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Simple Summary

Pituitary carcinoma (PC) is an exceptionally rare and aggressive type of brain tumor that
originates from the pituitary gland and spreads to other parts of the brain or body. Because
so few cases exist worldwide, little is known about how best to manage it surgically. This
study presents the experience of a single major cancer center with 20 patients treated over
three decades—the largest such surgical series reported to date. We describe the full course
of treatment these patients underwent, including the number and types of operations
performed, the outcomes of those operations, and the complications that arose. We found
that PC shows a variable clinical course, with some adenomas progressing to PC after
years, while others transform rapidly. All long-term survivors received temozolomide-
based therapy, most in combination with radiotherapy and repeated surgical intervention,
suggesting that aggressive multimodal management may be associated with prolonged
survival, however, given the retrospective design and small sample size, these findings
should be interpreted as hypothesis-generating and require validation in larger prospective
studies. Our findings aim to guide surgeons and patients in making more informed
treatment decisions for this challenging disease.

Abstract

Introduction: Pituitary carcinoma (PC) is a rare, aggressive endocrine neoplasm character-
ized by metastasis and challenging clinical management. The transformation from pituitary
adenoma (PA) to PC is poorly understood, and predictors of metastasis remain elusive.
This study evaluates the clinical course, surgical outcomes, and molecular characteristics of
PC. Methods: We retrospectively reviewed patients with PC treated at the M. D. Anderson
Cancer Center between 1993 and 2023. Primary outcomes included metastasis-free survival
and overall survival (OS). Clinical features, radiographic findings, surgical strategies and
outcomes, immunohistochemical profiles, and MIB-1 were analyzed. Results: The cohort
(n = 20) had a median age at PA and PC diagnosis of 33.9 and 43.3 years, respectively. The
median metastasis-free interval was 7.4 years. GH- and ACTH-secreting tumors showed
shorter times to PC diagnosis, while nonfunctioning PAs had longer metastasis-free survival.
PAs with MIB-1 > 10% had shorter survival. Dura was the most common site of metastasis
within the CNS, and bone was the most common outside the CNS. Leptomeningeal disease
was seen in six patients. PAs became aggressive > five years after initial surgical resection
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(n = 13) or metastasized early within the first five years (n = 7). Median OS from PA
diagnosis was 13.7 years, and 8.6 years from PC diagnosis. A total of 102 neurosurgical
procedures were performed, with a median of five per patient; the median was similar in
patients surviving longer than five years vs. those whose survival was shorter (5.0 vs. 4.5
procedures, p = 0.661). Most surgical interventions post-PC diagnosis were for optic decom-
pression or metastasectomy. All long-term survivors (at least five years after PC diagnosis)
received temozolomide-based therapy, with most also receiving radiotherapy. Conclusions:
PC shows a variable clinical course, with some PAs progressing to PC after years, while
others transform rapidly. All long-term survivors received temozolomide-based therapy,
most in combination with radiotherapy and repeated surgical intervention, suggesting that
aggressive multimodal management may be associated with prolonged survival. Future
research will focus on identifying reliable predictors of metastasis at different time points
in the complex clinical evolution of these tumors.

Keywords: pituitary carcinoma; metastasis; surgery; pituitary adenoma; pituitary
neuroendocrine tumor

1. Introduction

Pituitary carcinomas (PCs) make up only 0.1-0.5% of all pituitary tumors [1-8]. They
are defined by the presence of systemic or craniospinal metastases distant from the primary
pituitary tumor [9]. According to current World Health Organization (WHO) guidelines,
no specific histologic or molecular markers are required to diagnose PC [9]. Among
pathologists, an effort has arisen to describe such tumors as metastatic pituitary neuroen-
docrine tumors (PitNETs), but in this study, we retain their established identity as “pituitary
carcinomas.” Such tumors often (but not invariably) share histological characteristics in-
cluding invasive growth, increased mitotic index, and significant expression of mutant p53
protein [5,7].

Currently, neither the malignant transformation of a pituitary tumor nor the clinical
course of an established PC can be reliably predicted, and the rarity of this disease continues
to impede the identification of prognostic markers and optimal treatment strategies. It
remains controversial whether PCs arise in a stepwise fashion, beginning as a benign pitu-
itary adenoma and gradually developing malignant characteristics [1,10-13], or whether
they can arise de novo [1,14,15]. The extent of metastatic spread is variable, ranging from
a single lesion to widespread metastatic disease. These tumors can disseminate either
by hematogenous or by craniospinal spread. Patients develop cranio-spinal (40-45%) or
systemic metastasis (39—47%), while 13-16% exhibit both [16,17]. Prolactin-secreting PCs
are the most common subtype, followed by those secreting ACTH.

Historically, PCs are associated with a poor prognosis, with 66% of patients surviving
less than one year from metastasis diagnosis, and a median overall survival of approxi-
mately 31 months [18-20]. Patients with systemic metastases have the shortest survival [21].

The clinical presentation of PC is highly variable and depends on the functional state
of the tumor, as well as the location and size of any metastatic lesions [22]. The diagnosis
of metastases is most often preceded by the development of new symptoms or hormonal
changes. Patients most commonly present with symptoms attributable to mass effect.
However, in some cases, metastases are asymptomatic and discovered accidentally on
surveillance imaging or postmortem. The 2025 Revised European Society of Endocrinology
Guidelines recommend diagnosing an aggressive pituitary tumor in any patient with an
invasive pituitary tumor demonstrating unusually rapid progression or clinically relevant
tumor progression despite optimal standard therapies, including surgery, radiotherapy,
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and conventional medical treatment [23]. They recommend screening for metastatic disease
in patients with aggressive pituitary tumors when site-specific symptoms arise, when
biochemical and radiological findings are discordant, or before initiating chemotherapy,
and should include at a minimum brain and spine MRI along with a whole-body evaluation
method such as FDG-PET or DOTATOC-PET. The definitive diagnosis of PC can only be
established upon pathologic confirmation of a metastatic lesion discontinuous from the
primary sellar tumor, either within the craniospinal axis or systemically. Early identification
is of major clinical importance, as these tumors are associated with significantly increased
morbidity and mortality even prior to the development of overt metastases [23].

The challenges of diagnosing and managing PCs are well documented [2,18,24,25].
The literature reports a variable latency period from the initial diagnosis of a pituitary
tumor to evidence of metastasis, with a mean of 6.6 years (range, 3 months-18 years) [21].
The principal difficulty lies in formulating a reliable set of criteria to predict which pituitary
adenomas will behave aggressively and eventually metastasize. Although their timely
identification and treatment might prevent metastasis, that is often difficult to achieve given
the rarity of this disease. PCs typically demonstrate histological features such as anaplasia,
elevated mitotic count, and necrosis, which are congruent with their clinical aggressiveness
(i.e., multiple recurrences, resistance to treatment). However, tumors histologically defined
as atypical in prior classification schemes can be clinically benign [26-28]. This dilemma
has led to increased interest in identifying genetic mutations and biological markers that
predict clinically aggressive behavior [26,29]. Quantitative analysis of Ki-67 labeling index
and p53 expression by immunohistochemistry (IHC) are useful tests that correlate with the
degree of invasiveness in PAs. However, there are no pathognomonic IHC or molecular
markers to predict malignant behavior [20,22].

In addition to their diagnostic challenges, PCs typically require complex multidis-
ciplinary management that has defied standardization [5,6,30,31]. This includes surgical
resection (often multiple), radiation therapy (limited-field or stereotactic radiosurgery),
and chemotherapy. The European Society of Endocrinology (ESE) endorsed temozolomide
(TMZ) monotherapy as the primary adjuvant treatment for PCs [23,32]. Recent reports have
described the use of targeted therapies (e.g., VEGF and mTOR inhibitors) and immunother-
apy (e.g., pembrolizumab), but the data are limited [13,33-41]. Despite multimodal therapy,
many patients die from significant disease progression. Because of the rarity of this disease,
much of the extant knowledge on its management and long-term outcomes comes from
case reports and small case series. Specifically, information on the surgical management
of this disease is limited. Here we present our clinical series of 20 patients with PC with
an emphasis on surgical management and outcomes of these patients. This is the largest
single-institution clinical series of PCs described in the literature, and the only one that
focuses on the surgical treatment of this tumor type.

