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Abstract
Understanding mechanisms of reversibility in of hippocampal atrophy has taken on increased importance as the relationship between cortisol dysregulation and 
atrophy has become increasingly clear. Cushing’s disease provides a compelling model for understanding these mechanisms, particularly as atrophy is reversible 
following treatment to reduce the hypercortisolemia. The present study focused on comparing changes in the hippocampal formation (HPF) of Cushing’s disease 
patients before and after treatment. Each participant’s HPF volume was measured from MRIs collected prior to surgery and again one year after surgery. A least 
squares realignment model (LSRM) was used to register each patient’s HPF across hemispheres, time and patients. This procedure was successful in reducing inter- 
and intra-subject variability in HPF volume measurements. There was a significant interaction between HPF image number (anterior to posterior) from time 1 to 
time 2 (months 12 to 36) and remission status. Those with full remission (remitters) had increases in HPF volume, while those with partial or delayed remission 
(non-remitters) showed decreases in HPF volume. This interaction was found in the more anterior images of the HPF. Middle images showed improvement in 
the remitters and no change in the non-remitters. There was no change in HPF volume for the posterior images for either group. This study indicates that only a 
few additional months of cortisol dysregulation resulting from unsuccessful surgical treatment results in continued HPF atrophy, and that the hypercortisolemia-
induced HPF atrophy may take up to one year to reverse after successful treatment. The result of the study also suggests that there may be regional differences in the 
susceptibility of the HPF to cortisol dysregulation.
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Introduction
Interest has increased in recent decades about the effects of 

hypercortisolemia and/or cortisol dysregulation upon hippocampal 
integrity. Indeed, research from a number of disorders and with animal 
models suggests that cortisol dysregulation, of which hypercortisolemia 
is an example, can result in extensive hippocampal atrophy [1-12]. Some 
have argued that long-term exposure to excessive levels of cortisol has 
damaging effects on the hippocampus because cortisol inhibits glucose 
uptake primarily in the hippocampus, which is directly associated with 
stress management [13-16]. Others suggest that cortisol, as a marker 
of stress within the organism, provides a window into other, as yet 
undetermined, metabolic processes that contribute to the decline in 
hippocampal volume [17]. It is possible that cortisol dysregulation 
limits dendritic arborization and that cortisol dysregulation leaves 
neurons weakened and vulnerable, such that any additional stressor 
beyond chronic cortisol dysregulation may result in cell death [18-20]. 
A more limited number of studies suggest that for some disorders, 
reversibility of atrophy is possible [3,10]. Experimental animal models 
and human medical conditions that demonstrate significant variability 
in cortisol regulation could allow for a better understanding of how 
cortisol dysregulation is linked to hippocampal atrophy and, more 
importantly, how this atrophy might be reversed.

Cushing’s disease (CD) is one such rare human condition that 
can be used to simulate both endogenous cortisol dysregulation and 
subsequent normalization with medical treatment. Studies with this 

population have formed one of the most provocative links in the chain 
towards understanding reversibility of both hippocampal atrophy 
and cognitive decrements in human studies [3,21-26]. In many ways, 
the study of CD forms an ideal “naturalistic” study of the effects of 
hypercortisolemia and its correction following successful treatment. 
Prior research has shown that normalization of cortisol levels in 
Cushing’s Syndrome (CS can increase the hippocampal volume up 
to 10% [3]. In another study, Starkman et al. [26] reported that all 
of the participants with CD had increased hippocampal volume 
after the normalization of cortisol levels which was not consistently 
evident in other comparison structures. Researchers also found a 
positive correlation between hippocampal volume and performance 
on the Selective Reminding Test (SRT), a learning/memory test [26]. 
Similarly, studies with major depressive disorder [15,27-31], animal 
models [17,18,32-34], healthy aging [6,14,35-38], treatment of medical 
conditions with glucocorticoids [10], Alzheimer’s disease [39-41], and 
post-traumatic stress disorder [42-44] support the relationship between 
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stress, cortisol dysregulation, and hippocampal atrophy, although each 
type of study has particular challenges that limit inferences on the 
effects of cortisol dysregulation.

