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OBJECTIVE Cushing’s disease (CD) involves brain impairments caused by excessive cortisol. Whether these impair-
ments are reversible in remitted CD after surgery has long been controversial due to a lack of high-quality longitudinal 
studies. In this study the authors aimed to assess the reversibility of whole-brain changes in remitted CD after trans-
sphenoidal surgery (TSS), and its correlations with clinical and hormonal parameters, in the largest longitudinal study 
cohort to date for CD patient brain analysis.
METHODS Fifty patients with pathologically diagnosed CD and 36 matched healthy controls (HCs) were enrolled in a 
tertiary comprehensive hospital and national pituitary disease registry center in China. 3-T MRI studies were analyzed 
using an artificial intelligence–assisted web-based autosegmentation tool to quantify 3D brain volumes. Clinical param-
eters as well as levels of serum cortisol, adrenocorticotrophic hormone (ACTH), and 24-hour urinary free cortisol were 
collected for the correlation analysis. All CD patients underwent TSS and 46 patients achieved remission. All clinical, 
hormonal, and MRI parameters were reevaluated at the 3-month follow-up after surgery.  
RESULTS Widespread brain volume loss was observed in active CD patients compared with HCs, including total gray 
matter (p = 0.003, with false discovery rate [FDR] correction) and the frontal, parietal, occipital, and temporal lobes; 
insula; cingulate lobe; and enlargement of lateral and third ventricles (p < 0.05, corrected with FDR). All affected brain 
regions improved significantly after TSS (p < 0.05, corrected with FDR). In patients with remitted CD, total gray matter 
and most brain regions (except the frontal and temporal lobes) showed full recovery of volume, with volumes that did not 
differ from those of HCs (p > 0.05, corrected with FDR). ACTH and serum cortisol changes were negatively correlated 
with brain volume changes during recovery (p < 0.05).
CONCLUSIONS This study demonstrates the rapid reversal of total gray matter loss in remitted CD. The combination of 
full recovery areas and partial recovery areas after TSS is consistent with the incomplete recovery of memory and cogni-
tive function observed in CD patients in clinical practice. Correlation analyses suggest that ACTH and serum cortisol 
levels are reliable serum biomarkers of brain recovery for clinical use after surgery.
https://thejns.org/doi/abs/10.3171/2019.10.JNS191400
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Cushing’s disease (CD), caused by adrenocortico-
trophic hormone (ACTH)–secreting pituitary ad-
enoma, is the most common cause of endogenous 

Cushing’s syndrome (CS), which is characterized by ele-
vated serum cortisol.19,22 In addition to the typical physical 
manifestations of central obesity and rounded face, CD 
causes cognitive impairment and memory deficits thought 
to be related to changes in brain structures rich in gluco-
corticoid (GC) receptors.9,23,34

Transsphenoidal surgery (TSS), the first-line treatment 
for CD, yields remission rates of 60%–90%.4,10 Although 
impaired memory and cognitive functions generally im-
prove significantly after surgery, many patients do not ful-
ly recover.28,38 Whether the effects of elevated cortisol on 
the brain in CD patients are “reversible” remains contro-
versial even after meta-analysis.3 There are multiple rea-
sons for this controversy, including the limited number of 
studies and their rather small sample sizes,3 predominant 
use of  cross-sectional study designs,3 inclusion of study 
patients with heterogeneous origins of CS,28 and use of 
low-field MRI (1.0 T or 1.5 T) with relatively low resolu-
tion.5,12,15,21,35–37,39 Furthermore, most previous studies did 
not exclude patients treated with radiotherapy prior to sur-
gery, raising the possibility that observed brain changes 
could have been caused by radiotherapy.32 In addition, the 
8 studies that reported long-term reversibility of the nega-
tive effects of elevated cortisol over 1 year of follow-up did 
not assess short-term brain changes.5,12,15,21,35–37,39

To address these limitations in previously reported 
studies, we enrolled 50 CD patients who had no previous 
medical or radiological therapy and 36 healthy controls 
(HCs), thereby creating the largest longitudinal cohort to 
date for the study of brain structural changes associated 
with CD. With the help of high-resolution 3-T MRI and 
an artificial intelligence–assisted web-based autosegmen-
tation and quantification tool, we were able to quantify the 
3D structural changes in the brain with high anatomical 
validity. To the best of our knowledge, this study is the first 
longitudinal study to evaluate whole-brain changes in CD 
patients during short-term remission. To better understand 
the correlation between clinical parameters and the revers-
ibility of brain structure changes, we also correlated these 
brain changes with age, sex, duration of disease, years of 
education, and levels of serum cortisol, adrenocorticotro-
phic hormone (ACTH), and 24-hour urinary free cortisol 
(24hUFC).

