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Hypothalamic-pituitary-adrenal dysregulation is proposed as a risk factor for Alzheimer’s disease (AD).
This study assessed cross-sectional relationships between cortisol and neuroimaging biomarkers of brain
structure and glucose metabolism across the AD spectrum. Participants with normal cognition, mild
cognitive impairment, and AD were selected from the Alzheimer’s Disease Neuroimaging Initiative
databank, based on baseline measures of plasma cortisol, gray matter volume (n = 556), and cerebral
glucose metabolism (n = 288). Relationships between plasma cortisol and the neuroimaging biomarkers

Isi?'e V::rdS: were assessed. Across the entire cohort, higher plasma cortisol levels were associated with lower glucose
Risk factor metabolism in lateral and medial parietal regions. Higher plasma cortisol was also related to lower gray
Hypothalamic-pituitary-adrenal axis matter volume in temporal-parietal-occipital regions and in the hippocampus. There were no significant
Neurodegeneration group differences in these relationships with adjustment for covariates. Our results demonstrate that
ADNI hypothalamic-pituitary-adrenal axis activation is related to glucose hypometabolism within posterior
FDG cortical regions vulnerable to AD pathology. This regional pattern appears to be distinct from cortisol-

related associations with brain structure. Future studies should delineate pathophysiological mecha-

nisms underlying these effects.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Stress, mediated by the hypothalamic-pituitary-adrenal (HPA)
axis, has been proposed as a risk factor for the development of
Alzheimer’s disease (AD) (Machado et al., 2014). Known as the most
important human glucocorticoid released by HPA axis activation,
cortisol modulates homeostatic body functions, including negative
feedback mechanisms in the brain (Martignoni et al., 1992). Elevated
levels of circulating cortisol over time may, however, prompt brain
injury and increase vulnerability to neurodegenerative diseases (de
Kloet et al., 2005; Herbert et al., 2006; Sapolsky, 1996).
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There is evidence to suggest that HPA axis activation and dysre-
gulation may aggravate brain injury in regions sensitive to AD and,
thereby, accelerate AD pathogenesis (Caruso et al., 2018; Machado
et al., 2014). Cortisol levels, commonly measured in blood plasma/
serum, salvia, urine, or cerebrospinal fluid, are increased in patients
with AD and mild cognitive impairment (MCI) (Martignoni et al.,
1990; Popp et al., 2015). Higher cortisol concentrations are also
related to lower gray matter (GM) volume, as assessed using mag-
netic resonance imaging (MRI). These negative associations are
found in demented and dementia-free populations across the brain
(Geerlings et al., 2015; Toledo et al., 2013) and in the hippocampus as
a major region of interest (ROI; Huang et al., 2009; Lupien et al.,
1998)—albeit with mixed results (Echouffo-Tcheugui et al., 2018;
Kremen et al., 2010). Such brain alterations may contribute to
higher risk of cognitive decline (Csernansky et al., 2006; Huang et al.,
2009) and clinical progression (Ennis et al., 2017; Karlamangla et al.,
2005; Popp et al., 2015) associated with stress hormone elevation.

By contrast, associations between circulating cortisol and cere-
bral glucose metabolism are largely unknown in the course of AD
development. Decreased glucose metabolism within frontal-
temporal-parietal association cortices, measured using 2-[F-18]-
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fluoro-2-deoxy-D-glucose (FDG) positron emission tomography
(PET), is a key feature of prodromal and clinical AD (Friedland et al.,
1983; Herholz, 2010; Minoshima et al., 1997). Chronic exposure to
increased glucocorticoid concentration was formerly linked to
impaired glucose metabolism in the hippocampus and other brain
areas in rat models (Landgraf et al,, 1978) as well as in hyper-
cortisolemic patients with Cushing syndrome (Brunetti et al., 1998;
Liu et al., 2016). Given these observations, we hypothesized that
brain glucose metabolism may be affected by the actions of stress
hormones along the AD spectrum.

The primary goal of the present cross-sectional study was to
determine the unexplored relationship between plasma cortisol
levels and cerebral glucose metabolism, measured using FDG PET,
across the AD spectrum from cognitively normal older adults, to
MCI, and clinical AD. In addition, we assessed the relationship be-
tween plasma cortisol and GM volume. Previous reports have
focused on associations between plasma cortisol (and other car-
diovascular risk factors) and global beta-amyloid (Af) burden
(Toledo et al., 2012) as well as local GM volume (Toledo et al., 2013),
using an overlapping sample from the Alzheimer’s Disease Neuro-
imaging Initiative (ADNI) database. Our study aims to extend the
important work by Toledo et al. (2013), as we examine the spatial
distribution of cortisol-related associations across the two imaging
modalities of brain structure (MRI) and brain metabolism (FDG
PET).

2. Methods

Cross-sectional data used in this study were obtained from the
ADNI database (adni.loni.usc.edu). The ADNI was launched in 2003
as a public-private partnership, led by Principal Investigator
Michael W. Weiner, MD. The primary goal of ADNI has been to test
whether serial MRI, PET, other biological markers, and clinical and
neuropsychological assessment can be combined to measure the
progression of MCI and early AD. For up-to-date information, see
www.adni-info.org.

