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ABSTRACT

BACKGROUND AND PURPOSE: Cushing syndrome appears after chronic exposure to elevated glucocorticoid levels. Cortisol excess may
alter white matter microstructure. Our purpose was to study WM changes in patients with Cushing syndrome compared with controls by
using DTI and the influence of hypercortisolism.

MATERIALS AND METHODS: Thirty-five patients with Cushing syndrome and 35 healthy controls, matched for age, education, and sex,
were analyzed through DTI (tract-based spatial statistics) for fractional anisotropy, mean diffusivity, axial diffusivity, and radial diffusivity
(general linear model, family-wise error, and threshold-free cluster enhancement corrections, P < .05). Furthermore, the influence of
hypercortisolism on WM DTI changes was studied by comparing 4 subgroups: 8 patients with Cushing syndrome with active hypercorti-
solism, 7 with Cushing syndrome with medication-remitted cortisol, 20 surgically cured, and 35 controls. Cardiovascular risk factors were
used as covariates. In addition, correlations were analyzed among DTl values, concomitant 24-hour urinary free cortisol levels, and disease
duration.

RESULTS: There were widespread alterations (reduced fractional anisotropy, and increased mean diffusivity, axial diffusivity, and radial
diffusivity values; P < .05) in patients with Cushing syndrome compared with controls, independent of the cardiovascular risk factors
present. Both active and cured Cushing syndrome subgroups showed similar changes compared with controls. Patients with medically
remitted Cushing syndrome also had reduced fractional anisotropy and increased mean diffusivity and radial diffusivity values, compared
with controls. No correlations were found between DTI maps and 24-hour urinary free cortisol levels or with disease duration.

CONCLUSIONS: Diffuse WM alterations in patients with Cushing syndrome suggest underlying loss of WM integrity and demyelination.
Once present, they seem to be independent of concomitant hypercortisolism, persisting after remission/cure.

ABBREVIATIONS: AD = axial diffusivity; CS = Cushing syndrome; FA = fractional anisotropy; MD = mean diffusivity; RD = radial diffusivity; UFC = urinary free

cortisol

C ushing syndrome (CS) is a rare endocrine disease with a prev-
alence of approximately 40 cases per million inhabitants," in
which diagnosis and, therefore, treatment are often delayed for
months or years. It is caused by excessive cortisol exposure due to
an adrenocorticotropin-secreting pituitary adenoma (Cushing
disease), an adrenal adenoma, or an ectopic secretion of adreno-
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corticotropin by tumors in other organs.” It causes a range of
physical and psychological symptoms, including depression and
apathy.” The so-called glucocorticoid cascade hypothesis, based
on animal models, associates the harmful effects of glucocorticoid
excess on the structure, function, and vitality of brain cells.* Ex-
cessive exposure to glucocorticoid leads to changes in plasticity,
reduced neurogenesis, and cell loss in the hippocampus.” Besides,
cortisol induces myelin loss around axons in postnatal rats,® and
more recent evidence indicates that prolonged exposure to ele-
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Demographic and clinical characteristics of healthy controls and patients with active, remitted, and cured CS*

Healthy Patients with ~ Patients with  Patients with

Controls Active CS Remitted CS Cured CS F/X* P Value
Age (yr) 423 *+104 41987 471*10.0 414 +10.0 59 NS
Sex (M/F) 6:29 1.7 1:6 416 03 NS
Years of education 135*34 144 = 3.0 129 =23 134 *31 0.3 NS
24-Hour urinary free cortisol 133 =52 543 * 307 152 =74 122 +75 263 <.001°
Smoking status (nonsmoker/smoker/ex-smoker) 12/12/1 7/1/0 2/4/1 9/5/6 10.4 NS
Disease duration (mo) NA 77.6 =774 44.6 = 219 64.6 = 34.0 0.99 NS
Origin (pituitary/adrenal/ectopic/AIMAH) NA 5/3/0/0 3/2/1/1 17/2/0/0 10.8 NS
Hypertension (no/yes) 35/0 4/4 3/4 13/7 209 <.001°
Hypercholesterolemia (no/yes) 31/4 N1 7/0 17/3 12 NS
Hypertriglyceridemia (no/yes) 29/6 6/2 3/4 /M 10.5 .015¢
Central obesity (no/yes) 25/10 2/6 0/7 9/M 15.6 .001¢
Body mass index® (no/overweight/obesity) 22/1/2 2/5/1 1/3/3 8/9/3 12.6 049°