Methods
Subjects

Fifty right-handed CD patients undergoing surgery at 
the Department of Neurosurgery, Peking Union Medical 
College Hospital, between January 2015 and April 2016 
were enrolled. Thirty-six right-handed HCs were recruit-
ed who had no history of GC treatment and were matched 
with the study patients for age, sex, and years of educa-
tion. The exclusion criteria included history of previous 
radiotherapy, drug or alcohol abuse, brain trauma, pres-
ent or past neurological diseases, and contraindications 
to MRI. The diagnosis of CD was achieved by a combi-
nation of dynamic gadolinium-enhanced MRI of the pi-

tuitary gland, low-dose dexamethasone suppression test, 
high-dose dexamethasone suppression test, inferior petro-
sal sinus sampling, and postsurgical pathology. Detailed 
preoperative assessments of diagnostic criteria have been 
reported previously.10,18

This study was approved by the Institutional Review 
Board of Peking Union Medical College Hospital. All pa-
tients provided written informed consent.

Clinical Treatment and Follow-Up
All 50 CD patients were treated with TSS, and a final 

pathological diagnosis was obtained. Clinical data, in-
cluding age, sex, duration of disease, and years of educa-
tion, were collected. Duration of disease was defined as 
the time from first symptom onset until remission after 
surgery.28 Serum cortisol, ACTH, and 24hUFC were mea-
sured by direct chemiluminescence immunoassays (Sie-
mens Healthcare Diagnostics Inc.). Remission was defined 
as serum cortisol decreasing to < 5 μg/dl within 7 days of 
surgery, in line with the latest Endocrine Society clinical 
practice guideline.23 All CD patients in remission were put 
on steroid replacement therapy.10

At the 3-month follow-up after surgery, MRI was 
performed with the same scanning parameters as those 
used preoperatively, and the serum cortisol, ACTH, and 
24hUFC levels were measured. Recurrence was defined as 
an increase in serum cortisol or 24hUFC above the upper 
limit of normal in patients who had been in remission.10 
In all, 46 of the 50 patients (92.0%) achieved immedi-
ate remission after surgery and had no recurrence at the 
3-month follow-up. As for the remaining 4 patients who 
did not gain immediate remission, 1 patient underwent a 
second TSS to remove the residual tumor, 1 patient un-
derwent radiotherapy, and at the time of this report 2 pa-
tients were undergoing close follow-up, despite negative 
MRI findings showing no clear tumor residue, because of 
continued  elevated serum cortisol levels at the 3-month 
follow-up.

MRI Studies
All participants, including 50 CD patients, both before 

and after TSS, and 36 HCs underwent brain MRI stud-
ies on the same 3-T MR scanner (Discovery MR750; 
GE) using an 8-channel head-phased array coil. The 3D 
structural imaging was performed with BRAVO, an op-
timized 3D fast spoiled gradient-echo sequence (1 × 1 
mm isotropic, preparation time 400 msec, flip angle 12°, 
bandwidth 27.78 Hz). All acquisitions were performed by 
the same technologist. All images were reviewed before 
postprocessing to exclude those with poor image quality. 
For intracranial lesions, if a major abnormality such as a 
hemorrhage, infarct, or cyst was revealed, the subject was 
excluded from the study.

Image postprocessing was performed with AccuBrain® 
(BrainNow Medical Technology Limited), an artificial 
intelligence–assisted web-based brain quantification tool 
that automatically segments and quantifies brain struc-
tures and tissues with good clinical validity.1,41,43 Given the 
MRI data, 3 major brain tissues (white matter, gray mat-
ter, and CSF), 12 brain lobes (the left and right frontal, 
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parietal, occipital, and temporal lobes; the left and right 
insula; and the left and right cingulate lobes) and other 
brain structures (the hippocampus, amygdala, lateral ven-
tricle, and third ventricle) were segmented and parcellated 
automatically using the atlas-based segmentation method. 
The atlas pool, which is embedded in the AccuBrain brain 
quantification tool, consists of a large number of varied 
brain templates together with the prior anatomical knowl-
edge specified by experienced radiologists. The anatomi-
cal information from the atlas pool was automatically 
transformed into the individual MRI subject space via an 
advanced registration process, which serves as the seg-
mentation result of the MRI subject. Based on the segmen-
tation result, the absolute volume (in milliliters) of each 
brain metric (including brain structure, lobe, and tissue) 
was calculated and reported as in Fig. 1.

