold-free cluster enhancement at the
<0.05 signiﬁcance level and correcting for multiple comparison with permutation-based correction (n = 1,000).34 To
provide a description of white matter tracts or gray matter
regions to which the signiﬁcant voxels likely belonged, we
overlaid the corrected T maps with the Johns Hopkins University probabilistic ﬁber map and the Brodmann area atlases,
warped to the minimum deformation template space.35
All analyses were performed with SAS version 9.4 (SAS Institute Inc, Cary, NC) and R version 2.10.0 (R Development
Core Team, 2009, Vienna, Austria). Results were considered
statistically signiﬁcant if p < 0.10 for tests of interactions and
p < 0.05 for all other tests.
Data availability
Anonymized data will be shared by request from any qualiﬁed
investigator for purposes of replicating procedures and results.

Results
Baseline characteristics
The selection process of study participants is presented in
ﬁgure e-1 (available from Dryad, doi.org/10.5061/dryad.
Neurology.org/N

gj21173). The study sample consisted of 2,231 participants;
46.8% were men, and their mean age was 48.52 years (SD 8.64
years). The median (25th–75th percentile) serum cortisol
level was 12.92 (9.82–17.58) μg/dL. The characteristics of the
overall study sample and by tertiles of cortisol are shown in
table 1. The mean time durations between the baseline examination (examination 1) and cognitive and brain MRI
assessments were 0.02 and 7.74 years, respectively.
Associations between serum cortisol and
MRI measures
The relation of serum cortisol and brain volumes is shown in
table 2 and tables e-2 and e-5 through e-7 (available from
Dryad, doi.org/10.5061/dryad.gj21173). After adjustment for
potential confounders, compared to the middle tertile, the
highest tertile of cortisol was associated with lower total cerebral brain (β [standard error (SE)] = −0.38 [0.14], p = 0.008),
parietal gray matter volume (β [SE] = −0.06 [0.03], p = 0.046),
and frontal gray matter volumes matter volume (β [SE] = −0.12
[0.04], p = 0.006) (table 2). The lowest tertile of cortisol was
not associated with any brain volume measures.
There was no statistically interaction between cortisol and
APOE4 with regard to brain structural measures. However, there
was an eﬀect modiﬁcation of sex on the association between
cortisol and total cerebral brain volume (p = 0.048). Analyses
stratiﬁed by sex showed that, compared to the middle tertile, the
highest tertile of cortisol was associated with lower total cerebral
brain volume among women (β [SE]: −0.73 [0.21], p = 0.001)
but not among men (β [SE]: −0.07 [0.19], p = 0.717). The
lowest tertile of cortisol was not associated with total cerebral
brain volume in either sex.
Voxel-based associations of serum cortisol
with white matter and gray matter integrity
Compared to the middle cortisol tertile, the highest cortisol tertile
was independently associated with lower FA within tracts covering 13.3 mm3 of the white matter (table 3). The white matter
tracts most strongly associated with serum cortisol (ﬁgure 1)
included the splenium and body of corpus callosum region (4.07
and 1.08 mm3, respectively) and the superior and posterior part
of the corona radiata (2.01 and 2.01 mm3, respectively).
Neurology | Volume , Number  | Month 0, 2018
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Table 2 Association of serum cortisol with cognitive and brain outcomes in the Framingham Heart Study
Multivariable-adjusted estimates of association: β (SE) or odds ratio (95% CI)
Overall p value

Tertile 1 (cortisol
<10.8 μg/dL)

p Value

Tertile 2 (cortisol
10.8–15.8 μg/dL)

Tertile 3 (cortisol
>15.8 μg/dL)

p Value

HVOT score

0.008

−0.04 (0.03)

0.104

Referent

−0.08 (0.03)

0.002

Similarities Test score

0.408

0.02 (0.16)

0.888

−0.18 (0.17)

0.264

TrB_TrA scorea

0.003

−0.003 (0.01)

0.657

−0.02 (0.01)

0.001

Visual Reproductions–Delayed Recall

0.149

−0.16 (0.13)

0.209

−0.26 (0.13)

0.057

Logical Memories–Immediate Recall

0.113

−0.11 (0.18)

0.533

−0.39 (0.19)

0.040

Stroop interference

0.536

0.01 (0.01)