2.1. Participants

Participants were selected from the ADNI database (ADNI 1
cohort) with regard to availability of following assessments: (i)
baseline plasma cortisol concentration, (ii) baseline structural
(high-resolution T1-weighted) MRI, and baseline cerebral FDG PET
(subgroup). Neuroimaging data were restricted to image data ac-
quired within a time window of +100 days anchored to the clinical
baseline assessment (incl. collection of plasma cortisol data). The
selection flowchart is depicted in Fig. 1.

The final sample included in this study had 556 participants with
diagnostic labels of early dementia due to AD (n = 112), MCl in later
stages (n = 386), and normal cognition (CN: n = 58). A subsample of
288 participants had FDG PET available (AD: n = 62, MCI: n = 200,
and CN: n = 26).

Details on inclusion/exclusion criteria are available in the ADNI
procedures manual (http://adni.loni.usc.edu/methods/documents/).
Briefly, at the time of study enrollment, participants are of ages be-
tween 55 and 90 (inclusive) and have a Geriatric Depression Scale
(GDS) score (Yesavage et al., 1982) less than 6, excluding individuals
with depression. Other exclusion criteria comprise serious neuro-
logical disorders apart from possible AD, history of brain lesions or
head trauma, and intake of psychoactive medication at baseline.
Cognitively normal participants have a Mini—Mental State Exami-
nation (MMSE) (Folstein et al., 1975) score between 24 and 30 (in-
clusive), a Clinical Dementia Rating (CDR) Scale score (Morris, 1993)
of 0, no memory complaints, and normal memory function. Partici-
pant with MCI have a MMSE score between 24 and 30 (inclusive), a

CDR score of 0.5, subjective memory complaints, objective memory
dysfunction, and preserved general cognition and functional per-
formance. Participants with AD demonstrate an initial MMSE score
between 20 and 26 (inclusive), a CDR score of 0.5 or 1.0, and meet the
National Institute of Neurological and Communicative Disorders and
Stroke and the Alzheimer’s Disease and Related Disorders
Association criteria for clinically probable AD (McKhann et al., 2011).

Ethics approval was obtained by the ADNI investigators. All
study participants provided written informed consent. The data
that support the findings of this study are openly available in the
ADNI database at adni.loni.usc.edu.

2.2. Acquisition and analysis of plasma cortisol

Plasma cortisol levels were provided by the Biomarkers Con-
sortium Plasma Proteomics Project and extracted using the ADNI-
merge package. Blood samples were collected and interrogated in
accordance with ADNI standard operating procedures detailed in
the procedural manual (http://adni.loni.usc.edu/methods/). In brief,
baseline plasma cortisol was quantified in overnight fasting
(approximately 8 hours) blood samples, obtained from each
participant in the morning before breakfast. The majority of
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and FDG PET (subgroup) at baseline
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Fig. 1. Participant selection flowchart. The graph depicts the selection procedure from
the ADNI database. *Selection of neuroimaging data was restricted to images acquired
within a time window of +£100 days anchored to clinical baseline examinations. Ab-
breviations: AD, Alzheimer’s disease; ADNI, Alzheimer’s Disease Neuroimaging
Initiative; FDG, 2-[F-18]-fluoro-2-deoxy-D-glucose; MCI, mild cognitive impairment;
MRI, magnetic resonance imaging; CN, participants with normal cognition.
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participants affirmed fasting for at least 6 hours (entire cohort:
92.1%, CN: 89.7%, MCI: 91.5%, and AD: 95.5%, with no significant
group difference in these rates). For most blood samples, the time
from collection to freezing was within 120 minutes. Whole-blood
samples were collected into 10-mL BD lavender top K2EDTA-
coated Vacutainer tubes and centrifuged within one hour after
collection. Immediately after, blood plasma was transferred to a
polypropylene transfer tube and placed in dry ice. Samples were
shipped to the ADNI Biomarker Core Laboratory at the University of
Pennsylvania. Following thawing at room temperature, 0.5 mL ali-
quots were prepared from plasma samples and stored in poly-
propylene aliquot tubes at —80°C until analyzed.

Plasma samples were interrogated by Rules-Based Medicine, Inc
(Myriad RBM, Austin, TX) for levels of 190 analytes using a multiplex
immunoassay panel. This panel, called the Human Discovery Multi-
Analyte Profile (MAP), was developed on the Luminex xXMAP plat-
form by RBM. The analysis of plasma samples on the human discovery
map is available on a commercial fee-for-service basis. Myriad RBM
provides 3 levels of quality control (QC) for each analyte with details
of QC results, detection limits for assays, and dynamic ranges for each
plasma analytic shown in the data primer. Coefficients of variation
(CVs) were calculated across plates for each analyte. Analytes were
flagged, if replicates at one or more of the QC level repeats displayed
CVs >25%, which was not the case for plasma cortisol. Assay infor-
mation and quantification methods are described in the data primer
(adni.loni.usc.edu/wp-content/uploads/2010/11/BC_Plasma_Proteo
mics_Data_Primer.pdf). Detailed documentation and validation re-
ports are available from Myriad RBM (www.myriadrbm.com) and a
previous report (Soares et al., 2012).

2.3. Acquisition and preprocessing of imaging data

2.3.1. Acquisition of MRI images

The MRI acquisition protocols were set up to harmonize image
quality across MR hardware platforms (Jack et al., 2008a). In
particular, high-resolution T1-weighted MR images were acquired
on 1.5-Tesla MRI scanners using a sagittal 3-dimensional magneti-
zation prepared rapid gradient echo sequence with an approximate
repetition time = 2400 ms, minimum full echo time, inversion
time = 1000 ms, and flip angle of 8° (scan parameters vary between
sites, scanner platforms, and software versions).

