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Abstract

Purpose To compare thalamic volume and cognitive functions of patients with mild autonomous cortisol secretion (MACS)
with control subjects and patients with overt Cushing’s syndrome (CS).

Methods In this cross-sectional study, volumes of regions of interest were assessed using 3 T magnetic resonance imaging
and a voxel-based morphometry approach in 23 patients with MACS, 21 patients with active CS, 27 patients with CS in
remission, and 21 control subjects. Cognitive functions were assessed using validated questionnaires.

Results Patients with MACS had smaller left thalamic (F=3.8, p=0.023), left posterior thalamic (F=4.9, p=0.01), left
medial thalamic (F=4.7, p=0.028), and right lateral thalamic (F=4.1, p=0.025) volumes than control subjects. Patients
with active CS also had smaller left thalamic (F'=3.8, p=0.044), left posterior thalamic (F=4.9, p=0.007), left medial
thalamic (F=4.7, p=0.006), and right lateral thalamic (F=4.1, p=0.042) volumes compared to controls. Patients with CS
in remission had smaller left medial (F=4.7, p=0.030) and right lateral thalamic (F=4.1, p=0.028) volumes than controls.

Neuropsychological tests showed no difference between the groups.

Conclusion MACS may decrease thalamic volume.

Keywords Brain volume - Cognitive function - Cortisol - Cushing’s syndrome - Mild autonomous cortisol secretion -

Thalamus

Introduction

Cushing’s syndrome (CS) is characterized by overt signs
and symptoms of hypercortisolism [1]. Because of the
widespread distribution of glucocorticoid receptors (GRs)
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throughout the body, exposure to hypercortisolism results in
a wide range of physical, metabolic, reproductive, psycho-
logical, and cognitive impairments. Like many other organs,
the brain has a high density of GR and mineralocorticoid
receptors (MR), making it an important target for the neu-
rotoxic effects of hypercortisolism [2]. Early structural mag-
netic resonance imaging (MRI) studies of the brain provided
convincing evidence of overall brain atrophy in patients with
CS [3]. With the novel techniques of neuroimaging, some
areas of the brain that are related to cognition have been
shown to be exclusively vulnerable to the toxic effects of
overt hypercortisolism [4-9]. Since then, the number of stud-
ies reporting the relationship between CS, brain volume, and
cognitive functions has increased [6, 10-12].

Mild autonomous cortisol secretion (MACS), formerly
called “subclinical CS,” is characterized by subtle cortisol
excess due to adrenal adenoma [13, 14]. The difference
between overt CS and MACS is the severity of the bio-
chemical and physical findings. Although to a lesser extent,
this subtle form of cortisol excess also increases the risk
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of diabetes, hypertension, obesity, osteoporosis, morbid-
ity, and mortality [15-18]. Therefore, vigilant screening of
these comorbidities is recommended in patients with MACS.
Intriguingly, data regarding the effect of MACS on brain
structure and cognitive functions are scarce, and no con-
sensus exists on screening. When the abundance of GR and
MR in the brain is considered, it is tempting to speculate that
brain abnormalities found in patients with CS also apply to
patients with MACS, at least to a certain degree.

The studies of neuroimaging in patients with hypercorti-
solism have primarily sought to demonstrate the structural
and functional alterations of the cortical gray matter (GM)
and the limbic system over half a century [6, 7, 12, 19-23].
Nevertheless, the structural alterations of the thalamus have
been relatively overlooked in patients with overt hypercor-
tisolism and, to our knowledge, have never been assessed in
patients with MACS. The thalamus is a subcortical struc-
ture composed of a heterogeneous group of nuclei which
have distinct synaptic inputs and cortical connections [24].
It is now recognized as one of the main players in atten-
tion, memory, and language functions [25]. In the present
exploratory study, our primary objective was to investigate
whether patients with MACS have volumetric changes in the
whole thalamus and thalamic nuclei and to demonstrate their
reflections on attention, memory, and language functions.
We also sought to assess whether the anticipated changes
in thalamic volume and cognitive functions in patients with
MACS differ from those in patients with overt hypercorti-
solism. To this end, we also compared the volume of the
region of interest (ROI) and the neuropsychological perfor-
mance of patients with CS, patients with MACS, and control
subjects. Finally, we performed an exploratory analysis of
the whole brain to identify unexpected structural changes in
regions outside the priori-defined ROI in patients with CS
and patients with MACS.

Materials and methods
Setting

The present study was approved by the Medical Research
Ethics Committee (03.05.2021/45781) and was conducted
between 2021 and 2022 in the Endocrinology, Metabolism,
and Diabetes Outpatient Clinic.

Subjects and procedure

The study sample consisted of four groups: (i) patients with
MACS, (ii) patients with active CS, (iii) patients with CS in
remission, and (iv) a control group.

For this study, all patients with MACS monitored at
our institute who had at least one clinical visit in 2020
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(n=41) were approached by phone. The response rate was
92.7%. Inclusion criteria were (i) age being between 18 and
65 years, (ii) right-handedness, (iii) being able to compre-
hend the Turkish language, and (iv) presence of consent to
participate. Exclusion criteria were (i) presence of severe
neurological and/or psychiatric disease, drug, and/or alcohol
abuse, (ii) presence of intellectual disability, illiteracy, vis-
ual, and/or hearing impairment, (iii) presence of growth hor-
mone (GH) deficiency, hypothyroidism, or hyperthyroidism,
(iv) presence of brain damage or contraindication for MRI,
(v) presence of acute illness (acute myocardial infarction,
sepsis, etc.) or major organ failure (end-stage renal disease
receiving renal replacement therapy, decompensated heart
failure, liver failure, etc.), and (vi) individuals with acute or
chronic inflammatory diseases (human immunodeficiency
virus infection, systemic lupus erythematosus, etc.) that
could confound the volumetric analyses of the ROI.