Note:—NS indicates not significant; AIMAH, ACTH-independent macronodular adrenal hyperplasia.

“Data are expressed as mean * SD.

® Healthy controls vs active CS (<.001); active CS vs remitted CS (<.001); active CS vs cured CS (<.001).
€ Healthy controls vs active CS (<.001); healthy controls vs remitted CS (<.001); healthy controls vs cured CS (<.001).

9 Healthy controls vs remitted CS (.043); healthy controls vs cured CS (.006).
€ Healthy controls vs active CS (.015); healthy controls vs remitted CS (.001).
Healthy controls vs remitted CS (.015).

& Body mass index: normal, =25; overweight, 25-30; obesity, >30.

vated glucocorticoid may alter oligodendrocyte-mediated remy-
elination.”® Thus, cortisol excess most likely alters the micro-
structure of cerebral white matter, targeting the myelinated
axonal tracts in the brains of patients with CS. Moreover, hypercor-
tisolism frequently determines diabetes mellitus, central obesity, and
thrombophilia, which increase cardiovascular disease,” the main
cause of mortality in CS, even after biochemical cure.'® These comor-
bidities may also affect cerebral WM microstructure in CS.""

A few imaging studies have investigated brain structures in
patients with CS.'*'? Starkman et al,'* using MR imaging, found
a relationship among hippocampal volume reduction, memory
dysfunction, and elevated cortisol levels in CS. More recent stud-
ies, including CT and MR imaging, have described loss of brain
volume in CS.'> With MR imaging and automated volumetry,
hippocampal volume reductions were found in patients with CS
with severe memory deficits.'® A more recent study investigated
WM with DTT in patients in long-term remission of Cushing dis-
ease and observed widespread abnormalities. The authors also
observed a loss of integrity of the uncinate fasciculus, which was
related to the severity of depression.'” They concluded that struc-
tural changes in WM integrity in the brain persisted after hyper-
cortisolism cure'”; but patients with active disease were not in-
cluded, and cardiovascular risk factors were not reported.

DTI is an MR imaging technique that allows noninvasive, in
vivo study of the brain by assessing the motion of water molecules
along and across neural axons.'®'® Different DTI maps show the
WM architecture®® and can depict microstructural WM abnormali-
ties. Fractional anisotropy (FA) reflects WM integrity, while increases
in mean diffusivity (MD) may be caused by demyelination or
edema.®' Decreases in axial diffusivity (AD) indicate axonal loss,*
while increased radial diffusivity (RD) is related to demyelination.*'

The aim of this study was to investigate cerebral WM micro-
structure in patients with CS compared with healthy controls by
using DTI. It was hypothesized that WM integrity in the brain of
patients with CS was altered, reflecting microstructural changes,
and that these alterations persisted after remission or cure of
hypercortisolism.
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A first DTI analysis was performed comparing patients with
CS with healthy controls, followed by a second analysis in which
patients were separated into active CS, remitted CS, and cured CS.
Comorbidities known to increase cardiovascular risk were inves-
tigated as covariates. Correlations of WM changes with 24-hour
urinary free cortisol (UFC) values and the duration of hypercor-
tisolism were also investigated.