2.3.2. Acquisition of FDG PET images

Cerebral FDG PET data were acquired on multiple PET scanners
of varying resolutions. Platform-specific acquisition and recon-
struction protocols were used to harmonize image quality across all
ADNI centers (Jagust et al., 2010). FDG PET was performed according
to a dynamic protocol resulting in 6 frames, each with a 5-minute
duration from 30 to 60 minutes after injection.

2.3.3. Preprocessing of MRI images

The MRI images were downloaded from the ADNI repository as
“unpreprocessed” data. Mcverter was used for DICOM-to-Nifti
conversion (https://lcni.uoregon.edu/downloads/mriconvert/
mriconvert-and-mcverter). For brain tissue segmentation into
GM, white matter, and cerebrospinal fluid, the unified segmenta-
tion algorithm (Statistical Parametric Mapping, version SPM12;
Wellcome Trust Centre for Neuroimaging, London, UK, www.fil.ion.
ucl.ac.uk/spm) was deployed with default parameters, except that
image data were resampled to 2 x 2 x 2 mm (Ashburner and Friston,
2005; Herron et al., 2012). Normalization to the Montreal Neuro-
logical Institute (MNI) template space was performed using dif-
feomorphic anatomical registration through exponentiated lie
algebra (DARTEL) with default parameters and registration to
“existing templates” (Ashburner, 2007). The IXI555 templates,

which are defined in MNI space and provided by the CAT12 toolbox,
were used (http://dbm.neuro.uni-jena.de/vbm). Atlas-based hip-
pocampal volumetry as well as voxel-wise statistical testing was
performed on normalized and modulated GM images processed by
DARTEL.

For ROI analysis, hippocampal volume was calculated. This was
done using a previously published mask according to the EADC-
ADNI Harmonized Protocol for hippocampal segmentation (HarP;
probabilistic labels thresholded at 100% overlap) and inclusion of
both modulated GM and white matter voxel values (Wolf et al.,
2017). Total intracranial volume (TIV) was estimated by the
method of Keihaninejad et al. (2010). Hippocampal volumes were
corrected for TIV using a simple ratio. To conduct voxel-wise mul-
tiple regression analysis, the GM volume images were smoothed by
a three-dimensional Gaussian kernel with full width at half
maximum of 6 mm.

2.3.4. Preprocessing of FDG PET images

Reconstructed dynamic (or static, if dynamic was not available)
PET data were downloaded from the ADNI repository in its original
image format (“as archived,” DICOM, Interfile, or ECAT). Image
data were converted to Nifti, that is, from DICOM and ECAT using
SPM12 or from Interfile using ImageConverter (version 1.1.5;
Turku PET Centre). Preprocessing was performed fully automati-
cally using a custom-made pipeline described elsewhere (Lange
et al., 2015), except that the PET data were spatially normalized
to MNI space using the parameter estimates from the MRI (see
Section 2.3). The relative standardized uptake value (SUVr) was
calculated voxel-wise using the whole-brain parenchyma as the
reference region.

For ROI analysis, mean FDG SUVr was evaluated using an FDG-
based AD template, which included parietal, temporal, and
frontal regions. The template was defined previously from voxel-
wise comparisons of FDG PET images in a largely independent
ADNI sample of CN and patients with AD (except for 5 over-
lapping individuals) (Lange et al., 2015). For voxel-wise multiple
regression analysis, SUVr images were smoothed by a three-
dimensional Gaussian kernel with full width at half maximum
of 12 mm.

2.4. Sample characteristics and covariates

2.4.1. Clinical data, neuropsychology, and APOE genotyping

Participants underwent comprehensive clinical and neuropsy-
chological assessments. For the current analysis, we selected
following clinical and neuropsychological measures from the ADNI
database to describe the participant sample: individual baseline
scores from the CDR Sum of Boxes, the MMSE, the Rey Auditory
Verbal Learning Test, percent forgetting subscale (Rey, 1964), and
the GDS.

In addition, the apolipoprotein E (APOE) genotype was selected
from the ADNI database. The DNA extraction and genotyping were
performed for study participants through analysis of blood samples
that was carried out by the ADNI Biomarker Core Laboratory at the
University of Pennsylvania.

2.4.2. Cardiovascular risk factor

To assess the influence of selected cardiovascular risk factors in
our statistical models, we downloaded individual baseline scores
of the following biomarkers from the ADNI database: systolic
blood pressure, body mass index (BMI), and fasting glucose levels,
as obtained before baseline FDG PET using a glucose meter on a
drop of blood. In rare cases (n = 2), the BMI was not available at
baseline assessment and was replaced by the BMI measured at
screening.
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2.5. Statistics

In general, statistical analyses of sample characteristics and ROI
analysis were performed with IBM SPSS Statistics (version 24; IBM
Corp., Armonk, NY, USA). Whole-brain data were visualized using
Python (3.6.0) with the nibabel (DOI: 10.5281/zenodo.1464282)
and nilearn (version 0.5.0b) modules. Scatter plots were generated
using R (version 3.5.1) and ggplot2 (Wickham, 2016). Voxel-wise
statistical testing was conducted in the Matlab environment
(version R2013b; The MathWorks, Natick, USA).

