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Introduction: Cushing’s disease presents major diagnostic and management
challenges. Although numerous preoperative and intraoperative imaging
modalities have been deployed, it is unclear whether these investigations
have improved surgical outcomes. Our objective was to investigate whether
advances in imaging improved outcomes for Cushing’s disease.

Methods: Searches of PubMed and EMBASE were conducted. Studies reporting
on imaging modalities and clinical outcomes after surgical management of
Cushing'’s disease were included. Multilevel multivariable meta-regressions
identified predictors of outcomes, adjusting for confounders and
heterogeneity prior to investigating the effects of imaging.

Results: 166 non-controlled single-arm studies were included, comprising
13181 patients over 44 years.The overall remission rate was 77.0% [Cl: 74.9%-
79.0%]. Cavernous sinus invasion (OR: 0.21 [CI: 0.07-0.66]; p=0.010),
radiologically undetectable lesions (OR: 0.50 [CIl: 0.37-0.69]; p<0.0001),
previous surgery (OR=0.48 [Cl: 0.28-0.81]; p=0.008), and lesions >10mm
(OR: 0.63 [Cl: 0.35-1.14]; p=0.12) were associated with lower remission. Less
stringent thresholds for remission was associated with higher reported
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remission (OR: 1.37 [Cl: 1.1-1.72]; p=0.007). After adjusting for this
heterogeneity, no imaging modality showed significant differences in
remission compared to standard preoperative MRI.The overall recurrence
rate was 14.5% [Cl: 12.1%-17.1%]. Lesion >10mm was associated with greater
recurrence (OR: 1.83 [Cl: 1.13-2.96]; p=0.015), as was greater duration of
follow-up (OR: 1.53 (Cl: 1.17-2.01); p=0.002). No imaging modality was
associated with significant differences in recurrence.Despite significant
improvements in detection rates over four decades, there were no significant
changes in the reported remission or recurrence rates.

Conclusion: A lack of controlled comparative studies makes it difficult to draw
definitive conclusions. Within this limitation, the results suggest that despite
improvements in radiological detection rates of Cushing's disease over the last
four decades, there were no changes in clinical outcomes. Advances in imaging
alone may be insufficient to improve surgical outcomes.

Systematic Review Registration: https://www.crd.york.ac.uk/PROSPERO/,
identifier CRD42020187751.

KEYWORDS

cushing, imaging, pituitary, Cushing’'s disease, MRI, PET, transsphenoidal,
advanced imaging

Introduction

Cushing’s disease is a condition of hypercortisolaemia
secondary to an adrenocorticotropic hormone (ACTH)
releasing pituitary adenoma. Untreated hypercortisolaemia
produces a spectrum of symptomatology which causes major
morbidity with significant impact on quality of life and life
expectancy (1, 2).

The diagnosis of Cushing’s disease can be difficult, requiring
a carefully considered multidisciplinary approach involving
endocrinology, diagnostic and interventional radiology, and
neurosurgery. Although Cushing’s disease is the most
likely cause of increased ACTH and of endogenous
hypercortisolaemia, ectopic sources of ACTH are possible (2, 3).

Preoperative magnetic resonance imaging (MRI) is a well-
established tool in the diagnostic workup for Cushing’s disease.
However, ACTH adenomas are most often small at the time of
presentation, with an estimated 40-60% undetectable on MRI (1,
2, 4). Inferior petrosal sinus sampling (IPSS) is an invasive
investigation that can confirm a pituitary source of ACTH
excess. While IPSS may also help lateralise adenomas in
selected cases, the frequently central location of lesions and
venous asymmetry renders this unreliable (5). Other
preoperative and intraoperative imaging modalities have been
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deployed in an attempt to improve detection rates (4, 6, 7).
However, impact of these on clinical outcomes is unclear.

We conducted a systematic review and meta-analysis to
investigate whether advances in imaging has improved
outcomes in Cushing’s disease.