To investigate the effects of varying degrees of hypercor-
tisolism on brain volumes, patients with pituitary-depend-
ent CS (Cushing’s disease (CD) and adrenal-dependent CS
were screened for eligibility. Subjects were selected from
consecutive patients with CS who had a routine endo-
crinologic examination between April 2021 and December
2021 (n=135). The inclusion and exclusion criteria for the
patients with MACS were also applied to the remaining
patients with CS.

The control subjects were chosen among volunteers
who came for routine medical board report for job applica-
tion between April 2021 and December 2021 (n=40). All
the volunteers underwent a detailed examination to detect
possible clinical signs and symptoms of CS. The subjects
with overt signs and/or symptoms attributable to CS, sub-
jects who had been exposed to exogenous glucocorticoids
within the past 6 months, and subjects with diabetes and/
or uncontrolled hypertension were excluded [26, 27]. Bio-
chemical hypercortisolism was also excluded in each subject
by showing both suppressed morning serum cortisol levels
(< 1.8 pg/dl) after overnight dexamethasone test (DST) and
normal late-night salivary cortisol (LNSC) level (see Sup-
plementary Table 1). The inclusion and exclusion criteria
described above for the MACS group were also applied
to the control group. To minimize the effects of age and
educational level on the comparisons of brain volumes and
neuropsychological tests, the patients with CS and control
subjects were matched to patients with MACS via Phyton
3-based computer program. The algorithm took the age,
education level, eligibility, and study group as inputs and
matched patients with active CS, patients with CS in remis-
sion, and control subjects to patients with MACS of a similar
age and education level. The program did not remove the
previously matched patients with MACS from a given list
to achieve maximum pair of patients. A total of 23 patients
with MACS, 21 patients with active CS, 27 patients with
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CS in remission, and 21 control subjects were included. The
inclusion process was shown in Fig. 1.

A single study visit of approximately two and a half
hours was scheduled for each eligible participant. The visit
consisted of an MRI scan that took place between 2:00

and 3:00 pm, followed by a standardized interview by the

single blind researcher (T.B.1.) for the administration of

Patient s with MACS
approached by phone

Patients with CS
assessed for eligibility

neuropsychological tests (60 min) and a detailed examina-
tion for the assessment of clinical data by an endocrinolo-
gist (C.S.) (30 min) (Fig. 1).

Control subjects
assessed for eligibility

Excluded (n=18)

. No response (n=3)

. Age > 65 years (9)

. No consent (n=4)

. Contraindication to
magnetic resonance
imaging (n=1)

. Cerebrovascular
disease (n=1)

(n=41) (n=135) (n=40)
Excluded (n=67) Excluded (n=18)
. No consent (n=28) ] Age > 65 years (n=10)
. Age > 65 years (10) . Hypothyroidism (n=3)
. Ectopic CS (n=10) . Diabetes mellitus (n=3)
. latrogenic CS (n=4) ] Uncontrolled
. No Turkish/illiterate hypertension (n=1)
(n=7) . Left-handedness (n=1)
. Age < 18 years (n=1)
. Breast cancer (n=1)
. Chronic kidney disease
(n=3)
] Adrenocortical cancer
(n=1)
. Deaf (n=1)
] Psychosis (n=1)
v v v

Eligible patients with

Eligible patients with

Eligible control

Unmatched control
subject (n=1)

MACS (n=23) CS (n=68) subjects (n=22)
| I |
Matching process by Phyton 3 -based computer program
Unmatched patients
with CS (n=20)

v v \4 v
MACS group Active CS group CS in remission Control group
n=23 n=21 group n=21

n=27
T T T T
1 1 1 1
H H H H
Magnetic resonance imaging
i i i i
! ! ! !
Neuropsychological assessment
v v \4 v

Analyses

Fig.1 The flow-chart inclusion process and study design
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Clinical definitions

The diagnosis of MACS was defined as a morning cortisol
level > 1.8 ng/dl after 1 mg DST in the absence of stigmata
of CS (facial plethora, buffalo hump, violaceous abdomi-
nal striae, proximal muscle weakness, and fragile skin with
bruising) in a patient with adrenal incidentaloma [28, 29].
In our center, patients with MACS are screened annually to
detect the possible development of overt CS features, type 2
diabetes mellitus, hypertension, and asymptomatic vertebral
fracture in accordance with the European Society of Endo-
crinology clinical practice guidelines [28].

The diagnosis, treatment, and follow-up of CD and
adrenal-dependent CS were based on internationally agreed
guidelines [30-33]. Patients with CD or adrenal-dependent
CS were considered to have active CS in the presence of
overt clinical signs and symptoms and biochemical tests
including increased urinary excretion rates of free cortisol,
decreased overnight suppression by 1 mg dexamethasone,
and elevated LNSC. Patients with CD or adrenal-dependent
CS were considered in remission in the absence of signs,
symptoms, and positive biochemical tests of hypercorti-
solism [30].

