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Supplement 2. Structural or diffusion MRI studies in patients with Cushing disease or exogenous glucocorticoid use
Cohort

Imaging modality

Findings

Cushing
Andela 2013
[1]

25 CD patients with long-term
remission, 25 healthy controls

Volumetric MRI

Bauduin 2020
[2]

25 CD patients with long-term
remission, 25 healthy controls

Volumetric MRI

Bourdeau
2002 [3]

38 patients with active CS (21 with CD
17 with adrenal CS), 18 patients with
other non-ACTH-secreting sellar
tumors, 20 normal controls
19 patients with active untreated CD,
40 healthy controls
101 patients with active untreated CD,
and 95 patients with NFA (controls)

Volumetric MRI

Crespo 2014
[6]

35 patients with CS (27 cured, 8
medically treated), 35 controls

Volumetric MRI

Hou [7]

50 patients with active CD, 36 healthy
controls

Volumetric MRI

Jiang 2017 [8]

34 patients with CD (14 with shortterm remission, 20 with active CD), 34
controls
15 patients with active CD, 15 healthy
controls

Volumetric MRI

Patients had reduced GMV in ACC and increased GMV in left posterior lobe of
cerebellum. Patients reported more psychological and cognitive symptoms than
controls, but these were not associated with GMV changes.
Patients had reduced cortical thickness in left caudal ACC, right rostral ACC, left
cuneus, left PCC, and bilateral precuneus. Cortical thickness in left caudal ACC and
left cuneus were inversely associated with anxiety, depressive symptoms, and
disease duration.
Overall loss of brain volume and increased ventricle diameters in CS patients. Reimaging in 22 CS patients at 40 months after correction of hypercortisolism
showed a decrease in ventricle diameters and increase in brain volume compared
to active disease.
CD patients had reduced GMV in hippocampus and cerebellum compared to
controls.
CD patients had more cortical and subcortical atrophy, more white matter
hyperintensities, and decreased hippocampal height. Follow-up of 14 CD patients
showed partial reversion of brain atrophy and white matter hyperintensities after
correction of hypercortisolism.
No differences were found between cured and treated CS patients. Patients had
decreased cortical thickness in the left superior frontal cortex, precentral cortex,
left insular cortex, left and right rostral ACC, and right caudal middle frontal
cortex compared to controls. Patients also had altered decision-making
strategies.
Patients had reductions in total GMV and frontal, parietal, occipital, and temporal
lobes; insula; cingulate lobe; and enlargement of lateral and third ventricles. All
affected brain regions improved significantly after TSS. No differences in volume
of hippocampus or amygdala.
Remitted CD patients had greater GMV in bilateral caudate; no differences in
GMV of MFG or cerebellum compared to controls. Active CD patients had smaller
GMV in MFG and cerebellum compared to controls and remitted patients.
White matter: increased MD in the splenium of the corpus callosum, bilateral
frontal lobe, and left temporal lobe. AD was mainly increased in the bilateral

Burkhardt
2015 [4]
Chen 2020 [5]

Jiang 2017 [9]

Volumetric MRI
Volumetric MRI

DKI
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Merke 2005
[10]

11 pediatric patients with active CS, 10
healthy controls

Volumetric MRI

Momose 1971
[11]

31 patients with active CD, 64 patients
with acromegaly, 36 patients with
chromophobe adenoma

Pneumoencephalography

Pires 2015
[12]

35 patients with CS (8 active
hypercortisolism, 7 medicationremitted cortisol, 20 surgically cured),
35 healthy controls
35 patients with CS (8 active
hypercortisolism, 7 medicationremitted cortisol, 20 surgically cured),
35 healthy controls

DTI

Resmini 2012
[14]

33 patients with CS (11 active, 22
cured), 34 controls

Volumetric MRI

Santos 2014
[15]

36 patients with CS (15 active, 21 in
remission), 36 controls

Volumetric MRI

Santos 2015
[16]

38 patients with CS (15 active, 23 in
remission), 38 controls

Volumetric MRI

Pires 2017
[13]

