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Identification of the Extradural and
Intradural Extension of Pituitary
Adenomas to the Suprasellar Region:
Classification, Surgical Strategies,
and Outcomes
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Objective: Suprasellar pituitary adenomas (PAs) can be located in either extradural or
intradural spaces, which impacts surgical strategies and outcomes. This study
determined how to distinguish these two different types of PAs and analyzed their
corresponding surgical strategies and outcomes.

Methods: \We retrospectively analyzed 389 patients who underwent surgery for PAs with
suprasellar extension between 2016 to 2020 at our center. PAs were classified into two
main grades according to tumor topography and their relationships to the diaphragm
sellae (DS) and DS-attached residual pituitary gland (PG). Grade 1 tumors were located
extradurally and further divided into grades 1a and 1b, while grade 2 tumors were located
intradurally.

Results: Of 389 PAs, 292 (75.1%) were surrounded by a bilayer structure formed by the
DS and the residual PG and classified as grade 1a, 63 (16.2%) had lobulated or daughter
tumors resulting from the thinning or absence of the residual PG and subsequently
rendering the bilayer weaker were classified as Grade 1b, and the remaining 34 (8.7%)
PAs that broke through the DS or traversed the diaphragmic opening and encased
suprasellar neurovascular structures were classified as Grade 2. We found that the gross
total removal of the suprasellar part of grade 1a, 1b, and 2 PAs decreased with grading
(88.4%, 71.4%, and 61.8%, respectively). The rate of major operative complications,
including cerebrospinal fluid leakage, hemorrhage, and death, increased with grading.

Conclusions: It is essential to identify whether PAs with suprasellar extension are located
extradurally or intradurally, which depends on whether the bilayer structure is intact. PAs
with an intact bilayer structure were classified as grade 1. These were extradural and
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Pituitary Adenoma With Suprasellar Extension

usually had good surgical outcomes and lower complications. PAs with no bilayer
structure surrounding them were classified as grade 2. These were intradural,
connected to the cranial cavity, and had increased surgical complications and a lower
rate of gross total removal. Different surgical strategies should be adopted for extradural

and intradural PAs.

Keywords: pituitary adenoma, suprasellar extension, extradural space, intradural space, classification,

diaphragma sellae

INTRODUCTION

Pituitary adenomas (PAs) account for approximately 15% of all
intracranial tumors that originate in the anterior pituitary gland
(1-3). As the tumor increases in size, it often grows beyond the
confines of the sella turcica (4). Since the lateral and superior
surfaces of the sella turcica lack bony structural support, PAs are
likely to extend into the parasellar and suprasellar regions (5). In
past studies, approximately 80% of the macroadenomas reported
were observed to extend into the suprasellar space (6-8).

PAs that significantly extend into the suprasellar region are
considered invasive on imaging (9, 10). This definition of an
invasive PA, with the criteria that the tumor invades into the
suprasellar region, leads to confusion in diagnosis and treatment.
Some PAs that significantly extend into the suprasellar region
still have a bilayer structure formed by the diaphragm sellae (DS)
and the thinning residual pituitary gland after tumor removal.
Thus, the tumor cavity is not connected to the intracranial cavity
and it seems unreasonable to classify these as invasive PAs. Other
tumors create cavities that are in direct contact with the cranial
cavity after excision. These tumors often encircle vital
neurovascular structures. The surgical approach to and
complications of such PAs are markedly different from those
with unconnected tumor cavities.

Distinguishing between the two types of PA with differential
suprasellar extension (SSE) is crucial to surgical strategy, though
there is currently no method to distinguish between them.

There is also still no convincing theory on how PAs extend
into the suprasellar space. Some suggest that they extend through
the large diaphragmatic opening (5, 11) but fail to explain how
an intact DS and DS-attached residual pituitary gland can still be
visible without cerebrospinal fluid (CSF) leakage after
tumor resection.

The purpose of this study was to determine how to objectively
identify these two different forms of PA, their differential
extension into the suprasellar region, and their corresponding
surgical strategies, and to present our hypotheses on how the
adenomas extend into the suprasellar space.

MATERIALS AND METHODS

Patient Selection

Included in this study were 389 patients with PAs with SSE who
underwent tumor removal surgery performed by lead
investigator, Hong Tao, M.D. between 2016 and 2020. Patients

with recurrent tumors were excluded to avoid confounding bias.
Patients without preoperative magnetic resonance imaging
(MRI) or with PAs lacking SSE were also excluded.

This retrospective study was approved by the University of
Nanchang Institutional Review Board. Clinical and pathological
characteristics were obtained from the institutional database and
medical records. All patients routinely underwent endocrine and
ophthalmic examinations just before surgery and 7 days
post-surgery.

MRI Evaluation and Tumor Classification
An MRI was performed on each patient just before surgery and 3
days post-surgery using a standard 3.0-T scanner. Two independent
neurosurgeons classified the adenomas with guidance from senior
professors (T.H. and B.T.); any divergence was discussed
and resolved.

Tumors were classified into two main grades based on the
configuration of the suprasellar portion of the tumor and its
relationship to the DS, DS-attached residual pituitary gland, and
major intracranial neurovascular structure. Grade la: PAs
presented as “inflated balloons” with expansive growth toward
the suprasellar region and pushed the DS and DS-attached
residual pituitary gland (Figure 1A). The suprasellar aspects of
the tumors were regularly shaped and smooth with clear borders.
A thick, uneven layer of residual pituitary was often observed
below the DS. The arteries of the circle of Willis were located at
the edge of these tumors and still outside the DS. Grade 1b: The
suprasellar portion of the adenomas had an asymmetrically
lobulated appearance, with clear borders (Figure 1B). 1b
tumors elevated the DS and its attached residual pituitary
gland. In some areas beneath the DS, the residual pituitary
gland was flattened by the tumor, causing an extremely thin or
even absent pituitary, leading to the formation of a daughter
tumor, as if a tire had thinned and formed a bulb. Blood vessels
were also often located at the edges of the tumor and still outside
the DS. Grade 2: The tumor broke through the DS growing into
the suprasellar region. These tumors grew along the suprasellar
cistern and encircled the neurovascular structures (Figure 1C).
In these tumors, the shape of the suprasellar adenoma was
irregular and matched the suprasellar cistern morphology.

The extent of tumor removal was confirmed by intraoperative
findings and postoperative contrast enhanced MRI acquired
within 72 hours after surgery. Gross total removal (GTR) was
confirmed if no suprasellar adenoma was identified by
postoperative MRI, and cases in which there were any small
residual tumors were classified as subtotal resection (STR).
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FIGURE 1 | Classification of pituitary adenomas (PAs) with suprasellar extensions (SSE). Each horizontal panel represents an illustration of coronal and sagittal
sectional views, and preoperative and postoperative magnetic resonance images for each type of PA. (A1-A4) Grade 1a PAs presented as an “inflated balloon” with
expansive growth toward the suprasellar region that pushed the DS and DS-attached residual pituitary gland. (B1-B4) Grade 1b PAs elevated the DS and DS-
attached residual pituitary gland. In some areas beneath the DS, the residual pituitary gland was compressed by the tumor, resulting in it become extremely thin or
even absent. The thinning or even absence of the residual pituitary caused the bilayer to become weaker, leading to an inability to resist the intratumoral pressure.
This led to the formation of daughter tumors, like a thinning tire forming a bulge. The suprasellar portion of the PAs had an asymmetrically lobulated appearance with
clear border. (C1-C4) Grade 2 PAs broke through the DS to reach the subarachnoid space.

Radical resection of the tumor from within the cavernous sinus
was not involved as the focus of the study was on resection of
suprasellar adenomas.

Surgical Approach

All patients underwent surgical treatment via the endoscopic
endonasal approach (EEA). The expanded endoscopic endonasal
approach (EEEA), transsphenoidal transtuberculum approach, is
a valuable treatment option for PAs with significant SSE (12-16).
However, it remains unclear how deep a tumor must extend into
the suprasellar region to require EEEA. Therefore, on the mid-
sagittal image, the degree of SSE (17, 18) and the maximum
vertical height (H1) of the upper surface of the tumor to the line
joining the inferior border of the nostril and the inferior border
of the tuberculum sellae were measured (Figure 2). A receiver
operating characteristic curve (ROC) was used to evaluate the
cutoff values of SSE and HI as predictive factors for EEEA.

Operative Technique

The standard EEA for PAs has been described previously (13, 19,
20). A 2-surgeon 4-handed technique with binostril access was
employed as previously described (21, 22). Briefly, in situations
where the DS descended asymmetrically, care was taken to avoid
tumor residue (23). For lobulated tumors, special attention was paid
to the management of the daughter tumor. Because grade 2 tumors
encircled vital neurovascular structures, surgeons took particular
care to avoid damaging non-tumor structures such as the
perforators. After tumor removal, a multilayered reconstruction
technique was performed to repair the skull base defect, as described
in previous publications (24).

Statistical Analysis

Differences between groups were assessed by Chi-square analysis
(or Fisher’s exact test where appropriate). A p-value <0.05 was
considered statistically significant by using SPSS software (SPSS
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FIGURE 2 | (A) lllustration demonstrating the “two points and one line” method. (B, C) Receiver operating characteristic (ROC) curves for evaluating the predictive
power of the SSE (B) and H1 (C) for the expand endoscopic endonasal approach. (D) The vertical height (H1) from the upper surface of the tumor to the AB line is
within 8.1 mm and often a standard endoscopic endonasal approach can remove the tumor. (E) Tumors that exceed the AB line by 8.1 mm often require an
extended endoscopic endonasal approach. Point A, the inferior border of the nostril. Point B, the inferior border of the tuberculum sellae. Point C, the inferior border
of the optic chiasm. H1, the vertical height from the upper surface of the tumor to the AB line.
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version 25). ROC curves were generated to determine the
sensitivities and specificities of the cut-off values of H1 and
SSE for the prediction of EEEA.