Statistical Analyses
Data analyses were performed using the statistical 

package SPSS, version 17 (IBM Corporation). Categori-
cal variables (including sex and cure rate) are presented 
as a number (percentage). Quantitative data are presented 
as the mean ± standard deviation for normally distributed 
variables (including age, years of education, BMI, and 
brain volume) or as the median (IQR) for nonnormally 
distributed variables (including duration of disease and 
levels of serum cortisol, ACTH, and 24hUFC). Compari-
sons of categorical variables were performed using chi-
square tests. Comparisons of normally distributed numer-
ical variables were performed using independent Student 
t-tests (including the comparisons between active CD 
patients and HCs and between remitted CD patients and 
HCs). A paired-samples t-test (for normally distributed 
variables) or Wilcoxon paired rank test (for nonnormally 
distributed variables) was used for comparisons between 
active CD and remitted CD patients. Here, false discovery 

rate (FDR) corrections were performed for the group com-
parisons (independent Student t-tests and paired-sample 
t-tests) regarding the volumes of multiple brain regions 
considered in the analyses. Spearman correlations were 
calculated between brain volume changes and clinical 
continuous parameters, including age, duration of disease, 
years of education, and levels of serum cortisol, ACTH, 
and 24hUFC. Point-biserial correlations were used be-
tween brain volume changes and clinical dichotomous 
variables, such as sex. Since the preoperative brain vol-
umes and hormone levels varied substantially among indi-
vidual patients, simply using the absolute volume change 
pre- and postsurgery would not be sufficient. Therefore, 
the postsurgery volume change percentage relative to the 
presurgery value was used in the correlation analysis, as 
described in Starkman et al.35 Differences were consid-
ered significant at p values < 0.05.

Results
Demographic and Clinical Data

The active and remitted CD patient and HC groups did 
not differ with respect to age, sex, or years of education 
(Table 1). As expected, levels of serum cortisol, ACTH, 
and 24hUFC were decreased significantly in remitted CD 
patients compared with those in preoperative active CD 
patients (p < 0.001).

Brain Volume Comparison of the 3 Groups: Active CD, 
Remitted CD, and HC

Table 2 shows the volumes of total gray matter, white 
matter, and brain anatomical structures (including the 
frontal, parietal, occipital, and temporal lobes, insula, cin-
gulate lobe, hippocampus, amygdala, lateral ventricle, and 
third ventricle). Comparisons in each region were made 
between the 3 groups of study participants. Typical MRI 

FIG. 1. Illustrations of 3D reconstructions of brain mapping and autosegmentation of different brain lobes produced by using Ac-
cuBrain® automated brain segmentation and quantification software. Figure is available in color online only.

Unauthenticated | Downloaded 05/23/23 11:05 PM UTC



Hou et al.

J Neurosurg January 3, 20204

TABLE 1. Demographic and clinical characteristics of the CD patients and HCs

Active CD (n = 50) Remitted CD (n = 46) HC (n = 36) p Value

Age, yrs 31.70 ± 10.04 32.41 ± 10.13 35.75 ± 10.55 0.074†
Sex, n 0.261†
 Male 10 10 11
 Female 40 36 25
Education level, yrs 12.78 ± 3.05 12.74 ± 3.14 13.25 ± 3.03 0.481†
Disease duration, yrs 3 (1, 5) 3 (1, 5) — —
BMI, kg/m2 26.96 ± 4.03 25.61 ± 4.20 — <0.001**‡
Serum cortisol, μg/dl 26.67 (21.28, 32.18) 4.19 (1.27, 10.66) — <0.001**‡
ACTH, pg/ml 81.40 (49.20, 104.00) 19.10 (10.33, 29.25) — <0.001**‡
24hUFC, μg/24 hrs 565.73 (329.79, 991.56) 35.47 (9.95, 113.01) — <0.001**‡

Values are presented as mean ± SD or median (IQR) unless otherwise indicated. **p < 0.01.
† Active CD versus HC.
‡ Active versus remitted CD.

