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Abstract Purpose: New-onset pituitary gland lesions are observed in up to 18% of cancer pa-

tients undergoing treatment with immune checkpoint blockers (ICB). We aimed to develop

and validate an imaging-based decision-making algorithm for use by the clinician that helps

differentiate pituitary metastasis (PM) from ICB-induced autoimmune hypophysitis (HP).

Materials and methods: A systematic search was performed in the MEDLINE and EMBASE

databases up to October 2018 to identify studies concerning PM and HP in patients treated

with cytotoxic Telymphocyteeassociated protein 4 and programmed cell death (ligand) 1.

The reference standard for diagnosis was confirmation by histology or response on follow-

up imaging. Patients from included studies were randomly assigned to the training set or

the validation set. Using machine learning (random forest tree algorithm) with the most-

described six imaging and three clinical features, a multivariable prediction model (the signa-

ture) was developed and validated for diagnosing PM. Signature performance was evaluated

using area under a receiver operating characteristic curves (AUCs).
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Results: Out of 3174 screened articles, 65 were included totalising 122 patients (HP: 60 pts,

PM: 62 pts). Complete radiological data were available in 82 pts (Training: 62 pts, Validation:

20 pts). The signature reached an AUC Z 0.91 (0.82, 1.00), P < 10�8 in the training set and

AUC Z 0.94 (0.80, 1.00), P Z 0.001 in the validation set. The signature predicted PM in le-

sions either � 2 cm in size or < 2 cm if associated with heterogeneous contrast enhancement

and cavernous extension.

Conclusion: An image-based signature was developed with machine learning and validated for

differentiating PM from HP. This tool could be used by clinicians for enhanced decision-

making in cancer patients undergoing ICB treatment with new-onset, concerning lesions of

the pituitary gland.

ª 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Immune checkpoint blockers (ICBs) primarily function

by targeting the immunoinhibitory cytotoxic T-lym-

phocyteeassociated protein 4 (CTLA-4), programmed

cell death 1 (PD-1) and programmed cell death ligand
(PD-L1). These medications have revolutionised the

therapeutic landscape across many solid tumours [1e3].

Their superiority over reference treatments was first

demonstrated in melanoma [4,5] and have since

expanded on to treat numerous other cancer types

[6e10]. The importance of these new anti-cancer treat-

ments is attested to by their registration as a ‘break-

through therapy’; they are now a standard of care in
many cancer types and are under therapeutic trial for

many others [11]. As a result, their use is no longer

limited to the hospitals involved in clinical trials, and

they are prescribed in a much wider range of clinical

oncology settings across the world. The number of pa-

tients exposed to these new therapies is likely to

dramatically increase in the near future.

These new immunotherapies, however, bring new
challenges for the oncologist. They generate atypical

patterns of tumour responses and progression [12e16]

as well as unique toxicity profiles [17]. The recognition

and management of immune-related adverse events

(irAEs) poses new difficulties in particular for imaging

physicians. Although still primordial, medical imaging is

a cornerstone in the monitoring of patients undergoing

ICB therapy. A previous study exploring this funda-
mental role showed a 74% imaging-based detection rate

of anti-PD1emediated irAEs [18] with the most

frequent complications including interstitial lung dis-

ease, thoracic sarcoid-like reaction, thyroiditis, hypo-

physitis (HP), enterocolitis, pancreatitis, hepatitis,

arthritis and tenosynovitis.

HP is a well-known endocrinopathy in patients un-

dergoing ICB therapy. The development of immune-
related HP has been more frequently observed with the

anti-CTLA-4 agent ipilimumab [19e21] because of the

expression of CTLA-4 on normal pituitary cells [22]. Its
incidence varies between 0.5% and 18% in a recent re-

view [23] and is dose dependent. When ipilimumab is

given in combination with the anti-PD-1 agent nivolu-

mab, the incidence of HP is around 8% [24]. In contrast,

HP is less frequent in patients treated with anti-PD-1 or

anti-PD-L1 monotherapy [25].

The real difficulty in managing HP however comes

not from the treatment itself but rather its accurate
recognition and differentiation from pituitary metastasis

(PM). An uncommon presentation outside of specialised

centres, PM rises much higher on the differential for the

physician working at a comprehensive cancer centre.

One of the largest historical series examined 500

consecutive autopsies in patients with metastatic disease

at Memorial Sloan-Kettering Cancer Center and found

an incidence of 3.6% [26], a number which may be set to
rise as patients with malignancy continue to live longer

and be monitored more closely.