RESULTS

Patient Demographics, Tumor
Characteristics, and Grading

There were 389 patients with PAs with SSEs who received surgical
treatment. The mean age was 51.6 + 13.1 years, and 52.2% (n =203) of
patients were male. The mean follow-up time was 16.2 months (range
3-54 months). Nonfunctioning PA was the most frequent tumor type
(n=263, 67.4%). There were 52 (13.4%) growth hormone secreting
adenomas, 34 (8.7%) prolactinomas, 12 (3.1%) ACTH secreting
adenomas, 6 (1.5%) TSH-secreting adenomas, and 22 (5.7%)
mixed adenomas. The prolactinomas in this study were treated
surgically in patients who had either serious side effects or no
reaction to a dopamine agonist. The most common clinical
manifestations were visual complaints (n = 286, 73.5%) and
headaches (n = 160, 41.1%), while 58 (14.9%) cases were
asymptomatic (incidental detection). Anterior hypopituitarism was
detected in 51 cases (13.1%). According to the criteria described
above, there were 292 (75.1%), 63 (16.2%), and 34 (8.7%) patients
with grade 1a, 1b, and 2 tumors, respectively (Table 1).

Surgical Outcomes

As this study focused on removal of suprasellar adenomas, radicality
of tumor removal from within the cavernous sinus was not addressed.
Based on the intraoperative assessment and postoperative MRI, GTR

TABLE 1 | Patient and tumor characteristics.

Characteristic Value
Sex, male 203(52.2%)
Age (median + SD [rangeg]) (yrs) 51.6 £ 13.1 (17-79)
Suprasellar extension (According to the degree of SSE) (no. 389
[%])
Omm < SSE < 10mm 127 (32.6%)
10mm < SSE < 20mm 149 (38.3%)
20mm < SSE < 30mm 74 (19.1%)
30mm < SSE 39 (10%)
Suprasellar extension (Our suprasellar grading) (no. [%]) 389
Grade 1a 292 (75.1%)
Grade 1b 63 (16.2%)
Grade 2 34 (8.7%)
Pathological types
Nonfunctional 263 (67.6%)
GH 52 (13.4%)
PRL 34 (8.7%)
ACTH 12 (38.1%)
TSH 6 (1.5%)
Mix 22 (5.7%)

SSE, suprasellar extension; PRL, prolactin; ACTH, adrenocorticotropic hormone; GH,
growth hormone; TSH, thyroid stimulating hormone.

of the suprasellar adenoma was achieved in 258 (88.4%), 45 (71.4%)
and 21 (61.8%) grade 1a, 1b, and 2 adenomas, respectively. The rate of
GTR declined with increasing grade (p < 0.05) (Table 2).

Postoperative CSF leakage occurred in 13 (3.3%) patients:
grade la, 6 (2.1%); grade 1b, 4 (6.3%); and grade 2, 3 (8.8%). The
rate of CSF leakage was significantly higher in grade 2 than in
grade la (p < 0.05) (Table 2).
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For the patients with preoperative visual dysfunction,
approximately 70% reported improvement after surgery. A
total of 9 patients experienced worsening vision: grade la, 4
(1.4%); grade 1b, 2 (3.2%); and grade 2, 3 (8.8%). The rate of
worsening vision was significantly higher in grade 2 than in
grade la (p < 0.05) (Table 2).

Out of our cohort, 5 (1.7%) patients in grade 1a, 3 (4.7%) in
grade 1b, and 4 (11.8%) in grade 2 experienced postoperative
hematomas. There were no cases of intracranial ischemia or
death in grade 1a and grade 1b tumors. Among those with grade
2 tumors, cerebral ischemia occurred in 2 cases and death
occurred in 1 case.

Sensitivities and Specificities of Cut-Off
Values of H1 and SSE on Sagittal Views

In our cohort, 67 (22.9%) patients in grade 1a, 19 (30.2%) in grade
1b, and 25 (73.5%) in grade 2 experienced EEEA. The ROC curves
for the sagittal H1 and SSE that were used to predict the need for an
EEEA are shown in Figure 2. The area under the curve (AUC) of
the ROC curve for the sagittal SSE was 0.886 (95% CI: 0.855-0.917).
When the Youden index reached a maximum, the optimal cut-off
value was 17.4 mm. The AUC for H1 was 0.960 (95% CI: 0.941-
0.980). We found the optimal relationship between sensitivity and
specificity for EEA at the cut-off value of 8.1 mm.

DISCUSSION

PAs with significant extension into the suprasellar region are a
huge challenge for neurosurgeons. Identifying whether PAs with
SSE are located extradural or intradural is essential for surgical
strategies and outcomes, though there is currently no method to
distinguish between them. The DS is an important barrier
between the intrasellar and the suprasellar region (25-27).
Hence, we established a classification system that can identify

these two PAs preoperatively according to tumor topography
and its relationship to the DS, DS-attached residual pituitary
gland, and major intracranial neurovascular structures.

Grade 1la PAs pushed and stretched the DS and the residual
pituitary gland up toward the suprasellar region. Due to the restriction
of the DS and DS-attached residual pituitary gland, these tumors grew
expansively into the suprasellar region like an inflated balloon
(Figure 3). The clear border and smoothly rounded superior wall
of the tumors we observed suggests that the DS was intact (28). A thin,
uneven layer of residual pituitary was usually observed beneath the
DS (Figure 1A3). Intraoperatively, the intact DS and DS-attached
residual pituitary gland were observed to herniate into the intrasellar
space after tumor resection (Figure 3A3). Even in some PAs that grew
significantly toward the suprasellar region, we were still able to
observe an intact DS and its attached residual gland after adenomas
resection (Figure 3B3). Therefore, we suggest that the surfaces of
grade 1a suprasellar tumors are often surrounded by the DS and a
thin, uneven layer of residual pituitary. The intact bilayer structure
formed by the DS and the residual pituitary gland act as a barrier
between the tumor and the cranial cavity, so this type of PA is located
in the extradural space. Theoretically, these tumors are located in the
intrasellar/subdiaphragmatic space. The bilayer structure is the key to
determining whether a PA is located in the extradural or
intradural region.

Compared to Grade la, Grade 1b PAs grew further and
stretched the DS and DS- attached residual gland into the
suprasellar region. The relatively thin residual pituitary gland
beneath the DS was compressed and stretched so much by the
tumor that it became extremely thin or even absent, leading to
weakness in this area and an inability to resist the intratumoral
pressure (Figure 4). This led to the formation of daughter
tumors (Figure 5A). Despite being thin, the walls of the
daughter tumors remained continuous with the DS. Thus,
theoretically, these tumors were still located in the intrasellar/
subdiaphragmatic space and classified as grade 1. When the area

TABLE 2 | Clinical outcomes in patients with suprasellar pituitary adenomas.

Grade 1a
(n =292)
Gross total resection, n (%) 258 (88.4)
Visual dysfunction
Improved, n (%)t 158 (73.4)
Unchanged, n (%) 130 (44.5)
Worsened, n (%) 4 (1.4)
Postop Endocrine
Posterior pituitary insufficiency
Temporary DI, n (%) 30 (10.3)
Permanent DI, n (%) 13 (4.4)
New or worse anterior pituitary insufficiency, n (%) 38 (13)
CSF leak, n (%) 6 (2.1)
Meningitis, n (%) 4(1.4)
Intracranial hematoma, n (%) 5(1.7)
Intracranial ischemia, n (%) 0
Death, n (%) 0

Grade 1b Grade 2 p Value
(n =63) (n=34)
45 (71.4) 21 (61.9) 0.004*
32 (71.1) 18 (69.2) 0.868
29 (46) 12 (35.3) 0.553
2(3.2) 3(8.8) 0.023*
8(12.7) 4(11.8) 0.838
3(4.7) 2 (5.9 0.930
9(14.3 5(14.7) 0.937
4 (6.9 3(8.9) 0.016*
34.7) 2 (5.9) 0.067
3(4.7) 4(11.8) 0.006*
0 2(5.9 NA
0 1(2.9) NA

DI, Diabetes insipidus; CSF, Cerebrospinal fluid.

*, % means “% of Pre-op abnormal.” *p < 0.05 vs. grade 1a group.
All the indicators (P < 0.05) are highlighted in bold values.

NA, not available.
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bilayer structure formed by the DS and DS-attached residual pituitary gland.
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structure ‘ ;

FIGURE 3 | Two cases with grade 1a pituitary adenomas (PAs). (A1, B1) Preoperative, coronal post-gadolinium magnetic resonance image (MRI) showing grade 1a
tumor with a regular smooth shape and clear border. (A2, B2) Postoperative MRI showing gross total resection. (A3, B3) Endoscopic views showing an intact

of weakness in the DS was relatively large, a wide-necked
daughter tumor formed, while when the area was relatively
small, a narrow-necked daughter tumor formed. Both single
and multiple daughter tumors of varying sizes could be formed
in the same patient. The daughter tumor could extend in the
direction of the anterior cranial base, temporal lobe, and clivus
(Figures 4A1-C1). Intraoperatively, a transparent and extremely
thin wall of the daughter tumor could be observed inversely
projecting into the tumor cavity forming a reverse daughter
balloon after the tumor removal (Figure 5F), just as the DS
descended into the sellar region after the tumor removal
(Figure 5). The descending wall of reverse daughter balloon
has no residual pituitary or only an extremely thin remnant
pituitary attached that appears similar to the arachnoid
membrane. Here, blood vessels were pushed by the tumor, and
located at the tumor’s edge. In some cases, blood vessels were
located at the bifurcation of multiple lobulated daughter tumors,
and the bifurcation covered the vessels, similar to blood vessel
being encircled.

Grade 2 PAs broke through the DS or transgressed the
diaphragmic opening to reach the intracranial cavity. Here, the
lack of the bilayer barrier allowed the tumor to communicate

directly with the cranial cavity, so this type of tumor was
classified as an intradural subarachnoid tumor. Because of the
lack of constraint by the bilayer, they lost their expansive growth
characteristics and, like epidermoid cysts, spread along the
subarachnoid space into the available space and encircled vital
neurovascular structures such as the circle of Willis and its
perforators, optic nerve, and optic chiasm (Figure 6). These
tumors could even invade the floor of the third ventricle and
enter the ventricular space. We have found that some PAs not
extending very deep into the suprasellar cistern could also break
through the DS into the intracranial cavity (Figure 6A). Notably,
such tumors grew in grid-like structures formed by the
perforating vessels (Figure 6J), posing a great challenge for
tumor resection. These tumors could break though the
Liliequist membrane and grow along the prepontine cistern
into the clivus, characteristics unique to grade 2 PAs
(characteristics of each grade show in Table 3).

