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Context: Although Crooke’s changes in the pituitary corticotrophs were initially described in 1935,
the prevalence in which the changes occur in patients with Cushing’s syndrome (CS) has not been
established.

Objective: This study aimed to determine the prevalence and assess clinical features associated with
the presence or absence of Crooke’s changes in a large set of patients with CS.

Design: Information from a prospective computer database and retrospective chart review was
analyzed.

Setting: The setting was an academic medical center.

Patients: Consecutive patients (N � 213) who received surgery with a preoperative diagnosis of
Cushing’s disease are included.

Intervention: The patients received pituitary surgery and specimens obtained underwent patho-
logical analysis.

Main Outcome Measure: The presence or absence of Crooke’s changes was determined by histo-
pathological analysis of the normal pituitary tissue included with the specimen obtained at surgery.
Cortisol production was measured by 24-hour urine cortisol production.

Results: Crooke’s changes occurred in 144 of 177 patients (81%) with a histologically demonstrated
ACTH-staining tumor and in 74% of 213 patients diagnosed with CS who had pituitary surgery. The
presence of Crooke’s changes correlated with the finding of an ACTH-staining tumor removed at
surgery and with the degree of hypercortisolism. Among patients with histologically established
ACTH-staining tumors the prevalence of Crooke’s changes was particularly high in patients with a
24-h urinary free cortisol (UFC) of at least 4-fold the upper limit of normal, in which 91% of patients
had Crooke’s changes, compared with 74% of patients whose maximum UFC was less than 4-fold
the upper limit of normal (P � .008).

Conclusions: Crooke’s changes occur in 75–80% of patients with CS, and depend on the degree of
hypercortisolism and individual variability. Almost all patients with UFC at least 4-fold the upper
limit of normal have them, whereas with less severe hypercortisolism the expression of Crooke’s
changes varies from person to person. (J Clin Endocrinol Metab 100: 3165–3171, 2015)
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In 1935 Dr Arthur Crooke, Grocers’ Research Scholar at
the Institute of Pathology in London, first described

replacement of the cytoplasmic granules of the basophilic
cells of the anterior pituitary with homogeneous hyaline
material in patients with Cushing’s syndrome (CS), now
known as Crooke’s changes (1). Although it has been
nearly 80 years since that original description, there is
limited and conflicting information on the frequency in
which Crooke’s changes occur in Cushing’s disease. Fur-
thermore, other than that it is associated with excess glu-
cocorticoid exposure, whether endogenous or iatrogenic,
there is no information on the basis of its presence or
absence in patients with hypercortisolism.

The goals of this study were to document the prevalence
of Crooke’s changes in the pituitary gland in a large con-
secutive series of patients who had CS and who underwent
pituitary surgery and to examine clinical and laboratory
features that may underlie the presence or absence of
Crooke’s changes in the pituitary corticotrophs.

Materials and Methods

Some of the data used for this study were kept in a prospective
computerized database. Others were obtained by retrospective
review of patient files and from a computerized hospital database
after approval by our local institutional internal review board.
The study includes a consecutive series of 224 patients who un-
derwent pituitary surgery with a preoperative diagnosis of Cush-
ing’s disease between January 2008 and March 2014. The di-
agnosis was based on the results of conventional endocrine
testing for the presence of CS and for its differential diagnosis.
Patients with a negative pituitary magnetic resonance imaging
(MRI) and patients with conflicting results of endocrine testing
for the differential diagnosis of CS underwent bilateral inferior
petrosal sinus sampling. Pituitary imaging with high resolution
MRI with and without contrast was obtained in all patients. Not
all data was available on all patients. In many patients the pre-
operative 24-hour urinary free cortisol (UFC) was performed at
the referring center’s laboratory. Thus, values for UFC are pre-
sented as the ratio of the measured value divided by the upper
limit of normal of the assay used (ULN). Many patients were
from distant referrals; the normal range of the assay for UFC was
not available in 18 patients, 13 of whom had ACTH-staining
tumors.