2. Methods
2.1. Study Population

This retrospective study was conducted under an institutional-review-board-approved
protocol. Twenty consecutive patients with the diagnosis of pituitary carcinoma were iden-
tified in The University of Texas M.D. Anderson Cancer Center (MDACC) Department
of Neurosurgery database between 1993 and 2023. All patients had a history of primary
pituitary tumor with documented systemic (extracranial) or central nervous system (CNS)
metastases. The diagnosis of pituitary carcinoma, or metastatic PitNET, required the pres-
ence of a metastatic lesion systemically or in the form of discontinuous tumor spread within
the CNS, according to the current WHO guidelines [9]. This criterion has remained the sole
defining feature of pituitary carcinoma across all WHO classification editions relevant to
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our study period, including the 2004, 2017, and 2022 classifications. While the 2017 and
2022 WHO updates introduced lineage-based transcription factor subtyping and revised
tumor nomenclature (replacing “pituitary adenoma” with “pituitary neuroendocrine tu-
mor”), neither update altered the fundamental diagnostic threshold for malignancy. As
such, patients diagnosed with atypical or aggressive pituitary adenomas without evidence
of a distant metastatic lesion were excluded, as were patients with other known cancer
primaries whose metastatic lesions could not be confirmed to be of pituitary origin.

Patients with active disease or undergoing post-treatment surveillance were followed
with MRI of the brain and relevant systemic sites every 3—6 months, while clinically stable
patients were followed at 6- to 12-month intervals.

Variables collected included patient demographics, date of diagnosis of PA and PC,
metastasis location, pathologic features including immunohistochemical and (when avail-
able) transcription factor staining for the sellar tumor and its corresponding metastasis,
visual outcomes following surgery, neurosurgical procedures and their corresponding
indications and complications, systemic and radiation therapies, radiographically proven
progression following treatment for the sellar and /or metastatic CNS tumor, and date of
death or last follow-up.

2.2. Neuropathological Studies

All tumors were evaluated by a board-certified neuropathologist. H&E-stained sec-
tions were reviewed, and histological features were documented. Immunohistochemical
stains were performed to assess pituitary transcription factors, pituitary hormones, and
mitotic index (MIB-1). Such immunohistochemical stains allowed for subtyping of the
pituitary tumors based on hormonal expression and/or lineage.

2.3. Statistical Analysis

Descriptive statistics (frequency distribution, mean [+standard deviation], and median
[range]) were used to summarize patient characteristics. To characterize the healthcare bur-
den of a PC diagnosis on patients, we calculated the frequency of administered treatments
before and after the diagnosis of PC. The frequency before PC diagnosis was obtained by
dividing the total number of treatments the patient received between PA and PC diagnosis
by the time interval from PA to PC diagnosis. To obtain the frequency of administered treat-
ments after the diagnosis of PC, the total number of treatments the patient received from
PC diagnosis until death was divided by the time interval from PC diagnosis until death.

The chi-square test or Fisher’s exact test was used to test differences in category vari-
ables, and the Wilcoxon rank-sum test or Kruskal-Wallis test was used to detect differences
for continuous variables between the two groups. The Kaplan-Meier method was used
for the analyses of overall survival (OS) and time to PC diagnosis. OS was defined as the
time from the date of PA or PC diagnosis until death. For events that had not occurred by
the time of data analysis, times were censored at the last time the patient was known to be
alive. A log-rank test was performed to gauge the difference in survival between groups.
p-Values of <0.05 were considered statistically significant. Analyses were conducted using
GraphPad Prism 10.0.3 (GraphPad Prism Software, New York, NY, USA). Given the small
sample size of this cohort, all subgroup analyses, including those examining the relationship
between hormonal subtype, MIB-1 labeling index, metastasis localization, radiotherapy,
temozolomide-based therapy, and the number of neurosurgical procedures with survival
outcomes, should be considered exploratory and hypothesis-generating. These analyses
were not powered to detect statistically significant differences, and their results should be
interpreted with appropriate caution.
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3. Results
3.1. Patient and Tumor Characteristics

Twenty patients were included in this study, of whom 65% were males (Table 1,
Figure 1). The median age at primary pituitary tumor diagnosis was 33.9 (range, 14.3-69.3)
years. Immunohistochemical staining for pituitary hormones was available for all primary
tumors, with a plurality of staining for ACTH (40%) and prolactin (25%). Nine patients had
non-functional adenomas (three silent corticotroph, three null cell, one silent somatotroph
adenoma, and two positive for FSH and/or LH), five had ACTH-secreting tumors, five
had prolactinomas, and one had a GH-secreting tumor. No tumors were TSH-secreting or
plurihormonal. One patient’s diagnosis was updated as Crooke cell adenoma at recurrence,
given the tumor’s high mitotic and proliferative activity and positive staining for CAM5.2
cytoplasmic rings. This tumor exhibited a high mutational burden, including MSH2/MSH6
and ATRX mutations. Transcription factor analyses indicated PIT1-lineage in two patients
and TPIT-lineage tumor in one. MIB-1 was available for 12 patients, and the median MIB-1
was 9.6% (range, 1.1-40.0), with high MIB-1 (>3%) present in most primary sellar tumor
samples (10/12, 83%). The highest MIB-1 was present in ACTH+ (1 = 6, median 10%, range
1.1-40%), PRL+ (n = 2, 10 and 24.8%), and GH+ (n = 1, 10%) tumors. Functioning PAs had
higher MIB-1 (median 12.5%, range 5-40%) than non-functioning ones (median 7.1%, range
1.1-17.2%). Immunohistochemical data and proliferation indices were unavailable for the
remaining patients. Histological examples of the metastases are shown in Figure 2.

Table 1. Patient and tumor characteristics.

All Patients,

Variable N =20 %
Age at PA diagnosis (years) Median (range) 33.9 (14.3-69.3)

Gender Female 7 35
Male 13 65
Clinical presentation at PA diagnosis * Visual problems 12 60
Headache 5 25
Cushing’s 5 25
Other (facial pain, depression) 4 20
Hypogonadism 3 15
Diabetes insipidus 3 15
Apoplexy 2 5
Acromegaly 1 5
PA THC staining ACTH 8 40
PRL 5 25
GH 2 10
Null cell 3 15

LH 1

FSH, LH 1
PA hormonal profile ACTH-secreting 5 25
Nonfunctioning 5 25
Prolactin-secreting 5 25
GH-secreting 1 5
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Table 1. Cont.
Variable AllZ\IZ’a=t12e0nts, Y%
Silent corticotroph 3 15
Silent somatotroph 1 5
PA MIB-1 * Median (range) 9.6 (1.1-40.0)
Locoregional invasion at PA diagnosis * 13 65
Age at PC diagnosis (years) Median (range) 43.3 (17.1-81.4)
Interval between PA and PC (years) Median (range) 7.4 (1.5-26.1)
Clinical presentation at PC diagnosis * Incidental 4 20
Headache 4 20
Neck/back pain 3 10
Neurological deficit 2 10
Swallowing/oral motor symptoms 2 10
Visual symptoms 2 10
Generalized weakness/fatigue 2 10
Persistently elevated PRL levels despite
adequate surgical, medical, 1 5
and radiation treatment
GI or respiratory symptoms 1 5
Confusion 1 5
New-onset seizure 1 5
Difficulty ambulating/falls 1 5
PC MIB-1 ¢ Median (range) 6.7 (0.4-30.0)
Locoregional invasion at PC diagnosis * 19 95
Metastasis location CNS only 12 60
Systemic only 4 20
CNS and systemic 4 20
Systemic metastasis location Bone 6 30
Liver 4 20
Lung 2 10
LN 2 10
No. of recurrences prior to PC diagnosis Median (range) 2 (0-6)
No. of neuro;zrgigagln I(J)I;(i);tedures from Median (range) 5(1-12)
No. of neuroslérgi;aglnigci);:edures from Median (range) 1(0-6)
LMD 6 30
OS from PA diagnosis (years) Median (95% CI) 13.7 (7.7-19.7)
OS from PC diagnosis (years) Median (95% CI) 8.6 (0.7-16.4)

% Where data were available. Abbreviations: ACTH: adrenocorticotropic hormone; CNS: central nervous system;
CI: confidence interval; FSH: follicle-stimulating hormone; GH: growth hormone; IHC: immunohistochemical
staining; LH: luteinizing hormone; LMD: leptomeningeal disease; LN: lymph nodes; PA: pituitary adenoma;
PC: pituitary carcinoma; PRL: prolactin.
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Figure 1. Oncoprint summary table of the 20 patients with pituitary carcinoma. § PA specimen in

patient 20 showed diffuse ACTH consistent with densely granulated subtype; he developed Crooke

cell adenoma at recurrence. Mutational analysis of the recurrent suprasellar tumor revealed high

tumor mutational burden (236 mut/Mb) and multiple somatic mutations, including MSH2/MSH6

and ATRX. { Patient 5 received only one dose of TMZ post-PC diagnosis. # treatments/year

includes all surgeries, radiation therapy, and systemic therapy regimens the patient received,

divided by the time interval from PA to PC or from PC to death or last follow-up. * Neurological

symptoms include headache, nausea/vomiting, altered mental status, dysarthria/aphasia, sensory

https://doi.org/10.3390/ cancers18132064


https://doi.org/10.3390/cancers18132064

Cancers 2026, 18, 2064

8 of 28

symptoms, and seizures. 3 Patient 9 underwent percutaneous ablation of hepatic metastasis. Ab-
breviations: ACTH, adrenocorticotrophic hormone; BL, bilateral; CT, chemotherapy; FSH, follicle-
stimulating hormone; GH, growth hormone; IHC, immunohistochemistry; LMD, leptomeningeal
disease; LH, luteinizing hormone; met, metastasis; NT/NA: Not tested or not available;
OS, overall survival; PA, pituitary adenoma; PC, pituitary carcinoma; PIT-1: pituitary-specific tran-
scription factor 1; PRL, prolactin; RT, radiotherapy; TF: transcription factors; TMZ, temozolomide;
TPIT: T-box transcription factor.