Surgical approaches to resection were determined by tumor
grade. Grade la PAs were located in the extradural/
subdiaphragmatic space. The transsphenoidal approach is
more appropriate for grade la PAs. However, we preferred
EEA, owing to its advantages including wide-angle view and
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wall of daughter tumor. Daug. Tu, daughter tumor; DS, diaphragm sellae.

FIGURE 4 | Three cases with grade 1b PAs that underwent endoscopic endonasal surgery. (A1, B1, C1) Preoperative, sagittal post-gadolinium MRIs showing 3
grade 1b tumors with daughter tumor (yellow arrow) extending to the anterior skull base (A1), the interpeduncular fossa (B1), and the suprasellar lateral (C1).
(A2, B2, C2) Postoperative MRI demonstrating gross total resection of suprasellar part of tumor was achieved. (A3, B3, C3) Endoscopic views showing the intact

elimination of brain retraction (12, 14, 29-31). Special attention
should be given to protect the residual pituitary gland
intraoperatively. When the residual pituitary is observed, the
boundary of the tumor has been reached. If the tumor is removed
and only a thin, transparent DS remains, the residual pituitary
gland might have been excised. Thus, establishing the concept of
a bilayer separating the cranial cavity from the tumor facilitates the

protection of the residual pituitary gland. The transsphenoidal
approach was also appropriate for grade 1b PAs, as they were also
located in the extradural/subdiaphragmatic space. We utilized an
EEA, which allowed closer visualization of the daughter tumor.
Some tumor locations were difficult to reach with EEA (12, 13, 32,
33), requiring a transcranial route or transcranial combined
transsphenoidal approach. For example, this approach was used
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FIGURE 5 | Schemes, preoperative magnetic resonance images (MRI), and endoscopic views showing a daughter tumor and reverse daughter balloon.

(A) lllustration of the formation of a daughter tumor. The thinning or even absence of the residual pituitary caused the bilayer to be weaker, leading to an inability to
resist the intratumoral pressure. Thus, a daughter tumor formed, like a thinning tire creating a bulge. (B, C) lllustration of reverse daughter balloon. When the tumor
was completely removed, due to the intracranial cerebrospinal fluid pressure, the thin dura on the surface of the daughter tumor inversely protruded into the tumor
cavity, forming a reverse daughter balloon. Diagram (D) is a merge of diagrams (B, C). (E, G) Preoperative, sagittal post-gadolinium MRI showing grade 1b tumor
with a small daughter tumor extending into the suprasellar space. (F, H) Endoscopic view after tumor resection showing a reverse daughter balloon. Re. Daug. Ba,

reverse daughter balloon.

when the daughter tumor extended from the retro-chiasmatic
region to its superior anterior aspect, significantly lateral to the
suprasellar cistern. Special attention should be paid to the treatment
of daughter tumors intraoperatively. With EEA, when the neck of
the daughter tumor was wide, the tumor could be resected along the
natural corridor of the daughter tumor, using the opening of
the daughter tumor as a starting point to remove the tumor
within the daughter tumor. when the neck of the daughter tumor
was small, the neck opening could be widened to remove the
tumor within the daughter tumor. When the tumor within
the daughter tumor was completely removed, because of the
intracranial cerebrospinal fluid pressure, the thin dura on the
surface of the daughter tumor could inversely protrude into
the tumor cavity. Forming a reverse daughter balloon was a sign
of complete removal of the daughter tumor.

The transsphenoidal and transcranial approaches were all
very difficult for grade 2 PAs, as these tumors were located in the
intradural space. These tumors grew in grid-like structures
formed by the perforating vessels, and it was necessary to both
remove the tumor and avoid damaging the perforators. In some
patients, the third ventricle floor was compressed into a thin
layer, and protection of the floor of the third ventricle is
necessary to avoid damage to the hypothalamus. For these
reasons, when such tumors are giant, the transcranial approach
can also be an appropriate choice. When the tumor is coaxial
with the transsphenoidal route, EEA may be preferred. If the

tumor is giant or extends laterally to the temporal lobe with
sphenoidal or cavernous sinus invasion, a combined transcranial
and EEA approaches may be more appropriate.

We used the two-point-one-line method to predict the need for
EEEA. Our data show that both SSE and H1 are effective predictors
of the need for EEEA. The cut-off value of SSE was 17.4 mm, so
Hardy’s classification grades C and D may necessitate an EEEA. H1
can reflect the degree of tumor extension to the anterior skull base.
We suggest that H1 is a more appropriate predictor of needing an
EEEA. An EEEA is usually required for grade 1b, grade 2, and large
or hard consistency grade 1a PAs.

The goal of the surgery was optic apparatus decompression
and the safest possible tumor resection (32, 34). The GRT of
suprasellar tumor in grade 1a PAs was higher than that of grade
1b and grade 2 tumors, due to the regular shape and the
protection of the bilayer structure. Some residual tumor tended
to remain in the daughter tumor, so the total resection rate was
significantly lower than that of grade la PAs. Grade 2 tumors
encircled vital blood vessels, making them more difficult to
remove. Some grade 2 PAs were close to the hypothalamus,
and care was taken to protect the hypothalamus and the floor of
the third ventricle. These are among the reasons for incomplete
resection in our series.

Severe postoperative complications, including postoperative
hemorrhage, visual deterioration, cerebral infarction, and death
occurred, though mostly in patients with grade 2 tumors. We
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believe that grade 2 tumors encircled vital neurovascular
structures and were in close proximity to the hypothalamus,
which greatly increased the chance of incidental damage during
surgery. The tumors grew in the grids formed by the penetrating
vessels, particularly in sites with abundant perforator vessels.
Resection of tumors in these grids was prone to serious
complications, such as postoperative stroke, due to damage to
the perforator vessels.

The dura mater on the surface of daughter tumors was very
thin and easily ruptured, potentially increasing the rate of CSF
leakage. In our data, the rates of CSF leakage were higher in
patients with grade 1b than grade la tumors, but not
significantly. Since grade 2 PAs broke through the DS and
extended into the subarachnoid space, the CSF leakage rate
was significantly higher than that of patients with grade 1a PAs.

FIGURE 6 | Pre- and postoperative magnetic resonance imaging (MRI) demonstrating two cases of grade 2 pituitary adenoma. (A) A grade 2 PA that extended to
the suprasellar region and grew along with the suprasellar cistern. (B) Endoscopic views showing the tumor entered into the arachnoid spaces and encased vital
neurovascular structures. (C) postoperative MRI showing gross total resection. (D-F) Preoperative T1 contrast-enhanced images showing a grade 2 tumor
significantly extended to the suprasellar and encircled vital neurovascular structures. (G-J) Endoscopic views showing the tumor entered into the suprasellar space
and encased vital neurovascular structures. The tumor grew in grid-like structures formed by the perforating vessels (J). (K, L) Postoperative T1 contrast-enhanced
MRI demonstrating subtotal resection of the suprasellar component of adenoma. PS, pituitary stalk; PG, pituitary gland; Tu, tumor; R. A1, right A1 segment of
anterior cerebral artery; R. P1, right P1 segment of posterior cerebral artery; SCA, superior cerebellar artery; BA, basilar artery; R. Ht, right hypothalamus.

We suggest a possible pattern in which PAs extend into the
suprasellar region. In grade 1 PAs, the tumor may originate in
the lower part of the pituitary gland and push and stretch the
pituitary gland and diaphragmatic dura upward into the
suprasellar space. The possible patterns in which grade 2 PAs
break through the DS into the suprasellar region include: (1) A
grade 1b tumor further grows and traverses the extremely thin
layer of the daughter tumor into the subarachnoid space. The
distribution of the residual pituitary glands in grade 2 PAs
formed this way are the same as that of grade 1b PAs. (2) In
the early stages of PA growth, the tumor directly invades and
penetrates the DS into the suprasellar region; (3) The tumor
grows into the intracranial space through the loose
diaphragmatic opening. For the latter two situations, the tumor
may originate near the upper surface of the pituitary gland and
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TABLE 3 | Characteristics and surgical strategies and outcomes of each grade.

Variable Grade 1a

Location Located in
extradural space

Bilayer Intact

structure

(the DS and

the residual

pituitary

gland)

Location of  The residual

the residual  pituitary gland

pituitary usually located on

gland the superior and
lateral surface of
the tumor

Relationship  Pushed the vessels

and vessels located
at the edge of the
tumor and still
outside the DS

with vessels

Grade 1b
Still located in extradural space

The DS was intact
Thinning or absence of the residual pituitary gland
in the area where the daughter tumor was formed

The residual pituitary gland usually located on the
superior and lateral surface of the tumor and was
extremely thin or even absent at the site of the
daughter tumor formation

Pushed the vessels and vessels located at the
edge of the tumor and still outside the DS

Grade 2

Located in intradural space

Lack of a bilayer structure, directly penetrate the DS or extend through the
opening of DS into the suprasellar region

The residual pituitary gland usually located on the bottom and lateral surface
of the tumor

Encircled the arteries of the circle of Willis, optic nerve, and optic chiasm

Lost expansive growth characteristics and growth along with the arachnoid
cistern

An irregular shape, and matched the morphology of the suprasellar cistern

When such tumors are giant, the transcranial approach can also be an
appropriate choice. When the tumor is coaxial with the transsphenoidal route,
the EEA may be preferred. If the tumor is giant or extends laterally to the
temporal lobe with sphenoidal or cavernous sinus invasion, a combined
transcranial and EEA approaches may be more appropriate.

Lower rate of GTR relative to grade 1a

Growth “Inflatable ball” type spherical expansion, “Tire bulge”-like formation of
pattern of spherical large or small daughter balloons
expansion
Morphology A regular An irregularly lobulated appearance with clear
morphology with a  border
smooth spherical
surface
Surgical Preferred EEA Preferred EEA
strategy If the daughter tumor extended from the retro-
chiasmatic region to its superior anterior aspect,
significantly lateral to the suprasellar cistern, a
transcranial route or transcranial combined
transsphenoidal approach might be required
Extent of Higher rate of GTR  Lower rate of GTR relative to grade 1a, residual
resection relative to grade 1b  tumors tended to remain in the daughter tumor
and grade 2
Complication Lower Medium, the dura mater on the surface of the

daughter tumor is thin and prone to rupture

leading to intraoperative CSF leakage

Higher, intraoperative CSF leak occurs 100% and is prone to serious
complications such as neurovascular injury, cerebral hemorrhage, cerebral
ischemia and hypothalamic injury

DS, diaphragm sellae; EEA, endoscopic endonasal approach; CSF, cerebrospinal fluid; GTR,

easily transgress the DS or diaphragmatic opening. We have
made these assumptions based on the location of the residual
pituitary in these tumors. For example, the residual pituitary
gland of grade 1 tumors tends to be located on the superior and
lateral surface of the tumor. In contrast, the residual pituitary
gland of grade 2 tumors (except those developed from grade 1b)
tends to be located on the bottom and lateral surface of
the tumor.