2.5.1. Sample characteristics

The entire sample and each diagnostic group were characterized
using baseline demographic, clinical, neuropsychological, and
biomarker characteristics, including the APOE number of ¢4 alleles
(APOE4 status), the average FDG SUVr within the FDG AD template,
total hippocampal volume, and plasma cortisol levels (raw values).
Values were extracted from the ADNImerge data (R package),
downloaded on April 17, 2018.

To evaluate possible group differences in sample characteristics,
one-way analysis of variance (ANOVA) models were carried out
with diagnostic group as an independent factor and the respective
sample characteristic as a dependent variable. In case of a signifi-
cant effect between groups, post hoc multiple comparisons were
performed using either the Tukey’s honestly significant difference
test (assuming equal variance) or the Games Howell test (unequal
variance).

2.5.2. Regions of interest analysis

The ROI analysis was performed in predefined ROIs, represent-
ing specific brain areas that are sensitively affected in patients with
AD. For structural MRI, we assessed total volume of the bilateral
hippocampi (TIV corrected), known to be sensitively reduced in
patients with AD (Jack et al., 2008b). For FDG, we examined the
mean SUVr in the combined FDG AD template, comprising
neocortical areas, known to be hypometabolic in patients with AD
(Lange et al., 2015).

In a first step, statistical analysis was conducted across the
entire sample. Pearson correlation analysis was performed to
evaluate relationships between plasma cortisol levels (transformed
values using the logarithm function to conform data to normality)
and each AD-sensitive ROI (MRI hippocampus, FDG AD template).
In a follow-up analysis, we explored these relationships within
each diagnostic group. Possible group differences were assessed,
using one-way ANOVA models, which included each AD-sensitive
ROI as a dependent variable and diagnostic groups (CN, MCI, and
AD), plasma cortisol level, and their interactive term as indepen-
dent factors. Scatter plots were created to visualize the relation-
ships between plasma cortisol and glucose metabolism as well as
GM volume measured in each preselected ROI, respectively.
Correction for multiple comparisons was done using a false dis-
covery rate (FDR)-adjusted p value of <0.05 (Benjamini and
Hochberg, 1995).

2.5.3. Voxel-wise analysis

Voxel-wise regression analysis was run under SPM12 to eval-
uate relationships between plasma cortisol (log-transformed
values) and imaging modalities (structural MRI and FDG) in the
entire sample. Results were evaluated for significance at an FDR-
adjusted p value of <0.05 and a minimum cluster size of 20 vox-
els. Analyses were adjusted for age and TIV (note: GM volume
only) and restricted to cerebral GM using an explicit mask (cere-
bellum excluded). We did not adjust the voxel-wise analysis for
additional covariates. To perform further analyses, average FDG
SUVr and total GM volume were delineated from the combined

clusters of significant negative associations between plasma
cortisol and the respective imaging modality (here referred as
cortisol meta-ROI). For MRI, the cortisol meta-ROI values were
corrected for TIV using a simple ratio.

Statistical analysis was first conducted across the entire sample,
in a similar procedure described for the ROI analysis. Pearson cor-
relation analysis was performed to examine the relationship be-
tween plasma cortisol levels (log-transformed values) and each
cortisol meta-ROI (MRI, FDG). In a follow-up analysis, we explored
these relationships within each diagnostic group. To assess possible
group differences, one-way ANOVA models were computed with
each cortisol meta-ROI as a dependent variable and diagnostic
groups (CN, MCI, and AD), plasma cortisol, and their interactive
term as independent variables. Scatter plots were created to visu-
alize the relationships between plasma cortisol and glucose meta-
bolism as well as GM volume measured in each cortisol meta-ROI,
respectively. Correction for multiple comparisons was done, using
an FDR-adjusted p < 0.05.

2.6. Adjustment for covariates

Our initial analyses were conducted without adjustment for
covariates. In addition, we included statistical models with
adjustment for age, gender, subclinical depression (measured using
the GDS), APOE4 status, and cardiovascular risk factors of systolic
blood pressure, BMI, and blood glucose levels (Note: Blood glucose
levels were included only for statistical models with FDG PET). In
case of missing data in any of the covariates (see Table 1), values
were replaced by samples’ mean for statistical analyses. In the
result section, we report unadjusted and adjusted outcomes in the
respective paragraphs.

3. Results
3.1. Characteristics of participants

Descriptive demographic, clinical, and biomarker characteristics
are provided for the entire sample and within each diagnostic
group in Table 1. Diagnostic groups were comparable in age, gender,
and education. As expected, CN, MCI, and AD groups differed
significantly in clinical measures, the APOE4 status, and the pre-
selected AD-sensitive ROIs for FDG SUVr and GM volume. Plasma
cortisol levels were significantly increased in patients with AD
compared with the MCI group.

3.2. Results of ROI analyses

3.2.1. MRI ROI

Results of this ROI analysis are presented in Fig. 2 and Table 2A.
Higher plasma cortisol was significantly related to lower hippo-
campal volume across entire cohort. When stratified by diagnostic
group, a significant negative relationship between plasma cortisol
and hippocampal volume was found only in the MCI group. There
was, however, no significant interaction between diagnostic groups
and plasma cortisol in the hippocampal ROI (F [2, 550] = 1.446, p =
0.236, n = 556). Adjustment for covariates did not change these
results.