DTI
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frontal lobe, and RD mainly in the left temporal lobe. FA was mainly decreased in
the splenium of the corpus callosum and the left temporal lobe.
Gray matter: increased MD, RD, and AD in the left
hippocampus/parahippocampal gyrus and the left temporal lobe, increased radial
kurtosis in the right cerebellar hemisphere, decreased axial kurtosis in the left
frontal lobe and decreased mean kurtosis in left cerebellar hemisphere.
CD patients had smaller cerebral volumes, larger ventricles, and a smaller
amygdala. One year after surgical cure, cerebral atrophy was reversed, but
children showed a decline in IQ and school performance.
Cerebral cortical atrophy was present in 90% and cerebellar cortical atrophy in
74% of patients with CD. In controls with acromegaly, this was 30% and 3%,
respectively. In controls with a chromophobe adenoma, this was 58% and 20%,
respectively.
Patients had widespread alteration in white matter integrity (increased FA,
decreased MD, RD, AD) compared to controls. Both active and cured CS patients
showed increased FA, and decreased MD, RD, and AD; medically treated CS
patients did not have significantly different AD values.
All patient groups had more depression and anxiety than controls. Depression
scores correlated negatively to FA (in right corticospinal tract (CST), forceps
major, forceps minor, left inferior fronto-occipital fasciculus (IFOF) (frontal part),
right IFOF, right inferior longitudinal fasciculus (ILF), left superior longitudinal
fasciculus (SLF) (anterior part) and right SLF), and positively to RD values (in
frontal regions of the forceps minor and frontal areas of bilateral IFOFs). Although
processing speed did not differ between groups, Symbol Digit Modalities Test
scores correlated positively to both FA and AD values.
Patients had reduced total and cortical brain gray matter volumes compared with
controls. Subcortical gray matter (which includes hippocampal volume) was
reduced only in 12 patients with severe memory impairment. No differences in
hippocampal volume were reported between patients with active or cured CS.
Patients with active CS had smaller cerebellar cortex volumes, and patients with
remitted CS showed a similar trend. Cerebellar white matter volume showed no
differences.
Patients in remission had more white matter lesions than controls and active
patients. Both CS groups had reduced total brain volume and GMV. No
differences were found in white matter volume.
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Santos 2017
[17]

39 patients with CS (16 active, 23 in
remission), 39 healthy controls

Volumetric MRI

Simmons 2000
[18]

63 patients with CD (all after surgical
treatment), 63 controls with sellar
pathology other than ACTH-secreting
tumors
12 patients with CS

Volumetric MRI

Starkman
1999 [20]
Starkman
2003 [21]

22 patients with active CD

Volumetric MRI

24 patients with active CD

Volumetric MRI

Tirosh 2020
[22]

29 patients with CS (8 active, 21
recovering), 8 controls

Volumetric MRI

Toffanin 2011
[23]
Van der Werff
2014 [24]

10 patients with active CD

Volumetric MRI

22 patients with long-term remission
of CD, 22 healthy controls

DTI

Starkman
1992 [19]

Volumetric MRI
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Active CS patients had smaller right amygdala volumes. Left amygdala volume
was associated with depression and anxiety scores. No differences were found
between patients in remission and controls.
CD patients had higher degrees of cerebral atrophy than controls.