The current study focused on comparing changes in the hippocampal 
formation (HPF) of newly diagnosed Cushing’s participants both 
pre- and post- treatment (treatment is most often transphenoidal 
microadenectomy). As hypercortisolemia is suspected as the cause for 
HPF volume decline, it was hypothesized that unsuccessful treatment 
for CD, or treatment that is delayed in effectiveness, will result in a 
continued decrease in bilateral HPF volume. On the contrary, it was 
expected that HPF volume would rapidly increase following successful 
resolution of hypercortisolemia in CD. In this study, all patients 
experienced cortisol dysregulation from the same source prior to 
treatment, which will allow for inferences to be drawn about the 
direction of hippocampal change that might be expected with even a 
few months more of dysregulated cortisol when compared to rapid 
and effective diminution of the problem with successful surgery. It is 
further hypothesized that those who are diagnosed with CD at a later 
age will show less dramatic reversal of HPF volumes, putatively because 
of a decline in cortical reserve. A significant relationship between 
degree of dysregulation (plasma cortisol levels) and HPF volume was 
also expected.

Method
Participants

Twenty-two participants (16 women and 6 men) were selected 
from a larger study of CS patients at the University of Michigan. All 
subjects were seen by a study investigator (DS) for a clinical evaluation 
to confirm a diagnosis of CD, to prescribe a treatment (typically 
transphenoidal microadenectomy), and for post-treatment follow-up. 
Twenty-one of the twenty-two participants suffered from CD, the most 
prevalent form of CS. Participants’ ages ranged from 8 to 73 years-old 
(M=42.7, SD=16.4). The participants’ level of education ranged from 3 
to 18 years of formal education. Diagnosis of CD or CS was confirmed 
by DES using a standard protocol described previously [25,45]. Fifteen 
were determined to be responders, as evidenced by post-treatment 
eucortisolemia at 3 months, as opposed to non-responders, who 
exhibited continued or attenuated hypercortisolemia after surgery and 
up to three months post-treatment.	

Design and procedure

The Hamilton Rating Scale for Depression [46] was used at time 
1 to measure mood, with vegetative items removed (14-item) due to 
the high number of vegetative symptoms associated with CS. Plasma 
cortisol was measured every 2 hours for a 24-hour period beginning at 
8 a.m. and these values were averaged together to create cortisol levels 
at time one and time two, respectively. 

Participants received a magnetic resonance imaging (MRI) scan 
prior to the transphenoidal microadenomectomy treatment (time 1) 
and again 1 to 3 years post-surgery (time 2). Endocrine measurements 
were obtained within two weeks of these measurements as part of regular 
laboratory evaluations within the diagnostic workup. Non-remitter 
status was defined by the presence of hypercortisolemia 3-months post-
surgery/treatment. Typically, medication (e.g. Ketaconazole) was used 
to control cortisol levels when surgical treatment was only partially 
ineffective. The informed consent process, approved by the University 
of Michigan Medical School IRB, was conducted with all patients and a 
document was signed to verify this consent.

All MRIs were performed using a General Electric Signa 1.5-Tesla 
MRI unit, either the echo speed version 5.5, or version 5.4. Spoiled 
gradient-echo sequences were employed using a quadrature head 
coil. This provides higher resolution imaging, and a more precise 
volumetric analysis of these tissues than a conventional spin-echo 
T1-weighted acquisition. This acquisition has no interslice gap and all 
images are acquired as a single volume of data. MRI measurements of 
the HPF were obtained in sections orthogonal to the long axis of the 
HPF in a canted coronal view.  In almost all cases, the interslice width 
was 1.5 mm. A few older scans had interslice widths of 3 mm (N=3 of 
44), in which case the interleaved image volumes were interpolated. 
Intracranial brain volume was assessed in a canted coronal section 
through the anterior commissure and perpendicular to the long axis 
of the HPF. Hippocampal images were manually traced (by DGH) in 
the regions of interest on each slice using GE software on a peripheral 
workstation according to established practices [47-50].

