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MRI for Cushing Disease: A Systematic Review
M. Castle-Kirszbaum, S. Amukotuwa, P. Fuller, T. Goldschlager, A. Gonzalvo, J. Kam, C.Y. Kow, M.D. Shi, and

S. Stuckey

ABSTRACT

BACKGROUND:MR imaging is key in the diagnostic work-up of Cushing disease. The sensitivity of MR imaging in Cushing disease is
not known nor is the prognostic significance of “MR imaging–negative” disease.

PURPOSE:Our aim was to determine the overall sensitivity and prognostic significance of MR imaging localization of Cushing disease.

DATA SOURCES:We performed a systematic review of the MEDLINE and PubMed databases for cohort studies reporting the sensi-
tivity of MR imaging for the detection of adenomas in Cushing disease.

STUDY SELECTION: This study included 57 studies, comprising 5651 patients.

DATA ANALYSIS: Risk of bias was assessed using the methodological index for non-randomized studies criteria. Meta-analysis of
proportions and pooled subgroup analysis were performed.

DATA SYNTHESIS: Overall sensitivity was 73.4% (95% CI, 68.8%–77.7%), and the sensitivity for microadenomas was 70.6% (66.2%–
74.6%). There was a trend toward greater sensitivity in more recent studies and with the use of higher-field-strength scanners.
Thinner-section acquisitions and gadolinium-enhanced imaging, particularly dynamic sequences, also increased the sensitivity. The
use of FLAIR and newer 3D spoiled gradient-echo and FSE sequences, such as spoiled gradient-echo sequences and sampling per-
fection with application-optimized contrasts by using different flip angle evolutions, may further increase the sensitivity but appear
complementary to standard 2D spin-echo sequences. MR imaging detection conferred a 2.63-fold (95% CI, 2.06–3.35-fold) increase
in remission for microadenomas compared with MR imaging–negative Cushing disease.

LIMITATIONS: Pooled analysis is limited by heterogeneity among studies. We could not account for variation in image interpreta-
tion and tumor characteristics.

CONCLUSIONS: Detection on MR imaging improves the chances of curative resection of adenomas in Cushing disease. The evolu-
tion of MR imaging technology has improved the sensitivity for adenoma detection. Given the prognostic importance of MR imag-
ing localization, further effort should be made to improve MR imaging protocols for Cushing disease.

ABBREVIATIONS: ACTH ¼ adrenocorticotropic hormone; CD ¼ Cushing disease; CRH ¼ corticotropin-releasing hormone; GE ¼ gradient-echo; MINORS ¼
methodological index for non-randomized studies; RARE ¼ rapid acquisition with relaxation excitement; SE ¼ spin-echo; SPGR ¼ spoiled gradient-echo sequences;
SPACE ¼ sampling perfection with application-optimized contrasts by using different flip angle evolutions

Cushing disease (CD) is associated with reduced quality of life1

and excess mortality.2 MR imaging of the sellar region
identifies most cases of Cushing disease; however, up to 40% of
cases are “MR imaging–negative,” though the exact proportion has
not been definitively established.3-5

Surgeons rely on MR imaging to identify the surgical target,
guide surgical planning and technique, and avoid complications.
Foremost, adenoma localization facilitates selective adenomec-
tomy, which is associated with the highest rate of cure.6,7 In MR
imaging–negative Cushing disease, the surgeon is required to
make multiple incisions into the gland in search of adenoma tis-
sue or perform a hemi- or subtotal hypophysectomy;8 both are
associated with a higher rate of complications and a lesser rate of
cure.9,10 Surgical exploration and hemi-hypophysectomy may be
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guided by inferior petrosal sinus sampling, but this procedure is
invasive, not without risk, and correctly lateralizes eccentric tumors
in only 69% of cases.11

Improved MR imaging detection of adenomas in CD would
avoid delays in treatment, streamline surgery, reduce the need for
inferior petrosal sinus sampling, minimize iatrogenic gland and
stalk injury, obviate the need for hypophysectomy, and increase
the chance of surgical cure.12 We sought to systematically review
the literature on MR imaging in CD to establish the rate of MR
imaging–negative disease, the patient and imaging protocol fac-
tors that determine MR imaging sensitivity, and the association
of MR imaging localization with rates of biochemical remission
after surgery.