The appearance of a focal anomaly in the pituitary

gland of patients undergoing ICB therapy for malig-

nancy poses a continued dilemma for the imaging

physician and one that comes up regularly at multidis-

ciplinary meetings. The distinction between HP and PM

is one that needs to be made quickly to avoid a poten-
tially devastating delay in management. Clinicobio-

logical data are not very discriminating, and histological

confirmation requires invasive neurosurgical manage-

ment. The place of medical imaging is therefore central

in differentiating these two pathologies. In cases where

the imaging appearance is equivocal, and the diagnosis

remains uncertain; however, a few options exist.

The ‘wait and see’ strategy consists mainly of empiric
treatment with corticosteroids when there is a strong HP

presumption. This strategy carries the main advantage of

non-invasiveness but also the obvious risk of potentially

missing the start of a rapidly progressive metastasis. This

in turn risks irreversible damage to the visual pathways

and a significantly more difficult neurosurgical manage-

ment. It can also be a source of anxiety in patients with

partial or complete response to these treatments. Pro-
ceeding with transsphenoidal neurosurgical treatment in



A. Mekki et al. / European Journal of Cancer 119 (2019) 44e5646
cases of uncertainty will protect the visual pathways and

is most advantageous when the lesion is indeed meta-

static, but there can be significant morbidity associated

with inadvertently resecting an inflamed but otherwise

normal pituitary. A third option consisting of treatment

with probabilistic radiotherapy also risks permanent

damage to the visual pathways in addition to irreversible

hypopituitarism, radionecrosis and damage to the inter-
nal carotid arteries.

To date, multiple case reports and series have been

published describing ICB-related HP as well as PM, but

there is no study comparing these two pathologies. Our

objective was to assess whether an image-guided deci-

sion-making algorithm can enable the non-invasive

diagnosis of suspicious pituitary lesions in patients

treated by these new anti-cancer immunotherapies. For
this purpose, we have performed a systematic review of

literature with the aim of making a machine lear-

ningedriven algorithm.
2. Methods

2.1. Search methods

A systematic review of the literature was conducted

according to the guidelines outlined in the Preferred

Reporting Items for Systematic Reviews and Meta-

Analyses (PRISMA) statement [27]. The PUBMED

and EMBASE databases were searched up to October

20, 2018. For HP, the search method involved querying
for the terms ‘hypophysitis’, ‘auto-immune hypo-

physitis’, ‘ipilimumab’, ‘nivolumab’, ‘pembrolizumab’,

‘atezolizumab’, ‘cytotoxic T-lymphocyte antigen 4’,

‘CTLA-4’, ‘programmed cell death 1’, ‘PD-1’, ‘pro-

grammed cell death ligand 1’, ‘PD-L1’, ‘immuno-

therapy’, ‘checkpoint inhibitor’, ‘anti-PD-1’, ‘anti-PD-

L1’, ‘anti-CTLA-4’. The Boolean operator AND was

used to combine terms related to HP and ICB. The
Boolean operator OR was used to discriminate the

similar terms. For PM, the search method involved

querying for the terms ‘pituitary metastasis’, ‘metastatic

cancer of the pituitary’, ‘metastatic carcinoma of the

pituitary’, ‘metastasis’ and ‘pituitary’. No starting point

was defined for article screening.
2.2. Inclusion criteria

For study selection, all search hits were evaluated for

eligibility by two reviewers screening title and abstracts.

Full-text versions of potentially eligible articles were
obtained for further evaluation. The reference lists of

the included studies were manually searched to identify

other potentially eligible articles. Disagreements be-

tween the two reviewers in study selection were resolved

by consulting a third reviewer (A.M, S.A., L.D.;
radiologists with respectively 4, 10 and 8 years of

experience).

Inclusion criteria were (i) articles describing either HP

or PM with at least three ‘standard’ radiological signs

(defined as any discriminating radiological sign used in

more than 50% of the articles included), (ii) a diagnosis

of HP confirmed by regression of the lesion with corti-

cotherapy and/or the reduction or cessation of ICB
therapy and (iii) a diagnosis of PM either confirmed

histologically or by a non-equivocal metastatic pro-

gression on subsequent imaging.

Exclusion criteria were (i) studies that were not

published in English, (ii) animal studies, (iii) articles

with magnetic resonance imaging that was too old or

insufficient quality for our evaluation and (iv) associa-

tion with a pituitary adenoma, meningioma or primary
carcinoma of pituitary.