Methods
Search strategy and selection criteria

The protocol was registered with PROSPERO (CRD42020187751)
and uploaded a priori on medRxiv (8). This study is reported in
accordance with MOOSE guidelines and PRISMA statement (9, 10).

Searches of PubMed and EMBASE were last updated on 1
June 2022, with no limits on the date of publication. The search
strategy was created using a PICO approach (Supplementary
Table 1), and further refined post hoc to increase sensitivity for
advanced imaging methods.

Studies reporting both the type of imaging used and surgical
outcomes in patients with Cushing’s disease were included.
Conference abstracts and non-English articles were excluded due
to resource constraints. Studies utilising only preoperative MRI
were excluded if they had fewer than 10 patients both to maximise
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numerical stability and due to resource constraints. Conversely,
studies utilising other imaging methods were excluded only if the
study population was less than 3 to maximise sensitivity for non-
standard imaging methods.

Data extraction

Geographical (region, country, centre), demographic
(age, proportion of males, follow-up, previous treatments),
biochemical data (preoperative cortisol, ACTH, dexamethasone
suppression test, urinary free cortisol, salivary cortisol) and
characteristics of the pituitary lesions on preoperative imaging
(>10mm, <10mm, undetectable, cavernous sinus invasion) were
extracted. The definitions and thresholds of remission were
recorded. If no demographic data for the specific subgroups were
available, then the values for the overall study population were taken
for the subgroup. If there was potential overlap in datasets between
included studies, only the largest of these was included.

Details of preoperative MRI, such as Tesla-strength,
dynamic contrast (DMRI), or gradient echo sequences (GRE)
were recorded. The relative proportions of other types of
imaging were extracted, along with outcomes (remission and
recurrence). For the purposes of this study, imaging modality
refers to the technology used to obtain the images (e.g.
ultrasound, MRI), whereas MRI sequences are used to refer to
the specific sequence or protocol (e.g. DMRI, GRE, 3-Tesla).

For most variables, we extracted averages or proportions.
The exception was for MRI sequences, where there was rarely
sufficient detail to extract proportions. These were therefore
simply coded TRUE/FALSE.

The primary outcome was remission after single surgery.
Secondary outcome was recurrence rate.

Quality assessment

Study quality was assessed using the National Institutes of
Health case series quality assessment tool (11). This was a deviation
from the protocol, as the ROBINS-1 is not designed to assess
uncontrolled studies, which formed the majority in our review.

Meta-analysis

Statistical analyses were conducted using R statistical
programming (12) and metafor (13), with parallelisation
using doParallel (14). Data were visualised using ggplot2
(15). A calculator tool was created (http://tiny.cc/QS-
CushingSR) to explore the complex interactions within the
multivariable models, and to give an estimate of remission or

recurrence (16).
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Remission and recurrence rates were logit-transformed for
analysis, and back-transformed to either rate or odd ratios (OR)
for reporting. If the number of events was zero, 0.5 and 1 were
added to the numerator and denominator respectively for
numerical stability.

The study and its subgroups were taken as nested random
effects in multilevel meta-analysis, to account for within-study
correlation between subgroups. Both univariable and
multivariable analyses were conducted, with the latter reported
as the primary analysis.

The variables under investigation in multivariable modelling
were baseline variables (radiological lesion >10mm, undetectable
lesion, cavernous sinus invasion, previous surgery, cortisol
remission threshold, age, sex), imaging modalities, MRI
sequences (GRE, DMRI, 3-Tesla), year of publication, and
length of follow-up for recurrence only.

Adjustments for heterogeneity

The baseline variables were scrutinised and the heterogeneity
subsequently adjusted for using multivariable modelling to
investigate for the effect of imaging modalities on outcomes. For
missing values in multivariable analyses were multiple imputed
using MICE v3.11.0 (17).

The Bayesian Information Criterion (BIC) was used for
model selection, which favours model sparsity compared to
Akaike Information Criterion (18). The effects of MRI
sequences were investigated separately to imaging modalities
due to differences in coding (TRUE/FALSE for the former,
proportions for the latter). In assessing the impact of each
variable, we considered their effects on overall model fit as
measured by BIC, and their magnitudes and statistical
significance (threshold 0<0.05).