Primer of MR Imaging for CD
MR imaging of the pituitary gland is notoriously challenging due
to its anatomy. The pituitary gland sits in the sella at the confluence
of the nasal, orbital, and cranial regions,13,14 medial to the lateral
sellar compartment (cavernous sinus, a part of the extradural neu-
raxial compartment).15

A number of artifacts degrade sellar MR imaging. Due to its
small size, partial volume effects from adjacent structures such as
the ICA, sphenoid sinus air, or cavernous sinus fat may mimic
microadenomas. A thin-section, high in-plane resolution, multi-
planar acquisition is hence essential.16 Tissue inhomogeneity is
also problematic; changes in magnetic susceptibility at air- and
bone–soft tissue interfaces also distort the local magnetic field and
cause artifacts, particularly at higher field strengths. Chemical shift
artifacts may occur in the setting of fat infiltration of the dorsum
sellae or cavernous sinus and may require fat-suppressed imaging.
Pulsatile flow in the adjacent ICA,17 significantly enlarged interca-
vernous sinuses, or turbulent CSF in the suprasellar cistern may
also causes artifacts. Finally, patients with Cushing syndrome may
have an empty sella,18 which may reduce imaging sensitivity
through either direct compression or altering the dynamics of
contrast within the normal gland.19

Standard MR images are pre- and post intravenous gadolinium
T1-weighted spin-echo (SE) or rapid acquisition with relaxation
enhancement (RARE), eg, FSE/TSE, acquired in the coronal and
sagittal planes, and coronal T2-weighted FSE with a section thick-
ness of#3mm. Volumetric acquisitions are now preferred because
these provide thin slices and minimize partial volume effects and
have the ability to create multiplanar reformats. Volumetric
sequences are usually gradient-echo (GE) or RARE-based. Pituitary
adenomas are typically T2-hyperintense and T1-hypointense to the
normal gland precontrast; however, they may have a variety of sig-
nal characteristics and are often (frustratingly) isointense and
imperceptible.

Enhancement is typically delayed compared with the normal
gland, with slower wash-in and washout phases.20 Adenomas,
therefore, typically enhance less than the normal pituitary gland in
early postcontrast images but display greater enhancement on
delayed imaging. The reason is not clear but may relate to poor
permeability of the pseudocapsule, reduced vessel density,21 or a
predominance of small vessels within the tumor neovasculature.22

These enhancement characteristics are exploited by dynamic
image acquisitions, in which the point of maximal-intensity

difference during wash-in is sought. Multiple (usually 6) sets of
coronal T1-weighted images (either 2D or 3D, SE, FSE or GE) are
acquired at 10 -second intervals immediately following contrast
administration. Delayed imaging, 30–60minutes after contrast
administration, may also be performed to take advantage of the
relatively slow contrast washout within adenomas. FLAIR imaging
is more sensitive to paramagnetic contrast enhancement than T1-
weighted images and may, therefore, be preferred in this setting.23

Spoiled gradient-echo sequences (SPGR) offer greater soft-tissue
contrast and allow faster acquisition (minimizing motion/vascular
pulsation artifacts) than standard SE sequences.24 They are also of-
ten acquired with thinner slices. However, the SNR may be infe-
rior to that in SE sequences, increasing the rate of false-positive
findings, and susceptibility artifacts are also increased. 3D variable
flip-angle FSE sequences, such as sampling perfection with appli-
cation-optimized contrasts by using different flip angle evolutions
(SPACE sequence; Siemens), allow thin-section imaging in rea-
sonable acquisition times, reducing partial volume and motion
artifacts.25 These FSE sequences are resistant to susceptibility arti-
facts compared with 3D GE sequences. They may also be particu-
larly useful for laterally based tumors because the signal intensity
of slow-flowing blood (eg, in the cavernous sinus)26 is high, while
flow voids are maintained in fast-flowing carotids.27 High spatial-
resolution balanced spoiled steady-state free precession sequences,
such as CISS, are predominantly heavily T2-weighted images that
have a high SNR and are relatively insensitive to motion. Acquired
without contrast, they may provide complementary findings to
standard SE sequences by identifying microcystic or more T2-
hyperintense regions in otherwise silent lesions and are suitable
for patients with contraindications to intravenous gadolinium.

MATERIALS AND METHODS
A systematic review was performed in accordance with the Preferred
Reporting Items for Systematic reviews and Meta-Analyses
(PRISMA) statement.28 A systematic search of the MEDLINE and
PubMed electronic databases from their date of inception to
September 2021 was conducted using the search string: (Magnetic
Resonance Imaging OR MRI OR MR) AND (Cushing(s) Disease
OR Corticotroph Adenoma OR Corticotrope Adenoma OR
ACTH-Dependent Cushing(s) Syndrome).