Figure 2. Histologic examples of metastatic pituitary neuroendocrine tumors/carcinoma. (A) Metas-
tasis to the temporal lobe showing the metastatic tumor composed of cells with eosinophilic cyto-
plasm and medium-to-large, round-to-ovoid nuclei arranged around vessels, imparting a vaguely
papillary appearance. The adjacent involved brain parenchyma is noted. (B) Nests of metastatic
tumor involving the optic nerve (bottom left) with periorbital adipose tissue noted at the periphery.
(C) Bone involved by metastatic tumor showing nests and clusters of cells with pale to clear cy-
toplasm. There is a somewhat fibrotic background between clusters of tumor cells. (D) Prolactin
immunohistochemical stain showing diffuse and strong cytoplasmic expression within the metastatic
tumor. This immunohistochemical profile is similar to that of the primary tumor.

Excluding three patients with incomplete data, all were symptomatic at initial presen-
tation, with visual problems the most common symptom (1 = 12, 60%). At PA diagnosis,
65% (n = 13) of patients showed locoregional invasion, most commonly into one cavernous
sinus (n = 8, 62%). Five patients (25%) had invasion into both cavernous sinuses, and four
(20%) into the sphenoid sinus. Six patients (30%) had extension into other neighboring areas
such as the clivus, superior orbital fissure, Meckel’s cave, and more laterally placed bone
structures. Patients with locoregional invasion at the time of initial surgery for PA were
more likely to require subsequent resection or adjuvant radiation therapy. For instance,
patient 17 underwent frontotemporal craniotomy, re-do transsphenoidal surgery, and pro-
ton beam radiotherapy for residual cavernous sinus tumor. At PC diagnosis, all patients
(except for one patient with incomplete data) had locoregional invasion. Finally, seven
patients (35%) presented with microadenomas at initial PA diagnosis (patients 2, 9, 10, 12,
17, 18, and 20), of whom five harbored ACTH-staining tumors, one had a prolactinoma,
and one had a GH-secreting tumor.
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3.2. Patient and PC Tumor Characteristics

The median age at PC diagnosis was 43.3 years (range, 17.1-81.4). Most metastases
were confined to the CNS (n = 12, 60%). CNS locations of metastasis included dura (n = 10),
most commonly the temporal dura (n = 5). Eight of these 10 patients had dural metastasis
as the only CNS metastasis. Additional CNS locations for metastasis included cerebellum
(n = 3), skull base (n = 2), and spinal cord or intradural extramedullary spine (1 = 2), and
individual instances of temporal, parietal, insula, and intraventricular metastasis. Of all
patients with systemic involvement (1 = 8, 40%), four patients (50%) had isolated systemic
metastases. Bone was the most common systemic site (1 = 6, 75%), followed by liver (n =4,
50%), lungs (n = 2, 25%), and cervical lymph nodes (n = 2, 25%). Patients with both CNS
and systemic metastases had non-functioning PA (1 = 3) or prolactinoma (n = 1). Figure 3

depicts metastatic lesions in various locations.

Figure 3. Pathology-proven metastases from pituitary carcinoma to other central nervous system
(right temporal dura, spine) and systemic (lungs, liver) locations. (A) T1-weighted post-contrast
MRI in the axial plane showing multifocal right temporal dural metastases in patient 12. (B,C) T1-
weighted fat-saturated post-contrast MRI in the axial (B) and sagittal (C) plane showing an intradural
extramedullary nodule at the T6 level causing asymptomatic cord flattening in patient 19. (D) CT of
the chest showing a 1.2 cm nodule (arrow) posterior to the left main pulmonary artery in patient 15.
(E) PET/CT showing pituitary carcinoma metastasis in the right lobe of the liver in patient 9.
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Hormonal status of the metastatic lesion was available for 13 patients (65%). The
hormonal profile of the metastatic sample matched that of the primary tumor in all cases
except for patients 2 and 8, whose primary tumors stained for ACTH and FSH/LH, re-
spectively, while the corresponding metastatic lesions did not stain for any hormones.
MIB-1 in metastatic lesions ranged from 0.4% to 30%. Mutational analyses of the metastasis
revealed TP53 mutations in patient 15 and MSH6 mutations in patient 16, who also had
an unmethylated MGMT promoter. Immunostaining for transcription factors on resected
metastases showed positivity for TPIT in case 12 and PIT-1 in case 19.

At PC diagnosis, most patients (n = 14, 70%) were symptomatic, with headache the
most common complaint (n = 4). Other symptoms included new-onset seizures, neck, back,
or abdominal pain, new neurological deficits, and confusion. Metastasis was incidental in
20% (n = 4), detected through imaging for other complaints (n = 3) or during intraoperative
LN dissection during the resection of a highly invasive sellar tumor (1 = 1; patient 13).

In three patients, the metastasis was initially thought to be a meningioma, and a
craniotomy was performed to prove its metastatic nature. Patient 12 had dural-based
nodules that had been observed for almost ten years on the assumption that they were
meningiomas. A craniotomy was later done because the lesions were growing, increasing in
number, and becoming cystic. Similarly, patient 3 had a temporal dural metastasis, removed
three months after its detection due to a significant increase in tumor size. In patient 15, a
dural nodule on the posterior fossa convexity was followed for seven years, after which
the patient presented with a cough that triggered chest imaging showing metastases in the
lungs and thoracic vertebrae.

3.3. Neurosurgical Management of PA and PC

Figure 4 provides a treatment timeline of our twenty PC patients from initial PA
diagnosis and shows highly variable courses. Some followed an aggressive course from
the outset (e.g., patients 2-5, 7, 9, and 17), while others initially had a benign course and
subsequently developed metastasis (e.g., patients 1, 6, 8, 10-16 and 18-20). Management of
PC included all three forms of multimodal therapy (chemotherapy, radiation therapy, and
surgical resection) in nine patients. Following PC diagnosis, the frequency of neurosurgical
procedures increased from 0.6 to 0.9 per year. Similarly, treatment frequency (neurosurgical
procedures, chemotherapy, and radiotherapy) increased from one per year to 1.7 per year.
These numbers exclude non-neurosurgical procedures such as bilateral adrenalectomy
and biopsy or resection of systemic metastases. Of the 20 patients, metastatic disease was
histologically confirmed in 13 patients, either through surgical resection or biopsy of the
metastatic lesion. In the remaining seven patients (patients 5, 7, 10, 14, 17, 18, 20), the
diagnosis of metastasis was established on radiographic grounds, based on the presence of a
new lesion discontinuous from the primary sellar tumor on MRI or cross-sectional imaging,
in the appropriate clinical context of a known aggressive pituitary tumor with hormonal or
radiographic progression. Systemic metastases were more likely to be biopsied, while CNS
metastases were more likely to be surgically resected.

Over the course of the disease, 102 neurosurgical procedures were performed, with a
median of five procedures per patient (range 1-12). This count excludes non-neurosurgical
procedures, such as adrenalectomies or biopsies of lung or liver nodules. Nearly all
patients (95%, n = 19) underwent a transsphenoidal resection or biopsy of their primary
pituitary lesion, with a total of 28 transsphenoidal procedures performed, of which 43%
(n = 12) were for optic pathway decompression. In 16 patients (64%), the first procedure
was a transsphenoidal operation for PA resection. Six patients underwent craniotomies
for residual disease after an initial transsphenoidal surgery. Two patients (12 and 19)
underwent an upfront craniotomy. A total of 41 craniotomies were performed, with vision
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preservation being the primary goal in 34% (n = 14) of cases. Fourteen patients (70%)
had an initial subtotal resection, while the extent of resection in others was unknown. A
total of 27 craniotomies and eight TSSs were performed for sellar tumor recurrence; one
was a fronto-orbitozygomatic and another a modified orbito-zygomatic craniotomy. One
patient had a combined transsphenoidal and bifrontal craniotomy, and another had a trans-
facial/lateral rhinotomy approach. Half of the cohort required one or more craniotomies for
tumor recurrence. Of the 69 intracranial tumor resections performed, gross total resection
was achieved in five procedures (7%).