0.670

0.02 (0.01)

0.266

CERAD Recall

0.077

−0.17 (0.09)

0.073

−0.20 (0.1)

0.039

Global cognition score

0.001

−0.01 (0.05)

0.819

−0.18 (0.05)

0.001

Total cerebral brain volume

0.020

−0.06 (0.14)

0.652

−0.38 (0.14)

0.008

Hippocampal volume

Outcomes
Cognitive measures

a

MRI measures

b

Referent

0.310

−0.004 (0.002)

0.145

−0.001 (0.003)

0.798

a

0.990

−0.004 (0.05)

0.941

−0.01 (0.05)

0.890

Temporal gray

0.156

0.02 (0.03)

0.477

−0.04 (0.03)

0.207

Occipital gray

0.026

0.02 (0.02)

0.447

−0.05 (0.02)

0.052

Parietal gray

0.132

−0.03 (0.03)

0.250

−0.06 (0.03)

0.046

Frontal gray

0.020

−0.04 (0.04)

0.348

−0.12 (0.04)

0.006

Any covert brain infarctc

0.557

0.80 (0.45–1.41)

0.441

0.73 (0.40–1.35)

0.318

Cerebral microbleedsc

0.392

0.83 (0.46–1.48)

0.524

1.26 (0.72–2.21)

0.428

WMH volume

Abbreviation: CERAD = Consortium to Establish a Registry for Alzheimer’s Disease; CI = confidence interval; HVOT = Hooper Visual Organization Test; SE =
standard error; WMH = white matter hyperintensities.
a
Log.
b
Percentage of TCV.
c
Logistic model; estimates are odds ratios.

Among participants without depression (CES-D score <16 and
no use of antidepressants), compared to the middle cortisol tertile, the highest cortisol tertile was associated with decreased FA
within white matter tracts covering 28.4 mm3. The white matter
tracts most associated with blood cortisol concentrations were
the superior and posterior corona radiata (5.79 and 2.83 mm3),
the splenium of the corpus callosum region (4.94 mm3), and the
posterior limb of the internal capsule (2.89 mm3) (ﬁgure 2).
There were no associations between serum cortisol and gray
matter density, overall and in subgroup analyses.
Associations between serum cortisol
and cognition
The relation of cortisol and cognitive performance measures is
displayed in table 3 and tables e-s and e-5 through e-7
(available from Dryad, doi.org/10.5061/dryad.gj21173).
After multivariable adjustment for potential confounders,
compared to the middle tertile, the highest tertile of cortisol
was associated with poor global cognition (β [SE] = −0.18
6
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[0.05], p = 0.001) and with poorer performance on HVOT (β
[SE] = −0.08 [0.05], p = 0.002) and TrB_TrA (β [SE] =
−0.02 [0.01], p = 0.001) (table 2). The lowest tertile of cortisol was not associated with any cognitive measure (table 2).
There was an interaction between the presence of APOE4
allele and cortisol on the TrA score (p = 0.062). When
stratiﬁed by the presence or absence of the APOE4 allele, the
highest tertile of cortisol was associated with poor performance on TrA compared to the middle tertile group among
those with the APOE4 allele (p = 0.021) but not among those
without the APOE4 allele (p = 0.430). The lower tertile of
cortisol was not associated with TrA score in either APOE4
group. There was no eﬀect modiﬁcation of sex on the association between serum cortisol and cognitive outcomes.
The results of the association of cortisol with cognitive or
brain structural outcomes did not change when persons with
a diagnosis of major depressive disorder (CES-D score ≥16 or
use of depression medications) were excluded from the
Neurology.org/N
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Table 3 Association of serum cortisol (tertile 3 vs 2) with decreasing FA in the Framingham Heart Study: Multivariableadjusted models
Model