Inclusion criteria were defined as the following: 1) randomized
and nonrandomized controlled trials and cohort studies that
reported the sensitivity of MR imaging for the detection of pitui-
tary adenomas in Cushing disease; 2) documentation of an accept-
able “reference standard” diagnosis of Cushing disease (histology
or remission after surgery); and 3) written in English. Studies of
multiple tumor types in which data specific to CD could not be
extracted, studies of imaging modalities in which data specific to
MR imaging could not be extracted, and single case reports were
excluded.

Data Collection
Data extraction included study year, study size, patient age, surgi-
cal status, surgery type, adenoma size, cure rates, and MR imaging
protocol. Results were stratified, when possible, by patient age,
study year, tumor size, and MR imaging characteristics.
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Risk of bias in individual studies was assessed using the meth-
odological index for non-randomized studies (MINORS).29

Meta-analysis of proportions was performed using the ran-
dom-effects model for overall sensitivity. Pooled analysis was per-
formed for subgroup analysis, and the Fisher exact test was used
to compare pooled dichotomous data. Statistical significance was
defined as P, .05. Heterogeneity between studies included in the
meta-analysis of proportions was measured using the I2 statistic.
Analysis was performed using R 4.1.1 (http://www.r-project.org/).

RESULTS
Fifty-seven studies were identified from the systematic search of
the literature (Online Supplemental Data), comprising 5651
patients (Online Supplemental Data). Risk of bias was assessed by
the MINORS criteria and is presented in the Online Supplemental
Data. The literature consisted mostly of case series and small retro-
spective cohort studies, spanning 1988–2021. Magnet field strength
was reported in 36 (63.2%) studies, with most using standard-field-
strength MR imaging (1T–3T), whereas 1 study used 7T imaging.
MR imaging sequences were reported in 43 (75.4%) studies. The
most used sequences included T1-weighted SE (100%, 43/43), T2-
weighted SE (55.8%, 24/43), dynamic postcontrast studies (48.8%,
21/43), and SPGR (44.2%, 19/43). In all studies, the diagnosis of
CD was established by either surgical findings or, in the absence of
histology, biochemical remission after surgery.

Overall Sensitivity
In patients with CD, MR imaging had an overall sensitivity of
73.4% (95% CI, 68.8%–77.7%) and there was significant heteroge-
neity between studies (I2¼ 92.1%) (Online Supplemental Data). In
studies that included only microadenomas, the overall sensitivity
was 71.8% (95% CI, 63.0%–79.2%) and there was significant heter-
ogeneity between studies (I2 ¼ 82.0%). In studies that included
both macroadenomas and microadenomas, the sensitivity for
detecting microadenomas was similar (70.0%; 95% CI, 64.9%–
74.7%; I2¼ 91.7%) to that in studies of exclusively microadenomas
(P ¼ .85). Combined, the sensitivity of MR imaging for all microa-
denomas was 70.6% (95% CI, 66.2%–74.6%; I2 ¼ 89.7%).
Compared with all patients with CD, the sensitivity of MR imaging
for detecting microadenomas was significantly lower when assess-
ing either studies of exclusively microadenomas (OR ¼ 1.18, P ¼
.03) or microadenomas within all studies (OR¼ 1.22, P, .001).

Study Year
Studies were categorized by year of publication into 1 of 3 epochs:
pre-2000; 2000–2010; or post-2010. When the sensitivity of MR
imaging was provided for different epochs within a study, data
were separated into the relevant era. The sensitivity of MR imaging
in the pre-2000 epoch was similar to that in the 2000–2010 epoch
(60.5% versus 57.8%, P ¼ .89). The post-2010 era had greater sen-
sitivity than the pre-2000 (80.1% versus 60.5%, P , .001) and the
2000–2010 (80.1% versus 57.8%, P, .001) eras.

Patient Age
Two studies exclusively analyzed pediatric patients, while 12 stud-
ies exclusively analyzed adults. One additional study stratified
results by patient age, and the data were included in the relevant

age group. MR imaging had greater sensitivity in adults with CD
than in children (70.9% versus 52.5%, P, .001).

Field Strength
Twenty studies were performed using a single magnet field
strength, while an additional 5 studies stratified results by field
strength. Overall, there was a trend toward increasing sensitivity
with increasing field strength. Compared with a standard field
strength of 1.5T, scans performed at 3T identified significantly
more adenomas (81.7% versus 73.6%, OR¼ 1.60, P¼ .03).