2.3. Data extraction and analysis

Imaging signs were defined based on the international

radiological pituitary reference book [28], on our

expertise in oncological neuroimaging and on the fea-

tures most frequently cited in the included articles. First,
we recorded all signs available in the selected studies.

Second, we considered signs which were evaluated in

more than 50% of the included articles as a relevant

radiological sign; the remainder were deemed irrelevant

and excluded. Third, in the event of insufficient radio-

logical data (less than three relevant ‘standard’ radio-

logical signs in a patient), the corresponding author was

contacted by email to obtain the necessary radiological
information. Fourth, in the absence of feedback from

the corresponding author, two radiologists (A.M., S.A.)

reinterpreted the available images with missing radio-

logical features without knowledge of outcome, clinical

data or clinicopathological features. These data are

hierarchised in Table 1a for PM and Table 1b for HP

(see Table 4).

2.4. Development and validation of the signature in the

training set

2.4.1. Performance of the clinical features, radiological

features and of the signature

The primary end-point of this study was to train and

validate a signature incorporating both clinical and
radiological features to diagnose pituitary metastases.

The secondary end-point was to compare the accuracy

(95 CI%) of (i) clinical features, (ii) radiological

features and (iii) the signature.

2.4.2. Predictors included in the signature

All relevant clinical and imaging variables (see above)

were evaluated for their efficacy in predicting whether

the pituitary lesion represented either a PM or an

autoimmune HP.



Table 1a
Study and patient characteristics for hypophysitis.

Author Year Country n Cancer type Age Modality Treatment type

Van der Hiel et al. 2013 The Netherlands 1 Melanoma 77 PET/CT Ipilimumab

Blansfield et al. 2005 United States 8 Melanoma, RCC 49 (31e61) MR Ipilimumab

Albarel et al. 2014 France 15 Melanoma 55 (39e80) MR Ipilimumab

Araujo et al. 2015 Brazil 1 Melanoma 60 MR Ipilimumab

Carpenter et al. 2009 United States 3 Melanoma 53 (44e70) MR Ipilimumab

Chang et al. 2017 United States 1 Melanoma 77 MR Ipilimumab þ Nivolumab

Chodakiewitz et al. 2014 United States 3 Melanoma 58 (45e65) MR Ipilimumab

Dillard et al. 2009 United States 2 Prostate 59 (50e67) MR Ipilimumab

Hassanzadeh et al. 2017 United States 1 Melanoma 64 MR Ipilimumab

Johnson et al. 2015 United States 1 Melanoma 60 MR Ipilimumab

Juszczak et al. 2012 United Kingdom 1 Melanoma 54 MR Ipilimumab

Kaehler et al. 2009 United Kingdom 1 Melanoma 60 MR Ipilimumab

Kanie et al. 2017 Japan 2 NSCLC 65 (61e69) MR Atezolizumab

Mahzari et al. 2015 Canada 4 Melanoma 62 (54e80) MR Ipilimumab

Majchel et al. 2015 United states 1 Melanoma 31 MR Ipilimumab

Marlier et al. 2014 Belgium 4 Melanoma 62 (31e81) MR Ipilimumab

Mekki et al. 2018 France 3 NSCLC, RCC 59 (53e65) MR Nivolumab

Gunawan et al. 2018 Australia 1 Melanoma 52 MR Ipilimumab þ Nivolumab

Ohara et al. 2018 Japan 1 Oesophagus (SCC) 63 MR Nivolumab

Okano et al. 2016 Japan 1 Melanoma 50 MR Nivolumab

Valecha et al. 2017 United states 1 SCLC 58 MR Ipilimumab þ Nivolumab

Wachsmann et al. 2016 United states 1 Melanoma 62 PET/CT Ipilimumab

Wallace et al. 2018 United states 1 Melanoma 49 MR Ipilimumab

Arvinder et al. 2017 United States 1 Melanoma 34 MR Ipilimumab

Iqbal et al. 2016 United Kingdom 1 Melanoma 65 MR Ipilimumab

RCC Z renal cell carcinoma; NSCLC Z non-small cell lung cancer; SCC Z squamous cell carcinoma; SCLC Z small cell lung cancer; PET Z
positron-emission tomography; CT Z computed tomography.
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2.4.3. Candidate signature building