3.2.2. FDG ROI

Results of this ROI analysis are presented in Fig. 2 and Table 2A.
Higher plasma cortisol levels were significantly related to lower
glucose metabolism in the FDG AD template across the entire
cohort. When stratified by diagnostic group, negative relationships
between higher plasma and glucose metabolism were significant in
the MCI and AD groups. There was a positive relationship between
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Table 1
Baseline demographics, clinical, and biomarker characteristics

Characteristics Entire cohort CN MCI AD p-value!

n (total) 556 58 386 112

Demographics
Age () 74.8 (7.4) 75.1 (5.8) 74.7 (7.4) 74.8 (8.0) 0.942
Gender (no. females) 213 28 138 47 0.126
Education (y) 15.6 (3.0) 15.7 (2.8) 15.7 (3.0) 15.1 (3.2) 0.185

Clinical measures
CDR-SB 0(1.6) 0 (0.1) 6 (0.9) 43 (1.6) <0.001*>¢
MMSE 266 (2.4) 289 (1.2) 271 (1.8) 23.6(1.9) <0.001%>¢
RAVLT (% forgetting) 68 1(33.3),n =553 34 6(33.9) 67 8(31.4), n = 385 86.5 (24.2), n = 110 <0.001%P<
GDS 5(1.4) 9 (1.2) 6(1.4) 1.7 (1.34) <0.001"¢

Biomarkers
APOEA4 status 0/1/2 (n: ¢4 alleles) 271/216/69 53/5/0 182/158/46 36/53/23 <0.001%>¢
Systolic blood pressure (mmHg) 133.4 (17.0), n = 554 131.4 (17.7) 133.2 (16.9), n = 384 135.0 (17.0) 0.401
BMI (kg/m?) 26.0 (3.9), n = 555 27.1(41),n =57 26.0 (4.0) 25.6 (3.8) 0.071
Blood glucose (mg/dL) 99 7 (16.4), n = 286 99 5(15.7), n = 25 100.7 (17.6), n = 199 96.5 (11.9), n = 62 0.226
MRI hippocampus (mL) 2(0.9) 8 (0.6) 5.2 (0.8) 4.7 (0.9) <0.001%P<
FDG AD template 1. 01 (0.04), n = 288 1 04 (0.02),n = 26 1.02 (0.03), n = 200 0.98 (0.05), n = 62 <0.0012P<
Plasma cortisol (ng/mL) 154.7 (53.5) 158.1 (60.8) 150.7 (53.3) 166.7 (48.4) 0.018?

Numbers are given if applicable as mean and standard deviation (parenthesis). The actual sample size is given, if different from sample size specified in first row.

Key: AD, participants with dementia due to Alzheimer’s disease; ANOVA, analysis of variance; ApoE, apolipoprotein E; BMI, body mass index; CDR-SB, clinical dementia rating
(sum of boxes); CN, participants with normal cognition; FDG, 2-[F-18]-fluoro-2-deoxy-D-glucose; n, number; GDS, Geriatric Depression Scale; MCI, participants with mild
cognitive impairment; MMSE, Mini—Mental State Examination; MRI, magnetic resonance imaging; RAVLT, Rey Auditory Verbal Learning Test.

2 Post hoc analysis: significant group difference between AD and MCI.

b Post hoc analysis: significant group difference between AD and CN.

¢ Post hoc analysis: significant group difference between MCI and CN.

d statistical comparisons of numerical characteristics across diagnostic groups was performed by one-way ANOVA. In case of a significant effect between diagnostic groups,
post hoc multiple comparisons were performed using either the Tukey’s honestly significant difference test (assuming equal variance) or the Games Howell test (unequal
variance). Chi-square statistic was used to compare the distribution of categorical variables between the 3 diagnostic groups. In case of a significant effect between groups, a
chi-square test was applied to all possible pairs of groups. A significance level of p < 0.05 was assumed for between all group tests and for post hoc tests.

these 2 variables in the CN group (p < 0.05, uncorrected) and an 3.3. Results of voxel-wise analyses
interaction between diagnostic groups and plasma cortisol on