Least square realignment model
A least squares realignment model (LSRM) was used to align images 

from each participant’s HPF to the opposite hemisphere and over 
time. The participant used as a model HPF (MHPF), to which other 
hippocampi were matched, was a 32 year-old female with type 1 CD. 
A CD patient was used as the MHPF to eliminate potential challenges 
to the model in aligning a CD hippocampus with a healthy control 
hippocampus. To do so, the volume for each coronal segment of the 
HPF was numbered sequentially in relation to the image that passed 
through the most anterior visible portion of the anterior commissure 
(e.g., AC = image 0, 1 image posterior (-1) of the AC = image 1, See 
Figure 1 for the example). For the participant used as a model, images 
range from image 2 through image 23. 

From this point, the right HPF of each patient was aligned with 
the MHPF by moving all images anterior or posterior up to six images. 
The move (or lack thereof) that resulted in the lowest least squares 
difference between the right participant’s HPF and the right MHPF 
was used as the final placement (e.g., plus 2, would be the conversion 
of an image that was originally image 3 to image 1; minus 2 would be 
conversion from image 3 to image 5). The LSRM procedure corrected 
for differences in placement within the scanner between time one 
and time two and across participants (i.e., rotation, yaw, and pitch). 
Conversions were completed manually and viewed visually in a manner 
identical to that seen in Figure 1).  Once this was accomplished, the left 
HPF of the participant was aligned to the right HPF of the participant. 
Images from time two (re-measurement of the HPF one-two years 
after treatment) were first aligned (right time one to right time two) 
and then the left HPF was aligned to the right HPF (both time two). 
By implementing this LSRM procedure, we were able to control for 
participant’s placement within the scanner as it changed from time one 
to time two and to reduce the inter-subject variability in HP volume 
measurements. A check of the manipulation using paired t-tests 
revealed a significant improvement in all re-alignment procedures as 
measured by a significant reduction in sums of squares between images 
(Table 1).

Figure 1 illustrates the similarity in structure shape attained by 
use of this procedure (only right HP images are included for each 
participant to reduce the complexity of the figure). In some older scans 
(as noted previously), image thickness was twice as large (3 mm vs. 1.5 
mm) and the missing values were interpolated. Using a least squares 
method to align images for each participant enabled us to objectively 
quantify sections of the HPF by volume (head, body, and tail) as there 
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was greater inter and intra-subject uniformity in measurement. There 
were twelve images present in every participant after the LSRM method 
was employed.

As a check on the integrity of the LSRM procedure, correlations 
were computed between total HPF volume (as traced manually by 
DGH) and LSRM hippocampal volume. These correlations were all 
highly significant (right, r = .93, p =.0001; left r = .91, p =.0001).

Results
Demographic comparisons between remitters and non-
remitters

There were no significant differences between remitted (N=15) 
participants and non-remitted (N=7) participants in any of the 
demographic, treatment, HPF, or mood variables at time 1 or 2. There 

was a trend towards a larger right HPF tail in the non-remitter group 
compared to the remitter group (Z(22) = -1.94, p =.06). The non-
remitter group had marginally higher average daytime plasma cortisol 
at time 2 compared to the remitter group (Z(22) = -1.94, p =.06), but the 
two groups did not differ in baseline cortisol levels prior to treatment 
(Z(22) = -0.74, p =.49). These results are reported in Table 2. 

Effect of treatment on hippocampal volume

A 2*2*2 repeated measures ANOVA was computed with remission 
status, side, and time as the independent variables and volume in 
each image (numbered lowest to highest proceeding anterior [IM0 
is through the anterior AC] to posterior with increasing numbers) 
at each of the two time points as the dependent variables. When the 
interaction between image, time, and remission status is examined, this 
interaction was significant (F (11,462) = 2.91, p = .01). Notably, the 
impact of time and remission status was most obvious in the anterior 
HP images (See Figure 2), with increased volume in remitted patients 
and decreased volume in non-remitted patients. The interaction 
between time of measurement (1 or 2) and treatment status was not 
significant (F(11,462) =1.70, p = .20). There was no impact of side 
in any of the interaction effects, while the main effect for side was 
significant with right HPF greater than left HPF in volume at time 1 
and time 2 (F(1,42)=5.52, p = .02), which is consistent with the known 
volume differences between right and left HPF volume. 