MATERIALS AND METHODS
Participants
Thirty-five patients with CS and 35 healthy control volunteers
matched for sex, age (£3 years), and years of education (£3
years) were included. Eight patients had active hypercortisolism, 7
had remitted hypercortisolism on medical therapy, and 20 were
cured after surgery (Table). Remission of hypercortisolism was
considered when patients achieved adrenal insufficiency or
morning cortisol suppression (<50 nmol/L, <1.8/ug/dL) after 1
mg dexamethasone overnight and had repeatedly normal 24-hour
UFC levels (<280 nmol/24 hours). Disease duration, 24-hour
UFC levels, and clinical variables related to cardiovascular risk
(smoking, hypertension, dyslipidemia, central obesity, and in-
creased body mass index) were collected (Table). Disease dura-
tion was defined by the endocrinologist in charge as the time from
symptom onset until remission of hypercortisolism after treatment.
At diagnosis, duration of hypercortisolism was estimated by personal
interview and detailed review of medical records and photographs of
patients. All information was written or kept in clinical records, to-
gether with biochemical data. Patients with diabetes mellitus were
excluded because it is known to affect WM.>

All subjects were right-handed and signed an informed consent
after approval of the study by the ethics committee of the hospital. No
subject had brain injury or clinical cerebrovascular disease.

Image Processing

DTI processing was performed at the computing of Port
d’Informaci6 Cientifica in Barcelona through a designed, portal-
based platform, including fMRI of the Brain Software Library



(FSL; Version 4.1.4; http://www.fmrib.ox.ac.uk/fsl).** Images
were first corrected for head motion and eddy currents by an
affine registration. The first 3D volume was extracted as the image
reference by using the Brain Extraction Tool (http://fsl.fmrib.ox.
ac.uk/fsl/fslwiki/BET).>® Voxelwise images of FA, MD, AD, and
RD maps were generated by using the fMRI of the Brain Diffusion
Toolbox (http://www.fmrib.ox.ac.uk/fsl/fdt/index.html) by fit-
ting diffusion tensors at each voxel. Next, the tract-based spatial
statistics package (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS)>*
was applied for a voxelwise statistical analysis. First, the fMRI of
the Brain Linear Image Registration Tool (FLIRT; http://www.
fmrib.ox.ac.uk/) was used to align all FA images into a standard
space (fMRI of the Brain 58-FA). Then, a mean skeleton of all FA
images was built by selecting the main WM tracts, thinned with a
0.2 threshold value (excluding all FA voxels of <0.2) to increase
consistency. MD, AD, and RD maps followed the same Tract-
Based Spatial Statistics procedure of nonlinear warps and skeleton
projection to obtain estimated vectors for each.

MR imaging acquisition and statistical analysis are detailed in
the On-line Appendix.

RESULTS
Analysis 1: Comparison between Patients
with CS and Controls

Demographic and Clinical Variables. Because of the matched
study design, no differences in age, sex, or years of education
between patients with CS and controls were present. Differences
were found for comorbidities: hypertension (0 controls/15 pa-
tients with CS; P < .001), hypertriglyceridemia (6 controls/17
patients with CS; P = .004), central obesity (10 controls/24 pa-
tients with CS; P < .001), and body mass index (22, healthy, <25;
11 overweight, between 25 and 30; and 2 obese, >30 controls
versus 11 healthy, 17 overweight, and 7 obese patients with CS;
P = .019). To correct for these differences, we included these
comorbidities as covariates in the DTI analysis. No differences in
smoking (12 nonsmokers, 12 smokers, and 11 ex-smokers among
controls versus 18 nonsmokers, 10 smokers, and 7 ex-smokers in
patients with CS) or in the prevalence of hypercholesterolemia (4
healthy controls versus 4 patients with CS) were observed between
groups.

DTI Analysis

The Figure shows widespread FA decreases (A) and MD (B), AD
(C), and RD (D) increases in all patients with CS compared with
controls (P < .05). No differences were found in the reverse com-
parisons (ie, controls had neither lower FAs nor higher MD, AD,
or RDs than patients with CS).