Comparisons with low-strength (eg, 0.5T) and higher-strength
(eg, 7T) magnets were limited by the small sample size. Three
studies assessed the same cohort of patients on 1.5T and 3T scan-
ners,30-32 for a total of 28 patients. 3T field strength tended to be
more sensitive (60.7% versus 35.7%, P ¼ .10). The single study
comparing 1.5T and 7T images also tended toward greater sensi-
tivity with higher field strengths (81.3% versus 43.8%, P¼ .07).33

Section Thickness
Thirty-two studies reported MR imaging sequence details, includ-
ing minimum section thickness. Section thickness was categorized
into 3 groups: .2, #1, and 1.1–2 mm. Compared with MR imag-
ing protocols in which the thinnest cuts were .2 mm, those with
slices of 1.1–2 mm (65.6% versus 58.1%, P ¼ .01) and #1 mm
(83.7% versus 58.1%, P, .001) were significantly more sensitive.

Because studies of ,1 mm were more likely to have dynamic
imaging, a separate analysis was performed excluding studies
with dynamic contrast-enhanced sequences. Fine-section (#1
mm) imaging improved the sensitivity of MR imaging even in
the absence of dynamic sequences compared with either 1.1- to
2-mm slices (P¼ .02) or.2-mm slices (P¼ .03).

MR Imaging Sequences
Thirty-nine studies reported sensitivity for specific MR imaging
sequences. Compared with noncontrast T1 SE sequences, routine
postgadolinium T1 SE sequences trended toward greater sensitiv-
ity but did not reach statistical significance. However, dynamic
image acquisition improved the sensitivity of gadolinium-
enhanced T1-weighted SE sequences significantly (78.6% versus
58.8%, P, .001). The sensitivity of dynamic sequences improved
between the 2000 and 2010 era and the post-2010 era (52.8% ver-
sus 81.4%, P , .001). Spoiled gradient-echo sequences (most
commonly SPGR) also demonstrated increased sensitivity com-
pared with postcontrast T1-weighed SE images (69.8% versus
58.8%, P , .001). 3D FSE sequences (eg, SPACE) similarly dem-
onstrated greater sensitivity than postcontrast 2D T1-weighted
SE studies (82.1% versus 58.8%, P, .001).

Given that the sensitivity of each sequence is dependent on
many factors including the characteristics of the population being
tested, section thickness, and magnet strength (see above), a sepa-
rate analysis was performed that included only studies with direct
comparisons of MR images obtained on the same population on
the same scanners.

Similar to the initial analysis, there was no significant differ-
ence between noncontrast and postcontrast 2D T1-weighted SE
sequences (46.8% versus 62.2%, P ¼ .19). Again, dynamic image
acquisition improved the sensitivity of gadolinium-enhanced 2D
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T1-weighted SE sequences (64.8% versus 47.3%, P ¼ .006). There
was no difference between SPGR and dynamic sequences (60.1%
versus 67.3%, P ¼ .21); however, SPGR demonstrated improved
sensitivity in comparison with postcontrast 2D T1-weighted SE
sequences (55.3% versus 38.6%, P, .001). Single studies demon-
strated greater sensitivity of postcontrast 3D fast FSE sequences
(eg, T2-SPACE) compared with dynamic acquisitions (P ¼ .01)34

and postcontrast 2D T1-weighted SE sequences (P, .001).35 The
addition of FLAIR sequences to SPGR increased the sensitivity of
MR imaging, though overall numbers were small.23 T2-CISS
sequences in isolation were similarly as sensitive as postcontrast
2D T1-weighted SE sequences; however, both sequences identi-
fied particular adenomas that the other did not, suggesting these
sequences are complementary.36

Significance of MR Imaging Localization for Postoperative
Remission
Postoperative biochemical remission data were available in 23

studies. Overall, patients with adenomas identifiable on MR imag-

ing had a greater rate of postoperative biochemical remission

(81.6% versus 76.0%, P , .001) (Table). Given that macroade-

nomas are more likely to be invasive and some may be giant and

not amenable to gross total resection, a separate analysis was per-

formed in microadenoma studies. Data pertaining only to microa-

denomas could be extracted from 16 studies. The strong predictive

effect of MR imaging visibility on remission rates was maintained

(84.8% versus 67.9%, P, .001). There was no difference in remis-

sion rates in MR imaging–negative disease between epochs.

DISCUSSION
Key Results
MR imaging identifies 73% of all adenomas and 71% of microa-

denomas in patients with CD. Sensitivity has improved with time

due to greater spatial resolution (including finer section thick-

ness) and scanning at higher field strengths, which allows high-

resolution imaging with greater SNR. The increase in detection

rates may, however, come at the cost of increased false-positives.

Dynamic imaging and advanced 3D MR imaging techniques

(SPGR, SPACE) may improve the sensitivity over conventional

2D SE sequences alone; however, they are likely complementary

rather than interchangeable. MR imaging detection is a strong

predictor of remission.