Publication bias

For univariable analysis, we conducted visual inspection of
funnel plots, Duval’s trim-and-fill and Egger’s regression to
investigate potential publication bias.
Results
Study selection and characteristics

The search returned 2962 records; 166 studies with 13181
patients were eligible for inclusion (Figure 1; Supplementary
Tables 2-4). All included studies were of single-arm uncontrolled

cohort designs as pertaining to imaging, and the overall quality
of design and reporting within the literature was poor (quality
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Records identified using the first
search strategy

Extra records identified using the
second search strategy

(n =2067) (n=1389)
Y /
Abstracts screened - Abstracts excluded
(n = 3456) (n =2516)
\ 4
Full-text articles afsessed for eligibility > Full texts excluded
(n =466) (n = 300)
- Not primary study - 2
A 4 - Not English - 8
Studies included - No full-text - 9
(n = 166) - Single case report - 4
- No active Cushing’s disease - 28
- No surgical management - 46
v - <10 patients - 33
- y - - - - No imaging - 1
Studies Reporting Studies Reporting No remission/recurrence - 58
Remission after Recurrence Duplicate data - 26
Single Surgery Rates Conference paper - 68
(n =160) (n = 106) Other - 17

FIGURE 1
Study flow diagram

assessment presented in Supplementary Table 5). Therefore,
meta-analysis was conducted by pooling effect sizes from
single-arm cohorts. Our search returned only one paper that
directly compared remission rates between preoperative MRI
only and another imaging modality (intraoperative ultrasound)
(19). Statistical testing was not reported, although our own
Fisher’s exact testing on the unpaired data showed no
significant difference. This study was excluded from our meta-
analysis as the number of operations undertaken to achieve
remission was unclear.

Overall estimated remission rates

160 studies, comprising 12944 patients over 44 years,
reported remission rates after single surgery. The pooled
estimate of the remission rate by univariable analysis was
77.0% [CIL: 74.9%-78.98%] (Figure 2). The funnel plot was
symmetrical on visual inspection (Supplementary Figure 1),
and Egger’s regression test was not significant (p=0.09). The
non-parametric Duval’s trim-and-fill method showed an
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estimated 29 (of total 286) missing cohorts, which did not
substantially affect the effect size (estimated bias of 2.8%).

Baseline predictors of remission

Multivariable meta-regression analysis was conducted using
26111 permutations of baseline variables, imaging modalities,
MRI sequences and year of publication (Supplementary
Table 6). The best-fitting baseline model indicated the variables
that best predicted lower remission rates were: cavernous sinus
invasion [OR(Remission)=0.209 (CI: 0.066-0.662), p=0.010],
previous surgery [OR(Remission)=0.477 (CI: 0.280-0.811),
p=0.008], radiologically undetectable lesion [OR(Remission)
=0.501 (CL: 0.366-0.686), p<0.0001], and lesion >10mm [OR
(Remission)=0.63 (CI: 0.35-1.14), p=0.12]. Cortisol threshold
were a significant confounding variable, with less stringent
cortisol remission thresholds being predictive of higher
remission rates [OR(Remission)=1.37 (CI: 1.10-1.72), p=0.007]
(Figure 3A; Supplementary Table 7). The effects of this
multivariable model can be viewed using an online calculator
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FIGURE 2
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FIGURE 3
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0.636 [0.363, 1.113]
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p-value
(p=0.0101)  *
(p=0.0083) **
(p=0.0000) ****
(p=0.1200)

(p=0.0074) **

p-value
(p=0.0107) *
(p=0.0080)  **
(p=0.0000) *¥¥**
(p=0.1229)
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(p=0.0074) **