Cortisol assay

The Elecsys Cortisol generation II electrochemilumines-
cence competitive immunoassays were run on the Cobas
E602 (Roche Diagnostics, Indianapolis) to determine the
serum cortisol and LNSC levels of the participants.

MRI data acquisition and post-processing

All neuroimaging was performed in our institute usinga 3 T
Philips Ingenia MR scanner (Philips, Best, the Netherlands)
with a 16-channel head coil. The imaging protocol included
the whole brain T1-weighted 3D TFE (Turbo Field Echo)
high-resolution anatomical imaging with a repetition time of
8.2 ms, echo time of 3.7 ms, flip angle: 8°, FOV: 256 X 256,
1 mm isotropic resolution, and 200 slices. Acquisition time
is approximately 5.5 min. Before preprocessing, all images
were evaluated for any structural brain parenchyma lesions
by a European board-certified neuroradiologist (SA), and
patients with incidental lesions were excluded. All images
were preprocessed on a Linux-based computing system
through a standard, automated processing stream within
Freesurfer 7.2.0 (https://surfer.nmr.mgh.harvard.edu) called
“recon-all.” The recon-all pipeline consists of 29 distinct
steps that ultimately lead to cortical reconstruction and vol-
umetric segmentation. Briefly, the processing steps are as
follows: (i) removal of non-brain tissue, (ii) Talairach trans-
formation, (iii) segmentation of the subcortical deep GM
structures (including the hippocampus, amygdala, thalamus,
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caudate, putamen), (iv) intensity normalization, (v) tessella-
tion of the GM-white matter boundary along with automated
topology correction, and (vi) intensity gradient-based sur-
face deformation to optimally adjust the gray-white mat-
ter boundary and pial surface borders [34-40] (Fig. 2). The
resulting surface models were then inflated and registered to
a standard spherical surface atlas, allowing the parcellation
of the cerebral cortex into specific gyral and sulcal units
[41]. For all analyses, images were smoothed with a 10-mm
full-width at half-maximum Gaussian distribution. Cortical
volume values were computed for 34 Desikan-Killiany (DK)
atlas regions per hemisphere [42]. Additionally, volumes
of the subcortical structures and total intracranial volume
(ICV) were obtained.

For the segmentation of the thalamus and other sub-
cortical deep GM structures, we used automated modules
provided in the FreeSurfer 7.2.0 software suite (Hippocam-
palSubfieldsAndNucleiOfAmygdala and ThalamicNuclei,
respectively). All the thalamic nuclei groups included in the
analyses can be found in Fig. 3 and Supplementary Table 2.
FreeSurfer subcortical deep GM segmentation algorithms
use probabilistic atlases based on Bayesian inference and
are built primarily upon ultra-high-resolution ex vivo MRI
data from post-mortem specimens (~0.1-0.15 mm isotropic)
to generate a fully automated segmentation. The technical
details of all the steps in these modules were described in the
original method articles [43, 44]. Before statistical analysis,
all images were manually inspected by a senior neuroradi-
ologist (SA) to ensure the accuracy of cortical parcellation
and subcortical segmentation.

Assessment of psychopathology and cognitive
functioning

Beck depression inventory (BDI)

It was developed by Beck et al. to measure the level of
depressive symptoms [45]. It consists of 21 items on a
4-point Likert scale. Total scores can range from 0 to 63.
Higher scores indicate increased depressive symptoms.

Beck anxiety inventory (BAI)

It is a screening for the detection of symptoms that constitute
anxiety and discriminating them from depression symptoms
[45]. It consists of 21 items on a 4-point Likert scale. The
total score can range from O to 63. Higher scores indicate
increased anxiety.

Montreal cognitive assessment (MoCA)

It is a useful screening tool with high specificity and sen-
sitivity for assessing cognitive capacity and detecting mild
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Freesurfer Recon-all Pipeline Overview

DICOM to Nii.gz

1. Data Conversion 2. T1WI Input

5.Intensity 6.White Matter 7.Surface Atlas Registration  8.Surface Extraction
Normalization Segmentation

9.Gyral Labeling 10. Thalamic Subunit
Segmentation

Fig.2 Freesurfer Recon-all pipeline overview used to extract cerebral cortical gray matter volumes, subcortical gray matter volumes, and tha-
lamic subunit segmentation. Images were obtained from the Freesurfer pipeline of a patient included in the study

Fig.3 An example of tha-
lamic subunit segmentation

in consecutive axial slices on
T1-weighted images from one
of the participants in the study.
Each of the six main subregions
is demonstrated in different
color codes
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cognitive impairment [46, 47]. MoCA measures concentra-
tion, executive functions, memory, language, visuospatial
abilities, abstract thinking, calculation, and orientation
domains. The maximum score is 30 [46]. Higher scores
indicate better cognitive functions.

Selective reminding test (SRT)

It is a test designed to measure verbal learning and memory
through the use of a list-learning procedure over multiple
trials [48]. In the present study, the short adult version of
SRT was used which involves reading the participant a list
of 12 unrelated words and then expecting the participant
immediately recall as many of these 12 words as possible
for six trials [49]. Every trial after the first involves selec-
tively presenting the words that were not recalled by the sub-
ject on the previous trial, and recall scores on each trial are
noted. This test is suggested to distinguish between retrieval
from long-term storage (LTS) and short-term recall (STR)
by assessing the recall of items that are not presented on a
given trial. The maximum score of SRT is 72. Higher scores
indicate better verbal learning and memory. We also applied
a delayed recall trial (SRT-DR) without any forewarning or
clue 20 min after the completion of six trials.