TABLE 2. Volumetric changes in different brain regions in active and remitted CD patients and HC

Brain Region
Brain Region Vol (ml) p Value

Active CD Pt Remitted CD Pt HC Active CD vs HC Active vs Remitted CD Remitted CD vs HC

Gray matter 669.45 ± 74.20 694.91 ± 67.12 724.22 ± 75.09 0.003** 0.007** 0.231
White matter 454.70 ± 53.75 457.75 ± 46.52 459.47 ± 47.81 0.672 0.344 0.905
Frontal lobe 163.14 ± 18.59 172.38 ± 18.51 184.81 ± 22.27 <0.001** <0.001** 0.078
 Lt frontal lobe 81.66 ± 9.50 86.54 ± 9.43 93.03 ± 11.19 <0.001** <0.001** 0.078
 Rt frontal lobe 81.48 ± 9.30 85.85 ± 9.29 91.78 ± 11.21 <0.001** <0.001** 0.078
Parietal lobe 83.54 ± 11.06 88.62 ± 9.26 91.61 ± 10.18 0.002** 0.001** 0.401
 Lt parietal lobe 42.07 ± 5.58 44.66 ± 4.86 46.17 ± 5.12 0.002** 0.001** 0.401
 Rt parietal lobe 41.47 ± 5.65 43.96 ± 4.60 45.44 ± 5.39 0.003** 0.001** 0.401
Occipital lobe 74.33 ± 11.48 77.65 ± 9.00 79.60 ± 9.22 0.036* 0.014* 0.524
 Lt occipital lobe 40.57 ± 6.24 42.08 ± 5.18 42.93 ± 4.99 0.087 0.024* 0.597
 Rt occipital lobe 33.76 ± 5.54 35.57 ± 4.30 36.68 ± 4.56 0.018* 0.008** 0.493
Temporal lobe 122.42 ± 15.96 127.36 ± 14.81 135.68 ± 14.90 0.001** 0.030* 0.078
 Lt temporal lobe 59.90 ± 8.33 62.34 ± 7.50 66.62 ± 7.39 0.001** 0.042* 0.078
 Rt temporal lobe 62.52 ± 7.86 65.02 ± 7.53 69.06 ± 7.66 0.001** 0.022* 0.089
Insula 14.37 ± 2.53 15.62 ± 2.05 16.08 ± 2.02 0.003** 0.001** 0.511
 Lt insula 6.84 ± 1.21 7.40 ± 0.97 7.72 ± 0.90 0.002** 0.004** 0.401
 Rt insula 7.52 ± 1.34 8.22 ± 1.10 8.37 ± 1.13 0.006** 0.001** 0.645
Cingulate lobe 29.45 ± 5.20 31.24 ± 4.46 32.62 ± 4.22 0.006** 0.016* 0.401
 Lt cingulate lobe 14.11 ± 2.55 14.99 ± 2.30 15.94 ± 2.13 0.002** 0.018* 0.231
 Rt cingulate lobe 15.34 ± 2.71 16.25 ± 2.26 16.68 ± 2.22 0.025* 0.016* 0.553
Hippocampus 9.32 ± 1.15 9.37 ± 1.15 9.57 ± 0.83 0.326 0.645 0.553
 Lt hippocampus 4.55 ± 0.58 4.58 ± 0.62 4.66 ± 0.42 0.372 0.546 0.597
 Rt hippocampus 4.77 ± 0.61 4.79 ± 0.58 4.91 ± 0.43 0.321 0.929 0.511
Amygdala 4.63 ± 0.67 4.53 ± 0.52 4.52 ± 0.43 0.419 0.113 0.931
 Lt amygdala 2.12 ± 0.38 2.08 ± 0.29 2.07 ± 0.22 0.423 0.391 0.844
 Rt amygdala 2.51 ± 0.34 2.45 ± 0.26 2.46 ± 0.23 0.423 0.059 0.905
Lateral ventricle 18.90 ± 8.39 16.18 ± 8.27 13.87 ± 8.55 0.013* <0.001** 0.442
3rd ventricle 2.77 ± 0.90 2.36 ± 0.84 2.23 ± 0.84 0.010* <0.001** 0.597

Pt = patient.
Values are presented as mean ± SD unless otherwise indicated. *p < 0.05 and **p < 0.01. All p values corrected with FDR.
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FIG. 2. Bar graphs (far left column) show volumetric comparisons of different brain structures in HCs (white bars) and active CD (red bars) and remitted 
CD patients (blue bars). MR images (2 left columns and center column) show segmented regions overlaid in red with volumes corresponding to red, 
white, and blue bars in bar graphs. 3D reconstructed brain images (with left and right views) illustrate segmented regions in 1 patient with active CD. *p < 
0.05; **p < 0.01. Figure is available in color online only.
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image segmentation and 3D reconstruction of brain map-
ping are shown in Figs. 1 and 2.