Specimen handling and histological analysis
All pituitary resected tissues were submitted fresh within min-

utes of completing the surgical resection. Specimens were then
fixed in 10% formalin and embedded in paraffin for light mi-
croscopy. All specimens were initially evaluated using a 5-�m-
thick hematoxylin and eosin (H&E)-stained section. In cases in
which an adenoma was readily identified, a panel consisting of
Wilder’s reticulin and immunohistochemical stains for ACTH
ACTH, prolactin, GH, and FSH were subsequently performed.
When a pituitary adenoma was not identified on the initial H&E

section, a “Cushing’s panel” was ordered, consisting of 10 se-
quential 5-�m-thick sections through the paraffin block with
every third slide stained with H&E. In sections suspicious for an
adenoma, the intervening unstained sections were stained for
reticulin (Wilder’s reticulin), an ACTH and either a prolactin or
a GH immunostain. If an adenomatous area was not identified,
further “Cushing’s panels” were ordered until the tissue block
was exhausted. Selective cases were also immunostained with a
cytokeratin monoclonal antibody (CAM 5.2). Crooke’s hyaline
change in corticotroph cells was identified as a concentric accu-
mulation of glassy, hyaline material in the cytoplasm displacing
the secretory granules to the periphery of the cells by either the
H&E, negative immunostaining for ACTH or CAM 5.2 immu-
noreactivity (Figure 1).

The partial lung lobectomy specimens were fixed in 10%
formalin and routinely embedded in paraffin for light micros-
copy. After review of the H&E-stained slides and identification
of the neuroendocrine tumor, immunohistochemical stains for
ACTH were performed for confirmation of the diagnosis.

Statistical analysis was completed with GraphPad Prism
(GraphPad Software). For comparisons of medians (UFC, tumor
size, etc.) between groups, the Mann-Whitney U test was used.
For comparisons of the number of subjects or conditions within
groups, Fisher’s exact test was used. The specific tests used are
described in the Table and Figure legends.

Results

Histopathology
The pituitary surgical specimens were evaluated for the

presence of both a pituitary adenoma and normal anterior
pituitary gland. If normal anterior pituitary gland was
present, the presence or absence of Crooke’s changes in
corticotroph cells was noted. No quantitative measure-
ment of either the number of cells containing Crooke’s
changes or the extension of changes in the normal gland
was performed due to the uneven size of the para-adeno-
matous anterior gland. In 11 of the 224 patients there was
insufficient normal gland in the specimen to evaluate for
Crooke’s changes. Thus, the results of 213 patients are
analyzed. The presence of an ACTH-immunoreactive pi-
tuitary adenoma was pathologically confirmed in 174 pa-
tients (Table 1). In 39 patients there was no ACTH pitu-
itary adenoma in the tissue submitted from pituitary
surgery despite extensive histopathological analysis
(Methods).

Patients
Among the 39 patients in whom there was no ACTH-

staining specimen in the tissue submitted from pituitary
surgery four had the ectopic ACTH syndrome (EACTHS).
Three had pituitary surgery despite results from inferior
petrosal sinus sampling that suggested the EACTHS, one
of whom had small nonenhancing lesions in the pituitary
on high-resolution pituitary MRI. Three of these patients
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were later diagnosed with ectopic ACTH-producing neu-
roendocrine tumors; in two of them it was a well-differ-
entiated bronchial neuroendocrine carcinoid (typical car-
cinoid) removed surgically; one patient had remission of
CS associated with profound hypocortisolism after radio-
frequency ablation of a small lung lesion; the diagnosis has
not been established in the fourth patient. The remaining
35 patients had preoperative endocrine assessment that
included testing for the differential diagnosis of CS that
was consistent with Cushing’s disease, but there was no
ACTH-pituitary adenoma tumor in the tissue from sur-
gery. No patient had had prior adrenalectomy or recent
medical therapy to block cortisol production or action.

Patients with ACTH-positive neuroendocrine
tumors

The initial analysis is for the 177 patients in whom an
ACTH-positive neuroendocrine tumor (174 patients with
ACTH pituitary adenoma and three patients with ACTH
pulmonary neuroendocrine carcinoma) was in the tissue
removed at surgery. The patient with EACTHS success-

fully treated with radiofrequency ablation of a pulmonary
lesion is included. One hundred forty-four patients had
Crooke’s changes (81%) and 33 did not (19%). All pa-
tients with a diagnosis of EACTHS had Crooke’s changes
in the pituitary.