Goel et al. divided giant pituitary adenomas into 4 grades
depending on their anatomical extensions and the nature of their
meningeal coverings (28). In our classification, grade 1 PAs are
beneath the DS, which is consistent with Goel’s classification of
grade 1. However, we suggest that it is not only the DS that was
elevated by the tumor but also the residual pituitary gland. The
surfaces of these tumors were covered by an intact bilayer
structure formed by the DS and the residual pituitary. We
propose that the thinning or absence of the residual pituitary
gland caused the double barrier (DS and residual pituitary) to
become a weak barrier, which was the key to the formation of
daughter tumors.

Gross total removal.

This study has some limitations. First, our classification
focused on identifying whether PAs with SSEs are located in
extradural or intradural spaces, but did not take into account the
degree of the suprasellar and lateral tumor extensions. In the
future, we hope to reconcile our study with Hardy’s classification.
In grade 1b and 2 tumors, for instance, if the tumor extends
significantly lateral to the suprasellar region, a Hardy’s
classification grade D, a transcranial approach or a combined
transsphenoidal approach may be more appropriate. Another
limitation was that our proposed two-point-one-line method of
predicting when an EEEA was required is only a prediction. As
such, the need for an EEA may also be related to other factors,
particularly the consistency of the tumor, revision surgery, and
intraoperative CSF release.

CONCLUSION

The bilayer structure formed by the DS and the residual pituitary
gland is the key to determining whether a PA is located in the
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extradural or intradural space. The grade 1 PAs are located
extradural which we further divided into 2 subtypes: grade 1a and
grade 1b PAs. Grade 1a PAs push and stretch the bilayer structure
up toward the suprasellar region. Grade 1b PAs demonstrate a
thinning or absence of residual pituitary gland, leading to weakness
of the bilayer structure and formation of a daughter tumor. Grade 2
PAs have a surface that is not surrounded by a bilayer structure and
are located in the intradural space. GTR decreases with increasing
grade, while the surgical risks and complications increase with
increasing grade. Given the information provided by this
classification scheme, surgeons can plan the most appropriate
operative approach and extent of resection and can better predict
the surgical outcomes.
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Neurosurgery, Ewha Woman’s University College of Medicine, Seoul, South Korea

Background: The new World Health Organization (WHO) classification system proposed
a cell lineage-based classification scheme for pituitary adenomas in which transcription
factors (TFs) play a major role as key classifiers. We aimed to evaluate clinical relevance of
the new classification system in a clinical setting.

Methods: TF staining was retrospectively performed for 153 clinically and histologically
well characterized pituitary adenomas. Then, 484 pituitary adenomas were prospectively
stained for TFs and then for relevant pituitary hormones. TF and hormone stain-based
diagnoses were compared, and differences in clinical manifestations were evaluated.

Results: The accuracies of antibodies for three TFs were successfully validated and had
an overall matching rate was 89.6%. We identified 50 (10.4%) cases with discrepancies
between TF and pituitary hormone stains. Gonadotroph adenomas lacking follicle-
stimulating hormone and luteinizing hormone stains account for most discrepancies.
Null cell adenomas may be more prevalent than reported and may be clinically more
aggressive than gonadotroph adenomas.

Conclusion: The new WHO classification is mostly well matched with the traditional
classification. However, until the new classification is further validated and interpreted in
the context of long-term clinical outcomes, routine histological examination should include
full slate of immunostains for pituitary hormones as well as TFs.

Keywords: immunohistochemistry, pituitary adenoma, pituitary hormone, transcription factor, WHO classification

Frontiers in Oncology | www.frontiersin.org

17 September 2021 | Volume 11 | Article 739290


https://www.frontiersin.org/articles/10.3389/fonc.2021.739290/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.739290/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.739290/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.739290/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.739290/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:euihyunkim@yuhs.ac
https://doi.org/10.3389/fonc.2021.739290
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.739290
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.739290&domain=pdf&date_stamp=2021-09-13

Hong et al.

New WHO Classification for Pituitary Adenomas

INTRODUCTION

Pituitary adenomas are neuroendocrine tumors in the anterior
pituitary gland. They are traditionally classified based on their
hormonal activity as non-functioning and endocrine-active
tumors. Histopathological examination is important to confirm
the diagnosis by validation of positive immunohistochemistry
(IHC) for relevant pituitary hormones. The fourth edition of the
World Health Organization (WHO) classification of endocrine
tumors was published in 2017 (1). One of the major changes in
the new scheme is the cell lineage-based classification of pituitary
adenomas characterized by lineage-specific transcription factors
(TFs). All pituitary adenomas are divided into the three following
lineages: lactotroph, somatotroph, and thyrotroph belong to
PIT-1 (pituitary-specific TF 1), corticotroph belongs to T-PIT
(pituitary cell-restricted factor), and gonadotroph belongs to
SE-1 (steroidogenic factor 1). Tumors negative for all three TFs
are considered as true null cell adenomas.

In September 2018, we started to provide pathological
diagnoses for all pituitary adenomas surgically removed in our
institution based on the new WHO classification system. Based
on our 2-year experience, we aimed to evaluate the clinical
relevance of new classification system and discrepancies
between pituitary hormone-based and TF-based diagnoses.

MATERIALS AND METHODS

This study was conducted in accordance with the Declaration of
Helsinki and approved by the local Institutional Review Board.
The THC antibodies used for TFs and pituitary hormones are
listed in Table 1. Every single sample was examined by two

experienced neuropathologists. The hormone-positivity was
described as focal/diffuse and weak/strong. For the stains for
TFs, roughly 5% of cutoff was adopted. We considered cases with
even very week stains for TFs in the nucleus as positive.

Retrospective Validation

Before September 2018, our routine pathological examination for
pituitary adenomas included IHC for all anterior pituitary
hormones: adrenocorticotropic hormone (ACTH), growth
hormone (GH), prolactin (PRL), thyroid-stimulating hormone
(TSH), luteinizing hormone (LH), and follicle-stimulating
hormone (FSH). We retrospectively selected 49 non-
functioning pituitary adenomas including 27 null cell tumors
and 22 gonadotroph adenomas. None of these patients presented
any symptoms suggesting hormonal excess. We then identified
104 endocrine-active pituitary adenomas: 36 GH-secreting
adenomas, 28 prolactinomas, 21 TSH-secreting adenomas, and
19 ACTH-secreting adenomas. For all 104 patients with
endocrine-active pituitary adenomas, their hormonal excess
was well matched with laboratory tests and clinical symptoms.
Acromegaly was defined when the nadir serum GH level after an
75g oral glucose tolerance test was less than 1.0 ng/mL with
elevation of serum insulin-like growth factor-1 adjusted for age
and sex. The diagnosis of Cushing’s disease was established on
the basis of clinical features and the results of biochemical tests
including 24 h urinary free cortisol excretion, low- and/or high-
dose dexamethasone suppression test. And bilateral inferior
petrosal sinus sampling was performed in all cases. The
diagnosis of TSH-secreting pituitary adenoma was made based
on serum TSH, free thyroxine, trilodothyronine levels together
with the radio of free alpha subunit and TSH, which was later
confirmed by postoperative normalization of TSH. A T3

TABLE 1 | Antibodies used for immunohistochemistry for transcription factors and pituitary hormones.

Company Clone Dilution Machine Expression Antigen retrieval Antibody primary
factor pattern
Transcription factors
PIT-1 Novus Biologicals NBP1- 1/500 Ventana, BenchMark Nuclear Conventional BenchMark XT instrument, 32 minutes,
92273 XT 37°C
T-PIT  Atlas Antibodies AMADb91409 1/1000 Dako, Omnis Nuclear Low pH, 30 Omnis instrument, 20 minutes, 32°C
minutes
SF-1  Perseus Proteomics PP-N1665- 1/400 Dako, Omnis Nuclear Low pH, 30 Omnis instrument, 20 minutes, 32°C
Inc. 0C minutes
Pituitary hormones
GH DAKO, Agilent A0570 1/400 Ventana, BenchMark Cytoplasmic Not required BenchMark XT instrument, 32 minutes,
XT 37°C
PRL  DAKO, Agilent A0569 1/300 Ventana, BenchMark Cytoplasmic Not required BenchMark XT instrument, 32 minutes,
XT 37°C
TSH  DAKO, Agilent M3503 1/50 Ventana, BenchMark Cytoplasmic Not required BenchMark XT instrument, 32 minutes,
XT 37°C
ACTH DAKO, Agilent M3501 1/200 Ventana, BenchMark Cytoplasmic Not required BenchMark XT instrument, 32 minutes,
XT 37°C
LH DAKO, Agilent M3502 1/50 Ventana, BenchMark Cytoplasmic Not required BenchMark XT instrument, 32 minutes,
XT 37°C
FSH  DAKO, Agilent M3504 1/50 Ventana, BenchMark Cytoplasmic Not required BenchMark XT instrument, 32 minutes,
XT 37°C

ACTH, adrenocorticotropic hormone; FSH, follicle stimulating hormone; GH, growth hormone; LH, luteinizing hormone; PIT-1, pituitary specific transcription factor 1; PRL, prolactin; SF-1,

steroidogenic factor 1; T-PIT, pituitary cell restricted factor; TSH, thyroid stimulating hormone.
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suppression test was performed when it was unclear whether the
patient had a TSH-secreting pituitary adenoma or a non-
functioning pituitary adenoma in the presence of secondary
hyperthyroidism. ITHC of three TFs was then performed for
cell-lineage classification. The classifications based on pituitary
hormones and TFs were compared.