Active CD Versus HC
The total gray matter volume was significantly de-

creased in the active CD group compared with that in the 
HCs (669.45 ± 74.20 vs 724.22 ± 75.09 ml, p < 0.001), 
demonstrating whole-brain atrophy in CD patients. Simi-
lar significant changes can be seen in most of the brain 
lobes (p < 0.05, corrected with FDR), except for the hippo-
campus and amygdala (p > 0.05, corrected with FDR). The 
lateral- and third-ventricle volumes in active CD patients 
were correspondingly larger than those in HCs (p < 0.05, 
corrected with FDR). No significant difference was found 
in white matter volume between these 2 groups.

Remitted CD Versus Active CD
At the 3-month follow-up after TSS, 46 CD patients had 

achieved biological cure. In these patients, brain volumes 
were compared between the preoperative and postopera-
tive MRI studies. Along with the normalization of serum 

cortisol, the previously atrophied brain structures, includ-
ing total gray matter and each brain lobe, all increased 
significantly in brain volume in remitted CD patients com-
pared with those in active CD patients (p < 0.05, corrected 
with FDR). Previously abnormally enlarged ventricles (in-
cluding the lateral ventricle and third ventricle) were all 
decreased in volume compared with those before surgery 
(p < 0.001, corrected with FDR).

Remitted CD Versus HC
Although the results of the above 2 comparisons made 

at the 3-month follow-up after TSS demonstrated that 
all previously abnormal brain structures, including brain 
lobes and ventricles, recovered in the appropriate direction 
after surgery, we further investigated whether all brain 
structures had truly recovered to the normal range mea-
sured in the HCs. Surprisingly, even though only 3 months 
had passed since surgery, the overall gray matter volume 
in remitted CD patients was already not statistically sig-
nificantly different from that in HCs (p > 0.05, corrected 
with FDR). Furthermore, different lobes demonstrated dif-

FIG. 3. Correlation analysis of hormone level changes and brain volume changes in different brain regions. Percentage change in 
ACTH was significantly negatively correlated with changes in the total gray matter (r = −0.363, p = 0.014), frontal lobe (r = −0.407, 
p = 0.006), temporal lobe (r = −0.487, p = 0.001), insula (r = −0.295, p = 0.049), and hippocampus (r = −0.396, p = 0.007). The 
percentage change in serum cortisol was significantly negatively correlated with changes in the frontal lobe (r = −0.308, p = 0.04), 
temporal lobe (r = −0.352, p = 0.018), hippocampus (r = −0.607, p < 0.001), and amygdala (r = −0.310, p = 0.038).
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ferent recovery speeds. The full-recovery areas, including 
the parietal lobe, occipital lobe, insula, cingulate lobe, lat-
eral ventricle, and third ventricle, which account for most 
abnormal brain areas in CD, had already recovered to the 
normal range (p > 0.05, both with and without correction 
with FDR). The partial recovery areas, including the fron-
tal and temporal lobes, did not fully recover to normal vol-
ume within 3 months of surgery (p < 0.05, without correc-
tion with FDR; and p = 0.078, corrected with FDR).

Correlation Analysis
Spearman and point-biserial correlation analyses re-

vealed no significant correlations between age, duration of 
disease, or years of education and volume of brain gray 
matter, white matter, or the third ventricle (p > 0.05). Sex 
was correlated with all brain volumes (gray matter, p = 
0.016; white matter, p = 0.003; and third ventricle, p = 
0.018). However, due to the highly unequal sex distribution 
in CD patients and in our study (40 females and 10 males), 
this result should be interpreted with caution.