Patient No.
2 —-de-
3 Db—feo-
17 = >
0 B—a—04% —a-—0
14 B b
19 o—¥ ¥ >
1 m ¥ F
1 O L od—ouO
16 B % $o—lo
8 B8O
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4 ——4% Fo—+
9 Bro—F 4 ob—= O
18 B—F ook—4 — -
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6 b -5 —{ o—4»
13 B 8 —#
15 B L O—= Le—0—0 O
12 ok fils ——O—»
0 5 10 15 20 25 30
Years from diagnosis
B TSS © Craniotomy = SRS ¥ Metastasis ¢ Other procedure
, RT > Alive — Deceased @ Systemic therapy

Figure 4. Treatment regimens for all 20 patients, sorted by length of survival. Systemic therapy
includes: Conventional chemotherapy (e.g., carboplatin, vincristine, fluorouracil, temozolomide,
cisplatin, etoposide, doxorubicin, lomustine, capecitabine) and targeted therapy (e.g., bevacizumab,
pembrolizumab, infigratinib, denosumab, tipifarnib, and sorafenib; or procedures related to the dis-
ease, but not directly for tumor resection, such as bilateral adrenalectomy); Other procedures include:
ventriculoperitoneal shunt placement, removal, or revision, external ventricular drain placement, lum-
bar drain placement, biopsy of sellar mass, and any spinal surgery such as laminectomy and fusion.
Abbreviations: RT: radiation therapy; SRS: stereotactic radiosurgery; TSS: transsphenoidal surgery.

Fourteen patients underwent at least one neurosurgical procedure after the diagnosis
of PC. One patient (patient 6) had six procedures performed after PC was discovered.
Procedures were often for optic apparatus decompression, metastasectomy, or to mitigate
complications of the disease or of prior surgery (ventriculoperitoneal shunt for hydro-
cephalus, hematoma evacuation, lumbar drain for CSF leak, SRS for metastasis or sellar
tumor recurrence). Procedures included biopsies of liver, lung, sacrum, or T8 vertebra; one
patient had a hepatic lobectomy, one patient had percutaneous ablation of his liver metas-
tases, and six patients underwent surgical resection of the metastatic tumor (three involving
the spine and three involving the temporal dura). Of the five patients with ACTH-secreting
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tumors, four underwent bilateral adrenalectomies for uncontrolled hypercortisolism. This
was performed prior to PC diagnosis in two patients and after PC diagnosis in two patients.
None of these four developed Nelson’s syndrome.

3.4. Radiation Therapy

Radiation therapy was administered to all patients before PC diagnosis, with
11 receiving adjuvant radiation after their first PA resection (patients 24, 6, 8,9, 11, 12, 14,
17, and 20). Radiation typically included intensity-modulated radiation therapy (IMRT)
to 45-54 Gy in 25-30 fractions, or single- or multi-fraction stereotactic radiosurgery (SRS).
Overall, eighteen SRS sessions were conducted in ten patients over the course of their
disease (one fraction in eight patients; five fractions in two patients). SRS was performed
as adjuvant treatment following surgical resection of the primary sellar tumor (1 = 4), sellar
tumor recurrence (n = 3), or treatment for the metastatic lesions (1 = 5). After PC diagnosis,
radiation therapy targeted the sellar/parasellar areas (n = 3), with metastases treated by
IMRT (n = 6), SRS (n = 5), and craniospinal (n = 2) or proton beam (1 = 1) irradiation.

3.5. Chemotherapy

Sixteen patients received chemotherapy treatments over the course of their disease.
These included conventional chemotherapy and other non-conventional therapies such as
immune checkpoint inhibitors (pembrolizumab) and targeted therapies (bevacizumab, infi-
gratinib, denosumab, tipifarnib, and sorafenib). Two patients received adjuvant chemother-
apy following their first PA resection (patients 4 and 20). Six received chemotherapy for
invasive parasellar disease prior to PC diagnosis, while 14 received chemotherapy after
PC diagnosis (one patient received only one dose of TMZ). Patient 7 received up-front
chemotherapy with carboplatin/vincristine prior to any surgical resection following an
initial biopsy of the sellar tumor that revealed low-grade glioma. On later review, that
diagnosis was revised to pituitary adenoma.

Upon PC diagnosis, chemotherapy was offered upfront, alone or in combination
with radiation therapy, in nine patients. The most common systemic therapy regimen
was TMZ monotherapy (1 = 11, 55%), followed by capecitabine/TMZ (n = 6, 30%), beva-
cizumab (n = 5, 25%), pembrolizumab (1 = 3, 15%), and cisplatin/etoposide (n = 2, 10%).
One patient (11) received multiple chemotherapeutic regimens including cisplatin and
etoposide, denosumab, TMZ monotherapy, capecitabine and TMZ, pembrolizumab (clini-
cal trial 2015-0948), clinical trial combination drugs (2016-0529: FAZ(053: anti-PD-L1 IgG4
antibody, PDR001: anti-PD-1 antibody), clinical trial combination drugs (2012-0061: beva-
cizumab, temsirolimus and valproic acid), and octreotide; all these regimens failed to halt
disease progression and the patient expired four months after cessation of treatment later.

Four patients did not receive chemotherapy or radiation therapy after PC diagnosis,
with two undergoing surgical resection of the primary sellar/parasellar tumor or of the
metastasis. Of those two, one survived less than a year, and the other nearly three years. A
third patient was lost to follow-up after one month, and the fourth underwent placement
of a ventriculoperitoneal shunt and an external ventricular drain and expired one year after
PC diagnosis.

3.6. Patient Outcomes

Visual outcomes (Table 2). Visual deficits improved after 15 of 24 neurosurgical interven-
tions performed to decompress the optic apparatus. Of these, three patients underwent TSS
followed by craniotomy for further surgical debulking and had significant improvement in
vision or fully regained it. Worse or new visual deficits occurred postoperatively following
six procedures, and stable vision was seen following three procedures. Only one patient (4)
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had complete vision loss as an initial presentation of PA. Overall, patients 4, 5, 7, 9, 10, 18,

and 20 exhibited complete vision loss in one or both eyes over the course of their disease.

Table 2. List of all the neurosurgical procedures performed in our cohort of 20 patients.

Pt. Total Indication for Decompression
Case No. of Proc. Type S EOR of Optic Visual Outcome Complications
No. Proc. urgery Apparatus
pp
Double vision improved,
Primary tumor then the patient returned
Transsphenoidal N with tumor recurrence, after
1 9 resle)ction resection; double ST Yes which the patient received NR
vision radiation treatment, and his
vision improved
Pre-sigmoid petrosal
approach for
combined R supra- Tumor recurrence GT NR
and infratentorial
craniotomy
R sub-?emporal Tumor recurrence ST NR
craniotomy
Redo R petrosal and
temporal craniotomy; Wound infection,
combined supratento-  Tumor recurrence GT thrombosis of
rial/infratentorial sigmoid sinus
approach
Wound
exploration/incision Wound infection - NR
and drainage
R CN VII palsy with
corneal bacterial ul-
Redo R middle and ceration/exposure
posterior fossa Tumor recurrence ST keratopathy; minor
craniotomy CSF leak requiring
minor bedside
over-suturing
Prompt tumor
SRS recurrence ) NR
R petrosal /retro- .
. . : Epidural and
mf’]‘;{f]%dpclzacg;ig;?}’r Tumor recurrence ST subdural hematoma
Epidural and
Craniotomy subdural hematoma - NR
evacuation
. Primary tumor
2 3 Transsphgnmdal resection,ysymptom ST NR
resection control
Further surgical Panhypopituitarism
R temporal debulking ogf the ST follozvl:i)ng adjuvant
craniotomy residual tumor RT
Fever, sinusitis,
found to have a
. . . sinus tumor
Biopsy of sinus lesion emanating from the - NR
R sphenoid and
ethmoid region
. Primary tumor
3 5 Transsp hgnmdal resectioﬁ; visual ST Yes NR
resection field deficit
Further surgical Regained full vision back
. debulking of the
Craniotomy—NOS residual tumor one ST Yes NR
week later
Temporal dural
X metastasis resection
Craniotomy—NOS causing increased ST NR
ICP symptoms
L fronto-orbito- Tumor recurrence; - . .
zygomatic craniotomy no visual field Complete vision loss_m L eye; CSF rhinorrhea;
with cavernous sinus deficit; diplopia GT Yes no gross movementin L eye transient DI
exenteration with L CN 6 palsy extraocular muscles
Reopening of fronto-
orbito-zygomatic
craniotomy, repacking
of frontal and
Closure of CSF leak - NR