(p=0.0395)  *

The effects of predictors on remission. (A) Baseline characteristics. (B) Imaging types. (C) MRI sequences. (A) shows the baseline characteristics
that were predictive of remission. (B) No imaging modality was predictive of remission compared to preoperative MRI. (C) Only GRE was found
to be predictive of remission compared to standard MRI sequences/protocols whereas DMRI and Tesla strength were not. The point denotes
the estimated effect size, and the line denotes the 95% confidence interval of that estimate. Baseline variables are in grey The point denotes the
estimated effect size, and the line denotes the 95% confidence interval of that estimate. Cl, confidence interval. *p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001.

created for this purpose (http://tiny.cc/QS-CushingSR) (16).
Within this best baseline model, there was still significant

heterogeneity (p<0.0001). This baseline model was then used for

subsequent analyses discussed below (shown in Figures 3B, C).
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Univariable analysis found preoperative ACTH level to also

be significant negative predictors with remission rates (Figure 4).

However, this was not included in the multivariable regression as
this was not reported for 78.2% (237/303) of cohorts.
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ACTH as an additional predictor of remission found on univariable analysis. Each circle denotes the sample level effect, with the size
proportional to the weight. The solid line denotes the regression line, and the dotted lines denote the 95% confidence interval of the line.

Imaging modalities and remission

The studies reporting remission utilised the following
preoperative non-standard imaging modalities (i.e. anything
other than preoperative MRI):

« CT in 794 patients in 31 studies, and unknown numbers in
2 studies.

« Positron Emission Tomography (PET) in 63 patients in 5
studies (18F-FDG tracers in 2 studies, 68Ga-CRH in 1,
1 study using 11C-methionine and 18-F-Fluoroethyl-L-
tyrosine separately, and unspecified in 1), and unknown
numbers in 3 studies (tracer unspecified in all)

o Octreotide scan (111In-pentetreotide tracer) in 4 patients
in 1 study.

Frontiers in Endocrinology

07

« Either X-rays or pneumoencephalography in 358 patients
in 8 studies

Intraoperative imaging modalities included:

« Intraoperative MRI in 160 patients in 8 studies.
« Intraoperative ultrasound in 31 patients in 2 studies.

« Intraoperative fluorescence in 5 patients in 1 study.

Of the non-standard imaging modalities, only inclusion of
octreotide scan into the model marginally improved model fit
[BIC 675.5 vs 676.4] (Supplementary Table 8). However, the
number of studies and patients reporting octreotide scanning
was small (4/4 in one study), and the variable did not meet the
threshold for significance [OR(Remission)=0.075 (CI: 0.006 -
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1.005), p=0.05] (Supplementary Table 9). No other imaging
modality improved model fit or had significant associations
with remission rates compared to preoperative MRI
only (Figure 3B).

Removing either or both of lesion >10mm and undetectable
lesion variables from the model did not change the results,
reducing the likelihood that effects were attenuated by
collinearity between these and imaging types (Supplementary
Tables 10-12).

MRI sequences and remission

Of the studies reporting remission, 36 reported use of GRE,
61 reported DMRI and 31 reported 3-Tesla MRI.

Incorporating the reported use of GRE was found to
improve prediction of remission over baseline variables only
[BIC 675.9 vs 676.4] (Supplementary Table 13), and was a

10.3389/fendo.2022.1090144

significant predictor of increased remission rates compared to
standard preoperative MRI [OR(Remission)=1.38 (CIL: 1.02-
1.86), p=0.040] (Figure 3C).

DMRI and 3-Tesla worsened model fit and were not
significant predictors of remission.

Again, excluding the detectability and macroadenoma
variables did not substantially change the results, although
GRE then became a stronger predictor of remission [OR
(Remission)=1.44 (CIL: 1.07-1.95); p=0.018], likely due to the
collinearity between GRE and lesion detectability
(Supplementary Figure 2; Supplementary Tables 14-16).