White matter tract

Size, mm3

β (×1000)

p Value

First model

Splenium of corpus callosum

4.07

−6.22

<0.001

Posterior corona radiata

2.01

−6.16

<0.001

Superior corona radiata

2.01

−5.31

Body of corpus callosum

1.10

−8.46

<0.001

Superior longitudinal fasciculus

0.88

−6.32

<0.001

Posterior limb of internal capsule

0.78

−4.29

Posterior thalamic radiation

0.54

−6.97

Cerebral peduncle

0.33

−4.91

0.0037

Tapetum

0.29

−6.11

0.0016

Retrolenticular part of internal capsule

0.18

−4.28

0.0092

Cingulum

0.08

−5.18

Superior corona radiata

5.79

−6.84

Splenium of corpus callosum

4.94

−7.39

Posterior limb of internal capsule

2.89

−5.31

0.0047

Posterior corona radiata

2.83

−7.40

0.0033

Superior longitudinal fasciculus

2.81

−7.22

<0.001

Body of corpus callosum

2.00

−10.83

<0.001

Cerebral peduncle

1.21

−6.08

0.0020

Genu of corpus callosum

1.04

−7.84

0.0012

Posterior thalamic radiation

0.92

−8.06

0.0012

External capsule

0.89

−6.34

0.0022

Anterior corona radiata

0.84

−8.49

Retrolenticular part of internal capsule

0.70

−5.39

Sagittal stratum

0.56

−7.57

Anterior limb of internal capsule

0.45

−5.22

0.0092

Cingulum

0.17

−8.63

0.0036

Superior fronto-occipital fasciculus

0.14

−6.31

0.0161

Fornix (cres)/stria terminalis

0.11

−7.02

0.0073

Tapetum

0.10

−7.46

0.0119

Superior cerebellar peduncle

0.05

−5.22

0.0169

Second model (after exclusion
of participants with depression)

0.0013

0.0025
<0.001

<0.001
0.0028

<0.001

<0.001
0.0089
<0.001

Abbreviation: FA = fractional anisotropy.

analysis ( tables e-3 and e-4, available from Dryad, doi.org/10.
5061/dryad.gj21173).

Discussion
Our ﬁndings suggest that middle-aged and young–to–middleaged adults in their 40s with higher serum cortisol
Neurology.org/N

concentrations (highest tertile) perform worse on tasks of
visual perception, executive function, and attention and have
less gray matter (total and regional) compared to persons
with moderate cortisol levels (middle tertile), with women
being potentially more susceptible to the inﬂuence of glucocorticoids. Blood cortisol concentration was also associated
with structural changes in white matter integrity. The
Neurology | Volume , Number  | Month 0, 2018
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Figure 1 Regions of the cerebral white matter in which cortisol (highest tertile vs middle tertile) is associated with decreased fractional anisotropy

association of cortisol and cognitive functioning was in the
same direction as for the brain volumes. Our ﬁndings are
consistent with the concept that increasing levels of circulating glucocorticoids are associated with worse cognitive
functioning.
To date, most prior studies that have investigated the relation
between the HPA axis and brain volumes have focused on the
hippocampal volume as the imaging measure of importance.
Some studies reported more hippocampal atrophy with higher
serum cortisol concentrations,36–38 while others reported no
association.10,39,40 Some of the observed diﬀerences may be
related to a diﬀerence in medium of measurement of cortisol
(salivary or urine vs blood) or the use of evening instead of
morning cortisol. Indeed, some studies showed that serum
cortisol levels (assessed in the evening) were associated with

poorer performance across all cognitive domains and reduced
volume of the hippocampus.41 Similar ﬁndings were described
with evening salivary cortisol, while morning cortisol was more
selectively associated with speed and executive functioning.11
Our study is a novel exploration of the associations of both
high and low morning levels of serum cortisol levels with
imaging measures of brain integrity and cognition in midadulthood. We expanded the ﬁndings from extant studies
showing an association between serum cortisol and gray
matter in regions other than the hippocampus. Although prior
data suggest that hippocampal atrophy is evident in hypercortisolism, our study did not ﬁnd a robust association between serum cortisol and hippocampal volume. It is possible
that subtle changes such as subregional hippocampal atrophy
or early neuronal or synaptic loss occur independently of total

Figure 2 Regions of the cerebral white matter in which cortisol (highest tertile vs middle tertile) is associated with decreased fractional anisotropy, people with depression (Center for Epidemiologic Studies Depression Scale score
<16 and no depression medications) excluded