10/36 spatial recall test (SPART)

It is a measure of visuospatial learning and memory. A 6 X 6
checkerboard containing a pattern of randomly organized
10 checkers is initially presented to a participant for 60 s.
Thereafter, the participant is expected to replicate the origi-
nal pattern on a blank checkerboard. This process is repeated
two more times and followed by a delayed measure after
the passage of 20 min. SPART immediate recall (SPARTT)
score is the sum of the total number of correct responses
(i.e., the number of correct checkers) of the three attempts.
SPART delayed recall (SPARTD) score is the product of
correct responses in the delayed condition [50]. The maxi-
mum scores of SPARTT and SPARTD are 30 and 10, respec-
tively. Higher scores indicate better visuospatial learning
and memory.

Symbol digit modalities test (SDMT)

It is a test that examines information processing speed,
divided attention, visual scanning, and tracking [51, 52].
The participant sees a model in which the nine geometric
symbols are labeled 1 to 9. The SDMT measures the time to
match the symbols with corresponding numbers as quickly
as possible in 120 s. The total number of correctly paired
symbols in this time period reflects the speed of each par-
ticipant needs for processing information. The maximum
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score is 60. Higher scores indicate better processing speed,
divided attention, visual scanning, and tracking.

Word list generation test (WLG)

This test evaluates verbal fluency [52]. The participants are
asked to spontaneously generate examples of either phone-
mic categories (words starting with letters K, A, or S for
the Turkish language [WLG KAS]) or semantic categories
(animals) within 60 s. The WLG score is the number of
unique examples.

Statistical analyses

All analyses were performed with Statistical Package for
the Social Sciences version 22.0 for macOS (IBM, 2013).
Data were presented as numbers and percentages, means
and standard deviations, or median and interquartile range.
Normal distribution was analyzed using the Kolmogo-
rov—Smirnov test. The assumption of equal variances was
tested using Levene’s test. Clinical, laboratory, sociode-
mographic, and neuropsychological differences between
the groups were analyzed using the Pearson chi-square
test for the categorical variables, one-way analysis of vari-
ance for the normally distributed continuous variables, and
Kruskal-Wallis hypothesis test for the non-normally distrib-
uted continuous variables. If necessary, differences between
groups were analyzed with post hoc tests. P <0.05 was con-
sidered as significant.

Inter-group comparisons of brain volumes

In this study, the residual method was used to explore the
differences in brain volumes. The residual method uses the
correlation between absolute parenchymal volumes (APV)
and ICV in a linear regression equation to predict ICV-
adjusted volumes for each area of interest and is based on a
least squares solution which minimizes the error in predicted
values. Therefore, the residual method generally provides
advantages over other methods in voxel-based morphology
(VBM) analysis [53].

In the present study, an analysis of covariance was per-
formed with the variables group, ICV, and group XICV to
evaluate the effect of the interaction term for each observa-
tion. After the non-significant effect of the interaction term
— in other words, “homogeneity of the regression slopes”
— was ensured for a given instance, inter-group comparisons
of the brain volumes were performed with a general linear
model (GLM). In GLMs, APV was the dependent variable,
the group was the fixed factor, and ICV was a covariate. The
results were corrected according to the Bonferroni procedure
to minimize the type I statistical errors. The level of signifi-
cance was established at p <0.05.
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Sample size

With a significance level of 5% statistical power at 95% and
allowing for a large effect size of 0.4, a sample size of 112
was required to detect the changes in volumes of ROI.

Results
Participant characteristics

The groups were similar in age, gender, and educational
level. The demographic, clinical, and laboratory character-
istics of the study groups are shown in Table 1.

The patients with MACS included 23 patients (17
females). The median 1 mg DST was 3.2 [IQR] 2-3.6
mcg/dl. The mean adrenocorticotrophic hormone was
7.6+ 3.8 pg/ml.

Patients with active CS included 21 patients (20 females):
18 were of pituitary origin, and 3 were of adrenal origin.
Eight patients with active CD had a history of transsphe-
noidal surgery (TSS); 4 of them had persistent CD, and 4
patients had recurrent CD. Ten patients with active CD had
no history of TSS; 9 of them were waiting for TSS, and one
patient with active CD declined TSS and received stereotac-
tic radiosurgery (Gamma Knife) 1 year prior to assessment.
For the 3 patients with adrenal CS, unilateral adrenalectomy
was scheduled. The median disease duration of patients with
active CS was 24 [IQR] 15-81.5 months.

Patients with CS in remission included 27 patients (25
females): 25 were of pituitary origin, and 2 were of adrenal
origin. All patients with CD have undergone TSS; 2 of them
have received additional stereotactic radiosurgery (gamma
knife), and 2 patients underwent additional bilateral adrenal-
ectomy. Two patients with CS of adrenal origin underwent
unilateral adrenalectomy. At the time of the assessments, 7
patients were on hydrocortisone replacement therapy. The
median disease duration of the CS in the remission group
was 79 [IQR] 59-96 months, and the median duration of
remission was 50.5 [IQR] 10.5-70 months.

The control group consisted of 21 participants (18
females). None of them had overt Cushingoid features, dia-
betes, uncontrolled hypertension, and chronic/complex dis-
ease that would affect neuropsychological and radiological
assessments (Table 1).