Patients were randomly assigned to either the training

set or the validation set using a ratio of 3:1. Patients

with incomplete relevant clinical or radiological data

sets were excluded from the training and validation of

the signature. We developed (training set) and validated
(validation set) a multivariable prediction model, i.e. the

signature, to diagnose PM based on all predictors in the

training set. Specifically, the signature outputs the

probability of a pituitary lesion being a metastasis. Pa-

tients with signature value > 0.5 were classified as pos-

itive for high-risk of PM and negative/low-risk

otherwise. First, area under a receiver operating char-

acteristic curve (AUC) and receiver operating charac-
teristic (ROC) curves were used to rank non-redundant

candidate features. To reduce overfitting, a maximum

combination of three informative candidate features was

selected based on forward search and feature combina-

tion. A random forest tree machine learning algorithm

(CRT with pruning and 3-fold cross validation) was

used to combine features and generate the optimal

candidate classification model, i.e. the signature, that
achieved the best performance in terms of AUC using

three-fold cross-validation.

2.4.4. Validation of the signature

The performance of the optimal signature was tested in

the validation set containing patients that were never

used for training. There was no difference between

development data set and validation data set in terms of
setting, eligibility criteria, outcome and predictors. In

cases of missing data, patients were excluded from the

signature building.

2.4.5. Statistical analysis

Data were presented as frequency with percentages for

qualitative variables and as mean with standard devia-

tion for continuous variables. Calculated data with P

values < 0.05 were considered as statistically significant.

The performance of the machine learning algorithm for
diagnosing PM was calculated using a binary classifier

system (PM versus HP) and non-parametric AUC. All

statistical analyses were performed using SPSS software

24.0 (IBM, Armonk, NY). AUC comparisons for

correlated ROC curves were performed using Hanley

and McNeil techniques.

3. Results

3.1. Search strategy and study selection

The systematic review through MEDLINE and

PUBMED databases yielded 3174 records that met the

initial search criteria. Fig. 1 outlines the PRISMA con-

sort flow, duplicates and excluded articles. Ultimately,

65 articles were included of which there were 49 case
reports and 16 case series; 25 were in the HP group

[18,29e52] and 40 were in the PM group [53e92]. This

yielded a total of 122 patients (60 in the HP group and

62 in the PM group) included for ‘standard’ radiological



Table 1b
Study and patient characteristics for pituitary metastases.