Analysis 2: Comparison between Patients with Active,
Remitted, and Cured CS and Controls

Demographic and Clinical Characteristics. No differences were
found in age, sex, or years of education between controls and any
of the CS subgroups. Twenty-four-hour UFC levels in patients
with active CS were higher than in those in the other 3 groups. The
prevalence of hypertension, hypertriglyceridemia, central obesity,
and increased body mass index differed among groups, so they

were analyzed as covariates in DTI analysis (Table). Smoking and
hypercholesterolemia did not differ among groups. No differ-
ences in disease duration or etiology among the CS groups were
found.

DTI Analysis

On-line Fig 1 shows voxels/regions having decreased FA (A) and
increased MD (B), AD (C), and RD (D) values in patients with
active CS compared with controls (P < .05). No differences were
found in the reverse contrasts (ie, controls had neither lower FA
nor higher MD, AD, or RD values than patients with active CS).

On-line Fig 2 shows voxels/regions having decreased FA (A)
and increased MD (B) and RD (C) values (P < .05) in patients
with remitted CS compared with controls. No differences were
found in the reverse contrasts (ie, controls had neither lower FA
nor higher MD or RD values than patients with active CS). No
differences in AD values among groups were seen.

On-line Fig 3 shows voxels/regions having decreased FA (A)
and higher MD (B), AD (C), and RD (D) values (P < .05) in
patients with cured CS compared with controls. No differences
were found in the reverse contrasts (ie, controls had neither lower
FA nor higher MD, AD, or RD values than patients with cured
CS).

No differences were found in any DTI maps/values (FA, MD,
AD, or RD) among the 3 subgroups of patients with CS (active,
remitted, and cured).

Correlation Analysis
No correlations were found for any DTI maps (FA, MD, AD, and

RD) with the 24-hour UFC levels of healthy controls (n = 28) or
patients with CS (n = 34) or with disease duration in patients with
CS.

DISCUSSION

This study demonstrates widespread WM alterations on DTI in
the brains of patients with CS compared with healthy controls,
which persist after controlling for cardiovascular risk factors (hy-
pertension, dyslipidemia, and obesity). The pattern of WM in-
volvement, with decreased FA and increased MD, AD, and RD,
suggests an underlying loss of WM integrity and predominant
demyelination. The subgroup analysis demonstrates this same
pattern of WM involvement in patients with active, remitted, and
cured CS, without any correlation among DTI values, concomi-
tant 24-hour UFC levels, or disease duration. These results imply
that WM damage does not depend on current hypercortisolism
because it persists after remission/cure of CS. These findings sup-
port the recent concept that once WM damage has occurred after
early exposure to hypercortisolism, it is not completely reversible,
despite successful treatment with surgery or medical therapy. It
adds to the growing body of evidence that residual morbidity
persists after endocrine control of CS."”

Although most DTT studies refer to FA values, the other DTI
maps/parameters provide additional information on WM micro-
structure that expands the understanding of WM integrity. Re-
duced FA values indicate loss of fiber coherence and therefore of
WM integrity. An increase in overall water diffusion in all direc-
tions (MD) may reflect demyelination*” or edema®'; more specif-
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FIGURE. Differences (P < .05) in DTl maps among all patients with CS and controls by using
hypertension, hypertriglyceridemia, central obesity, and body mass index as covariates.

ically, radial diffusivity measures diffusion perpendicular to the
tract and relates to myelin sheath integrity,”® so it is increased in
demyelination.>"** The overall local magnitude of diffusion par-
allel to the tract (axial diffusivity) provides information on axonal
integrity, so reduced AD values indicate axonal loss.>* Neverthe-
less, any microstructural features of WM inferred from DTT maps
are indirect measures of the real biologic structure and should be
interpreted with caution.’*!