sphenoid sinuses with

autologous temporalis

muscle and fibrin glue,
placement of REVD
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Table 2. Cont.
Pt. Total Surge Indication for Decompression
Case No. of Ng y Proc. Type EOR of Optic Visual Outcome Complications
No. Proc. o Surgery Apparatus
PP
4 3 1 Transsphenoidal rzg?t?;ﬁt:gs; ST Y NR
resection loss es
Further surgical Improvement in vision
2 Craniotomy—NOS debulking of the NA Hypopituitarism
residual tumor
Complete
laminectomy and
facetectomy at T2 for
decompression of the
spinal canal Significant epidural
3 (transpedicular spinal cord - NR
approach), arthrodesis compression
at T1-3 using bone
graft, and pedicle
screw
instrumentation.
. Symptom control; .
Transsphenoidal . X N L Transient DI;
5 2 1 resection visual ﬁfl;iygeflat in ST Yes Vision improvement hypopituitarism
Emergency; tumor
recurrence;
L frfmtotemporal symptom control;
craniotomy, orbital very rapid decline
and zygomatic in the vision of the L Transient DI;
2 osteotomy, eye associated with ST Yes Complete visionlossinLeye  transient expressive
exenteration of the L acute excruciating dysphagia
frontal sinus, and headache and
resection of the tumor complete
ophthalmoplegia
. Primary tumor
p 8 1 Trar;zz};?tfiiggldal resection; R visual ST Yes A A ‘ NR
field deficit Resolution of visual field
Craniotomy for Further surgical deficits
2 further tumor debulking of the ST Yes NR
debulking residual tumor
T7,T10,T12,L1
kypho- Metastasectom
Y
g pla:z{%’g gie;) ;;)}E) :)afSty and decompression B NR
spinal lesion
Sublabial
4 transsphen_mdal Tumor recurrence ST CSF leak
approach to clivus and
pituitary fossa.
Placement of
autologous fat graft to
5 the sphenoid sinus Closure of CSF leak - NR
and lumbar spinal
drain
6 SRS Metastasis - NR
Tumor recurrence;
trar}?;i%t:(?il dal obtain further
7 ] G biopsy material to ST NR
resection of pituitary help pl d
T elp plan targete
therapy
R fronto-temporal Tumor' recurrence, - . T
8 g g worsening vision on ST Yes Complete vision loss in R eye Hypopituitarism
parietal craniotomy the R
Establishing
diagnosis; R vision
changesand L
7 5 1 Biopsy of sellar mass lateral hemianopsia; - NR
pathology read as
low-grade glioma at
outside hospital
Worsening vision SIADH; transient L
2 Craniotomy—NOS the R;t ST Y hemiparesis; R
y: on the R; tumor es .
rogression 1nte‘rnal capsule
P Outcome: not available ischemia
. Further surgical
3 Transsphenoidal debulking of ST Yes NR
resection residual tumor
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Table 2. Cont.
Pt. Total Indication for Decompression
Case No. of Proc. Type S EOR of Optic Visual Outcome Complications
urgery
No. Proc. Apparatus
Tumor recurrence;
patient already with
complete blindness
in R eye secondary
to R central retinal
Craniotomy—NOS artery O.Cdu51.o n, NA Yes Stable vision NR
pale retina with
multiple
hemorrhages, and
loud bruit; L eye
hemianopsia
deterioration
SRS Metastasis - NR
8 9 Transsphgnmdal Sympfom cgntrol; ST Improvement in diplopia NR
resection diplopia
Adjuvant; residual
SRS tumor ) NR
Endonasal
transsphenoidal Tumor recurrence ST CSF leak
tumor resection
Lumbar drain Closure of CSF leak - NR
placement
Tumor recurrence,
R frontotempo- opening of R .
ral/pterional cavernous sinus for ST Yes Regained full vision back Crar.ual nerve 1
. palsy; persistent DI
craniotomy the removal of the
tumor
Tumor recurrence;
L pt?rlonal progressive ST Yes Stable partial vision loss on NR
craniotomy temporal visual theR
field deficit on the R
Endonasal
traqssphenplc!al Tumor recurrence ST Yes Partial vision loss on the L NR
resection of pituitary
tumor
RVP shunt Plz.iced via Hydrocepha!us due Malposition of VP
parieto-occipital bur to metastasis and - shunt
hole LMD
Revision of R VP Misposition of VP
- NR
shunt shunt
9 5 Transsp he.n01da1 Symptqm cont%‘o_l; ST Yes Vision improvement NR
resection visual field deficit
R frontqtemporal Tumor recurrence ST NR
craniotomy
Tumor recurrence;
L orbital frontal patient with
craniotomy with enucleated R eye
resection of tumor from R orbital Stable L eye vision
adjacent to the L optic exenteration; NA Yes subjectively, butimproved NR
nerve/invasive into progressive L eye objectively on physical exam
the L optic nerve visual loss and
sheath compression of L
optic nerve
SRS Metastasis - NR
Tumor recurrence;
history of orbital
R frontotemporal exle_e{nstjcrgrt]lggront(t)he
craniotomy for paary Improvement to blurry vision
.. tumor invasion; ST Yes X NR
excision of cyst and compression of L. inLeye
radiation necrosis 'P .
optic nerve with
progression to near
blindness in L eye
Primary tumor
resection;
10 4 Transsphgnmdal prolfxctmoma NA NR
resection resistant to
dopaminergic
agonist
L front(?temporal Tumor recurrence NA NR
craniotomy
Tumor recurrence
nej\fg}l;:r tl; a(l’I\)/ Elscion Complete vision loss in L eye
Redo L frontal 1 ’ R with no improvement, Seizures; altered
. 0ss progressing to ST Yes . .
craniotomy i progressive partial vision loss mental status
complete vision loss -
. inReye
in Leye over 6
months
SRS Metastasis - NR
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Table 2. Cont.
Pt. Total Indication for Decompression
Case No. of Proc. Type S EOR of Optic Visual Outcome Complications
urgery
No. Proc. Apparatus
Primary tumor
resection;
1 1 Transsphe.nmdal prolf:\ctmoma NA NR
resection resistant to
dopaminergic
agonist
Primary tumor Panhypopituitarism;
12 5 Craniotomy—NOS resection, symptom ST YPOP !
control persistent DI
Transsphgnmdal Tumor recurrence ST CSF leak
resection
Lumbar drain CSF leak B NR
placement
SRS Adjuvant; residual : NR
tumor
R frontotemporal Metastasis
. p diagnosis; resection GT Wound infection
craniotomy .
of dural lesions
Primary tumor
13 4 Transsphgnmdal ] resectlon, NA Yes Resolution qf ylsual field NR
resection bitemporal visual deficits
deficits
SRS Tumor recurrence - NR
Trans-facial (R lateral Tumor ;ii.lrrence
rhinotomy) approach extracranial /skull ST NR
to tumor b .
ase extension
R frontotemporal Tumor recurrence
craniotomy and in the middle
sub-temporal cranial fossa and Oropharyngeal
. S - NA ¢
craniectomy; division wrapping around dysphagia
of R trigeminal V3 division of the
nerve (V3) cranial nerve V
. Primary tumor
14 2 Transsp he'n01dal resection, symptom ST NR
resection
control
R pterional Further surgical
P debulking of the NA R CN I palsy
craniotomy .
residual tumor
15 7 Transsphgnoidal Pituitary apoplexy NA LCN VIinjury
resection
Transsphgnmdal Tumor recurrence NA NR
resection
Tumor recurrence
Craniotomy—NOS involving the R ST R C NI 1V, \.]I
. injury, anosmia
cavernous sinus
SRS Adjuvant; residual : NR
tumor
Tumor recurrence
involving the
R retro.—51gm01d posteno,r fossa, NA NR
craniotomy Meckel’s cave,
bilateral cavernous
sinus
Tumor recurrence
extending to the
Redo bifrontal and R petrous apex,
temporal craniotomy adjacentto the
E brainstem, and NA NR
with extended R - X
i involving the R
orbital osteotomy .
cavernous sinus
with R
ophthalmoplegia
Transsphenoidal Tumor recurrence
phe involving the L NA NR
resection .
cavernous sinus
16 5 Transsphgnmdal NA NA NA
resection
Surgical resection of
tumor—NOS NA NA NA
Surgical resection of
tumor—NOS NA NA NA
Surgical resection of
tumor—NOS NA NA NA
Resection of a
Craniotomy—NOS metastatic temporal NA NA
lesion
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Table 2. Cont.
Pt. Total Surge Indication for Decompression
Case No. of sery Proc. Type EOR of Optic Visual Outcome Complications
No. Surgery
No. Proc. Apparatus
Transsphenoidal Primary tumor
17 4 1 phe resection, symptom ST Improvement in diplopia NR
resection ? .
control; diplopia
Further surgical
2 R frontal temporal debulking of the ST NR
craniotomy .
residual tumor
Further surgical
debulking of
Expanded endoscopic r.esu:lua'l tumor
endonasal approach to involving the
3 PP cavernous sinus, ST Transient DI
cavernous sinus and .
X . carotid artery,
middle cranial fossa .
cranial nerves,
middle cranial
fossa, and sella
4 SRS Tumor recurrence - NR
18 12 1 Transsphenoidal Visual field deficit NA Yes Improved visual acuity NR
resection
Transsphenoidal Tumor recurrence;
2 phe bitemporal NA Yes Improved visual acuity NR
resection . .
hemianopsia
3 Craniotomy—NOS Tumor recurrence NA CSF leak
4 Craniotomy—NOS Closure of CSF leak - NR
5 Craniotomy—NOS Tumor recurrence NA Transient DI
Rmodied  [omerreunencs
6 orbito-zygomatic - ST Yes Stable vision in R eye CSF leak
: eye and poor vision
craniotomy .
inReye
CN palsy with
exposure
. ; keratopathy;
Duraplasty; Per51stent altered mental
Placement of R frontal postoperative . R
7 . - status; AKI; CSF
external ventricular subgaleal pseudo-
. X leak and
drain meningocele £
ronto-temporal
meningocele;
hypopituitarism
Hydrocephalus due
Conversion of to the Sell.ar VP shunt
. . tumor-associated .
8 ventriculostomy drain cvst blocking the - malfunction;
to R VP shunt Y 5 DVT/PE
foramen of Monroe
on each side
Placement of anew L
VP shunt, revision of Hydrocephalus VP shunt
9 R VP shunt, and from shunt - malfunction and
fenestration of the malfunction infection
tumor-associated cyst
Altered mental
10 Ventrlculostomy statug., seizure, _ NR
placement patient not
responsive
1 Removal of VP shunts, Infection of the : NR
replacement of L EVD shunt system
Creation of R VP
shunt, endoscopic
12 fenestration of septum Infection cleared - NR
pellucidum, and
removal of EVD
19 2 1 L frontal craniotomy Symptom control ST NA
2 Laminectomy at Metastasectomy B NA
T5-T6 and decompression
Transsphenoidal Symptom control; L
20 7 1 phe eye visual field ST Yes Complete vision loss in L eye NR
resection d
efect
2 SRS Adjuvant; residual : NR
tumor
3 Transsphgnmdal Tumor recurrence ST NR
resection
Combined
4 transsphenoidal with Tumor recurrence GT CSF leak
bifrontal craniotomy
5 SRS Metastasis - NR
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Table 2. Cont.
Pt. Total Surge Indication for Decompression
Case No. of sery Proc. Type EOR of Optic Visual Outcome Complications
No. Surgery
No. Proc. Apparatus
Tumor recurrence;
R complete loss of Patient tlv bei Multi-
6 pterional/sub-frontal visionin L eye and ST Yes atient eurrent’y bemg compartmental
. . followed
craniotomy incomplete loss of hemorrhage
vision in R eye
Evacuation of
7 Redo L supratentorial = subgaleal, epidural, B NR
frontal craniotomy and subdural
hematoma