Table 3 illustrates the positive and negative effects of remission 
status (e.g., hypercortisolemia), which are most evident in the 
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Figure 1. Example of the least squares alignment model.

  Sum of Squares 
Before Realigning

Sum of Squares 
After Realigning

 

Time 1 Realignment  M    SD M    SD   t           p
      Right HPF to Model HPF* .51    .08 .47    .06 2.46   0.023
      Right HPF to Left HPF .32    .06 .28    .04 2.82   0.010
Time 1 to Time 2 Realignment
      Right HPF to Right HPF .47    .13 .40    .08 3.49   0.002
      Left HPF to Left HPF .48    .10 .40    .08 3.35   0.003

Table 1. Results of the implementation of the Least Squares Realignment Model.*Only this 
realignment is across subject. All other alignments are within subject.
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anterior and middle portions of the HPF, but not the tail. Although 
not significant (F (2,80) = 1.24, p = .30), there was a marked laterality 
difference in percent improvement for the four most anterior images 
of the HPF in the remitted group, with greater change in the left (4.7%) 
as compared to the right (1.5%) HPF. A similar effect was noted in the 
four middle images, with 5.6% change in the left and 1.1% change in the 
right. This laterality effect was not evident in the four most posterior 
images (4.1% left and 4.2% right).

Age and cortisol effects of hippocampal recovery following 
treatment of CD

There was only one significant correlation between age and degree 
of post-treatment HP volume recovery in the right HPF (right HPF 
tail, r=-.49, p =.02), although the other correlations for the anterior and 
posterior HPF sections were in the expected direction (r = -.33, p =.13, 
r = -.24, p =.29, respectively). There were two significant correlations 
between age and degree of post-treatment HP volume recovery in the 

left HPF (left HPF head, r=-.43, p =.04; left HPF body, r=-.49, p =.02, 
Figure 3); the correlations for the left HPF tail were in the expected 
direction and at the trend level (r = -.37, p =.10). The correlations 
between initial level of hypercortisolemia and degree of post-treatment 
HPF volume recovery were not significant, even when non-remitters 
were excluded (absolute r’s < .40, p’s>.28).

Discussion
Results of the present study indicate that there is marked change 

in HPF volume before and after surgery in those who did and did 
not respond to treatment at first intervention. At post-surgery, those 
who remit rapidly from CS show a marked increase in hippocampus 
volume within the ensuing 12 to 36 months, consistent with our prior 
results and obtained in a new sample [3,26]. One novel finding in the 
present study was for those patients who do not remit within the first 
three months. The hippocampal volumes of these patients continue to 
decline, particularly in the anterior portion of the hippocampus. 

The relationships between age and degree of hippocampal recovery 
were in the expected direction; three of the six correlations were 
significant, and two of the remaining three were at the trend level. 
A number of successful remitters over the age of 50 had either no 
difference at all in hippocampal volume following treatment or the 
percent of change was negative as indicated in Figure 3. These findings 
are consistent with a cognitive reserve hypothesis in the elderly [51-
53]. The ability of the older brain to respond following correction of 
hypercortisolemia appears diminished. An alternative hypothesis not 