The correlations of brain structure volume changes with 
parameter changes were quite different for the 3 common 
hormones (ACTH, serum cortisol, and 24hUFC) (Fig. 3). 
The changes in ACTH were significantly and negatively 
correlated with the change in total gray matter volume (r 
= -0.363, p = 0.014), which means the recovery of gray 
matter in the whole brain and the normalization of ACTH 
were closely related. This correlation was also seen in the 
frontal lobe (r = −0.407, p = 0.006), temporal lobe (r = 
−0.487, p = 0.001), insula (r = −0.295, p = 0.049), and hip-
pocampus (r = −0.396, p = 0.007). In addition to ACTH, 
serum cortisol also showed a significant correlation with 
the frontal lobe (r = −0.308, p = 0.04), temporal lobe (r = 
−0.352, p = 0.018), hippocampus (r = −0.607, p < 0.001), 
and amygdala (r = −0.310, p = 0.038) volumes. Although 
it did not show a correlation with brain volume changes 
in total gray matter (r = −0.191, p = 0.208), serum cortisol 
was still considered to be an indispensable biomarker for 
monitoring the recovery of brain structures in remitted CD 
patients, as it possesses the strongest correlation in certain 
areas, such as the hippocampus. Among the 3 hormone 
parameters, 24hUFC was the least powerful parameter as 
it did not correlate with overall gray matter volume or with 
volumes of each complete lobe separately. Additionally, 
24hUFC only correlated significantly with changes in the 
volume of the left temporal lobe (r = −0.350, p = 0.021) and 
left hippocampus (r = −0.347, p = 0.023).

Discussion
CD provides a unique model for assessing the ef-

fect of cortisol on human brains.5,35 The biological cure 
of CD after TSS offers the opportunity to study whether 
brain changes caused by excess cortisol are reversible.13 
However, this reversibility has long been considered “po-
tential” and remains controversial for several reasons.3,13 
First, due to the relative rarity of CD, to our knowledge 
only 19 studies have been conducted, all with rather small 
sample sizes, leading to low statistical power.3 Second, to 
address the reversibility of brain structure changes in CD 
patients, preoperative and postoperative brain volumes of 

the same patients should be compared in a longitudinal co-
hort. However, in most previous studies (11 of 19),2,8,16, 17, 20, 

27–29, 32, 33,40 which were confined to cross-sectional designs, 
the active CD and remitted CD patients were enrolled 
from different populations.3 Only 8 studies were true lon-
gitudinal studies, with the largest cohort including only 27 
CD patients.5,12,15,21,35–37,39 Third, the controversial results 
from previous reports concerning the reversibility of brain 
changes were also partly due to the heterogeneous origin 
of CS (e.g., pituitary, adrenal, and ectopic), leading to non-
identical clinical features, such as varying durations of hy-
percortisolism.28 Such heterogeneity of the enrolled study 
population led to even smaller sample sizes in each sub-
group. In addition, the existing 8 longitudinal studies all 
used low-field MRI with low resolution.5,12,15,21,35–37,39 These 
analyses reported manual tracing of brain structures from 
2D images or subjective estimation of the degree of cere-
bral atrophy but not objective or actual 3D volumes.5,35,36 
Moreover, some MRI data were acquired using routine pi-
tuitary protocols instead of whole-brain protocols, leading 
to incomplete mapping of the entire brain.5,33

Our study, which was performed in the largest longi-
tudinal cohort of CD patients to date, provides what is to 
our knowledge the first quantitative confirmation that the 
volume loss in the gray matter as a whole in CD patients 
recovers rapidly after surgery, normalizing in most struc-
tures within 3 months. Interestingly, the areas most strong-
ly associated with cognition and memory, the frontal and 
temporal lobes, did not fully recover their volumes by 3 
months. This finding deserves further imaging follow-up 
to determine whether frontal and temporal volumes have 
a slower rate of full recovery or remain small indefinitely. 
This first confirmation of brain structural change revers-
ibility in CD will not only help to increase our under-
standing of this rare disease but also may have important 
implications for numerous patients who require long-term 
corticosteroid therapy for autoimmune disorders, cancer, 
and other disease.