Author Year Country n Cancer type Age Modality

Al-Aridi et al. 2013 United States 1 NSCLC e MR

Dutta et al. 2011 India 4 NSCLC 51 (39e60) MR

Bhatoe et al. 2008 India 1 Medullary thyroid 38 MR

Ersoy et al. 2007 Turkey 1 Breast 55 PET/CT

Fridley et al. 2011 United States 1 SCLC 56 MR

Goglia et al. 2007 Italy 1 NET 69 MR

Golkowski et al. 2007 Poland 2 Breast,RCC 49 (46e52) MR

Gopan et al. 2007 United States 5 RCC 60 (51e67) MR

He et al. 2014 United States 1 HCC 49 MR

Kam et al. 2015 Australia 1 Breast 63 MR

Karamouzis et al. 2003 Greece 1 HCC 59 MR

Ko et al. 1994 China 1 Lung 67 MR

Koshiyama et al. 1992 Japan 1 RCC 57 MR

Lin et al. 2008 China 1 Breast 37 MR

Masui et al. 2013 Japan 1 Melanoma 68 MR

Ozturk et al. 2013 Turkey 1 Colorectal 46 MR

Peppa et al. 2009 Greece 1 Breast 52 MR

Piedra et al. 2004 United States 1 Breast 58 MR

Riemenschneider et al. 2009 Germany 1 Prostate 64 MR

Siqueira et al. 2015 Brazil 1 Lung NE 64 MR

Williams et al. 2008 United States 1 Medullary thyroid 23 MR

Ratti et al. 2013 Italy 1 Rectal 54 MR

Stovanovic et al. 2012 Serbia 1 Papillary thyroid 67 MR

Beckett et al. 1998 United Kingdom 1 RCC 56 MR

Moreno-Perez et al. 2007 Spain 1 HCC 65 MR

Agarwal et al. 2014 India 1 NSCLC 52 PET/CT, MR

Barbaro et al. 2012 Italy 2 Papillary thyroid 64 (63e65) MR

Kurkjianet al 2005 United Kingdom 2 Breast 51 (47e54) MR

Santarpia et al. 2009 United States 1 Medullary thyroid 23 MR

Wendel et al. 2017 France 1 RCC 61 MR

Feletti et al. 2010 Italy 1 Merkel 65 MR

Kim YH et al. 2012 South Korea 1 Breast 65 MR

Chu et al. 2016 China 1 Breast 60 MR

Kanayama et al. 2005 Japan 1 Thymoma 80 MR

Souza mota et al. 2018 Brazil 1 Follicular thyroid 58 MR

Rajput et al. 2006 India 1 NSCLC 51 MR

Bisof et al. 2008 Croatia 1 RCC 49 MR

Hsiao et al. 2011 China 1 NSCLC 56 MR

Lim et al. 2015 Singapore 2 Thyroid 58 (50e65) MR

Castlekirszbaum et al. 2018 Australia 12 Breast, oesophagus, NSCLC, SCLC,

colorectal, melanoma, plasmocytoma

63 (30e87) MR

NA Z data not available; RCC Z renal cell carcinoma; NSCLC Z non-small cell lung cancer; SCC Z squamous cell carcinoma; SCLC Z small

cell lung cancer; NET Z neuroendocrine tumour, NE Z neuroendocrine; HCC Z hepatocellular carcinoma; PET Z positron-emission tomog-

raphy; CT Z computed tomography.

Table 2
Immune-related hypophysitis versus pituitary metastases.

Imaging and clinical features Hypophysitis PM

Pituitary enlargement n Z 53/59 (89.%) n Z 62/62 (100%)

Homogenous enhancement n Z 31/49 (63.3%) n Z 8/46 (17.4%)

Heterogenous enhancement n Z 18/49 (36.7%) n Z 38/46 (82.6%)

Increased stalk thickness n Z 29/49 (59.2%) n Z 16/58 (27.6%)

Suprasellar extension n Z 35/59 (59.3%) n Z 57/62 (91.9%)

Cavernous extension n Z 0/59 (0%) n Z 31/61 (50.8%)

Size >2 cm n Z 0/59 (0%) n Z 45/61 (73.8%)

18FDGPET hypermetabolism n Z 2/2 (100%) n Z 2/2 (100%)

Headache n Z 42/60 (70%) n Z 41/61 (67.2%)

Hypopituitarism n Z 56/60 (93.3%) n Z 50/59 (84.7%)

Diabetes insipidus n Z 3/60 (5%) n Z 26/52 (50%)

PM Z pituitary metastasis.
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sign determination. Of these, a further 40 patients were
excluded from signature building because of insufficient

total radiological data.

3.2. Patients’ characteristics

Table 1a,b summarises the patient demographics. The

mean age of the patient cohort was 56.9 � 12 years, with

range of 23e87 years. Of the 121 patients whose gender

was known, 55 patients (45.5%) were female, and 66
(55.5%) were male.

3.3. Imaging signs selection

Amongst a total of 16 imaging signs that were used in

these 122 patients, eight were evaluated in more than



Table 3
Sensitivity and accuracy of clinical features and imaging features. The machine learning algorithm was designed to maximise the sensitivity for the detection of pituitary metastases, while maintaining

accuracy. The values and 95% confidence intervals listed below demonstrate that the algorithm exceeded the performance of any individual feature.

Performance to

differentiate PM

from HP

Clinical features (all pts) Imaging features (all pts) Signature subset

(complete data set)

Headache Hypopituitarism Diabetes

insipidus

Pituitary

enlargement

Heterogenous

enhancement

Stalk thickened Cavernous

extension

Suprasellar

extension

Size >2 cm Signature Size >2 cm

Total 121 119 112 121 95 107 120 121 110 82 82

Positive in PM

(n)

41 50 26 62 38 16 31 57 45 28 25

Positive in

hypophysitis

(n)

42 56 3 53 18 29 0 35 0 0 0

Negative in PM

(n)

20 9 26 0 8 42 30 5 6 7 10

Negative in

hypophysitis

(n)

18 4 57 6 31 20 59 24 59 47 47

Sensitivity 0.67 (0.55:0.78) 0.85 (0.73:0.92) 0.50 (0.37:0.63) 1.00 (1.00:1.00) 0.83 (0.72:0.94) 0.28 (0.16:0.39) 0.51 (0.38:0.63) 0.92 (0.85:0.99) 0.88 (0.79:0.97) 0.80 (0.67:0.93) 0.71 (0.56:0.86)