Prospective Validation

Since September 2018, the routine pathological examination
protocol for pituitary adenomas was updated based on the new
WHO classification (Figure 1). Informed consent was obtained
from enrolled patients. We first performed IHC for three TFs:
PIT-1, T-PIT, and SF-1. Then, IHC was performed for possibly
associated hormones based on the result of TF stains: GH, PRL,
and TSH for PIT-1 adenomas; only ACTH for T-PIT adenomas;
and LH and FSH for SF-1 adenomas. When the hormone stain
results were not matched to TF stains, the tests were repeated and
THC was performed for all pituitary hormones. For all discordant
cases, IHC for TF stains and hormone stains were repeated to
confirm the results. Cases with incomplete study and with
pituitary apoplexy that prevented reliable THC were excluded
from this study. A total of 484 patients who underwent surgical
resection for their pituitary adenomas by two neurosurgeons
from September 2018 to August 2020 were included in this
analysis. First, hormone and TF stains were compared to
determine whether they were well matched. For patients with

concordant results, histological and clinical diagnoses were
compared with subgroup analysis of their tumor nature.

Statistical Analysis

We performed t-tests and chi-square tests to identify statistically
significant differences. All analyses were performed using IBM
SPSS Statistics (version 20.0; IBM, Armonk, NY, USA), and P <
0.05 was considered statistically significant.

RESULTS

Retrospective Validation

The results of our retrospective analysis are summarized in
Table 2. For 153 cases of pituitary adenomas previously
operated in our institution based on the traditional
classification scheme, we performed IHC for three TFs and
compared the findings. The results were consistent in 149
(97.4%) cases. We identified only five cases with discrepancies
between hormonal and TF stains. One patient with overt
Cushingoid features and positive ACTH stain was negative for
all TFs. There were four endocrine-inactive pituitary adenomas
with negative stains for all pituitary hormones; a positive stain
for T-PIT was observed in one patient and SF-1 in three patients.

SF-1

Gonadotroph
adenoma FSH/LH

|

g— .

All negative

adenoma

Thyrotroph
/ adenoma
TSH
Pituitary 5|14 Nl Somatotroph
GH adenoma

ACTHl

Corticotroph
adenoma

FIGURE 1 | Pathological examination protocol for pituitary adenomas based on the new WHO classification. First, immunostains of transcriptions factors (PIT-1,
T-PIT and SF-1) were performed for determination of cell lineage. And then, following stains were performed only for possibly associated hormones based on the
result of TF stains; GH, PRL and TSH for PIT-1 positive adenomas, only ACTH for T-PIT positive adenomas and LH, FSH for SF-1 positive adenomas. ACTH,
adrenocorticotropic hormone; FSH, follicle stimulating hormone; GH, growth hormone; LH, Iuteinizing hormone; PIT-1, pituitary specific transcription factor 1;
PRL, prolactin; SF-1, steroidogenic factor 1; T-PIT, pituitary cell restricted factor; TSH, thyroid stimulating hormone.

hormone stain
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adenoma

-
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TABLE 2 | Retrospective comparison of immunohistochemistry between
pituitary hormones and transcription factors.

Pituitary hormone Number of Number of cases Details on

stain cases with matched TFs mismatched cases
examined

Single ACTH 19 18 (94.7%) Negative for all TFs

positive

Single PRL positive 28 28 (100%)

Single GH positive 36 36 (100%)

Single TSH positive 21 21 (100%)

Positive for FSH 22 22 (100%)

and/or LH

All negative 27 23 (85.2%) Positive for T-PIT in 1

and SF-1in 3
Total 153 148 (96.7%)

ACTH, adrenocorticotropic hormone; FSH, follicle stimulating hormone; GH, growth
hormone; LH, luteinizing hormone; PRL, prolactin; SF-1, steroidogenic factor 1, TF,
transcription factor; T-PIT, pituitary cell restricted factor; TSH, thyroid stimulating hormone.

Prospective Validation

The cohort included 303 endocrine-inactive tumors and 181
endocrine-active tumors including 86 GH-secreting pituitary
adenomas, 57 prolactinomas, 36 ACTH-secreting pituitary
adenomas, 2 TSH-secreting adenomas. While prolactinoma is
known to be the most common type of pituitary adenomas, the
prevalence of prolactinomas is possibly underestimated in our
surgical series because majority of them were treated with
dopamine agonists without pathological diagnosis. Also,
compared to other series in the literature, much more patients

with endocrine-inactive pituitary adenomas (62.6%) were
enrolled to our study.

Comparison Between TF and Pituitary
Hormone Stains

First, we identified three unusual tumors that could not be
classified into any specific category. These tumors were
positive for multiple TFs; one Cushing’s disease patient had
positive IHC for T-PIT, and SF-1, and two acromegalic patients
had positive IHC for both PIT-1 and SF-1 (Figure 2). Complete
resection was done in all three cases, but one acromegalic patient
did not achieve endocrinological remission.

For the other 481 patients, we evaluated whether their TF stains
were well matched with their pituitary hormone stains (Figure 3
and Table 3). The most common subtype was PIT-1 positive
adenoma, and the overall matching rate was 89.6%. We identified
50 (10.4%) patients with pituitary adenomas whose pathological
examinations were discrepant between TF and pituitary hormone
stains. The majority of mismatched cases were gonadotroph
adenomas (43 patients, 86.0%) with stains positive for SF-1 but
negative for both FSH and LH. The second-most common tumor
type was null cell adenomas positive for ACTH stain (n=4). The
most common subtype of gonadotroph adenoma was FSH
positive, while LH-positive tumors were the least common. In
171 PIT-1 positive adenomas, the most prevalent subtype was
GH-positive tumors followed by prolactinoma. Tumors with
positive stains for two or more hormones were more prevalent
than single hormone-positive tumors (53.2% vs. 46.8%). PRL, GH

Patient 1
(Cushing’s disease)

Patient 2
(Acromegaly)

Patient 3
(Acromegaly)

FIGURE 2 | Three tumor cases with positive IHC for multiple transcriptions factors. In our prospective investigation on 484 pituitary adenomas, three unusual cases
were identified as their cell lineages were not clearly classified. They were 1 Cushing’s disease patient with positive IHC for T-PIT, and SF-1, and two acromegalic
patients with positive IHC for both PIT-1 and SF-1. In Patient 2, positive stains for PIT-1 and SF-1 were observed in the same cells. PIT-1, T-PIT and SF-1 X 100.
IHC, immunohistochemistry; PIT-1, pituitary specific transcription factor 1; SF-1, steroidogenic factor 1; T-PIT, pituitary cell restricted factor.
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PRL (+)

LH/FSH (+)

FIGURE 3 | Comparison between immunohistochemical stain for transcription factors and pituitary hormones. The most common subtype was PIT-1 positive
adenomas. In 171 PIT-1 positive adenomas, the most prevalent subtype was a prolactinoma followed by GH-positive tumors. The most common subtype of
gonadotroph adenomas was a FSH-positive tumor and LH-positive tumors were the least common. Overall, 10.4% of cases showed discordance between TF stains
and pituitary hormone stains. The majority of mismatched cases were gonadotroph adenomas of which stains were positive for SF-1 but negative for both FSH and
LH. FSH, follicle stimulating hormone; GH, growth hormone; LH, luteinizing hormone; PIT-1, pituitary specific transcription factor 1.

GHITSH/PRL (+)

PRLITSH (+)

TSH (+)

GH (+)

GH/PRL (+)

| B

DR

I sk

l Null cell adenoma

GHITSH (+)

Concordant
l Discordant

TABLE 3 | Comparison between immunohistochemical stain for TFs and
pituitary hormones.

TABLE 4 | Comparison between clinical manifestations and histology for 431
patients with concordant immunohistochemical stains for TFs and pituitary hormones.

TF stain Pituitary hormone stain
GH, PRL, ACTH FSH, LH All Total
TSH positive positive positive negative

PIT-1 positive 171 1* 172 (35.8%)
T-PIT positive 55 1* 56 (11.6%)
SF-1 positive 1* 91 43" 135 (28.1%)
All negative 4* 114 118 (24.5%)
Total 171 60 92 158 481

*Cases with discrepancy between TF and pituitary hormone stains.

ACTH, adrenocorticotropic hormone; FSH, follicle stimulating hormone; GH, growth
hormone; LH, luteinizing hormone; PIT-1, pituitary specific transcription factor 1; PRL,
prolactin; SF-1, steroidogenic factor 1; TF, transcription factor; T-PIT, pituitary cell
restricted factor; TSH, thyroid stimulating hormone.

and TSH stain were positive in 121 (70.8%), 107 (62.6%) and 40
(23.4%) PIT-1 positive adenomas, respectively.

Comparison Between Histological
Diagnosis and Clinical Diagnosis
For the 431 patients with concordant results between TF and
pituitary hormone stains, comparative analysis was performed
for their histological and clinical diagnoses (Table 4).

Among 177 endocrine-active tumors, 174 (98.3%) had
concordant clinical and histological diagnoses. When we

Clinical diagnosis PIT-1 T-PIT SF-1 All Total
positive positive positive negative

Cushing’s disease al 32 ™ 34
Acromegaly 84 84
Prolactinoma 55 2 57
TSHoma 2 2
Non-functioning adenoma *29 23 91 111 254
Total 171 57 91 114 431

*Cases with discrepancy between clinical manifestations and histology.
PIT-1, pituitary specific transcription factor 1; SF-1, steroidogenic factor 1; TF, transcription
factor; T-PIT, pituitary cell restricted factor; TSH, thyroid stimulating hormone.

compared 32 patients with endocrine-active corticotroph
adenoma (Cushing’s disease) with its counterpart (23 silent
corticotroph adenomas), we observed that tumors were much
larger in silent corticotroph adenoma patients than in Cushing’s
disease patients (25.3 mm vs. 12.4 mm, P<0.001). However, there
was no statistically significant difference between the incidence of
cavernous sinus invasion and total tumor removal. In the
comparison between patients with functioning PIT-1 adenomas
(GH-secreting adenoma, prolactinoma, and thyrotropinoma) and
silent PIT-1 adenoma patients, we failed to identify any of these.