For 27% of patients, hippocampal volume fell outside the 95% confidence interval
of the population. Plasma cortisol was negatively correlated with hippocampal
volume.
Sixteen months after TSS, hippocampus volume increased up to 10%, and a
smaller increase was observed in caudate volume.
Sixteen months after TSS, all patients showed an increase in hippocampal volume
(which was significantly correlated with lower cortisol levels, and with one
neuropsychological test), and 18 patients had an increase in caudate head
volume.
Patients with persistent disease had increased white matter volume and
decreased cortex thickness and white matter intensity compared with patients
achieving remission of CS, mainly in frontal and parietal lobes (but not FDRcorrected). Compared to healthy controls, patients recovering from CS had a
decrease in subcortical GM volume, an increase in cortical thickness, and a
decrease in white matter volume in multiple sites (including accumbens).
In all patients together, 24h UFC correlated negatively with intensity in caudate,
hippocampus, accumbens, and corpus callosum; correlated negatively with white
matter intensity in frontal and parietal lobes; and positively with lateral ventricles
volumes. Changes in 24h UFC correlated negatively with change in total brain
volume, supratentorium, cerebellar cortex, and putamen.
After TSS, the volume of the hippocampal head increased significantly, but no
change in hippocampal body or tail, nor in whole brain volume was observed.
Patients had widespread FA reductions in whole brain analysis. ROI analysis
revealed reduced FA in the bilateral cingulate cingulum, bilateral uncinate
fasciculus and corpus callosum. No significant differences were found in tracts in
the inferior parts of the brainstem, the white matter in the bilateral cerebellum,
the bilateral hippocampal cingulum, the left inferior fronto-occipital fasciculus,
and parts of the bilateral superior longitudinal fasciculus. Patients also had
increased radial and mean diffusivity, but no difference in axial diffusivity.
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Exogenous GC
Bentson 1978
[25]
Brown 2004
[26]
Brown 2015
[27]

Brown 2019
[28]

Brown 2008
[29]
Desai 2009
[30]

Nguyn 2019
[31]
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15 long-term GC users

CT

17 chronic (>6 months) GC
(prednisone) users, 15 controls
17 healthy adults who received
hydrocortisone (160 mg/day)/placebo,
phenytoin/placebo,
hydrocortisone/phenytoin, or
placebo/placebo, in a randomized,
blinded, cross-over trial with 21-day
washout between conditions.
46 chronic GC users, randomized to
memantine or placebo in blinded,
cross-over trial (two 24-week
treatment periods, separated by fourweek washout)
15 chronic (>6 months) GC
(prednisone) users, 13 controls
28 chronic (>6 months) GC
(prednisone) users, randomized to 24
weeks of lamotrigine (n = 16) or
placebo (n = 12) in blinded trial
81 chronic (>6 months) GC
(prednisone) users

Volumetric MRI, PMRS
Volumetric MRI

Volumetric MRI

Volumetric MRI
Volumetric MRI

Volumetric MRI
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Patients showed varying degrees of apparent cerebral atrophy. Some correlation
between dosage and degree of atrophy appeared to be present.
GC users had smaller hippocampal volume, lower N-acetyl aspartate ratios, more
mood symptoms and poorer cognitive function.
Hydrocortisone use was not associated with difference in total brain volume but
was associated with a 1.69% reduction in total hippocampal volume compared to
placebo. Phenytoin blocked this hippocampal volume reduction by
hydrocortisone.

Hippocampal volume decreased significantly from baseline to week 52 and from
week 24 to week 52, without significant difference between baseline and week
24. Following 24 weeks of memantine, left dentate gyrus/CA3 volume was
significantly larger than after placebo; a similar trend was observed in the right
CA1. Subiculum showed no significant differences.
GC users had significantly smaller amygdala volumes compared to controls.
Duration of GC therapy correlated negatively with right amygdala volume.
After 24 weeks, amygdala volume was reduced in both groups, but right
amygdala volume was significantly less reduced in the lamotrigine group than in
the placebo group.
Cumulative GC exposure negatively associated with the volumes of the left and
right hippocampal dentate gyrus/CA3; no associations were found for entorhinal,
perirhinal, or parahippocampal gyri, subiculum, or CA1.

AD, axial diffusivity, ACC, anterior cingulate cortex; CD, Cushing disease; CS, Cushing syndrome; CT, computed tomography; FA, fractional anisotropy; DKI,
diffusional kurtosis imaging; DMN, default mode network; GC, glucocorticoids; GMV, grey matter volume; MD, mean diffusivity; MFG, medial frontal gyrus;
NFA, non-functioning pituitary adenoma; PCC, posterior cingulate cortex; PMRS, proton magnetic resonance spectroscopy; RD, radial diffusivity; RSFC,
resting-state functional connectivity; TSS, transsphenoidal surgery; 24h UFC, 24-hour urinary free cortisol.
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