Specificity 0.30 (0.20:0.43) 0.07 (0.02:0.17) 0.95 (0.86:0,99) 0.10 (0.02:0.18) 0.63 (0.50:0.77) 0.41 (0.27:0.55) 1.00 (1.00:1.00) 0.41 (0.28:0.53) 1.00 (1.00:1.00) 1.00 (1.00:1.00) 1.00 (1.00:1.00)

False positive

rate

0.70 (0.59:0.81) 0.93 (0.87:0.99) 0.05 (0.00:0.10) 0.90 (0.82:0.98) 0.37 (0.23:0.50) 0.59 (0.45:0.73) 0.00 (0.00:0.00) 0.59 (0.47:0.72) 0.00 (0.00:0.00) 0.00 (0.00:0.00) 0.00 (0.00:0.00)

False negative

rate

0.33 (0.21:0.44) 0.15 (0.06:0.24) 0.50 (0.37:0.63) 0.00 (0.00:0.00) 0.17 (0.06:0.029) 0.72 (0.61:0.84) 0.49 (0.37:0.60) 0.08 (0.01:0.18) 0.12 (0.03:0.20) 0.20 (0.07:0.31) 0.28 (0.14:0.40)

Positive

predictive

value

0.49 (0.39:0.60) 0.47 (0.38:0.57) 0.90 (0.79:1.00) 0.54 (0.45:0.63) 0.68 (0.56:0.80) 0.36 (0.22:0.50) 1.00 (1.00:1.00) 0.62 (0.52:0.72) 1.00 (1.00:1.00) 1.00 (1.00:1.00) 1.00 (1.00:1.00)

Negative

predictive

value

0.47 (0.32:0.63) 0.31 (0.06:0.60) 0.69 (0.59:0.79) 1.00 (1.00:1.00) 0.79 (0.67:0.92) 0.32 (0.21:0.44) 0.66 (0.56:0.76) 0.83 (0.69:0.97) 0.91 (0.84:0.98) 0.87 (0.78:0.96) 0.82 (0.73:0.92)

Overall accuracy 0.50 (0.42:0.59) 0.50 (0.41:0.59) 0.46 (0.37:0.56) 0.56 (0.47:0.65) 0.73 (0.64:0.82) 0.34 (0.25:0.43) 0.75 (0.67:0.83) 0.67 (0.59:0.75) 0.95 (0.90:0.99) 0.91 (0.85:0.98) 0.88 (0.81:0.95)

PM Z pituitary metastasis.
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Table 4
Median week of immune-related hypophysitis onset stratified by

oncological response to the ICB.

Best overall response n Median week (range)

PD 6 12 (6e18)

SD 5 21 (9e56)
PR 10 13.5 (3e34)

CR 4 6 (4e12)

Unknown 35 9 (3e28)

Overall 60 10.5 (3e56)

PD Z progressive disease; SD Z stable disease; PR Z partial

response; CR Z complete response.
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50% of the literature and considered as ‘standard’

radiological signs. The eight ‘standard’ radiological

signs (with % citation and description variables)

were pituitary gland enlargement (99.2%, n Z 121/

122 pts, enlarged versus not enlarged), contrast
enhancement (77.9%, n Z 95/122 pts, homogenous

versus heterogeneous), pituitary stalk thickness (87%,

n Z 107/122 pts, increased versus normal), cavernous

extension (98.4%, n Z 120/122 pts, presence versus

absence), suprasellar extension (99%, n Z 121/122 pts,

presence versus absence) and size (98.4%, n Z 120/

122 pts, increased versus normal [increased size was a

continuous variable that we then empirically divided
into two categories: � 2 cm versus < 2 cm]). 18F fluo-

rodeoxyglucose (FDG)-positron emission tomography

(PET) uptake was also included because of its systematic

use in the articles of nuclear medicine (100.0%, n Z 4/

4 pts, normal versus increased). Eight non-‘standard’

radiological signs were excluded from our analysis: T1

signal, T2 signal, diffusion signal, posterior lobe signal,

lesion epicentre, pituitary stalk deviation, chiasma
Fig. 1. Study selection flowchart. HP Z hy
anomaly and peridural enhancement. All of these signs