A total of 254 endocrine-inactive tumors with no clinical or
laboratory evidence of hormonal excess were further analyzed
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(Figure 4). In this group, there were more patients with true null
cell adenomas (n=111) that were not positive for TFs or pituitary
hormones than gonadotroph adenoma patients (n=91), followed
by 23 patients with silent corticotroph adenoma and 29 with
silent PIT-1 adenomas. Although tumor size did not differ, null
cell adenomas showed more frequent cavernous sinus invasion
than gonadotroph adenomas (P=0.043), which led to a difference
in the likelihood of total tumor removal (P=0.039). Tumors were
the smallest in patients with silent PIT-1 adenomas (P<0.001 vs.
null cell adenomas and gonadotroph adenomas, P=0.054 vs.
silent corticotroph adenomas). The incidence of cavernous
sinus invasion was highest for silent corticotroph adenoma
(P=0.032 vs. gonadotroph adenomas), which is a well-known
aggressive form of pituitary adenoma. Conversely, patients with
gonadotroph adenomas were less likely to have cavernous sinus
invasion. Among 29 patients with silent PIT-1 adenomas, 28
underwent total removal, which was a significantly higher
percentage than patients with null cell adenomas or silent
corticotroph adenomas.

DISCUSSION

In recent decades, several TFs have been found to regulate cellular
differentiation of the adenohypophysis, and they are also essential
for differentiation and maturation of the neuroendocrine cells
from Rathke’s pouch (2, 3). As TFs determine hormone-specific
pituitary stem cell development, IHC for pituitary hormones and
cell-specific TFs enables classification of differentiated pituitary
adenomas based on pituitary cell lineage (4). Many studies have
shown that TF staining can be a major ancillary diagnostic tool for
more precise classification of pituitary adenomas (5-7).
Considering that immunostain findings for pituitary hormones
are often focal, very weak, or uncertain, TF staining may serve as a
critical determinant for histological diagnoses in such instances.
Based on these findings, the fourth edition of WHO classification
system proposed a cell lineage-based classification scheme for

pituitary adenomas, in which TFs such as PIT-1, T-PIT, and SF-1
serve as key classifiers. Many groups have adopted this new
classification system and updated their guidelines for
pathological diagnosis of pituitary adenomas (8). There have
been several reports on early experiences with the new WHO
classification system (9, 10). Before adopting a new classification
system at our institution, we validated the reliability of antibodies
for three TFs: PIT-1, T-PIT, and SF-1.

We created a cohort in which (1) patients’ pituitary hormone
stains were all negative or singly positive and (2) their clinical
manifestation and endocrine laboratory tests were consistent
with the pituitary hormone stain results. In this 153-patient
cohort, tumor hormonal activity was clearly defined by serum
hormone levels and IHC for pituitary hormones. We then
performed TF stains and evaluated whether the results were
well matched to the previously established diagnosis. In this well-
refined cohort, the diagnoses based on the new WHO
classification were concordant with the original diagnosis.
There were only five cases with discordant results, including
three positive for SF-1 even though all negative hormonal stains
were the majority. Although there has been concern that reliable
commercial antibodies for T-PIT are not yet available (1), our T-
PIT antibody was successfully validated for its accuracy (94.7%).

Convinced by the successful retrospective validation results,
we changed our diagnostic protocol of pathological pituitary
adenoma examination (Figure 1). We first performed IHC for
three different TFs: PIT-1, T-PIT, and SF-1. After tumor cell
lineage was identified, IHC was only performed for the relevant
hormones. When the TF and pituitary hormone staining results
were discordant, IHC was carried out for the remaining pituitary
hormones. We experienced 3 cases with positive stains for
multiple TFs; 2 in acromegaly and 1 in Cushing’s disease. We
repeated THC for both TFs and pituitary hormones and
confirmed the same results. Moreover, these unusual cases have
been reported by other groups (10-12). This should be further
investigated as current WHO classification system does not provide
how to classify theses unusual tumors. Recently, Neou et al
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demonstrated that unsupervised multi-panel genomic classification
of pituitary adenomas generally well correlates with cell lineage
classification, which is good agreement with the new WHO
classification scheme (13). For the cases with discrepancies
between TFs and pituitary hormones, transcriptome or
methylome analysis may help to clarify their identities.

While a guideline or consensus on the threshold of hormone-
positive tumor cells for immunohistochemical classification is
not available, it has been our strategy that only one positive,
unequivocally neoplastic cell is regarded as significant. In our
clinical practice, we have often experienced cases in which the
presence of single hormone-positive tumor cell was well matched
with clinical diagnosis. However, low threshold of positive stain
for pituitary hormones in our institution may possibly result in
different observations from the literature. Indeed, we have more
tumors with positive stains for two or more hormones than
single hormone-positive tumors in PIT-1 positive adenomas, and
low threshold of hormone-positivity may be the reason for
this observation.

In our earlier series (14) when TF stains were not available,
66.3% of clinically endocrine-inactive pituitary adenomas were
negative for any of pituitary hormone stains and thus classified as
null cell adenomas. In our current study, among 254 endocrine-
inactive tumors with no clinical or laboratory evidence of
hormonal excess, we identified 111 tumors (43.7%) true null cell
adenomas. Although the proportion of null cell adenomas were
much lowered, this is still much higher proportion compared with
other groups (1, 9, 15, 16). One of the possible explanation for the
discrepancies in the incidence of null cell adenomas is that
gonadotroph adenomas are possibly underdiagnosed in our
study although we validated the reliability of SF-1 antibody in
our retrospective investigation. Among 50 patients with pituitary
adenomas whose pathological examinations were discrepant
between transcription factor stains and pituitary hormone stains,
the majority of mismatched cases were gonadotroph adenomas
(43 patients, 86.0%) with stains positive for SF-1 but negative for
both FSH and LH. Considering the threshold of hormone-
positivity is very low in our study, we believe it should be
further validated whether single SF-limmunostain is sufficient to
characterize gonadotroph adenomas and whether current
antibody for SF-1 is a reliable. Further investigation with THC
for GATA2, GATA3 and alpha subunit would help the
differentiation between true null cell adenomas and gonadotroph
adenomas and thus provide the true prevalence of null cell
adenomas (17-19). Unlike other endocrine-active adenomas,
most gonadotroph adenomas are clinically non-functioning
tumors that lack hormone overproduction. Although their cell
linages are apparently different, distinguishing between
gonadotroph and null cell adenomas has always been difficult.
Traditionally, null cell adenomas were considered a synonym of
pituitary hormone-negative pituitary adenomas; however, the new
WHO classification clearly defined null adenomas as tumors that
do not exhibit immunoreactivity for pituitary hormones or TFs.
Nishioka et al. demonstrated that up to 95% of pituitary adenomas
negative for any pituitary hormones actually expressed lineage-
specific TFs: SF-1 and/or estrogen receptor-o. positive in 67%,

T-PIT positive in 27% and PIT-1 positive in 2% (15). Thus, they
suggested only 5% of tumors were true null cell adenomas. This
observation was supported by Mete et al., who reported that
the incidence of null cell tumors in their series was only 4.5%
(20). We identified 111 null cell adenomas out of 158 adenomas
with negative stains for any pituitary hormones, suggesting
that its prevalence may be much higher than previously
reported (Table 3).

In the subgroup analysis on 254 clinically endocrine-inactive
tumors (Table 4), null cell adenomas were the majority, followed
by gonadotroph adenomas. We also observed more silent PIT-1
adenomas (n=29) than silent corticotroph adenomas (n=23),
which was different from a previous observation (15). We
compared these four subtypes of endocrine-inactive tumors in
terms of size, cavernous invasion probability, and likelihood of
total resection. Unsurprisingly, silent corticotroph adenomas
showed the highest incidence of cavernous sinus invasion and
the lowest possibility of complete tumor removal. Null cell
adenomas, gonadotroph adenomas, and silent corticotroph
adenomas were similar in size. Null cell adenomas were more
likely to invade the cavernous sinus compared with gonadotroph
adenomas. Consequently, total resection was less likely for null
cell adenomas. Although this finding should be further validated
with long-term follow-up (21), null adenomas seem to be
clinically more aggressive than gonadotroph adenomas,
suggesting that this discrimination may be critical for
patient management.

CONCLUSION

The new WHO classification scheme is mostly well matched with
the traditional classification scheme. Gonadotroph adenomas
lacking FSH and LH stains account for the majority of
discrepancies in clinical settings, and further validation and
characterization of this small subset of pituitary adenomas may
be necessary. Null cell adenomas may be more prevalent than
previously reported, which requires further verification. Until the
new classification is further validated and interpreted with long-
term clinical outcomes, routine histological examination should
include a full slate of immunostains for both pituitary hormones
and TFs.
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Electronic Medical Records as Input
to Predict Postoperative Immediate
Remission of Cushing’s Disease:
Application of Word Embedding

Wentai Zhang'?, Dongfang Li?", Ming Feng, Baotian Hu?, Yanghua Fan®,
Qingcai Chen?** and Renzhi Wang™*

7 Department of Neurosurgery, Chinese Academy of Mediical Sciences and Peking Union Medical College, Peking Union
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Background: No existing machine learning (ML)-based models use free text from
electronic medical records (EMR) as input to predict immediate remission (IR) of
Cushing’s disease (CD) after transsphenoidal surgery.

Purpose: The aim of the present study is to develop an ML-based model that uses EMR
that include both structured features and free text as input to preoperatively predict IR
after transsphenoidal surgery.

Methods: A total of 419 patients with CD from Peking Union Medical College Hospital were
enrolled between January 2014 and August 2020. The EMR of the patients were embedded
and transformed into low-dimensional dense vectors that can be included in four ML-based
models together with structured features. The area under the curve (AUC) of receiver
operating characteristic curves was used to evaluate the performance of the models.

Results: The overall remission rate of the 419 patients was 75.7%. From the results of
logistic multivariate analysis, operation (p < 0.001), invasion of cavernous sinus from MRI
(o =0.046), and ACTH (p = 0.024) were strongly correlated with IR. The AUC values for the
four ML-based models ranged from 0.686 to 0.793. The highest AUC value (0.793) was
for logistic regression when 11 structured features and “individual conclusions of the case
by doctor” were included.

Conclusion: An ML-based model was developed using both structured and
unstructured features (after being processed using a word embedding method) as
input to preoperatively predict postoperative IR.