MRI analyses
Volumetric variations in ROI
Absolute mean volumes of the thalamus and thalamic

nuclei groups are shown in Table 2. The results of the
GLM indicated that patients with MACS had smaller

left thalamus volume than controls (F=3.8, p=0.023)
(Table 2, Fig. 4). Of the total six thalamic subregions
of each hemisphere considered in the exploratory
analyses, patients with MACS showed smaller volumes
in the left posterior thalamus (F=4.9, p=0.01),
left medial thalamus (F=4.7, p=0.028), and right
lateral thalamus (F=4.1, p=0.025) in comparison to
controls (Table 2, Fig. 4). In addition, we expanded our
exploratory analyses to the volumes of the pulvinar and
mediodorsal nuclei of the thalamus, which represent the
two largest nuclei of the primate brain (see Fig. 5 and
Supplementary Video). The results indicated that patients
with MACS had smaller pulvinar (F=6.1, p=0.003),
mediodorsal magnocellular (MDm) (F=4.9, p=0.035),
and mediodorsal lateral parvocellular (MD1) (F =3.5,
p =0.045) nuclei of the left hemisphere in relation to
controls (Table 2, Fig. 4).

As in patients with MACS, patients with active CS also
showed smaller volumes in the whole thalamus (F'=3.8,
p =0.044), posterior thalamic nuclei (F =4.9, p=0.007),
and medial thalamic nuclei (F=4.7, p=0.006) of the
left hemisphere and the lateral thalamic nuclei (F=4.1,
p=0.042) of the right hemisphere when compared with
controls (Table 2, Fig. 4). Moreover, patients with active
CS had smaller volumes belonging to the pulvinar (F=6.1,
p=0.002), MDm (F=4.9, p=0.003), and MDI (F=3.5,
p=0.060) nuclei of the left hemisphere than controls
(Table 2, Fig. 4).

Patients with CS in remission had smaller volumes of the
left medial thalamic nuclei (F=4.7, p=0.030) and the right
lateral thalamic nuclei (F=4.1, p=0.028) as compared to
controls (Table 2, Fig. 4).

Inter-group comparisons of patients with MACS, patients
with active CS, and patients with CS in remission yielded
no significant difference in other subcortical deep GM struc-
tures (not shown).

Volumetric variations in the other cerebral and subcortical
structures

The study groups did not significantly differ in volumes of other
subcortical structures (hippocampus, amygdala, putamen, and
caudate) and cortex (Supplementary Tables 3 and 4).

Psychopathology and cognitive functioning

Although the patients with MACS and active CS demon-
strated higher levels of depression and anxiety symptoms
and lower scores in WLG KAS, no significant differences
were found in psychopathology and cognitive functioning
between the groups (Table 3).
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Table 1 Demographic and clinical characteristics of the participants

Features MACS (n=23) Active CS (n=21) CS in remission (n=27) Controls (n=21) P
Age (years), mean+ SD 51.1+10.3 47.2+10.5 489+9 47.3+10.6 0.530
Age at diagnosis (years), mean +SD 48.2+10.3 43.7+11.2 41.9+10.4 N/A 0.125
Sex (female/male) 17/6 20/1 2572 18/3 0.188
Education (years), median [IQR] 9 [5-12] 11 [5-14] 8 [5-10] 11 [5-15] 0.219
BMI (kg/m?), median [IQR] 31.5[27.8-35] 36.7 [31.4-45.8] 33 [23-36.8] 25.1 [22.6-31] 0.023*
Smoking, n (%) 2 (8.7) 3(14.3) 0(0) 4(19) 0.075
Alcohol, n (%) 0(0) 1(4.8) 0(0) 0(0) 0.457
TSH (mIU/L), median [IQR] 2.1[1.2-2.7] 2.1[1.3-3.6] 1.7 [1.5-2.8] 2.1[1.6-3.5] 0.988
HbA - (%), median [IQR] 5.9 [5.6-6.3] 6 [5.7-7.3] 6.4 [5.9-7.1] 5.7 [5.3-6.1] 0.011°
LDL (mg/dl), mean +SD 135+40 142 +34 131+35 122 +26 0.305
Total cholesterol (mg/dl), mean + SD 207 +44 215+36 200+35 198 +37 0.431
HDL (mg/dl), mean +SD 56+12 55+13 57+17 58+16 0.908
Triglycerides (mg/dl), mean +SD 136 +77 162+95 126 +53 116 +56 0.194
1 mg DST (mcg/dl), median [IQR] 3.2 [2-3.6] 5.9[2.7-12.5] 1.2 [0.7-1.7] 0.8 [0.6-1] 0.001°¢
Serum cortisol (mcg/dl), mean+SD 14.1+4.3 17.6 6.2 11.2+7.2 N/A 0.002¢
Diabetes mellitus, n (%) 6 (26.1) 9 (42.9) 16 (59.3) 0(0) 0.066°
Hypertension, n (%) 11 (47.8) 12 (57.1) 16 (59.3) 3(14.3) 0.007 ¢
Coronary artery disease, n (%) 0(0) 2(9.5) 2(7.4) 0 (0) 0.300
Osteoporosis, n (%) 8 (27.3) 2(9.5) 6(22.2) 0(0) 0.02"
Cushing’s disease, n (%) N/A 18 (85.7) 25 (92.6) N/A 0.641
Adrenal CS, n (%) N/A 3(14.3) 2(7.4) N/A 0.641
Surgery, n (%) N/A 15(71.4) 27 (100) N/A 0.025