Overall estimated recurrence rates

106 studies, consisting of 7185 patients over 43 years,
reported recurrence rates. The pooled estimate of the
recurrence rate by univariable analysis was 14.5% [CI: 12.1%-
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The effects of predictors on recurrence. (A) Baseline characteristics. (B) Imaging types. (C) MRI sequences. (A) shows the baseline characteristics
that were predictive of recurrence. (B) No imaging modality was predictive of recurrence compared to preoperative MRI. (C) Only GRE was
found to be predictive of recurrence compared to standard MRI sequences/protocols whereas DMRI and Tesla strength were not. The point
denotes the estimated effect size, and the line denotes the 95% confidence interval of that estimate. Baseline variables are in grey The point
denotes the estimated effect size, and the line denotes the 95% confidence interval of that estimate. Cl, confidence interval. *p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001.

17.1%] (Figure 5). The funnel plot was asymmetrical on visual
inspection, and was significant on Egger’s regression test
(p=0.004; Supplementary Figure 3). Duval’s trim-and-fill
showed an estimated 33 (of total 175) missing cohorts causing
estimated bias of 4.9%.
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Baseline predictors of recurrence

A multivariable analysis was conducted, with 52223 models
created using all possible permutations of included variables
(Supplementary Table 17). The best-fitted baseline model showed
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that lesion >10mm was predictive of higher reported recurrence
rates [OR(Recurrence)=1.83 (CIL: 1.13-2.96), p=0.015], with
duration of follow-up being a significant confounding variable
[OR(Recurrence)=1.53 per year (CI: 1.17-2.01), p=0.002]
(Figure 6A; Supplementary Table 18). The effects of this
multivariable model can be viewed using an online calculator
created for this purpose (http://tiny.cc/QS-CushingSR) (16). The
best-fitted baseline model for recurrence still showed significant
heterogeneity (p<0.0001).

Imaging modalities and recurrence

The following preoperative imaging modalities were utilised
in studies reporting recurrence:

« CT in 1380 patients in 23 studies, and unknown numbers
in 2 studies.

o X-rays or pneumoencephalography in 256 patients in 7
studies.

o PET in 16 patients in 2 studies (1 study using 11C-
methionine and 18-F-Fluoroethyl-L-tyrosine separately;
unspecified tracer in the other), and unknown numbers
in 1 study (tracer unspecified).

Of the intraoperative imaging modalities:

« intraoperative MRI in 51patients in 3 studies.

« intraoperative ultrasound in 18 patients in 1 study.

No imaging modality resulted in an improvement in model
fit for recurrence (Figure 6B; Supplementary Table 19). The
same applied when lesion size was excluded from the model fit
(Supplementary Tables 20-22).

Advanced MRI sequences and recurrence

Of the studies reporting recurrence rates, 23 reported use of
GRE, 38 reported DMRI and 18 utilised 3-Tesla MRIL

Incorporating GRE resulted in the best model fit for
recurrence rates [BIC 431.4 vs 433.8] (Supplementary
Tables 23-26), with studies reporting the use of GRE reporting
significantly reduced recurrence rates compared to standard
preoperative MRI [OR(Recurrence)=0.540 (CI: 0.315-0.924);
p=0.025] (Figure 6C). Within this best performing model,
there was still significant heterogeneity (p<0.0001). Tesla
strength and DMRI did not result in better model fit.

Detection rates and outcomes over time

There were significant improvements in detection rates of
suspected adenomas in patients with Cushing’s disease over four
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decades [OR(Detection)=1.03 per year (CI: 1.02-1.05),
p<0.0001] (Figure 7A). Although no single imaging modality
was significantly associated with improved detection, there were
non-significant trends toward improved detection with
advanced imaging methods such as GRE and PET, and worse
detection with older imaging modalities such as CT
(Supplementary Figure 4).

Despite improved detection rates, there was no associated
improvement in remission rates over 43 years [OR
(Remission)=0.99 per year (CI: 0.98-1.01), p=0.41]
(Figure 7B). Removing the sizes and detectability of lesions
did not substantially change the result (Supplementary
Tables 28-30).

Likewise, there were no changes in reported recurrence rates
[OR(Recurrence)=1.01 per year (CI: 0.99-1.03), p=0.31]
(Figure 7C; Supplementary Table 31). This was again true
when sizes of radiological lesions were removed
(Supplementary Tables 32-34).