Keywords: natural language processing, Cushing’s disease, immediate remission, preoperative prediction,
machine learning
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Word Embedding Usage in Hypophysoma

INTRODUCTION

Pituitary corticotroph adenoma is also called Cushing’s disease
(CD). It accounts for the majority of Cushing’s syndrome cases
(1, 2). Cushing’s syndrome causes various types of symptoms
and signs, such as central obesity, supraclavicular fat
accumulation, thinned skin, purple striae, proximal muscle
weakness, fatigue, high blood pressure, glucose intolerance,
acne, hirsutism, and neurological deficits (3). The first-line
treatment method is transsphenoidal surgery (TSS) according
to a consensus statement (4). Thus, immediate remission (IR) is
important for both patients and surgeons. A previous systemic
review showed that the overall IR rate was 77% (52.1%-
96.6%) (5).

Several studies have been conducted to investigate
perioperative risk factors for the prediction of postoperative
prognosis using both traditional biostatistical and machine
learning (ML) methods (6-9). ML is a computer-based method
for data analysis based on the theory that there are patterns
hidden in data, and it helps to predict the prognosis of diseases
(10). ML enables a computer to construct models by iteratively
learning from the patterns in the dataset. Therefore, an ML-
based model is formed based on learning from real-world data
rather than learning from doctors’ experience, which may be
limited (11). In recent years, there have been an increasing
number of ML-related studies on pituitary adenoma. For
example, Liu et al. used seven ML-based models that
incorporated 17 clinical variables to preoperatively predict the
recurrence of CD. The model that performed the best was
random forest (RF) with an AUC value of 0.781 (8). Fan et al.
used six ML-based models that incorporated 12 clinical variables
to predict the TSS response. The final model with the highest
AUC value of 0.8555 was the GBDT model.

Features including the preoperative and postoperative serum
adrenocorticotropic hormone (ACTH) level, postoperative
serum cortisol level, age, and preoperative cavernous sinus
invasion on MRI (IOMRI) have been shown to be related to
postoperative prognosis (8). All risk factors initially considered
in previous studies were selected by clinicians according to their
clinical experience and related literature. No existing models use
electronic medical records (EMR) as input to predict
postoperative IR of patients with CD, even though they may
contain a great deal of information that is useful for the
prediction of IR. In the present study, EMR is included in the
model for the preoperative prediction of postoperative IR of CD.

In recent years, EMR has facilitated data accessibility. There
are different types of manifestations in patients with CD because
of hypercortisolism that may contain information related to the
severity of CD. However, the analysis of diverse and massive

Abbreviations: ML, machine learning; TSS, transsphenoidal surgery; CD,
Cushing’s disease; ROC, receiver operating characteristic curve; AUC, area
under the curve; UFC, urine free cortisol; LDDST, low-dose dexamethasone
suppression test; HDDST, high-dose dexamethasone suppression test; MRI,
magnetic resonance imaging; BIPSS, bilateral inferior petrosal sinus sampling;
IOMRYI, invasion of cavernous sinus from MRI; LR, logistic regression; RF,
random forest; MLP, Multiparametric Linear Programming; SVM, support
vector machine.

EMR data remains challenging because of the complex nature of
clinical language and the interpretation process. To address these
challenges, in this study, natural language processing techniques
are used, specifically contextualized word embeddings, to help
humans to access this information in free text to improve
predictions. Word embedding is a typical type of natural
language processing technique, and it is a suitable method for
vectorizing free text so that it can be processed by downstream
learning models. Although there has been exponential growth in
the number of studies involving radiomics methods, the
application of word embedding techniques is still limited (12,
13). In those studies, the text part of EMR was incorporated into
the ML model as input, which increased the modal and made the
input data closer to real-world data (14, 15).

Postoperative IR is important for clinician-patient
communication, and it may influence the treatment strategy.
The objective of the present study is to develop an ML model to
preoperatively predict postoperative IR using both free text from
EMR (after being processed by a word embedding technique)
and structured features as input.

MATERIALS AND METHODS
Study Population

The present study was approved by the ethical review committee
of Peking Union Medical College Hospital (PUMCH). A total of
419 patients with CD were enrolled between January 2014 and
August 2020. All surgery was performed by MF.

The inclusion criteria were as follows: (1) manifestations of
Cushing’s syndrome; (2) positive result on MRI or negative result
on MRI, but CD was strongly suspected according to
manifestations; (3) ruling out the possibility of ectopic ACTH
syndrome; and (4) plasma cortisol level (8:00 a.m.) > 22.3 ug/dl
or 24-h UFC level > 103.5 ug.

Diagnosis of Cushing’s Disease
All patients had T1-weighted, T2-weighted, and T1-weighted
gadolinium-enhanced MRI. Patients whose T1-weighted
gadolinium-enhanced MRI showed the negative result of a
pituitary tumor had T1-weighted dynamic gadolinium-enhanced
MRI. A hypointense region in T1-weighted MRI within the
pituitary gland indicated the positive result of a pituitary
adenoma. In cases in which the profiles of the potential tumors
were inconspicuous, T1-weighted gadolinium-enhanced MRI was
required to outline the tumor. A microadenoma was defined as a
tumor whose largest diameter was less than 10 mm and a
macroadenoma was defined as a tumor whose largest diameter
was 210 mm. A total of 392/419 participants had histological
confirmation of CD, and the diagnosis of CD was based on
synthesized evidence that included MRI results, clinical
manifestations, results of the low-dose dexamethasone
suppression test (LDDST) and high-dose dexamethasone
suppression test (HDDST), and pathological results.

All patients underwent a routine combined LDDST and
HDDST to verify hypercortisolism and the location of the
tumor. In the LDDST, 0.5 mg of dexamethasone was given to
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the patient every 6 h for 2 days. The LDDST was considered to be
suppressed if 24-h UFC was lower than 12.3 pg/24 h on the
second day or plasma cortisol was lower than 1.8 pg/dl in the
morning of the third day. In the HDDST, 2 mg of
dexamethasone was given to the patient every 6 h for 2 days.
HDDST was considered to be suppressed if 24-h UFC on the
second day or plasma cortisol in the morning of the third day
was >50% lower than the original level. The failure of
suppression of the LDDST together with successful
suppression of the HDDST indicated CD.

In cases in which there was no evidence of a tumor in
preoperative MRI, bilateral inferior petrosal sinus sampling
with a desmopressin stimulation test was implemented to
confirm the location of the tumor. During the desmopressin
test process, 10 mg of desmopressin was given to the patient to
stimulate the secretion of ACTH. A ratio of ACTH concentration
in the inferior petrosal sinus to peripheral concentration that was
larger than 2 in the basal state or larger than 3 after desmopressin
stimulation indicated a diagnosis of CD.

The diagnosis of CD was based on the combination of
compositive evidence, including MRI results, clinical
manifestations, results of LDDST and HDDST, and
pathological results.

All TSS was performed by one experienced surgeon (MF).
The details of the TSS were discussed previously (16). No
medical therapy was administered to patients because of a lack
of medicine in China.

The resected tissues were examined for pathology and
immunohistochemical analysis for ACTH, growth hormone,
thyroid-stimulating hormone, luteinizing hormone, follicle-
stimulating hormone, prolactin, Ki-67, and P-53.

Postoperative Management and
Immediate Remission
In the first 3 days after TSS (7 days if IR was not achieved), the
plasma cortisol level was tested each day. If the cortisol level was
lower than 5 pg/dl, glucocorticoid replacement therapy was
started. Glucocorticoid replacement therapy started with 100
mg of hydrocortisone twice a day for 3 days following 30 mg
of hydrocortisone orally once a day. After being discharged
from hospital, patients decreased the dose by 2.5 mg per week
until it reached 2.5-5 mg per day. The cessation of the drug
was decided by clinicians according to the evaluation of the
pituitary function.

IR was defined as a plasma cortisol level (8:00 a.m.) lower
than 5 pg/dl or 24-h UFC lower than 20 pg/24 h within 7 days
after surgery (17).

Study Design

The data included 11 structured clinical features and 10
unstructured features. Missing values were replaced by average
values. The structured data included gender, age, first operation
or not, largest tumor diameter, invasion of cavernous sinus on
MRI (IOMRI), sellar floor changes (SFC), disease duration, BMI,
24-h UFC, plasma cortisol (8:00 a.m.), and plasma ACTH (8:00
a.m.). The unstructured data included the chief complaint,
history of present illness (HPI), past medical history, record of

first ward round by superior surgeon, cautions, transferred-out
record (from the endocrinology department), transferred-in
record (to the neurosurgery department), characteristics of the
case, discussions about cases, and individual conclusions of the
case by doctor. The 10 unstructured features were routine
features of EMR in PUMCH. “Characteristics of the case” were
the records of the unique characteristics of an individual patient.
“Discussions about cases” were the meeting summaries about all
patients’ conditions by all surgeons in the neurosurgery
department of PUMCH. “Individual conclusions of the case by
doctor” were the records of the summary of patients’
characteristics provided by MF. “Cautions” were the main
points that needed to be noticed about treating patients
provided by MF. Transferred-out records were the main points
that needed to be noticed about treating patients and basic
conditions of the patient provided by the endocrinologist.
Transferred-in records were the main points that needed to be
noticed about treating patients and basic conditions of the
patient provided by the neurosurgeon. The EMR of
unstructured features was vectorized using a word embedding
method, and could then can be analyzed in a similar manner to
structured features.

The F-test was used to rank the structured data. The 10
structured features were sequentially included into each model.
Then, each model outputs AUC values for different numbers of
features. The min-max normalization method was used on the
data. The highest AUC values of the four algorithms were used as
their baseline values. Ten features of the unstructured data were
introduced into each model individually, and the importance of
each unstructured feature was ranked according to the change
of AUC.

ML Algorithms

Four ML algorithms were applied: support vector machine
(SVM), logistic regression (LR), RF, and multilayer perceptron
(MLP). In each ML algorithm, structured data were sequentially
introduced into the algorithm according to their rank in the
training dataset. Then, in the test dataset, the same process was
conducted. In both the training and test datasets, 10-fold cross-
validation was performed. Then, a grid search was used to select
the best hyperparameters, as discussed elsewhere (7).

Statistical Analysis

Statistical analysis was performed using RStudio software
(1.2.5042), IBM SPSS Statistics 23 (IBM Corporation), and
Python. The Shapiro-Wilk test was used to evaluate the
normality of continuous variables. Normally distributed
variables were displayed as mean + standard deviation. Non-
normally distributed variables were displayed as the interquartile
range. The Wilcoxon test was used to compare non-normal
distributed continuous variables in the training dataset and test
dataset. Categorical variables were analyzed using a chi-squared
test or Fisher’s exact test.