TSS N/A 9 (42.8) 23 (85.2) N/A

Unilateral adrenalectomy N/A 0(0) 1(3.7) N/A

Bilateral adrenalectomy N/A 0(0) 1(3.7) N/A

TSS + bilateral adrenalectomy N/A 0(0) 2(7.4) N/A
Radiotherapy N/A 1 (4.8) 2(7.4) N/A 1.000
Nelson syndrome N/A 0(0) 00 N/A
Current medical treatment, n (%) N/A 10 (47.6) 6(22.2) N/A 0.237

Cabergoline N/A 3(14.3) 1(3.7) N/A

Ketoconazole N/A 2(9.5) 13.7) N/A

Pasireotide N/A 0(0) 2(7.4) N/A

Metyrapone N/A 2(9.5) 0(@0) N/A

Cabergoline + pasireotide N/A 2(9.5) 1(3.7) N/A

Cabergoline + metyrapone N/A 1(4.8) 1(3.7) N/A
Hypopituitarism, any axes, n (%) N/A 3 (15) 10 (37) N/A 0.089

ACTH N/A 0(0) 5(18.5) N/A

TSH N/A 2(9.5) 6(22.2) N/A

LH/FSH N/A 1(4.8) 1(3.7) N/A
Hydrocortisone replacement, n (%) N/A 0(0) 7(25.9) N/A

2p<0.05: active CS vs. controls

5 <0.05: patients in remission vs. controls

¢p <0.05: controls vs. MACS; control vs. active CS; CS in remission vs. MACS; active CS vs. CS in remission
4p <0.05: active CS vs. CS in remission

¢p <0.05: pairwise comparisons between patient groups

&y <0.05: patient groups vs. controls

ACTH, adrenocorticotropic hormone; BMI, body mass index; CD, Cushing’s disease; CS, Cushing’s syndrome; DST, dexamethasone suppres-
sion test; FiSH, follicle stimulating hormone; HDL, high density lipoprotein; LDL, low density lipoprotein; LH, luteinizing hormone; MACS,
mild autonomous cortisol secretion; N/A, not available; 7SH, thyroid stimulating hormone; 7SS, transsphenoidal surgery
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Table 2 Absolute mean volumes (mm?) and standard deviations of the thalamus and thalamic subregions and comparisons between patients and

controls
Anatomic MACS Active CS CS in remission Controls F(3,87)* pP* MACS vs. Active CS vs. CS in remission
group (n=23) (n=21) (n=27) (n=21) controls**  controls** vs. controls**
Left
Whole 6435+840 6221+746 6357+612 6912514 3.8 0.013  0.023 0.044 0.088
thalamus
Posterior 2241272 2137+274  2241+252 2443 +242 4.9 0.004  0.010 0.007 0.121
Pulvinar 1827228  1741+236  1847+216 2032+230 6.1 0.001  0.003 0.002 0.082
Medial 970+ 131 928 +147 961 +133 1079+109 4.7 0.004  0.028 0.006 0.030
MDm 703 +98 666+ 108 696 +103 783+75 49 0.003  0.035 0.003 0.033
MDI1 249 +32 243 +39 247+31 276+36 3.5 0.019  0.045 0.060 0.063
Lateral 128 +25 128 +£20 119+23 132+20 1.3 0.276 1.0 1.0 0.565
Anterior 116 +19 118+19 113+£19 12716 2.3 0.085 0.188 1.0 0.136
Ventral 2588 +402 2530338  2545+247 2719+249 14 0.249  0.327 1.0 0.780
Intralaminar 390+ 58 377+53 376 +41 411+40 19 0.136  0.337 0.609 0.196
Right
Whole 6364+905  6102+682 6331+570 6456+502 0.6 0.614 1.0 1.0 1.0
thalamus
Posterior 2142+306  2054+279  2182+225 2138+257 1 0.395 1.0 1.0 1.0
Pulvinar 1746 +258  1685+253  1739+206 1738+240 0.9 0424 1.0 1.0 1.0
Medial 985+139 942+ 155 944 +130 957+113 0.1 0.950 1.0 1.0 1.0
MDm 709+ 101 679+112 680+ 101 698+83 0.1 0960 1.0 1.0 1.0
MDI 256+37 243+43 244429 239+31 0.7 0579 1.0 1.0 1.0
Lateral 124 +24 123+28 124 +27 146+£20 4.1 0.009  0.025 0.042 0.028
Anterior 125+31 128 +34 114+36 127+32 0.8 0479 1.0 1.0 1.0
Ventral 2589+421 2476+326  2573+250 2675+£241 1 0.394 829 1.0 1.0
Intralaminar ~ 392+61 372+35 38642 404+35 1.1 0.369 1.0 0.549 1.0

*From general contrast

**P values of pairwise comparisons derived from general linear models

CS, Cushing’s syndrome; MACS, mild autonomous cortisol secretion; MDm, mediodorsal medial magnocellular; MDI, mediodorsal lateral par-

vocellular

Discussion

The results of this study showed that patients with mild
autonomous cortisol secretion and patients with active Cush-
ing’s syndrome had significantly smaller volumes of the left
whole thalamus, left posterior thalamic nuclei, left medial
thalamic nuclei, and right lateral thalamic nuclei in relation
to control subjects. The absolute volumes of the thalamus
and thalamic subregions were more severely affected in
patients with active Cushing’s syndrome and less severely
affected in patients with Cushing’s syndrome in remission
as compared to patients with mild autonomous cortisol
secretion. Albeit the patients with mild autonomous corti-
sol secretion and patients with active Cushing’s syndrome
performed relatively worse in verbal fluency, the cognitive
functions were comparable between the study groups.