were reported in less than 10% of the manuscript from

the literature.
3.4. Performance of the signature

Complete radiological data were available in 82 pts

(Training [T]: 62 pts, Validation [V]: 20 pts). The

signature reached an AUC Z 0.91 (0.82, 1.00), P < 10�8

in the training set and AUC Z 0.94 (0.80, 1.00),

P Z 0.001 in the validation set (Fig. 4). The signature

predicted a PM in patients that had either a pituitary

lesion � 2 cm in size or a lesion < 2 cm that also

demonstrated both heterogeneous contrast enhance-
ment and cavernous extension (Fig. 3). Table 3 sum-

marises the sensitivity, specificity, positive predictive

value and negative predictive value of all modalities. The

signature of size � 2 cm was most superior in its spec-

ificity; a positive finding was observed exclusively in

cases of PM (100%; Training: 22/22 pts, Validation: 16/

16 pts).

For lesions < 2 cm, the algorithm found that a het-
erogeneously enhancing lesion associated with

cavernous extension was PM 100% of the time. The al-

gorithm suggests HP for lesions that are less than <
2 cm that either enhance heterogeneously without

cavernous extension or enhance homogenously. The

categories can be broken down as follows (i) size < 2 cm

and homogeneous enhancement (T: 3.3%, V:28.0%); (ii)

size < 2 cm and heterogeneous enhancement without
cavernous extension (T:40%, V:16.7%); (iii) size < 2 cm

and heterogeneous enhancement with cavernous
pophysitis; PM Z pituitary metastasis.



Fig. 2. Prospective evaluation of the image-driven algorithm. ICB-induced hypophysitis (aec) versus pituitary metastases (deg) on

oncological follow-up imaging (post-contrast T1-weighted MRI: sagittal (a, b, c and g), coronal (d and f), and axial (e)). All lesions were

correctly predicted as HP or PM by our image-driven algorithm. (a): Enlarged homogenously enhancing pituitary gland with a mildly

thickened stalk. (b): Marked thickening of the pituitary stalk. (c): Enlarged pituitary (<2 cm, no cavernous extension) with heterogenous

enhancement. (d): Enlarged (�2 cm, with cavernous extension), heterogeneously enhancing pituitary gland in a patient treated for

NSCLC. (e and f-g): Enlarged (<2 cm, with cavernous extension), heterogeneously enhancing pituitary glands in 2 patients treated for

RCC. HP Z hypophysitis; PM Z pituitary metastasis; RCC Z renal cell carcinoma; NSCLC Z non-small cell lung cancer; MRI Z
magnetic resonance imaging.
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extension (T:100%, V:Not Evaluable) and (iv)

size � 2 cm (T: 100%, V:100%)

3.5. Immune-related hypophysitis characteristics

Figs. 2aec show examples of immune-related HP, and

Table 2 summarises immune-related HP disease char-

acteristics by patient. Homogenous enhancement was

observed in 63.3% (n Z 31/49 pts), and size was

never � 2 cm (n Z 0/59 pts). The median time of
immune-related HP occurrence was 10 weeks (range

3e56 weeks). An objective response to immunotherapy

was observed in 56% of patients (n Z 14/25 pts), partial

response was seen in 40% (n Z 10/25 pts), complete

response in 16% (n Z 4/25 pts), progressive disease in

24% (n Z 6/25 pts) and stable disease in 20% (n Z 5/

25 pts).

3.6. Pituitary metastases characteristics

Figs. 2def show examples of pituitary metastases, and
Table 2 summarises disease characteristics by patient.

Heterogenous enhancement was observed in 82.6%

(n Z 38/46 pts) and a size � 2 cm in 67.2% (n Z 45/

61 pts). Primary tumour type was breast in 23% (nZ 14/

61 pts), non-small cell lung cancer in 18% (n Z 11/
61 pts), renal cell carcinoma in 16.4% (n Z 10/61 pts),

thyroid in 13.1% (n Z 8/61 pts), hepatocellular carci-

noma in 4.9% (3/61 pts), small cell lung cancer in 3.3%

(n Z 2/61 pts), melanoma in 3.3% (n Z 2/61 pts) and

other cancer types in 18% (n Z 11/61 pts).

4. Discussion

This systematic review of the literature allows us to

more accurately characterise the appearance of focal

anomalies of the pituitary gland in patients undergoing

ICB therapy and differentiate between metastatic pro-

gression and an irAE. A radiologic signature achieving

the best performance in diagnosing PM was determined
using a machine learningebased multivariable predic-

tion model. Additionally, a new methodology was

implemented to perform data mining in the existing

literature and identify the largest existing cohort of PM

and HP. The two most discriminating signs discovered

were size � 2 cm and cavernous extension.