Given the relative sparsity of studies at earlier time points,
we conducted a sensitivity analysis with studies before 1990,
2000 and 2010 excluded from the analysis. We found that there
was no substantial change to these results with these sensitivity
analyses (Supplementary Tables 35-40).

Discussion

This is, to our knowledge, the largest meta-analysis
addressing the investigation and surgical management of
Cushing’s disease. Here, we established several disease factors
that are associated with clinical outcomes of remission and
recurrence, with a calculator created to allow exploration of
the complex interactions between these variables (http://tiny.cc/
QS-CushingSR) (16). We found that there were no changes in
the published remission rates and recurrence rates of Cushing’s
disease within the literature over the last four decades. This is
despite significant demonstrable improvements in radiological
detection of suspected adenomas over the same period. The
studies published to date suggest a lack of association between
advances in imaging modalities and clinical outcomes, although
there may be associations between MRI sequences (namely
GRE) and clinical outcomes. However, the confidence in these
findings are limited by the poor quality of evidence in the field,
and the consequent risk of bias.

Predictors of outcomes in
Cushing's disease

Our results demonstrate that radiological detectability,
previous resections, cavernous sinus invasion, lesion >10mm,
and the threshold of remission were the strongest baseline
predictors of remission (Figure 3A). In addition, the
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multivariate approach allowed us to establish the complex
interactions between these variables (16), which was not
possible in previously published meta-analyses (20, 21). While
our univariable analysis found preoperative ACTH level to be
negatively associated with remission (Figure 4B), we were unable
to include this in our multivariable analysis as the vast majority
of studies failed to report this value. In context of the existing
literature, one recent retrospective single-centre study found the
number of operations and cavernous sinus invasion to be
significant negative predictors of remission, in addition to
disease duration, macroadenoma and preoperative ACTH level
(22). Another single-centre study reported a significant
association between microadenoma and improved surgical
outcomes (23). A stratified subgroup meta-analysis found
adenoma size to be a significant predictor of remission,
whereas previous surgical resection was not (20). Another
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univariate subgroup meta-analysis reported previous resection,
radiological detectability, adenoma size and cavernous sinus
invasions as significantly associated with remission (21).

Our meta-analysis suggests that the strongest predictors of
recurrence are radiological lesions >10mm and the duration of
follow-up (Figure 6A). There is less consensus in the existing
literature of the predictive factors for recurrence. One single-
centre study reported that only the time to recovery of the
hypothalamic-adrenal axis to be a significant predictor of
recurrence, whereas postoperative cortisol levels, imaging
detectability, macroadenoma, gender and age were not (23).
The utility of postoperative biochemistry as predictors of
recurrence has been particularly contradictory (23-28).
Recently, machine learning approaches have found the most
important predictors of recurrence to be postoperative ACTH,
age, postoperative cortisol, disease duration, postoperative
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urinary free cortisol (29, 30). The aforementioned stratified
meta-analysis found no significant predictors of recurrence (20).

Outside the scope of this review was the analysis of
molecular markers as predictors of outcome. Moreno-Moreno
et al. (2022) demonstrated how integrating molecular analysis
with clinical and radiological information could predict
remission of Cushing’s disease (31).

Advanced and non-standard imaging
modalities

There were no significant changes in reported outcomes
amongst a small number of studies that utilised any non-
standard preoperative or intraoperative imaging modality
(Figures 3B and 6B). The interpretation is limited by the low
power given small number of studies reporting on non-standard
imaging, and low quality of design and reporting within the
published literature resulting in high risk of selection and
publication biases and demonstrable heterogeneity.

While methionine-PET has generated considerable interest
for investigation of pituitary tumours (32), our meta-analysis
was notable for finding a relative lack of methionine-PET studies
reporting clinical outcomes thereby making assessment
impossible. There was only one included study with 6 patient
undergoing methionine-PET/MRI, with remission being
achieved in all (33). Although our screen returned three
further studies reporting on the use of methionine-PET. these
were excluded as either no clinical outcomes were reported (34,
35), or they were selected illustrative case series (36).