glucose metabolism (F [2, 282] = 3.749, p = 0.025 uncorrected, n = 3.3.1. MRI

288). These relationships were not significant after correction for Results of this voxel-wise analysis are presented in Fig. 3 and
multiple comparisons and adjustment for covariates, suggesting Table 3. Higher plasma cortisol levels were related to lower GM
that they might be due to chance. volume across the entire sample. This negative relationship was
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Fig. 2. Relationship between plasma cortisol, hippocampal volume, and glucose metabolism in preselected regions of interest. Top panel shows HV. Scatter plots (top right side)
depict unadjusted relationships between plasma cortisol (log-transformed) and total HV (measured as % TIV). Lower panel shows glucose metabolism (FDG) from an a priori
template, sensitive to AD pathology. Scatter plots (lower right side) depict relationships between plasma cortisol and average FDG SUVT. Dots represent individual data points, with
CN in green and patients with MCI in orange and AD in red. Lines indicate linear trends within each diagnostic group, and gray area, the standard deviation. Correlation coefficients
are provided in the top right for each diagnostic group. Significance levels (uncorrected): ***p < 0.001, * p < 0.05. Abbreviations: AD, Alzheimer's disease; CN, participants with
normal cognition; FDG, 2-[F-18]-fluoro-2-deoxy-D-glucose; MCI, mild cognitive impairment; HV, hippocampal volume; SUVr, relative standardized uptake value; TIV, total
intracranial volume. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Table 2
Relationship between plasma cortisol, gray matter volume, and glucose metabolism
Entire cohort CN MCI AD p-value®
n rho p-value n rho p-value n rho p-value n rho p-value
A. Preselected ROI
MRI hippocampus (% TIV) 556  —0.143  0.001*" 58 —-0.058  0.666 386  —0.170 0.001* 112 0.012  0.899 0.236
556  —0.098  0.022*° 58 _0.004 0967 386¢ —0.112  0.029*° 1129 —0.031 0.755 0.653
FDG AD template 288 ~0.199  0.001*" 26 0421  0.032° 200 -0.158  0.025° 62 0256  0.045% 0.025°
288¢  —0.197 0.001* 269 0349  0.144 2009 -0.150  0.037° 629 -0286 0.034° 0.709
B. Cortisol meta-ROI
MRI cortisol meta-ROI (%3 TIV) 556 -0.301  0.001*> 58  —0434 0.001* 386 -0.289  0.001* 112 —0214 0.024*° 0.747
556 —0.280 0.001** 58! 0426 0002 386! -0255 0.001*° 112¢ -0216 0026 0.626
FDG cortisol meta-ROI 288 -0274 0.001*> 26  —-0.180 0379 200 -0.256  0.001*° 62 -0223  0.082 0.596
288¢ —0278 0.001*° 269 0261 0.281 200  -0257  0.001*° 62¢ —0212 0.120 0.677

Key: AD, participants with dementia due to Alzheimer’s disease; ANOVA, analysis of variance; APOE, apolipoprotein E; CN, participants with normal cognition; FDG, 2-[F-18]-
fluoro-2-deoxy-D-glucose; MCI, participants with mild cognitive impairment; MRI, magnetic resonance imaging; PET, positron emission tomography; ROI, regions of interest;
TIV, total intracranial volume.

¢ p < 0.05 uncorrected.

b p < 0.05 false discovery rate (FDR)-adjusted for statistical tests performed within each imaging modality.

¢ Statistical comparisons across groups was performed by one-way ANOVA with each ROI as dependent variable and diagnostic group (CN, MCI, and AD), plasma cortisol, and
their interactive term as independent factors.

d statistical models adjusted for covariates of age, gender, subclinical depression, APOE status, and cardiovascular risk factors (Note: Blood glucose levels were included only
for statistical models with FDG PET).

Follow-up analysis in the MRI cortisol meta-ROI was conducted.
Results of this analysis are presented in Fig. 3 and Table 2B. Strati-
fication by diagnostic group indicated that the negative relationship
between plasma cortisol and GM volume in the MRI cortisol meta-

mainly found in temporal, temporo-parietal, and occipital regions
of the left hemisphere. There was no significant positive relation-
ship between plasma cortisol levels and GM volume at the given
statistical threshold.
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Fig. 3. Voxel-wise relationships between plasma cortisol, gray matter volume, and glucose metabolism. Top panel shows whole-brain analysis between cortisol and gray matter
volume (MRI) and bottom panel between plasma cortisol (log-transformed) and glucose metabolism (FDG). Statistical maps (left side) are depicted on a glass brain. Color scales
represent t-values starting at p < 0.05, corrected using false discovery rate. Scatter plots (right side) depict unadjusted relationships between plasma cortisol and total GMV
(measured as % TIV) and average FDG SUVr within the corresponding cortisol meta-ROI. Dots represent individual data points, with CN in green and patients with MCI in orange and
AD in red. Lines indicate linear trends within each diagnostic group, and gray area, the standard deviation. Correlation coefficients are provided in the top right for each diagnostic
group. Significance levels (uncorrected): ***p < 0.001, * p < 0.05, ! p < 0.1. Abbreviations: AD, Alzheimer’s disease; CN, participants with normal cognition; FDG, 2-[F-18]-fluoro-2-
deoxy-D-glucose; MCI, mild cognitive impairment; MRI, magnetic resonance imaging; GMV, gray matter volume; SUVT, relative standardized uptake value; TIV, total intracranial
volume. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Table 3
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Significant clusters resulting from voxel-wise analysis of plasma cortisol against gray matter volume (corrected for age, TIV; n = 556)

Contrast No. cluster Cluster volume (mL) Peak t-value MNI x y z (mm) Anatomical site
Negative 1 0.64 5.03 —47, -63, 2 Posterior temporal lobe, left
4.00 -39, -71,3 Lateral occipital lobe, left
2 0.54 5.01 —33, -90, 20 Lateral occipital lobe, left
3 0.19 4.85 —36, —48, 38 Inferior lateral parietal lobe, left
4 0.22 4.46 -37, -80, 28 Lateral occipital lobe, left
Positive - - - - No suprathreshold clusters

Anatomical specifications are provided for significant clusters (p < 0.05, FDR-adjusted) and a minimum cluster size of 20 voxels. Peak characteristics of each cluster are

specified by their anatomical site (adapted version of Hammersmith atlas provided by CAT12 toolbox, Hammers et al., 2003), MNI coordinates, and t-value.
Key: FDR, false discovery rate; MNI x y z [mm], coordinates MNI space in millimeters; TIV, total intracranial volume.