It is acknowledged that overt CS is associated with
reduced thalamic volume. The thalamic changes caused by

overt CS might not be reversible despite treatment [22, 54-
56]. It is therefore important to detect the thalamic detriment
as early as possible. Contrary to overt CS, the effects of
MACS on thalamic volume have been overlooked. Given
the broad range of neurotoxic effects of increased cortisol
[4, 57-59], we speculated that chronic exposure to low-
grade hypercortisolism could also reduce thalamic volume
as overt hypercortisolism. We confirmed our hypothesis.
Understanding the effects of MACS on thalamic volumes
is of value for several reasons. Firstly, it can be inferred that
even a low grade of cortisol excess may be capable of induc-
ing structural thalamic alterations. We can also conclude
that structural thalamic alterations may present even in the
absence of overt signs of hypercortisolism.

A major drawback of the previous studies exploring the
effect of hypercortisolism on the brain was that they have
considered the thalamus as a single anatomical structure
and reported an overall change in thalamic volume [22,
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Fig.4 Thalamic volumes and inter-group comparisons

54-56]. Nonetheless, the thalamus has several anatomi-
cal subregions with each connected with specific basal
ganglia and cortical regions. This structural organization
determines the unique function of each thalamic subregion
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[60-65]. Given this structural and functional thalamic het-
erogeneity, we speculated that more detailed segmentation
of the thalamus might capture more structural alterations.
Our results indicate that MACS might relate to selective
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Fig.5 Illustration of the thalamic nuclei (pulvinar, mediodorsal mous cortisol secretion and in patients with Cushing’s syndrome as
medial magnocellular (MDm), and mediodorsal lateral parvocellular compared to controls
(MD1)) which was significantly smaller in patients with mild autono-

Table 3 Mea.ns. and MACS Active CS CS in remission Controls P
standard deviations of the (n=23) (n=21) (n=27) (n=21)

neuropsychological tests

Psychopathology inventories

BDI 149+8.8 17.5+9.8 124+6.8 13.8+9.7 0.270
BAI 18.3+13.9 185+11.4 12.8+9.7 12.4+9.3 0.119
Cognitive function tests
MoCA 233+29 22.3+4 222438 23.7+3.5 0.419
SRT 52.4+6.6 49.3+8.9 51.2+6.6 52.9+9.8 0.496
SRT DR 9.6+1.8 8.8+23 8.6+2 9.1+23 0.414
SPART 18.5+54 17.6+6.3 17.4+5.1 19.8+54 0.466
SPART DR 6.6+2.3 57+22 6+3 6.4+2.7 0.668
SDMT 452+17 39.7+10 404+14.5 42.7+16.6 0.668
WLG KAS 33+12.1 36.8+14 35.7+15.7 37.6+14.8 0.728

BAI, Beck anxiety inventory; BDI, beck depression inventory; CS, Cushing’s syndrome; MACS, mild
autonomous cortisol secretion; MoCA, Montreal cognitive assessment; SDMT, symbol digit modalities test;
SPART, spatial recall test; SPART DR, spatial recall test delayed recall; SRT, selective reminding test; SRT
DR, selective reminding test delayed recall; WLG, word list generation
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volumetric changes of posterior, medial, and lateral tha-
lamic nuclei in addition to the whole thalamus. In animal
models, the nuclei in the posterior, medial, and lateral
thalamus have been shown to have moderate-to-high den-
sities of GR mRNA-containing cells [66]. The increased
density of the GR in these thalamic subregions might have
rendered these nuclei groups particularly susceptible to
the effects of long-standing subtle hypercortisolism also
in humans.

We have also reported reductions in the volumes of
the left pulvinar, left MDI, and left MDm in patients with
MACS in relation to controls. The pulvinar is one of the
higher-order thalamic nuclei that has extensive connections
with several brain regions and comprises approximately one-
third of the whole thalamus [25, 67-69]. As is true for pulvi-
nar, MD nuclei have diverse connections with other parts of
the brain [70]. The importance of MD and pulvinar nuclei
in cognition is rooted in these connections. The reduced vol-
umes of the left-sided thalamic nuclei might have particular
relevance in cognitive functions. Previously, left thalamic
lesions have been specifically associated with impaired ver-
bal fluency [71]. In the present study, although inter-group
comparisons of cognitive function tests showed no signifi-
cant difference, relatively low absolute scores of WLG KAS
in the MACS group in relation to the control group could be
partly explained by alterations of thalamic nuclei clustered
in the left side. Nevertheless, in the absence of strong evi-
dence, the results of the present study might indicate a dis-
sociation between function and structure of these subcortical
nuclei and is subject to further investigation.