The only feature demonstrating a substantial and sig-
nificant difference between patients with or without
Crooke’s changes was the maximum 24-hour UFC before
surgery (Figure 2, Table 1). In 16 of the 177 patients the
ULN of the assay used for UFC was unavailable. Among
the remaining 161 patients only six of the 31 patients
without Crooke’s changes (19%) had a UFC of at least
4-fold the ULN, compared with 59 of the 130 patients
with Crooke’s changes (45%; P � .008, Fisher’s exact
test). In patients with Crooke’s changes the preoperative
UFC (mean, 6.3-fold � ULN) was substantially greater
than in patients without Crooke’s changes (2.9-fold ULN)
(Table 1).

There was no difference between patients with or with-
out Crooke’s changes in the random ACTH or cortisol

Figure 1. Crooke’s hyaline change in a para-adenomatous anterior pituitary gland from a patient with Cushing’s disease and confirmed ACTH-
staining pituitary adenoma. A, Crooke’s cells are characterized by a conspicuous eosinophilic perinuclear ring seen on H&E as a pink-hyaline band
(H&E, 100� magnification). B, ACTH immunostains show displacement of the secretory granules around the nucleus or in the periphery of the
cytoplasm (ACTH immunostain, 100� magnification). C, Immunostaining for low-molecular weight cytokeratin shows strong reactivity of the
Crooke’s cells (CAM 5.2 immunostain, 100� magnification). D, Periodic acid–Schiff stain without diastase highlights the dispersion of the
secretory granules (Periodic acid sterase histochemistry, 100� magnification). Arrowheads indicate cells with Crooke’s changes.
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values obtained before surgery, the diameter of the tumor
as measured at surgery, the nadir postoperative cortisol, or
ACTH nadir over the first 48–72 hours after surgery, or
the change in weight or change in body mass index at 1
year after surgery (data not shown).

All patients, with or without histopathological
documentation of an ACTH-positive
neuroendocrine tumor

We also analyzed the same features in the entire set of
213 patients, patients who received pituitary surgery and

Table 1. Comparison of Patients With and Without Crooke’s Changes

Mean SD Median n P

Patients with ACTH-staining pituitary adenomas
Maximum preoperative UFCa

With Crooke’s changes 6.3 8.2 3.7 130 .002
Without Crooke’s changes 2.9 1.9 2.5 31

Minimum plasma cortisol 2–3 d after surgery, ug/dL
With Crooke’s changes 2.4 5.5 0.9 143 .4
Without Crooke’s changes 1.8 2.5 0.8 33

Maximum diameter adenoma at surgery, mm
With Crooke’s changes 5.6 2.9 5 111 .3
Without Crooke’s changes 5.3 2.3 5 25

All patients with tissue evaluable for Crooke’s changes
Maximum preoperative UFC, ug/d

With Crooke’s changes 7 10.9 3.7 144 �.0001
Without Crooke’s changes 3 2.5 2.5 51

UFC ACTH� tumor present or nota

ACTH� tumor 5.7 7.5 3.5 161 .3
No ACTH� tumor 7.6 16.4 3 34

Minimum plasma cortisol 2–3 d after surgery, ug/dL
With Crooke’s changes 2.6 6.1 0.9 157 .2
Without Crooke’s changes 2.6 3.8 1 55

The number of patients differs in various rows, because not all data were available in all patients.
a UFC is expressed as the ratio of the measured value compared with the upper limit of normal for the assay used.

Figure 2. Left, A substantially higher fraction of patients in whom there were no Crooke’s changes in the pituitary had no ACTH-pituitary
adenoma in the tissue from surgery compared with patients with Crooke’s changes (P � .0001, Fisher’s exact test). Right, A substantially greater
fraction of patients in whom no ACTH-pituitary adenoma tumor was submitted from surgery had no Crooke’s changes compared with patients
with an ACTH-producing tumor (P � .0001, Fisher’s exact test).
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in whom Crooke’s changes could be assessed, including
patients with or without histological evidence of an
ACTH-positive tumor (Table 1). Among the 213 patients
158 had Crooke’s changes (74%) and 55 did not (26%).