ROI was significant within each diagnostic group. There was,
however, no significant interaction between diagnostic groups and
plasma cortisol (F [2, 550] = 0.292, p = 0.747, n = 556). Adjustment
for covariates did not change these results.

3.3.2. FDG

Results of this voxel-wise analysis are presented in Fig. 3 and
Table 4. Higher plasma cortisol levels were significantly related to
lower cerebral glucose metabolism mainly across the entire cohort.
This negative relationship was found in lateral temporo-parietal re-
gions, the posterior cingulate, and medial parietal regions, including
the precuneus of both hemispheres. There were no significant posi-
tive relationships between plasma cortisol levels and glucose meta-
bolism at the given statistical threshold.

Follow-up analysis in the FDG cortisol meta-ROI was conducted.
Results of this analysis are presented in Fig. 3 and Table 2B. Strati-
fication by diagnostic group indicated that the negative relationship
between plasma cortisol and glucose metabolism in the FDG cortisol
meta-ROI was significant only in the MCI group. There was no sig-
nificant interaction between diagnostic groups and plasma cortisol (F
[2,282] = 0.519, p = 0.596, n = 288). Adjustment for covariates did
not change these results.

4. Discussion

This study demonstrated negative relationships between plasma
cortisol and metabolic as well as structural brain biomarkers across
the AD spectrum. Higher levels of circulating cortisol were associ-
ated with lower glucose metabolism in lateral and medial parietal
brain regions. This regional pattern was somewhat distinct from
cortisol-related relationships with GM structure. Although some of

Table 4

the cortisol-related relationships appeared to be most pronounced
in patients with MCI, we did not detect significant group differences
with correction for multiple comparisons and adjustment for
covariates. Our findings highlight that HPA axis activation is related
to metabolic dysfunction in brain regions affected by AD, which
may enhance vulnerability to AD development.

4.1. Plasma cortisol and cerebral glucose metabolism

We found that higher plasma cortisol was associated with lower
brain glucose metabolism across the AD spectrum. This negative
association was mainly seen within lateral temporo-parietal, medial
parietal, and posterior cingulate regions of both hemispheres. In a
similar line, data from animal models indicate that glucocorticoids
may inhibit glucose metabolism within the hippocampus, but also
other brain regions (Kadekaro et al., 1988; Landgraf et al., 1978).
Using FDG PET, previous studies on patients with Cushing’s syn-
drome have further related increased cortisol levels to global and
regional patterns of perturbed cerebral metabolism (Brunetti et al.,
1998; Liu et al., 2016). Conversely, de Leon et al. (1997) demon-
strated that glucose metabolism was reduced in the hippocampus in
response to hydrocortisone administration in normal older in-
dividuals. In the present study, we did not find a significant associ-
ation between plasma cortisol and glucose metabolism in the
hippocampus. Nevertheless, our findings confirm the notion that
regional cerebral metabolism may be altered as a function of plasma
cortisol.

The negative relationship between plasma cortisol and glucose
metabolism was mainly observed in posterior cortical regions. These
areas are known to be hypometabolic in prodromal and symptomatic
stages of AD (Friedland et al., 1983; Minoshima et al., 1997; Wirth

Significant clusters resulting from voxel-wise analysis of plasma cortisol against FDG (corrected for age; n = 288)

Contrast No. cluster Cluster volume (mL) Peak t-value MNI x y z (mm) Anatomical site
Negative 1 25.6 4.72 14, —54, 28 Superior parietal gyrus, right
4.44 —12, —44, 34 Superior parietal gyrus, left
3.98 8, —36, 30 Posterior cingulate gyrus, right
3.58 -4, -36, 40 Posterior cingulate gyrus, left
3.36 —33, =50, 42 Inferior lateral parietal lobe, left
2 3.54 3.70 58, —42,2 Posterior temporal lobe, right
3.18 60, -52, 22 Inferior lateral parietal lobe, right
3 743 3.69 34, -72,48 Inferior lateral parietal lobe, right
3.21 36, -74, 36 Lateral occipital lobe, right
4 0.25 3.44 34, -40, -8 Posterior temporal lobe, right
5 0.79 3.28 24, -30, 14 Insula, right
3.22 30, -38, -4 Posterior temporal lobe, right
6 0.70 3.16 17, -10, 23 Caudate nucleus, right
7 0.74 3.14 32, 16, 60 Middle frontal
gyrus, right
Positive - - - - No suprathreshold clusters

Anatomical specifications are provided for significant clusters (p < 0.05, FDR-adjusted) and a minimum cluster size of 20 voxels. Peak characteristics of each cluster are specified
by their anatomical site (adapted version of Hammersmith atlas provided by CAT12 toolbox, Hammers et al., 2003), MNI coordinates, and t-value.
Key: FDG, 2-[F-18]-fluoro-2-deoxy-D-glucose; FDG, 2-[F-18]-fluoro-2-deoxy-D-glucose; FDR, false discovery rate; SUVT, relative standard uptake value (reference region: brain

parenchyma); MNI x y z [mm], coordinates MNI space in millimeters.
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et al, 2018). Neurophysiological mechanisms underlying the
observed associations remain unclear. One possibility is that patho-
logical pathways mediate the negative impact of HPA axis activation
on metabolic dysfunctions in posterior cortical regions. For example,
elevated glucocorticoid levels were previously linked to increased Ap
accumulation and tau hyperphosphorylation in rodents (Green et al.,
2006; Wang et al., 2011) as well as global Ap burden in humans, as
assessed using a smaller ADNI sample (Toledo et al., 2012). In addi-
tion, other factors related to elevated stress hormone levels, such as
increased blood pressure or blood glucose levels (Notarianni, 2017),
may play a role in facilitating neural dysfunction in cortical regions.
We and other groups (Kremen et al., 2010; Pietrzak et al., 2017) have
adjusted statistical models for cardiovascular risk factors, with no
impact on the overall results. However, a more detailed analysis of
possible influences imposed by these risk factors on cortisol-related
associations in larger samples will be needed.