Extensive studies in animal models of the influence 
of excessive GC on the brain have indicated that effects 
include impairments of the hippocampus and cingulate 
lobe.7,30 However, human studies are limited, with only 19 
studies conducted to date.3 The first MRI study was con-
ducted by Starkman et al.33 and suggested the atrophy of 
certain brain regions in CD. However, due to limitations in 
the technology at that time, the atrophy was measured only 
by manual tracing of 2D images or by subjective grad-
ing,5,32 and not by using true 3D volumes. In recent years, 
with the help of modern sophisticated analysis tools, such 
as FreeSurfer (Laboratory for Computational Neuroimag-
ing at the Athinoula A. Martinos Center for Biomedical 
Imaging), VBM (University of Jena, Department of Psy-
chiatry), and AccuBrain® (BrainNow Medical Technology 
Limited),1,13,28,31,41,43 some previous conclusions were found 
to be inaccurate. For example, in early studies performed 
without knowledge regarding the segmentation of the gray 
and white matter,13 the hippocampus was considered at-
rophied in CD patients.33,35,36,39 However, with modern 
computer-based autosegmentation and quantification, we 
found that 3D anatomical volumes of the hippocampus in 
CD patients were not significantly different from those in 
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the normal HC group in our study. This result is also con-
sistent with studies published in recent years using other 
automated tools such as FreeSurfer and VBM.13,28 Recent 
reports of widespread reductions in white matter integrity 
detected using diffusion tensor imaging (DTI) suggest that 
the hippocampal volume loss seen in earlier studies was 
likely due to white matter rather than gray matter volume 
loss.26,40

By combining this first use of high-field 3-T MRI in 
longitudinal studies (the other 8 studies used 1.0 T or 1.5 
T5,12,15,21,35–37,39) with autosegmentation and 3D reconstruc-
tion techniques, we managed for the first time to perform 
whole-brain mapping with high anatomical validity in CD 
patients. Unlike previous studies in which limited brain re-
gions were analyzed using routine pituitary sequences,5,33 
our study evaluated the structural changes in CD at the 
whole-brain level, comparing different lobes at the same 
time. The decreased gray matter volume, increased ven-
tricle volume, and unchanged white matter volume ob-
served in this study were all measured by absolute ana-
tomical volume with an accuracy of 0.01 ml. Our results 
demonstrated that, except for the hippocampus and amyg-
dala, most areas in the brain were significantly atrophied, 
including the frontal lobe, parietal lobe, occipital lobe, 
temporal lobe, insula, cingulate lobe, lateral ventricle, and 
third ventricle. Such widespread effects are also consistent 
with various brain function changes seen in clinical prac-
tice, including impairment in cognitive function, mood 
regulation, and memory.3

After TSS in CD patients, along with the return of cor-
tisol levels to the normal range, the patients’ psychiatric 
symptoms were relieved.2,14,25 Similar reversibility using 
anti-GC treatment has been confirmed in animal models 
of stress.24 However, whether the adverse effects of CD 
are reversible in humans remains controversial3 due to the 
limited number of studies,3 small sample sizes,15 various 
origins of CS,5 bias caused by previous radiotherapy,28 
use of cross-sectional designs,13 and other issues. In this 
present longitudinal cohort, we focused on the dynamic 
brain structure changes before and after surgery in pre-
viously untreated CD patients. After TSS in our patients, 
the atrophied brain regions in active CD all changed in 
an improved direction. The overall gray matter volume in 
remitted CD patients did not differ from that in HCs only 
3 months after surgery. Another novel finding in our study 
was the nonsynchronized recovery speed of different brain 
lobes, which was not mentioned in reports of previous 
studies. By setting the follow-up time point at 3 months 
after TSS, we distinguished 2 parts in the brain: a full 
recovery area (including the parietal lobe, occipital lobe, 
insula, cingulate lobe, lateral ventricle, and third ventricle) 
and a partial recovery area (including the frontal lobe and 
temporal lobe). The brain areas responsible for the regula-
tion of memory and cognitive function contain both full 
recovery areas (such as the cingulate lobe) and partial re-
covery areas (such as the temporal lobe). This combina-
tion of full and partial recovery areas newly found in CD 
patients could help explain the clinical observations that 
impaired cognition11,38 and memory3,38 usually improve 
after surgery, improvements that are associated with the 
full-recovery areas we observed. Cognition and memory 

do not fully recover, however, which according to our find-
ings is due to the combined existence of partial- along with 
full-recovery areas.