Generalizability
Perhaps the most important factor determining the sensitivity of
MR imaging is how the images are interpreted. Experienced

radiologists and pituitary surgeons do
not have perfect agreement among them-
selves33,37 or each other.38 Dynamic37 and
higher-field-strength studies33 tend to
demonstrate less agreement, likely
due poorer specificity related to arti-
facts and the more heterogeneous
appearance of the gland at higher re-
solution. The MR pulse sequences
and high-field-strength (7T) imaging
described in this review may not be
available in all centers.

Limitations
Significant (I2 ¼ 90%) heterogeneity between studies limits the
strength of our conclusions. The sensitivity of MR imaging is
determined by many factors outside the acquisition, such as
image interpretation and tumor characteristics, which will differ
among cohorts. The factors analyzed in the study are inherently
interrelated, with higher-field-strength scanners, advanced
sequences, and thinner-section acquisitions more common in
later decades. Improvements in scanner technology extend
beyond field strength. With time, matrix size (ie, in-plane resolu-
tion) has increased, as has the number and design of head coils
(ie, channels), resulting in higher-resolution imaging with
improved signal. These specifications were rarely reported; com-
parison by field strength alone may oversimplify interscanner dif-
ferences. Although increasing spatial resolution and advanced
sequences may improve sensitivity, the effect on specificity has
not been consistently reported. The false-positive rate may exceed
20% in some series,39 and clinicians should be cognizant of the
potential for a greater rate of false-positive results with fine-sec-
tion acquisitions, higher-field-strength magnets, and more
advanced pulse sequences.38

The Future
Perfectly sensitive sellar imaging would facilitate a totally noninva-
sive work-up of CD and high rates of surgical cure. Steps toward
this goal have already been taken; however, there remains room for
improvement. CD-specific MR imaging protocols have been pro-
posed,40,41 using dynamic imaging, SPGR, and volumetric FSE
sequences, which are supported by our data. The benefits of higher-
field-strength magnets are promising but may be limited by ampli-
fied artifacts from skull base pneumatization and bone-soft tissue
interfaces. Nevertheless, the single study that compared 1.5T and 7T
acquisitions demonstrated almost twice the sensitivity with higher-
field-strength imaging. Gadolinium dose is a further variable to be
optimized,42 with half-dose acquisitions demonstrating improved
sensitivity. These advances are promising but need to be weighed
against the potential increased rate of false-positive results. Future
studies should universally report false-positive findings.

Intraoperative MR imaging is increasingly recognized as a valu-
able adjunct to increase the extent of resection of macroadenomas
in specialist centers,43 especially as field strength improves.44 The
role of intraoperative MR imaging in microadenoma surgery has
not been established but may be limited by air and blood artifacts

Effect of MR imaging detection on surgical outcome

Remission Persistent % P Value OR (95% CI)
All adenomas
MR imaging1 1968 445 81.6 ,.001 1.40 (1.16–1.68)
MR imaging– 710 224 76.0 REF REF

Microadenomas
MR imaging1 1129 203 84.8 ,.001 2.63 (2.06–3.35)
MR imaging– 324 153 67.9 REF REF

Note:—REF indicates reference value; 1, detected; �, not detected.
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from the operation. Endosphenoidal coils may dramatically aug-
ment SNR but are currently experimental.45

Current MR imaging protocols appear particularly insensitive
for detecting dural invasion, which has prognostic significance.46

Preoperative detection would facilitate consideration of resection
of the medial wall of the cavernous sinus, theoretically increasing
the chance of cure.47

PET using [18F] fluoroethyl-L-tyrosine and 11C-methionine
may localize MR imaging–occult lesions.48 Response to cortico-
tropin-releasing hormone (CRH) stimulation can predict PET-
positive adenomas,49 and PET detection can be further improved
by CRH stimulation.50 Although PET may be less sensitive than
advanced MR imaging sequences in isolation,49 it can help con-
firm equivocal MR imaging findings and may be fused to volu-
metric MR imaging acquisitions for intraoperative stereotaxis.
Recently, 68Ga-tagged CRH has been demonstrated to localize
CD adenomas with impressive accuracy;51 however, its role in
adenomas that fail to respond to CRH stimulation (approxi-
mately 10%) is unclear.

CONCLUSIONS
MR imaging detects between two-thirds and three-quarters of
adenomas causing CD. MR imaging localization significantly
improves outcome in patients with CD; in microadenomas, it
increases the chance of remission by almost 20%. We have illus-
trated the patient and imaging factors that influence detection
rates. These findings will help guide improvements in MR imaging
protocols to maximize the chance of cure, thus improving quality
of life and longevity for patients with CD. More precision in MR
imaging protocols is required in this era of precision medicine.
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