.
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hippocampal volume changes and could not be detected with
the current methods.
We observed that high levels of cortisol are associated with
microstructural white matter injury in several tracts, particularly the corpus callosum, which has also been reported to be
associated with cortisol in other studies.13 Our ﬁndings also
extend observations from prior studies on the association of
cortisol and white matter tracts,13 which are scarce and limited
by their small size and, for some, restricted to clinical settings
with the inclusion of individuals with extreme phenotypes of
cortisol42,43 or with depression.44 White matter integrity is
signiﬁcantly associated with processing speed, which in turn is
strongly associated with higher general cognitive ability.45
Thus, disruption of information transfer by white matter
damage could partially explain the impairments to cognitive
ability associated with higher cortisol concentrations observed
in our study. We did not observe any association of blood
cortisol levels and WMH. This may simply be related to the
fact that WMH could be the ﬁnal stage of progressive white
matter degeneration,29 a process that may not be suﬃciently
advanced in middle-aged individuals.
Although several endocrine, metabolic, and vascular abnormalities have been inferred to underlie the structural changes
in the brain related to cortisol, the causal pathway remains
unknown. These brain-related eﬀects are mediated through
glucocorticoid receptors, which abound in the brain.14,46–48 In
addition to the direct eﬀects of corticosteroids, hypertension
and hyperglycemia (frequently present in the Cushing syndrome) may also contribute to brain damage. Evidence suggests that corticosteroid receptors in the brain inhibit the
HPA axis and that depletion of these receptors results in
hypersecretion of glucocorticoids.49 With aging, brain volume
reduction will lead to a reduction in the concentrations of
corticosteroid receptors.50 Although the hippocampal glucocorticoid receptors are most vulnerable to this downregulation,49 glucocorticoid receptors are expressed not only
in the hippocampus but also throughout the brain,14 and our
data suggest that the associations of cortisol with brain
structure are not speciﬁc to the hippocampus but are more
diﬀuse throughout the gray matter. The stronger relationship
with gray matter than with white matter may be consistent
with our observations because gray matter volume loss starts
at an earlier age and progresses more rapidly than white matter
volume loss.51 Alternatively, HPA axis dysregulation may have
come ﬁrst. Indirect evidence for this originates from studies
that found that cumulative physiologic wear and tear or allostatic load increases the risk of cognitive decline.52,53 It is also
possible that HPA axis dysregulation resulted from repeated
depressive episodes earlier in life,54 which, in turn, led to brain
volume reduction and poorer cognitive performance. However, in secondary analyses, we excluded participants with
depressive disorder, making this explanation less likely.
The strengths of this study include its community-based design, the large sample size, the exclusion of participants with
Neurology.org/N

dementia, and the adjustment for potential confounders, including accounting for the presence of the APOE4 allele.
Second, the extensive measures of several brain regions, including the microstructure (FA and white matter intensity),
allowed us to examine diﬀerential associations between HPA
axis activity and the various brain volumes, as well as traits
indicative of alterations along several white matter tracts.
Third, the inclusion of measures of cognitive function allowed
us to examine whether the associations with MRI measures
were also recapitulated in the associations of blood cortisol
with cognitive measures.
Our study has limitations. It was a cross-sectional investigation; we cannot comment on the temporal sequence
between HPA axis dysregulation and changes in cognition or
brain volumes. We used early morning cortisol assessed only
once in each participant, which may not represent long-term
exposure to cortisol and may exhibit a higher level of withinindividual variation than other measures of exposure to cortisol such as urinary or salivary cortisol. The constraints of
a large, longitudinal observational cohort precluded the collection of either salivary cortisol or 24-hour urine cortisol or of
several dynamic measures of cortisol levels during the day.
Indeed, the 24-hour urinary cortisol excretion is more representative of longer-term exposure to cortisol and thus would
have provided with a better picture of the associations. While
a single assessment of cortisol is a limitation, cortisol
concentrations have been found to have a high degree of
within-individual stability over a 2-year period in prior large
epidemiologic studies of the stability (correlation coeﬃcient
0.70).55
It is important to point out that our study reﬂects a community-based sample and is not directly comparable to the examination of participants in a research setting to diagnose
hypercortisolism or hypocortisolism. Our community-based
study does not characterize people with extreme phenotypes
related to blood cortisol levels because we did not carry out
further screening or diagnostic testing beyond the assessment
of serum cortisol. Lastly, the Framingham Heart Study Third
Generation Cohort includes relatively young participants of
European ancestry and consequently is not representative of
all age groups in the general population of the United States.
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