Highlighted in green are procedures done at or after the diagnosis of metastatic disease. The average # of
surgeries/year pre-PC diagnosis was 0.6/year, and the average # of surgeries/year post-PC diagnosis was
0.9/year. Abbreviations: AKI, acute kidney injury; CN, cranial nerve; CSF, cerebrospinal fluid; DI, diabetes
insipidus; GT, gross total; L, left; NA, not available; NOS, not otherwise specified; NR, none reported; Pt, patient;
proc, procedure; R, right; RT, radiation therapy; SIADH, syndrome of inappropriate antidiuretic hormone release;
SRS, stereotactic radiosurgery; ST, subtotal; VP, ventriculoperitoneal.

Complications (Tables 2—-4). Fifteen patients (75%) had postoperative complications
for a total of 45 complications reported. The most common complications encountered
were CSF leak (n = 9, 20%), followed by transient or permanent diabetes insipidus
(n =7,16%), hypo/panhypopituitarism (1 = 6, 13%) and cranial nerve palsy (1 = 5, 11%).
The two instances of intracranial hemorrhage occurred after PC diagnosis. Complica-
tion rates increased with successive procedures (excluding SRS): 16.7% at first surgery,
41.2% at second, 40.0% at third, and 72.7% at fourth or later procedures. Compared to
first operations, fourth-or-later procedures carried a significantly higher complication risk
(OR =14.29, p = 0.012 by Fisher’s exact test with Bonferroni correction). These complication
rates were calculated by examining each sequential procedure across all patients. That is,
complication occurrence at the first procedure was assessed across all 20 patients, at the
second procedure across those who underwent a second operation, and so forth.

Leptomeningeal disease (Figure 1). Six patients (30%) eventually developed lep-
tomeningeal disease (LMD). It was diagnosed concurrently with PC in three patients,
two months after PC in one patient, and three years after PC in two patients. Of these six
patients, four also had dural-based metastases. Although not all dural-based metastases
were associated with LMD, six of ten patients with metastasis to the dura did demonstrate
LMD as well.

Hydrocephalus. Patients 8 and 18 required surgical management for hydrocephalus
(Table 2). Patient 8 developed hydrocephalus as a sequela of LMD, while patient 18
developed hydrocephalus twice, initially from the sellar tumor blocking both foramina of
Monroe and subsequently from shunt malfunction.

Time from PA to PC. The median interval from PA to PC diagnosis was 7.4 years
(95% Confidence interval [CI]: 2.8-10.8; range, 1.5-26.1). GH-secreting tumors and ACTH-
secreting tumors had the shortest time to PC diagnosis (median, 1.5 and 4.3 years, respec-
tively). Patients with nonfunctioning PAs had a longer median survival without metas-
tasis (median, 10.8 years) than those with functioning PAs (median, 4.3 years; p = 0.353)
(Supplementary Figure S1A). Furthermore, as MIB-1 of the PA increased, the interval
between PA and PC diagnosis shortened, and PAs with a MIB-1 of >10% at diagnosis
had a significantly shorter time to metastasis (median, 2.5 years) compared to PAs with
MIB-1 < 10% (median, 10.1 years; p = 0.013) (Supplementary Figure S1B). Locoregional
invasion at PA diagnosis did not seem to impact significantly the interval between PA and
PC (p = 0.271) (Supplementary Figure S1C).
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Table 3. Postoperative complications.

Variable N =45 (%)
CSF leak 9 (20)
DI 7 (16)
Permanent DI 2 (4)
Transient DI 5(11)
Hypo- or panhypopituitarism 6(13)
CN palsy =+ exposure keratopathy 5(11)
VP shunt malfunction, malposition, and infection 3(7)
Intracranial hemorrhage (EDH, SDH, subgaleal hemorrhage) 2(4)
Transient dysphagia 2(4)
Wound infection 2(4)
Acute kidney injury 1(2)
Altered mental status 12
DVT/PE 1(2)
Internal capsule ischemia 1(2)
Seizure 1(2)
SIADH 1(2)
Thrombosis of the sigmoid sinus 12
Weakness 12

Abbreviations: CN, cranial nerve; DI, diabetes insipidus; DVT, deep vein thrombosis; EDH, epidural hemorrhage;
PE, pulmonary embolism; SDH, subdural hemorrhage; SIADH, syndrome of inappropriate antidiuretic hormone
release; VP, ventriculoperitoneal.

Table 4. Odds of surgical complications among repeat procedures (excluding stereotactic radio-
surgery). Boldface indicates statistical significance.

No. of Patients with No. of Patients Without

Procedure Complications Complication Total Rate (%) Odds Ratio p-Value
1 3 15 18 16.7 ref
2 7 10 17 41.2 3.50 0.330
6 9 15 40.0 3.33 0.400
>4 8 3 11 72.7 14.29 0.012

Owerall survival. At the last follow-up, 13 patients were deceased. Median follow-up
from PA diagnosis was 23.59 years, and 12.75 years from PC diagnosis. Median OS from
PA diagnosis was 13.7 years (95% CI: 11-23.6), while the median OS from PC diagnosis was
8.6 years (95% CI: 1.4-13.3). The one-, two-, and five-year OS rates after metastasis diagnosis
were 79% (95% CI: 53-92%), 74% (95% CI: 48-88%), and 51% (95% CI: 26-71%), respectively.

Younger patients (<43.3 years) tended to live longer after PC diagnosis (median
13.4 vs. 3.9 years; p = 0.053; Supplementary Figure S2A). PAs with MIB-1 < 10%
were associated with longer survival (median 8.6 vs. 5.7 years for MIB-1 > 10%;
p = 0.72; Supplementary Figure S2B). Patients with both CNS and systemic metas-
tases showed better survival than those with only CNS or systemic spread alone (me-
dian 13.4 vs. 4.8 vs. 3.0 years; p = 0.378; Supplementary Figure S2C). The time
between PA and PC diagnosis did not significantly impact survival (median 10.7 vs.
4.8 years for intervals > 7.4 vs. <7.4 years; p = 0.637). Functioning PAs were linked
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to longer survival after PC diagnosis (median 10.6 vs. 4.8 years for nonfunctioning tumors;
p = 0.848). None of these differences reached statistical significance.