Another unique asset of the current study was that it pro-
vided the first piece of evidence regarding structural abnor-
malities in thalamic subregions in addition to the whole
thalamus in patients with CS. Similar to the patients with
MACS, the results of the volumetric analyses indicated
that patients with active CS also had smaller volumes of
the whole thalamus and the posterior, medial, and lateral
thalamic nuclei than controls. The shared structural abnor-
malities of these thalamic subregions further supported their
particular vulnerability to glucocorticoid excess. Given the
longer disease duration in patients with MACS in compari-
son to patients with active CS in our study sample, another
interpretation might be that exposure to the long duration of
mild hypercortisolism has induced the same thalamic altera-
tions as in the relatively shorter duration of severe hyper-
cortisolism. It is noteworthy to mention that the increased
prevalence of diabetes mellitus and hypertension in patient
groups might have also contributed to structural changes.
Contrary to patients with active CS, the structural altera-
tions of the thalamus and its subregions were less evident
in patients with CS in remission in comparison to patients
with active CS. These findings were in agreement with the
previous reports indicating the partial reversibility of the
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structural brain alterations upon correction of the hypercor-
tisolism [72].

The influence of the degree of cortisol secretion on cog-
nitive functions has been proposed to be a complex phe-
nomenon, mimicking an inverted U-shaped dose—response
curve [73]. According to this hypothesis, mild hypercor-
tisolism corresponds to the central, optimal range of the
curve, causing positive hyperactivity of the central nerv-
ous system [74-78]. This was supported by a previous study
where the authors found a better performance of patients
with MACS in cognition as compared to controls [79]. Con-
trarily, a recent study reported impaired cognitive functions
in patients with MACS [80]. The findings of our study sug-
gested no significant difference in various items of cogni-
tive function between MACS and the control group. Taken
together, it can be argued that data regarding the effects of
MACS on cognition is conflicting. We also did not observe
a significant difference in cognitive functions between
patients with CS and control subjects which was not in line
with the quite extensive previous literature. This may have
several explanations. Although all the questionnaires used
for the assessment of cognitive functioning in the present
study have been validated repeatedly, there is no substitute
for extensive neuropsychological testing which might have
to delineate more subtle changes and therefore provide a
more accurate representation of cognitive functioning. Fur-
thermore, given the trend for lower absolute scores in the
language domain of cognition in patients with active CS
and MACS as compared to control subjects, analyses of a
larger sample size might have yielded a significant differ-
ence between groups. Another alternative explanation could
be that a greater change in the thalamic volume might be
required for the cognitive impairment to become detectable
by the questionnaires used in this study.

The impact of CS on hippocampal volume has been of
special interest due to its high density of GR and impor-
tant roles in cognitive functions [10, 20, 81]. Although a
number of studies demonstrated hippocampal volume loss
in patients with CS, a recent meta-analysis of 18 studies
did not detect any strong evidence of reduced hippocampal
volumes related to CS [10, 12, 20]. This was consistent with
the results of the present study. Contrary to CS, the effect
of MACS on hippocampal volume has never been assessed
before. Our study did not suggest an overall reduction of hip-
pocampal volume in patients with MACS or CS relative to
control subjects. Based on previous reports, it can be specu-
lated that our results concerning the hippocampal volumes
might have been underpowered by the relatively small size
of the control group [82]. Toward this end, the comparable
hippocampus volumes between our study groups should be
cautiously judged.

In the present study, the clear-cut lateralized effect of
hypercortisolism on thalamic volumes was noteworthy. This
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finding was consistent with preliminary evidence, suggesting
an inverse relation of plasma cortisol with left thalamic vol-
ume [83]. One speculation for this observation is that GR and/
or MR may be more densely expressed in the left thalamus in
comparison to the right thalamus. Another possible explana-
tion for the laterality might indeed be related to the unique
features of our patient groups. The studies that suggested
bilateral rather than unilateral thalamic changes included
homogenous patient groups that were purely composed of
patients with CD [22, 84, 85]. However, we included patients
with hypercortisolism, either of pituitary or non-pituitary ori-
gin, which rendered our sample a bit heterogeneous. Volumet-
ric analysis of a homogenous patient group might have yielded
bilateral thalamic changes. It is also important to note that
the patients included in the present study were approximately
10 years older than patients included in other studies which
reported bilateral thalamic changes [22, 84, 85]. Previously,
a regional-specific reduction in GRs in the brain during aging
has been speculated [86]. In other words, the excess corti-
sol may have differential effects on specific regions as the
patient ages. Therefore, left-sided thalamic changes in our
study population may be explained by side-specific reduc-
tion of thalamic GRs related to aging. We also acknowledge
that different functional and/or neurobiological alterations in
thalamic hemispheres in response to cortisol excess might also
play a role in laterality to some extent. But nevertheless, all
of these suggestions are deeply hypothetical and require more
empirical studies to confirm.

The present study has limitations. The small sample size,
which is an unavoidable challenge to rare diseases such as
CS, might have prevented to detect the anticipated changes
in cognitive functions. Furthermore, a longitudinal design
with an observation period of at least one year would have
better identified the progress of the structural alterations
of the brain and evaluated if these alterations translate into
cognitive deficits in time [7, 11]. A larger sample size and
prospective follow-up would also have provided more robust
evidence concerning the laterality difference in thalamic
volume. Exploring the functional brain characteristics with
the help of functional MRI would have shed more light on
the impact of the MACS on the cortex and will be our next
important step.

Conclusion

The knowledge about the structural brain alterations related
to MACS is almost lacking. The present exploratory study
provided the first piece of evidence on the role of MACS
on brain volumes. We revealed that exposure to even a mild
degree of endogenous cortisol secretion could elicit struc-
tural alterations in the whole thalamus. We also showed
that some thalamic nuclei may be more vulnerable to mild

cortisol secretion. MACS-related structural alterations of the
brain should merit further investigation.
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