To further investigate the reasons for different brain 
area recovery speeds, we performed a correlation analy-
sis of brain volume changes and various clinical param-
eters. Our subregion analysis revealed no correlation of 
volumes changes with age, duration of disease, or years 
of education. Furthermore, although the normalizations 
of hormonal biomarkers (i.e., serum cortisol, ACTH, and 
24hUFC) were correlated with brain structure recovery, 
the strength of the correlation varied among brain regions 
and biomarkers. Serum cortisol was significantly correlat-
ed with recovery in most brain lobes, including the frontal 
lobe, temporal lobe, hippocampus, and amygdala, mirror-
ing the wide distribution of cortisol receptors in the whole 
brain,34 including mineralocorticoid receptors (MRs) and 
glucocorticoid receptors (GRs).9 The different correlation 
strengths of serum cortisol within different brain lobes 
with nonsynchronized recovery speeds are also partially 
explained by the diversity of MRs and GRs in distribu-
tion and downstream regulation.9 In addition, corticoste-
roids control neuronal and network responses in a complex 
binary fashion by targeting different genes,9 which may 
also explain the difference in correlations between serum 
cortisol and the various recovery speeds in separate brain 
regions.

Another novel finding in our study is that ACTH may 
serve as another useful biomarker, in addition to the well-
known serum cortisol, in the brain recovery process in CD 
patients. First, ACTH was significantly correlated with to-
tal gray matter volume recovery after surgery, whereas se-
rum cortisol and 24hUFC were not. Additionally, in some 
brain regions where serum cortisol and ACTH were both 
correlated with brain volume changes, ACTH levels ex-
hibited stronger correlations. The underlying mechanisms 
may lie in the dual effects ACTH has on the brain. In addi-
tion to the classical steroid-dependent effects through the 
activation of the hypothalamic-pituitary-adrenocortical 
(HPA) axis, ACTH can also have direct, steroid-indepen-
dent effects on the brain through melanocortin receptors, 
reducing the gene expression of neurons in the brain.6 Nev-
ertheless, serum cortisol should never be neglected, since 
it also has superior correlations with areas such as the 
hippocampus, which is involved with memory.3 Of all 3 
CD-related hormones, 24hUFC proved to be the least cor-
related with brain changes in this longitudinal study. Simi-
lar negative results can also be seen in previous cross-sec-
tional studies of the hippocampus33 and gray matter thick-
ness.8 The recovery of the brain after TSS should be given 
more attention in clinical practice due to its close relation 
with various brain functions and health-related quality of 
life.29,42 Serum cortisol, ACTH, and 24hUFC are all widely 
used in the postoperative evaluation of CD. However, these 
variables exhibited different strengths of correlation with 
brain recovery. Therefore, we recommend a primary reli-
ance on ACTH and serum cortisol as biomarkers of brain 
recovery when following CD patients after treatment.

Study Limitations
There are some limitations of our research. First, al-
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though our study population is to our knowledge the larg-
est longitudinal cohort to date, it included only 50 CD 
patients, which is far less than the sample size in studies 
of other common diseases, leading to a relatively low sta-
tistical power and potentially more bias. Thus, additional 
studies including more subjects are needed in the future. 
Second, questionnaires assessing cognitive impairment 
and memory deficits may be needed in further analyses 
to determine if anatomical changes correlate with patient 
improvement. Third, the initial design of this study was 
intended primarily to address the lack of previous longi-
tudinal studies investigating short-term reversibility of the 
brain in remitted CD. Thus, we only set a single follow-
up point at 3 months after TSS. However, we did not an-
ticipate the novel finding of different recovery speeds in 
separate brain lobes. Further follow-up assessments in 
the same cohort are needed to determine if the recovery 
of frontal and temporal lobes in partial recovery areas is 
merely delayed or incomplete in remitted CD. We are ea-
ger to demonstrate dynamic brain volumetric changes in 
CD in the long term. Last but not least, this structural MRI 
study failed to distinguish whether the increases in the vol-
umes of brain structures after TSS were the result of more 
brain cells or simply due to the brain cells retaining higher 
volumes of fluid. Further functional MRI or DTI studies, 
as well as animal and cytological experiments, are still 
needed to discover the underlying mechanisms of brain 
recovery found in this study.

Conclusions
Our findings provide what is to our knowledge the first 

demonstration of the rapid reversal of total gray matter 
volume loss in short-term remitted CD. Equally impor-
tantly, we demonstrated the combination of full recovery 
areas and partial recovery areas after TSS, consistent with 
the incomplete recovery of memory and cognitive func-
tion observed in clinical practice. ACTH and serum corti-
sol are suggested to be reliable serum biomarkers of brain 
recovery after surgery for clinical use. Finally, multimodal 
imaging (functional MRI, DTI) studies and functional as-
sessments are needed to elucidate the mechanisms under-
lying the differential recovery speeds of brain areas in the 
future.
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