Domain/Test Remitter, N=15 Non-Remitter, N=7

  M SD M SD Z, X p

Demographics

Age at Treatment 39 15.7 48.7 18.5 -1.09 0.3

Education at Treatment 13.5 3.8 13.9 1.9 -0.04 1

Gender 11 F, 4 M 5 F, 2M 0.01 0.93

HRSD Score at Treatment 9.4 5.4 11.7 4.7 -1.24 0.21

Plasma Cortisol at Treatment 22.9 11 18.9 3.2 -0.74 0.49

Plasma Cortisol at Time 2 † 5.9 3 8.8 3.1 -1.94 0.06

Days between first and second MRI 556.3 210.4 473.7 143.2 -0.53 0.64

Brain Volumes            

Intracranial Brain Volume ^ 9337.2 870.4 9381.1 799.5 0 1

Right

HPF Head Volume * 545.8 54.6 543.8 87.9 -0.32 0.78

HPF Body Volume * 389.1 50.3 402.9 41.9 -0.92 0.37

HPF Tail Volume * 248.1 36.2 282.1 38.3 -1.94 0.06

HPF Total Volume * 1183 110.9 1228.8 143.1 -0.96 0.34

Left

HPF Head Volume * 473.6 75.5 507.1 111.2 -0.92 0.37

HPF Body Volume * 349.4 45.7 370 49.7 -0.74 0.49

HPF Tail Volume * 239.2 28.1 257.5 43.2 -1.1 0.3

HPF Total Volume * 1062.2 118.5 1134.6 177.2 -1.02 0.33

Table 2.Remitter and non-remitter groups demographic, brain, and cognitive variables.

Time 1 Time 2

  Remitter Non-Remitter Remitter Non-Remitter

Head 509.3 525.4 520.3 497.3

Body 369 386.5 377 389.8

Tail 242.2 269.8 247.8 265.9

Table 3.  Region by remission status changes in remitter vs. non-remitter groups.
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addressed by the present study is that recovery of HPF volume in older 
patients is delayed. 

As noted, there was a significant decline in anterior hippocampal 
volume for non-remitters. It is not clear why the anterior hippocampus 
might be more susceptible to hypercortisolemia, and, more plastic 

in response to hypercortisolemia reversal. In animals, reductions in 
glucocorticoid receptors (GRs) and mineralocorticoid receptors (MRs) 
mRNA in the anterior hippocampus of tree shrews exposed to social 
confrontation. After the exposure period, the posterior hippocampus 
showed decreased GR and increased MR mRNA. One hypothesis to 
these results is that there are regional differences in how cortisol is 

Figure 2. Hippocampal changes in images, from anterior to posterior,by remission status.
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processed within the hippocampus, which may relate functionally 
to potential regional distributions of cognitive functions in the 
hippocampus [54-58]. Such increase in hippocampal MR mRNA in 
response to stress may have cognitive implications. Alternatively it may 
be related to the degree of emotional discomfort that is associated with 
cortisol dysregulation.

There is no significant relationship between degrees of cortisol 
dysregulation, or hypercortisolemia and hippocampal change 
following treatment, either for the entire group, or for responders 
alone. After experiencing stress level hypercortisolemia throughout 
the entire day for a minimum of several months up to several years, 
the impact of additional cortisol increases may not be linearly related. 
In our prior work we found significant relationships between cortisol 
concentrations, mood and cognitive function prior to treatment in a 
larger sample [59]. Significant relationships between cortisol levels and 
degree of cognitive difficulty have been reported in other studies of 
subjects that have greater variability in levels of cortisol, which might 
suggest some restriction of range in the present sample [28,36,37,60,61]. 

The small sample size inherent in studies of less frequent conditions 
like Cushing’s disease can be considered a weakness of this study. 
Despite the small sample size, significant increases in hippocampal 
volume with successful treatment were found with a novel finding 
of continued volumetric decline if treatment is ineffective in rapidly 
reducing hypercortisolemia. Volume changes, both increases with 
successful treatment and decreases with unsuccessful treatment, were 
present primarily in the anterior most images of the hippocampus. This 
suggests that 1) this area of the hippocampus is more vulnerable to 
cortisol elevations, and 2) that the anterior hippocampus possesses the 
greater plasticity towards responding following successful treatment. 
Lack of a pre-morbid hippocampal measurement leaves interpretations 
of change, or the lack thereof, in the hippocampus somewhat difficult 
to interpret. For example, a 5% decline in volume followed by a 5% 
increase post-treatment would be an optimal outcome. Even with an 
increase, there might not be a complete reversal of volume loss, say a 
15% decline followed by a 5% increase. Nonetheless, the present study 
showed elevated cortisol elicited a process characterized by continuing 
hippocampal decline in volume with continued exposure over time, 
improvement in hippocampal volume with successful treatment, and 
that both of these effects are more pronounced in the anterior portion 
of the hippocampus.
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