Advanced MRI sequences

The evidence around MRI sequences was suggestive of
improved outcomes with GRE imaging (Figures 3C and 6C).
GRE allows for thinner slices, and therefore higher resolutions,
with multiplanar reformat. The reported use of GRE during the
diagnostic workup was a significant predictor of reduced
recurrence rates, and was a near-significant predictor of
improved remission. There was a weak non-significant trend
towards improved detection with GRE (Supplementary
Figure 4), which presents a possible explanation for this
observed effect. The possibility of a false positive finding must
be considered, given the poor reporting standards of specific
MRI sequences/protocols.

There was no evidence for DMRI or 3T MRI, and these were
not predictive of changes in outcomes as given BIC. However, the
same limitations apply here to advanced MRI sequences as with
imaging modalities, namely poor quality of published literature
giving rise to high risk of selection and publication biases.
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Detection rates and outcomes over time

Amongst the included studies, there were no changes in
reported outcomes over the last four decades in remission or
recurrence rates after surgical management of Cushing’s disease
(Figure 7). This supports the findings in another recent meta-
analysis which showed no difference in outcomes when
comparing outcomes between 1980-1989 and 2010-2019 (21).
Curiously, this is despite our finding of improvement in
detection of suspected adenomas over the same time period.
With the detectability of lesions being a significant positive
predictor of remission, one would expect an associated
increase in remission rates. The great heterogeneity amongst
included studies (in population, study design and reporting),
along with high risk of publication bias are significant
confounding factors. With these limitations in mind, one
possible explanation is that there has been increase in
detection of lesions that are not ACTH-secreting adenomas.
An alternative explanation is that there has been an increase in
detection of more challenging adenomas. We speculate that in
addition to preoperative visualisation, reliable intraoperative
identification of residual disease, and surgical techniques to
remove these, are also important (37).

Strengths and limitations

This is, to our knowledge, the largest meta-analysis addressing
the investigation and surgical management of Cushing’s disease.
We were able to establish various factors that may act as
confounding factors (Figures 3B and 6B) using a robust and
comprehensive methodology. In addition to establishing valuable
clinical information regarding the prognosis of Cushing’s disease,
this allowed for the adjustment for these confounding variables in
our subsequent meta-analyses. Another strength of this meta-
analysis over previous studies is the multivariate approach taken,
which allows investigation of the complex interactions between
multiple independent variables.

There are several limitations to this study which merit a
cautious interpretation of our findings. First is that there is a low
quality of published literature in the field, with all included
studies being of uncontrolled single-arm designs, giving rise to
high-risk of selection bias. Secondly, while we attempted to
adjust for heterogeneity as stated above in conducting
comparative meta-analysis between single-arm studies, any
statistical correction is unlikely to be as robust as a well-
conducted comparative study. In addition heterogeneity also
makes investigation of publication bias difficult, as funnel plot
asymmetry is likely to reflect heterogeneity rather than
publication bias alone. This is particularly important as
uncontrolled studies are highly susceptible to publication bias.
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Conclusions

We have established cavernous sinus invasion, radiologically
undetectable lesions, lesion >10mm, and a history previous
resections as the strongest predictors of worse remission, with
remission threshold being a significant confounding variable in
reported remission. Radiological macroadenoma was the
strongest predictor of greater recurrence, with the duration of
follow-up being a significant confounding variable.

There is a paucity of high-quality evidence in the published
literature reporting on the effects of imaging on clinical
outcomes. This, along with substantial heterogeneity, makes it
difficult to draw firm conclusions from our results. There is a
need for high-quality, prospective, comparative studies with a
standardised framework for evaluation and reporting.

Within the limitations outlined above, our results show a lack of
improvement in reported outcomes over the last four decades
despite significant improvements in detection rates, and a lack of
evidence that imaging is associated with changes in clinical
outcomes. This may indicate a need for development and
evaluation of new approaches beyond merely improving
preoperative detection. These may include methods to improve
intraoperative identification of tumours and new surgical techniques.
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