The frequency of immune-related HP can reach up to

18% [93], occurs mainly in patients who are responding
to immunotherapy and typically appears around 10

weeks after the initiation of treatment. This 10-week

delay is a median value with the literature showing a

very wide range from 1 to 52 weeks [94]. Although our



Fig. 3. Clinical decision algorithm trained (T) and validated (V) for the diagnosis of hypophysitis versus pituitary metastases. Four categories

were identified: (i) Size<2 cm and homogeneous enhancement (T: 3.3%, V:28.0%); (ii) Size<2 cm and heterogeneous enhancement without

cavernous extension (T:40%, V:16.7%); (iii) Size<2 cm and heterogeneous enhancement with cavernous extension (T:100%, V:NE); (iv)

Size >2 cm (T: 100%, V:100%).
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data mining allowed us to characterise the typical clinic-

biological profile of these patients, none of these features

were selected by the model. Patients with HP commonly

presented with headache and pituitary insufficiency but

rarely with diabetes insipidus. The signs and symptoms
at diagnosis as well as the pituitary hormone abnor-

malities largely depend on the degree of pituitary

involvement. PM in our review demonstrated the same

clinical presentation as HP aside from a higher fre-

quency of diabetes insipidus.

We have seen that the radiological appearance of

immune-related HP secondary to ICB therapy is similar

to that described in primary HP [28] with diffuse and
symmetric enlargement of the pituitary gland as well as

frequent suprasellar extension, pituitary stalk thickening

and homogenous enhancement. Pituitary metastases
also demonstrated enlargement of the pituitary gland,

but these often exceeded 2 cm in maximal diameter with

frequently extended into the cavernous sinuses (neither

of these features were seen in our cohort of HP). An

intense, heterogeneous pattern of enhancement also
favoured the diagnosis of metastasis.

An important limitation to note is that we have only

evaluated the imaging of acute phase HP, when the

problem of differentiating from PM is at its greatest.

Imaging of the late phase of HP typically poses less of a

dilemma as atrophy of the anterior pituitary is common.

Moreover, we did not include in our analysis the pos-

sibility of pituitary adenoma given the fact that patients
will usually have baseline brain imaging, and the

occurrence of new pituitary adenomas in an oncological

context is unlikely. Finally, several radiological signs



Fig. 4. AUC of the model for the diagnosis of pituitary hypophysitis.

The ROC curve is represented in the overall population and

reached similar performance in both the training set with

AUC Z 0.91 (0.82, 1.00), P < 10�8, and in the validation set with

AUC Z 0.94 (0.80, 1.00), P Z 0.001. AUC Z area under a

receiver operating characteristic curve; ROC Z receiver operating

characteristic.

A. Mekki et al. / European Journal of Cancer 119 (2019) 44e56 53
commonly used in the evaluation of pituitary pathology

were not included in our analysis because of their low
quotation in the included articles.

We chose meta-analysis because it was the only way

to collect enough data with a diagnosis of certainty. For

patients with PM, we did not take into account the in-

dividual anti-oncologic treatments for two reasons:

scarce data are available for PM in patients undergoing

ICB therapy, and based on our experience, we do not

believe that the imaging appearance of PM differs
significantly across treatment types. Additionally, we

have prospectively tested our algorithm on three pa-

tients at our institutions that presented with new pitui-

tary lesions after ICB initiation, and a correct

classification was observed for all (2HP, 1PM).

The radiologist plays a crucial role in the care of

patients treated with ICB, and the evaluation of

response to treatment is a great challenge in the context
of atypical patterns of response and progression with

drugs targeting the immune environment. The radiolo-

gist faces new pituitary lesions, whether it be on routine

oncological follow-up imaging or the targeted investi-

gation of new headaches, ante-pituitary insufficiency or

diabetes insipidus. Misinterpretation of the appearance

and therefore pathology can yield vastly different

treatment pathways and potentially expose the patient
to significant morbidity that might have otherwise been

avoided. Symptomatic HP for instance may be treated

with corticosteroids and temporary suspension of the
ICB [15], while a suspected PM may lead to a change of

therapeutic regimen, neurosurgical intervention or

radiotherapy. Our imaging-based decisional algorithm

aims to help both radiologists and oncologists make the

right diagnosis for early and optimised management of

pituitary anomalies in the growing population of pa-

tients undergoing immunotherapy.
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