All long-term survivors, defined as survival > five years after PC diagnosis, were
treated with TMZ-based therapy, and all but one long-term survivor received radiotherapy
to the primary tumor or its metastasis. Patients receiving any radiotherapy post-PC
diagnosis (median, 10.7 vs. 2.5 years; p = 0.112; Supplementary Figure S2D) and those
receiving TMZ-based therapy (median, 10.7 vs. 1.1 years; p < 0.0001; Supplementary
Figure S2E) both had improved median OS from PC diagnosis. There is a slight positive
association between the number of neurosurgical procedures and OS since PA diagnosis,
but the correlation appears weak (Supplementary Figure S3).

4. Discussion

Pituitary carcinoma is a rare and formidable disease, with limited data available on its
optimal surgical management and outcomes. Treating patients with pituitary carcinoma is
often complex, typically necessitating multiple surgical resections to control the tumors
and alleviate symptoms. Despite a comprehensive, multidisciplinary approach involving
surgery, radiation therapy, and chemotherapy, patient outcomes remain poor. It is still
unknown whether pituitary carcinomas develop de novo or transform from previous pitu-
itary adenomas, making it difficult to predict which patients will experience an aggressive
clinical course and metastasis. In this study, we present our experience with twenty patients
with PC.

4.1. Course of Transformation to Pituitary Carcinoma

PCs exhibit a highly variable course, with latency periods ranging from very short to
very long following the diagnosis of the original PAs. While many PCs tend to follow an
aggressive path from the outset, some initially present a clinically benign course before
developing aggressive features. It remains unclear whether these changes are due to
inherent and spontaneous alterations in a malignant tumor or whether the tumor gradually
progresses to develop aggressive characteristics over time [5-7].

In our study, the median time from PA to PC was 7.4 years, aligning with other studies
in the literature [3,42]. Importantly, we show four different presentations of PC: a clinically
aggressive PA course and early metastasis (patients 7, 9), a clinically aggressive PA course
and late metastasis (patients 1, 8, 10, 13, 15, 16, 18, 20), a clinically benign PA course and
early metastasis (patients 2, 3, 4, 5, 17), and a clinically benign PA course and late metastasis
(patients 6, 11, 12, 14, 19). A clinically aggressive PA course was defined by >2 disease
recurrences that have been treated with radiation or surgery prior to metastasis diagnosis.
An early metastasis presentation was defined as <5 years from PA diagnosis, with a late
presentation being >5 years from PA diagnosis. Thus, early metastasis does not necessarily
signify a more aggressive PA. Some benign tumors may accumulate genetic aberrations
leading to aggressive behavior and early metastasis [14,43]. Conversely, some PAs may
have inherent metastatic potential from the start without significant local progression as
a prerequisite.

For example, patients 6, 12, and 13 experienced long latency periods with relatively
stable PA courses before metastasis detection, whereas patients 1 and 18 had PAs that
exhibited aggressive behavior with multiple recurrences despite optimal management.
Since not all aggressive pituitary tumors transform to become PC, it will be crucial going
forward to identify and characterize predictors of metastasis in this patient population, as
well as molecular differences between the sellar tumor and its metastatic progeny. We did
note changes in the immunohistochemical profile between the original sellar tumor and
the metastatic lesion in our study.
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Some metastases, such as those to the dura, can remain stable (or grow very slowly)
for many years. In our series, two patients had dural metastases initially misdiagnosed as
meningiomas, and one patient with a solitary dural-based cerebellar convexity metastasis
was followed for years with relative stability. Thus, a tumor need not always demonstrate
aggressive growth before it metastasizes. It remains unclear what clinicopathologic dif-
ferences exist between patients who die soon after PC diagnosis and those who survive
with more stable disease. Therefore, a high index of suspicion for metastatic disease should
be maintained regardless of the apparent clinical behavior of the primary tumor, as dural
lesions in patients with a known history of pituitary adenoma should not be presumptively
attributed to meningioma without pathologic confirmation.

4.2. Predictors of Transformation to Pituitary Carcinoma

Predicting which pituitary lesions will progress to carcinoma remains challenging [44].
Potential scenarios that suggest aggressive pituitary tumor include invasive corticotroph
macroadenomas in men, macro-/giant prolactinomas and somatotroph invasive macroade-
nomas resistant to medical treatment, invasive nonfunctioning macroadenomas switching
to functioning tumors, rapid progression following surgical resection, progression fol-
lowing radiation therapy, or tumors with a high Ki67 index (>10%), high mitotic count,
extensive mutant TP53 expression, or TP53 and/or ATRX mutations [5].

PCs are more likely to express ACTH and prolactin than are benign pituitary tumors.
The proportion of silent corticotroph tumors among PCs is also higher than in benign
PAs. As PAs evolve into PCs, a switch from nonfunctioning to functioning tumors may
be observed, indicating that nonfunctioning tumors are less likely to metastasize or to
demonstrate aggressive potential [3,5-7,45]. However, data are mixed on the significance
of functional status in the development of aggressive phenotypes [46,47].

In our patients, functioning PAs developed metastasis earlier than their nonfunc-
tioning counterparts. Eighty percent of patients with ACTH-secreting tumors required
bilateral adrenalectomy, a significantly higher rate than the 7-18% reported in other studies,
underscoring the aggressive and difficult-to-manage nature of metastatic corticotroph
tumors [48,49]. These findings highlight the complexity of correlating functional status
with aggressive behavior and the need for further investigation into the role of functional
status in predicting PC development.

Proliferative markers such as MIB-1 have been suggested as predictors of aggressive
behavior, with elevated levels associated with invasive properties and an increased risk of
local recurrence in PAs [28,50-52]. However, the role of MIB-1 in predicting later metastasis
remains uncertain [18,25,53]. Our study found that primary PAs with an MIB-1 > 10%
had shorter metastasis-free survival. Traditionally, studies analyzing outcomes of PAs
have used a threshold of 3-5%, above which residual tumors are more likely to progress.
However, in our cohort, the median PA MIB-1 was 9.6%, with only two cases having a
MIB-1 < 3%. This suggests that a 3% cutoff is inadequate.

PAs with an MIB-1 > 10% are typically more aggressive and invasive, but a low
MIB-1 does not exclude aggressive tumors nor the future onset of metastasis [5]. Our data
indicate that patients with a MIB-1 > 10% may be considered for more vigilant surveillance;
however, given the incomplete availability of MIB-1 data across the cohort, this finding
should be considered exploratory. The question of whether this surveillance should include
both cranial and systemic imaging remains unresolved and is difficult to address in a
retrospective study. Additionally, we found that a lower MIB-1 in the original sellar tumor
was associated with longer median survival (8.6 vs. 5.7 years), indicating a potential link
between MIB-1 in the PA and the behavior of the metastatic tumor derived from it.
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Our cohort included three patients whose PAs harbored TP53 mutation, known to be
associated with aggressive tumor subtypes and frequently found in aggressive pituitary
tumors and PCs [5,6,50,54]. Corticotroph tumors with ATRX mutations also tend to be
more aggressive [55]. One patient in our study developed Crooke cell adenoma at PA
recurrence before metastasis detection. This patient had already received TMZ for PA
management. The acquisition of hypermutation and somatic MSH2/MSH6 mutations
following alkylating chemotherapy (e.g., TMZ) has been reported in other cancer types
(e.g., MGMT promoter-hypermethylated diffuse gliomas and neuroendocrine tumors), so
similar mechanisms might be at play in PCs [56,57]. Crooke’s cell adenoma is classified as
an aggressive variant of PA [43], and a high index of suspicion for PC should be given to
patients with Crooke cell adenoma presenting with a lesion elsewhere in the craniospinal
axis or systemically. Although we aimed to include more biological markers in our anal-
ysis, inconsistent testing in our cohort limited the statistical robustness of our findings.
Furthermore, transcription factor staining and molecular testing, including TP53, ATRX,
and mismatch repair analyses, were available only in a minority of patients, precluding
any systematic conclusions regarding molecular predictors of malignant transformation.

Two-thirds of PAs in our study exhibited locoregional invasion at presentation, which
some authors have associated with aggressive behavior [22,58]. These tumors are chal-
lenging to manage due to the increased likelihood of subtotal resection and the need for
multiple operations to achieve reasonable tumor control, as illustrated in our case series.
However, our findings indicate that locoregional invasion at presentation does not signifi-
cantly affect time to metastasis; this is consistent with the fact that most locally aggressive
tumors do not consistently have metastatic potential and with the rarity of PCs in all large
series of tumors of pituitary origin. All cases showed locoregional invasion at the time of
PC diagnosis, with a highly variable latency from PA to metastasis.