Interestingly, we did not find significant associations between
plasma cortisol and glucose metabolism in frontal brain regions
across the AD spectrum. We had no specific hypothesis with regard
to these particular regions and, therefore, can only provide a post
hoc explanation. Despite the fact that our AD-sensitive FDG tem-
plate included frontal areas (Lange et al., 2015), posterior cortical
regions are really known to show the largest effect of hypo-
metabolism in AD pathogenesis (Nestor et al., 2003). Frontal regions
are more affected in advanced stages of the disease. Because our
study included a larger number of participants at the prodromal
disease stage, one may argue that there is greater disease-related
variance in the posterior cortical regions. Therefore, these regions
may be more likely to demonstrate cortisol-related associations in
the present cohort.

4.2. Plasma cortisol and GM volume

Higher plasma cortisol levels were also associated with lower GM
volume in the hippocampus and posterior cortical areas across the
AD spectrum, as reported previously in an ADNI data set (Toledo
et al,, 2013). At the given statistical thresholds, mainly left lateral
temporal-parietal-occipital regions were found. Notably, this spatial
distribution was somewhat distinct from cortisol-related associa-
tions with cerebral metabolism. Our findings replicate existing re-
ports, suggesting that circulating cortisol is associated with reduced
GM volume, comprising (but not limited to) the hippocampus
(Geerlings et al., 2015; Huang et al., 2009; Lupien et al.,, 1998) and
posterior cortical areas (Echouffo-Tcheugui et al., 2018; Geerlings
et al., 2015). Moreover, the cortisol-related associations within
cortical areas were significant within each diagnostic group, which
was not true for the hippocampus. Other studies have demonstrated
similar negative associations between cortisol levels and cortical GM
structure, even in dementia-free middle-aged adults (Echouffo-
Tcheugui et al.,, 2018; Kremen et al,, 2010). Thus, it appears that
circulating glucocorticoids may affect neural structure through
several neurodamaging pathways (Liston and Gan, 2011; McEwen
et al., 2016) that could work before and independent of AD pathol-
ogy. Such mechanisms may enhance susceptibility of the brain to
aging and age-related neurodegenerative diseases.

4.3. Synopsis and outlook

Taken together, our findings are convergent with the idea that
HPA axis activation may be a vigorous mechanism that accelerates
brain injury associated with AD development (Caruso et al., 2018;
Machado et al., 2014). We found that small but significant negative
relationships between stress hormone levels and brain biomarkers
may occur within regions sensitive to either hypometabolism or at-
rophy across the AD spectrum. Moreover, the present study

replicated the well-documented existence of increased cortisol levels
in clinical AD (Popp et al., 2009), yet only when comparing patients
with AD to MCI. Clinical or lifestyle-based interventions could help to
reduce elevated stress hormones levels at early disease stages and
may thus potentially have a positive impact on disease progression.
This hypothesis needs to be evaluated in future studies.

4.4. Strengths and limitations

Our study has strengths and limitations. The present results are
based on the large and well-characterized ADNI cohort with stan-
dardized operation procedures that are publicly available. As a
result, we were able to investigate plasma cortisol levels across the
AD spectrum. However, the use of ADNI data is also a limitation, as
our findings are not independent from a previous study investi-
gating cortisol-related associations with GM structure (Toledo et al.,
2013). The cross-sectional nature of assessments further precludes
conclusions on the temporal sequence between HPA axis activation
and brain injury associated with AD pathogenesis. Longitudinal
studies including AD biomarkers will be needed to further evaluate
cortisol-brain relationships.

We further acknowledge that cortisol levels are highly variable
between individuals and also within the same individual over time.
In the present study, plasma cortisol was obtained from a single
assessment, which might not only reflect longer-term effects of high
cortisol exposure, as opposed to dynamic measures over an
extended time period. It therefore remains an open question, if our
findings are mediated by the longer-term effects of circulating
cortisol or by other factors that influence daily peaks in cortisol.
Furthermore, plasma cortisol mostly reflects bound as opposed to
unbound or free cortisol that is thought to be biologically active. A
measure of free cortisol might thus provide a better estimate of
stress-related function (Coolens et al., 1987; Fede et al., 2014).
Finally, our findings are weighted toward the prodromal disease
stage, with MCI patients being the largest participant group. Forth-
coming studies are encouraged to assess relationships of cortisol
exposure and brain biomarkers across the complete AD continuum.

5. Conclusion

In the present study, higher plasma cortisol levels were related
with lower glucose metabolism in brain regions vulnerable to AD
pathology across the disease spectrum. Higher plasma cortisol was
also associated with lower regional GM volume, with a somewhat
distinct regional distribution. The findings suggest that HPA axis
activation could aggravate brain injury in regions that are affected
by AD and thereby accelerate AD progression.
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