Our study demonstrates widespread WM damage throughout
the brains of patients with CS, with reduced FA and increased
diffusivities, including RD, which persist after controlling for car-
diovascular risk factors and clinical variables that may also alter
WM (including hypertension, dyslipidemia, and obesity). These
microstructural changes in the WM of patients with CS reflect loss
of integrity mainly due to demyelination but not to axonal loss.
Our results are similar to those obtained in a recent DTI study of
22 patients with CS in long-term remission (11 years) after sur-
gery, by using a similar DTI methodology.'” These authors re-
ported findings similar to ours, with patients with CS having
widespread reduced FA values in WM, including the corpus cal-
losum, bilateral cingulate gyrus, and bilateral uncinate fasciculus.
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They also found increased RD values,
similar to our results, indicating pre-
dominant underlying demyelination in
altered WM tracts. The observed in-
creases in RD should, nevertheless, be
interpreted with caution, especially in
regions containing white matter tract
crossings, as has been previously re-
ported.” Our results expand the find-
ings not only to patients in long-term
remission but also in those with active
hypercortisolism and those with remit-
ted CS on medical therapy. Further-
more, risk factors,
which may also damage the brain WM,

cardiovascular

were controlled for in our study. Evi-
dence indicates that glucocorticoid may
contribute to brain aging” and produce
WM changes on DTI? similar to those
found in CS. The pattern of WM in-
volvement in aging has been termed
“chronic WM degeneration” and in-
cludes increased extracellular volume
(edema) and lower membrane attenua-
tion as a consequence of myelin loss,
smaller axonal ratio volume, higher ax-
onal interspace, and reductions in extra-
cellular tortuosity.’® These microstruc-
tural WM changes are similar to the DTI
changes observed in patients with CS in
our study.

Some studies have reported a certain
degree of reversibility of brain®* and
hippocampal volume loss™ after hyper-
cortisolism correction. However, meta-
bolic abnormalities in the hippocampi
of patients with cured CS, namely per-
sistent neuronal dysfunction/loss and glial proliferation, have re-
cently been observed,”® which agree with the DTI alterations we
have now observed in patients with remitted and cured CS. Most
interesting, it has been suggested that chronic exposure to gluco-
corticoid in the central nervous system could cause inflamma-
tion,”” which may trigger WM microstructure damage in patients
with CS, as found in the present study. Moreover, high cortisol
levels are known to increase the prevalence of cardiovascular risk
factors™'! such as hypertension, dyslipidemia, and obesity, which
could also affect WM microstructure. Therefore, we corrected for
these cardiovascular risk factors, which differed among groups of
patients with CS; but WM damage was observed independent of
the existence or absence of these comorbidities. We excluded pa-
tients and controls with diabetes, another disease known to dam-
age brain WM. Our results lead us to hypothesize that exposure to
hypercortisolism plays the major role, possibly mediated by in-
flammation,?” and is responsible for the persistence of WM dam-
age in remitted/cured patients with CS.”®

Our study has some limitations: first, the small sample of sub-
jects included, which is difficult to overcome in a rare endocrine



disease like CS. Compared with controls, patients with remitted
CS showed decreased FA and increased MD and RD only, with no
changes in AD, these results being different from those observed
in patients with active and cured CS; this lack of change in AD may
be due to the small sample size. Second, the DTT study, although
methodologically robust, is cross-sectional and includes patients
with CS in different stages of the disease (active, remitted, and
cured). To clearly define the influence of hypercortisolism on
WM alterations, larger longitudinal studies are desirable. Finally,
our study did not address the functional significance of WM al-
terations and whether they relate to psychology.

CONCLUSIONS

WM damage on DTI in the brains of patients with CS suggests
widespread integrity loss and predominant demyelination. These
alterations seem to be independent of concomitant hypercortiso-
lism and the presence or absence of other cardiovascular risk fac-
tors like hypertension, dyslipidemia, and obesity, and they persist
despite remission/cure. When they occur and the mechanisms
and the potential modifiers involved remain unclear.
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