Among the 55 patients with no Crooke’s changes, in 21
(38%) no ACTH-positive tumor was found and removed
at surgery, whereas no ACTH-positive tumor was found
in only 15 (10%) of the 158 patients with Crooke’s
changes (P � .0001, Fisher’s exact test; Figure 2, left).
Among the patients with no Crooke’s changes there was
no difference in the preoperative 24-hour UFC production
between patients who had or did not have an ACTH-
positive adenoma found and removed at surgery.

The incidence of Crooke’s changes was higher in pa-
tients in whom an ACTH-staining adenoma was in the
surgical specimen. In the 36 patients with CS and no
ACTH-positive adenoma in the specimen, 15 had
Crooke’s changes (42%) compared with 143 of the 177
patientswithCSandanACTH-positive tumor (81%) (P�

.0001, Fisher’s exact test; Figure 2, right).
Again, there were substantial and significant differ-

ences in preoperative cortisol production between patients
with and without Crooke’s changes (Figure 3). Note in
Figure 3 that the likelihood of Crooke’s changes was
higher in patients with maximum 24-hour UFC of 4-fold
ULN or greater; only 13% of patients had no Crooke’s
changes, compared with 35% of patients whose maxi-
mum UFC was less than 4-fold the ULN (P � .0008, Fish-
er’s exact test). In 18 patients the ULN of the UFC assay
was not available.

Discussion

Perinuclear bundles of cytokeratin filaments are a char-
acteristic feature of corticotroph cells. Under conditions of
glucocorticoid excess, either exogenous or endogenous,
corticotroph cells accumulate cytokeratin filaments in the
cytoplasm in an annular or concentric fashion with dis-
placement of the secretory granules to either the periphery
of the cell or around the nucleus (2). This transformed
corticotroph cell is recognized as Crooke’s cell. The accu-
mulation of cytokeratin filaments is considered as the
morphologic manifestation of functional suppression (3).

Crooke’s hyaline change is a phenomenon observed
only in the human pituitary gland under influence of high
cortisol levels with no successful reproduction in experi-
mental models. Crooke, in his original paper, studied the
pituitary of 350 other patients in addition to the 12 pa-
tients with Cushing’s disease. He himself noted that these
changes do not occur in the absence of exposure to glu-
cocorticoid excess; “A hyaline change in the basophil cells

of the pituitary gland is described which does not seem to
be an expression of cell degeneration in the ordinary sense
but is probably an expression of altered physiological ac-
tivity. It was found in slight amount in a few basophil cells
of the anterior lobe in nine only of some 350 pituitary
glands from various conditions in which the syndrome
attributed to basophil adenoma was absent.” (1)

The prevalence of Crooke’s changes associated with CS
in prior reports is inconsistent and is not fully established,
(4) to a certain extent due to the uneven presence of nor-
mal, para-adenomatous pituitary gland in surgical speci-
mens. In a series of 111 pituitary surgical specimens of
ACTH-positive tumors from the German Pituitary Reg-
istry, 100% of cases of active ACTH cell adenomas with
satisfactory para-adenomatous pituitary tissue sampling
were reported to show Crooke’s changes (4). However,
this is in conflict with a different conclusion in a report
coauthored by two of the same authors in which just 20 of

Figure 3. Maximum 24-h UFC in patients with and without Crooke’s
changes (all patients are included). The error bars represent the median
and the interquartile range. Note that almost all patients with
maximum 24-h UFC that was at least 4-fold greater than the upper
limit of normal had Crooke’s changes. The data points of 14 patients
with UFC of greater than 15-fold the upper limit of normal, 14 with
Crooke’s changes and one patient without Crooke’s changes, are not
shown. Values of UFC are shown as the ratio of the measured value
divided by the upper limit of normal in the assay used.
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55 patients with surgery for Cushing’s disease had
Crooke’s changes (36%) (5). The results of both of those
studies contrast with the current study, in which Crooke’s
changes occurred in 81% of patients with histologically
demonstrated ACTH-positive neuroendocrine tumors
(pituitary and extrapituitary tumors) and in 74% of all
patients who had pituitary surgery.