4.3. Management of Pituitary Carcinoma: The Role of Surgery

Over the course of their disease from PA diagnosis until last follow-up, patients
with PC typically require a complex multidisciplinary management approach, including
multiple surgeries. Our study is the first to examine the surgical nuances and outcomes
in patients with PC. Medical treatments for patients with aggressive pituitary tumors are
often ineffective in controlling tumor growth and corresponding compressive symptoms.
Therefore, repeated surgery was done in most of our cohort and may be considered in
patients with aggressive or recurrent pituitary tumors or PCs, particularly when visual
disturbances necessitate optic apparatus decompression [59-63]. In fact, a survey by the
ESE on the management of aggressive pituitary tumors and PCs showed that 77.4% of
aggressive PAs and 80.5% of PCs had been treated at least twice using surgery, with
27.9% being surgically treated four times [3]. However, remission rates after repeated
transsphenoidal surgery are significantly lower [59-63].

In our study, half of our patients underwent five or more neurosurgical procedures
over the course of their disease, with one patient undergoing 12 procedures. Following
PC diagnosis, half of our patients required one or more interventions. We observed
an increase in the frequency of any treatment administration from one treatment/year
to 1.7 treatments/year on average after metastasis detection. Similarly, the number of
surgeries/year increased from 0.6/year to 0.9/year. Prior to metastasis detection, PAs
often required repeat surgeries, including transcranial approaches, particularly for tumors
extending into the suprasellar or lateral parasellar regions. Extended transsphenoidal
approaches may also be considered based on the surgeon’s experience and on tumor
extent [64].
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Surgical interventions following PC diagnosis addressed various issues, including
optic apparatus decompression, management of complications (e.g., hydrocephalus, shunt
malfunction, hemorrhage), and removal of metastatic disease within the CNS. Furthermore,
most surgical resections were subtotal. Despite the extensive surgical efforts, achieving total
or near-total resection is rare for aggressive pituitary tumors due to their infiltrative nature
and propensity for rapid recurrence [65]. Therefore, the potential palliative benefits of
subtotal resection in patients with PC should be weighed against the potential risks [66,67].
Repeat procedures are less successful over time and carry an increasing risk of complications
(e.g., CSF leak, hemorrhage, worsened visual fields, optic nerve palsy, hypopituitarism,
and diabetes insipidus) due to the anatomical complexity associated with post-surgical
scarring [68]. These surgeries can (and indeed, must) be combined with other treatments,
such as systemic and/or radiological therapies, to achieve better tumor control.

Our data suggest that aggressive multimodal treatment can lead to prolonged survival.
We observed a longer patient survival from the diagnosis of metastasis to the last follow-up
than previously reported in the literature [42]. Repeat surgical resections of recurrent
metastases may prolong survival [6,21,48]. Complete surgical excision of isolated metas-
tases, followed by adjuvant radiotherapy, gives diagnostic confirmation of metastasis and
may be associated with prolonged disease control and improved quality of life in selected
patients [69-71]. In our cohort, repeated surgical intervention served primarily diagnostic,
decompressive, cytoreductive, and palliative roles, as well as addressing complications of
disease or prior surgery and enabling resection of selected accessible metastases. While a
positive association was observed between the number of neurosurgical procedures and
overall survival, this may reflect survival bias—patients who lived longer simply had more
opportunity to undergo repeated interventions—rather than a causal relationship between
surgical burden and improved survival.

In addition to repeat resection, the use of TMZ in our patients with PC was associated
with improved OS, and other authors who incorporated TMZ into chemotherapy treatment
for PC showed similar survival rates of around 50% at 5 years [33,72]. It is important to
acknowledge that this observation is subject to survival bias—patients who survived longer
had a greater opportunity to receive temozolomide, radiotherapy, and repeated surgical
interventions, making it impossible to establish a causal relationship between any specific
treatment and prolonged survival from this retrospective dataset alone. Prospective studies
and multi-institutional registries will be essential to disentangle the effects of treatment
from the inherent biological variability of this disease.

4.4. Limitations of This Study

This study has several limitations. First, given the retrospective design and small
sample size, these findings should be interpreted as hypothesis-generating and require
validation in larger prospective multi-institutional registries. The retrospective design
also subjects the manuscript to selection bias. The sample size precludes conducting
multivariate analyses to identify independent predictors of shorter time to metastasis and
shorter overall survival or to compare the effectiveness of specific treatment modalities.
Even in the univariate analyses of these two endpoints, we reported only statistical test
results, i.e., p-values, for comparisons with a relatively reasonable sample size and number
of events in each group. All subgroup and survival analyses in this study are exploratory in
nature, given the small cohort size, and no definitive conclusions regarding the prognostic
or therapeutic significance of any individual variable can be drawn from these data alone.

As a retrospective series spanning 30 years at a major referral center, imaging and
clinical visit frequency varied across the cohort depending on disease activity, clinical
status, and the degree of involvement of referring institutions. The lack of a standardized
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follow-up imaging protocol represents an inherent limitation of the study design. Further,
over the study period, substantial advances occurred across all domains relevant to the
management of PC, including neurosurgical techniques (expanded endoscopic approaches,
intraoperative imaging, and neuronavigation), imaging quality and resolution, radiation
therapy delivery (transition from conventional fractionated radiotherapy to stereotactic
radiosurgery and intensity-modulated techniques), systemic therapy (introduction and
adoption of temozolomide, targeted agents, and immune checkpoint inhibitors), and
pathological classification. These changes introduce significant heterogeneity in the diag-
nostic workup, treatment strategies, and surveillance protocols applied across the cohort,
limiting direct comparisons between patients treated in earlier versus later decades and pre-
cluding definitive conclusions about the relative contribution of any specific intervention
to outcomes.

The sequential, heterogeneous, and individualized nature of the therapeutic regimens
administered further limits the attribution of outcomes to any single intervention. Underes-
timation of postoperative complications is also a possibility due to incomplete records from
outside institutions. The complication analysis does not account for the non-independence
of repeated observations within the same patient. Furthermore, patients reaching fourth or
later procedures represent a more aggressive and surgically complex subgroup with greater
disease burden and more extensive prior surgical scarring, factors that independently
contribute to higher complication rates. Accordingly, the observed increase in complication
rates with successive procedures should be interpreted descriptively rather than as a causal
relationship between procedural number and complication risk.

Mutational and transcription factor analyses were not available for many of our
patients due to inadequate sample availability, lack of surgical resection of metastatic
lesions, or resection performed at an outside institution. These limitations hinder direct
comparisons and conclusions regarding molecular predictors of metastasis development.
Furthermore, the diagnosis of metastatic disease was histologically confirmed in 65%
of our patients; in the remainder, the diagnosis was established radiographically. This
represents an inherent limitation of retrospective surgical series in rare diseases, where
tissue confirmation of every lesion is not always clinically feasible or warranted.

5. Conclusions

PC is a rare and challenging malignancy that requires complex multidisciplinary
treatment consisting of surgical resection, medical therapy, and radiotherapy. Prolonged
survival following the detection of metastasis was observed in our cohort with this ap-
proach, particularly when incorporating TMZ-based therapy, though prospective validation
is needed. Patients typically require multiple surgical resections for tumor and symptom
control, and these procedures carry an elevated risk of postoperative complications. This
disease course is highly variable with latencies between PA and PC of varying duration,
suggesting potential intrinsic biological differences beyond those that trigger metastasis.
Low MIB-1 does not eliminate the risk of transformation of PA to PC, though tumors with
MIB-1 < 10% may be associated with better outcomes. Future studies are needed to identify
reliable predictors of metastasis and compare pituitary tumors that exhibit aggressive
behavior prior to metastasis with those that do not.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/cancers18132064/s1. Figure S1. Kaplan-Meier plots of
metastasis-free survival showing the relationship of the interval between PA and PC diagnosis with
various predictors. Metastasis-free survival curves by (A) functional tumor status, (B) MIB-1 labeling
index, and (C) the presence of locoregional invasion at PA diagnosis. Abbreviations: PA: pituitary
adenoma; PC: pituitary carcinoma. Figure S2. Kaplan—-Meier plots for overall survival from PC
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diagnosis are presented by different features. OS curve by (A) age at PC diagnosis, (B) MIB-1 labeling
index, (C) metastasis location, (D) radiotherapy following PC diagnosis, and (E) TMZ-based therapy
following PC diagnosis. Abbreviations: CNS: central nervous system; OS: overall survival; PC: pitu-
itary carcinoma; TMZ: temozolomide. Figure S3. Scatterplot illustrating the relationship between
the total number of neurosurgical procedures per patient and overall survival (OS) from the time of
pituitary adenoma (PA) diagnosis.
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