The only prior report of a link of Crooke’s changes with
abnormal clinical physiology are the reports of Saeger et al
in 1988 (6) and Flitsch, et al in 1999 (5), who describe a
correlation between the presence of Crooke’s changes and
the interval to recovery of the hypothalamic-pituitary-ad-
renal axis after treatment of Cushing’s disease. Flitsch et al
(5) found Crooke’s changes in 10 of 15 patients (67%)
who required cortisol replacement therapy for at least 36
months after remission on Cushing’s disease, but in only
five of 29 patients who required cortisol replacement ther-
apy for less than 36 months (17%), thus statistically cor-
relating Crooke’s changes with longer postoperative cor-
ticotroph suppression and hypocortisolism (5). They
suggest that the degree of Crooke’s changes may be an
indicator for the degree of the ACTH suppression level of
the normal corticotrophs.

Our results clearly demonstrate a correlation between
the degree of cortisol production and the presence of
Crooke’s changes. Patients with cortisol production ex-
ceeding 4-fold the ULN almost all had Crooke’s changes.
In contrast, some patients with cortisol production less
than 4-fold the ULN had Crooke’s changes, others did not
(Figure 3). This could have been the result of differences in
the duration of CS, variation in the constancy of excess
cortisol exposure, or individual variation in the sensitivity
to the effects of excess cortisol from patient to patient.

The presence of Crooke’s changes also probably is a
reflection of the duration of exposure to excess glucocor-
ticoids. In studies of pituitary tissues from autopsy of pa-
tients who received sustained treatment with glucocorti-
coids, Uei et al (7) found a significant correlation with the
presence of Crooke’s changes and 1) the total dose of glu-
cocorticoids and 2) the duration of treatment. However,
others did not find such a correlation (8). We attempted to
examine the duration of CS as reflected in the patient his-
tory, but the timing of the onset of the syndrome is often
not clear, many patients cannot recall when their initial
symptoms first seemed, and that information was not
available for many patients. In addition, the degree of hy-
percortisolism was only examined at one point in time,
during the preoperative evaluation for detection of CS,
and is, thus, not a reliable measure of the degree of cortisol
exposure over an interval of time.

In some patients with a diagnosis of Cushing’s disease
no tumor can be found at surgery. This usually occurs in

patients with a negative pituitary MRI. In fact, our series
represents one in which there is a referral bias toward
patients with suspected Cushing’s disease who have a neg-
ative MRI, as 48 of the 213 patients (23%) had a negative
preoperative pituitary MRI. The presence of Crooke’s
changes can be used to suggest that a patient who had
surgical exploration of their pituitary, but in whom no
tumor can be found, has CS, as the presence of Crooke’s
is a reliable indication of excess exposure to glucocorti-
coids, including from ectopic ACTH syndrome, as oc-
curred in all three of the patients with proven ectopic
ACTH secretion in this series. However, the absence of
Crooke’s changes does not reliably suggest the absence of
CS, as 19% of patients with a proven ACTH-producing
tumor did not have Crooke’s changes.

The likelihood of not finding a tumor in patients with
no Crooke’s changes (38%) was substantially higher than
in patients with Crooke’s changes (10%). Furthermore, in
patients in whom no ACTH pituitary adenoma was in the
tissue specimen removed at surgery the incidence of
Crooke’s changes was 58%. These observations suggest
that some patients in whom a tumor was not found may
not have had CS. If this was so, the distribution of max-
imum cortisol production (UFC) among patients with no
Crooke’s changes should be different between patients
with and without an ACTH-pituitary adenoma from the
surgery, but that was not the case. Thus, the higher like-
lihood of absent Crooke’s changes in patients without an
ACTH-pituitary adenoma from surgery may be explained
by those patients having smaller tumors, less severe hy-
percortisolism, or shorter exposure to high cortisol levels.
The analysis also suggests that there is variability among
individuals in their susceptibility to develop Crooke’s
changes in the face of chronic hypercortisolism, as has
previously been observed in patients receiving high dose
glucocorticoid therapy (7).

To summarize, Crooke’s changes occur in 75–80% of
patients with CS. The presence or absence of Crooke’s
changes depend on the degree of hypercortisolism and
individual variability. They are present in almost all pa-
tients with UFC greater than 4-fold the ULN, whereas
with less severe hypercortisolism the expression of
Crooke’s changes varies from person to person. The pres-
ence of Crooke’s changes is a clear indication of the pres-
ence of CS, although the absence of Crooke’s changes does
not exclude it.
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