Occlusion Tests
“Occlusion tests” were performed to determine the contributions
that the symptomatic entities made to the ML-based models.
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In the “occlusion tests”, CMeKG (http://cmekg.pcl.ac.cn/) was
used to select and delete the symptomatic entities to build a new
HPI without symptomatic descriptions of CD. Then, the two
HPIs were vectorized and merged into LR together with the
structured features. The result demonstrated that the model with
the input of the original HPI was conspicuously superior to that
with the input of the newly built HPL

RESULTS

Patients’ Characteristics

A total of 419 patients were included in the study
between January 2014 and August 2020. Eleven traditionally
used predictors were selected in the study: age, gender,
first operation (or not), SFC, IOMRI, tumor diameter
(microadenoma or macroadenoma), disease duration, BMI, 24-
h UFC, morning plasma cortisol level, and morning plasma
ACTH level. All the predictors are presented in Table 1. The
characteristics of the remission and non-remission groups are
presented in Table 2. From the results of logistic univariate
analysis, the first operation (p < 0.001), IOMRI (p = 0.010), SFC
(p=0.011), and ACTH (p = 0.009) were strongly correlated with
IR. From the results of logistic univariate analysis, the first
operation (p < 0.001), IOMRI (p = 0.046), and ACTH (p =
0.024) were strongly correlated with IR (Table 3).

Predictive Performance of Models

Four ML-based algorithms were used: MLP, SVM, RF, and LR.
The performance of each model with different numbers of
structured features is shown in Figure 1. The highest AUC
values for MLP, SVM, RF, and LR were 0.759, 0.733, 0.678, and
0.699, respectively (Figure 2). Each unstructured feature was
sequentially introduced into the model, which had all structured

features included. Then, each model outputs an AUC value
(Table 4). The chief complaint and individual conclusions of
the case by doctor, HPI and individual conclusions of the case by
doctor, together with chief complaint and HPI were then
introduced into each model; however, the AUC values were
not higher than when only one unstructured feature was
introduced into the model. The highest AUC value (0.793) was
achieved by LR when 11 structured features and individual
conclusions of the case by doctor were introduced.

Unstructured features contain too much redundant
information; hence, three or more unstructured features were
not combined in this study to extract valid information.

Variable Importance

F-test univariate analysis was used to rank the importance of the
11 variables. Their rank was as follows: first operation, SFC,
morning ACTH, IOMRI, 24-h UFC, disease duration, BMI,
tumor diameter, gender, plasma cortisol, and age. The rank of
the features of unstructured data was evaluated using the change
in AUC value after adding a single unstructured feature into the
model based only on the structured features. For LR, “individual
conclusions of the case by doctor” was ranked first.

Occlusion Tests

The performance of the model with the input of the original HPI
was conspicuously better than that with the input of the HPI
without symptomatic entities (Table 5). The red Chinese
characters indicate the deleted symptomatic entities.

DISCUSSION

TSS is the first-line treatment method for CD. IR rates are
typically between 59% and 96.6% (18). In the present study,

TABLE 1 | Participants’ characteristics in trainning and test datasets.

Characteristic Total Training dataset Test dataset p-value
Gender 419 335 84 0.991
Male 80 (19.09) 64 (19.10) 16 (19.05)

Female 339 (80.91) 271 (80.90) 68 (80.95)

Age (years) 37.86 + 13.06 37.94 £ 13.04 37.55 + 13.06 0.808
First Operation 0.492
Yes 359 (85.68) 289 (86.27) 70 (83.33)

No 60 (14.32) 46 (13.73) 14 (16.67)

Diameter 0.684
Macroadenoma 40 (9.55) 31 (9.25) 9 (10.71)

Microadenoma 379 (90.45) 304 (90.75) 75 (89.29)

IOMRI 0.098
Invasion 26 (6.21) 19 (6.67) 9 (10.71)

Non-invasion 393 (93.79) 316 (94.33) 75 (89.29)

Sellar Floor 0.700
Infiltrated 45 (10.74) 35 (10.45) 10 (11.90)

Normal 374 (89.26) 300 (89.55) 74 (88.10)

Disease Duration (months) 36 (18-72) 36 (18-72) 43.5 (24-84) 0.121
BMI 26.14 (24.04-28.93) 26.15 (24.12-29.03) 26.13 (23.51-28.21) 0.476
24-h UFC (ug) 426.40 (268.65-716.40) 441.80 (270.63-745.66) 411.68 (243.58-586.41) 0.139
Cortisol (ng/dl) 27.15 (22.39-33.01) 27.02 (22.48-32.49) 27.89 (21.59-33.67) 0.715
ACTH (pg/ml) 72.6 (49.6-105) 72.9 (50.7-106.5) 66.3 (44.23-95.75) 0.446
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TABLE 2 | Patients’ characteristics in remission and non-remission groups.

Characteristic Remission
Gender 317
Male 65 (20.50)
Female 252 (79.50)
Age (years) 37.74 + 13.01
First Operation

Yes 287 (90.54)
No 30 (9.46)
Diameter

Macroadenoma 27 (8.52)
Microadenoma 290 (91.48)
IOMRI

Invasion 14 (4.42)
Non-invasion 303 (95.58)
Sellar Floor Changes

Infiltrated 27 (8.52)
Normal 290 (91.48)
Disease Duration (months) 36 (18-72)
BMI 26 (24.03-28.87)

24-h UFC (ug)
Cortisol (ug/dl)
ACTH (pg/ml)

412.56 (266.7-675.24)
27.5 (22.03-32.61)
68.3 (45.3-104)

Non-remission P
102

15 (14.71) 0.195

87 (85.29)
38.25 + 13.25 0.730
72 (70.59) 0.005

30 (29.41)
13 (12.75) 0.206

89 (87.25)
12 (11.76) 0.007

90 (88.24)
18 (17.65) 0.010

84 (82.35)
48 (20.25-84) 0.256
26.56 (24.30-29.27) 0.448
452.22 (283.92-821.78) 0.337
26.72 (23.03-33.87) 0.954
86.45 (55.40-114.50) 0.004

Bold values in this table represent statistical significance (P < 0.05).

the IR rate was 75.7% (317/419), which is almost the same as the
result of 76% from a previous study (19). IR may be a strong
predictor of long-term remission (20). IR is also important for
doctor-patient communication because patients are always
concerned about whether clinical manifestations can be
eliminated immediately. Thus, it is of great importance to
develop an ML-based model for the preoperative prediction
of IR.

Various types of manifestations exist in patients with CD
because of hypercortisolism, such as abnormal fat distribution,
weight gain, osteoporosis, diabetes mellitus ecchymosis, and
hypokalemia. According to our limited experience, the
symptoms and signs a patient has are strongly correlated with
the patient’s prognosis. Therefore, we speculate that the
unstructured data of patients with CD contributes to the ML-
based model for the preoperative prediction of IR. The
manifestations of patients with CD may be recorded in EMR,
which has been ignored by clinicians in quantitative analysis

because natural language could not be processed in the past.
However, natural language processing techniques can now deal
with EMR as the input of ML-based models, which facilitates the
full use of multimodal data (structured data and unstructured
data in EMR). In the present study, we performed occlusion tests
on HPT and the results demonstrated that the performance of the
model with the input of the original HPI was better than that
with the input of HPI without symptomatic entities. Therefore,
we speculated from the occlusion test and our limited experience
that symptomatic entities in HPI were strongly related to IR and
conducive to the prediction of IR.

In our previous study, we used several ML algorithms to build
ML-based models to preoperatively predict IR (7). In that study,
we only included structured data in the ML-based model,
whereas in the present study, we introduced not only
structured data into the models but also unstructured data.
Unstructured data may contain information related to the
severity of CD in addition to the 11 features of structured data

TABLE 3 | Logistic univariate and multivariate analysis of the relationship between risk factors and IR.

Characteristics Univariate analysis

Multivariate analysis

OR 95% CI p-value OR 95% CI p-value
Gender 1.496 0.811-2.759 0.197
Age (years) 0.997 0.980-1.014 0.726
First Operation 3.986 2.258-7.036 <0.001 3.641 1.996-6.641 <0.001
Diameter 0.637 0.316-1.687 0.209
IOMRI 0.347 0.155-0.776 0.010 0.413 0.17.-0.985 0.046
Sellar Floor Changes 0.434 0.228-0.827 0.011 0.818 0.393-1.703 0.591
Disease Duration (months) 0.998 0.994-1.002 0.436
BMI 0.970 0.923-1.021 0.246
24-h UFC (ug) 1.000 1.000-1.000 0.166
Cortisol (ug/dl) 1.001 0.980-1.023 0.898
ACTH (pg/ml) 0.994 0.990-0.999 0.009 0.995 0.991-0.999 0.024

Bold values in this table represent statistical significance (P < 0.05).
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FIGURE 1 | AUC values of four models with different numbers of structured
features selected. The highest AUC value appeared when MLP with 11
variables came into use (AUC = 0.759).

ROC Curve Analysis

True Positive Rate
°
&

SVM, AUC=0.733

L —— RandomForestClassifier, AUC=0.678
LogisticRegression, AUC=0.699
MLPClassifier, AUC=0.759

0.4 0.5 0.6 0.7 0.8 0.9 1.0

False Positive Rate

T
0.3

FIGURE 2 | Performances of models with optimal number of structured
features. MLP performed the best.

that were summarized by clinicians according to their personal
experience. The features included in the final model with the
highest AUC (0.743) in our previous study were IOMRI, tumor
size, whether it is the first operation, and ACTH level (8:00 a.m.),
whereas in the present study, the model with the highest AUC
(0.793) was constructed using LR with 11 structured features and
“individual conclusions of the case by doctor.” The model
performance in the present study was superior to that in the
previous study.

The importance of the features of structured data was ranked
using the F-test, whereas the importance of the features of

unstructured data was evaluated using the change in AUC
value after adding a single unstructured feature into the model
based only on the structured features. Information such as image
and voice, itself has the characteristics of vectorization,
continuity. Natural language (EMR) is different. It is the
expression and abstract summary of objective things. This is
the advantage of human thought; however, it restricts computers
to the identification of natural language because it lacks a strong
correlation between specific sensory information and natural
language. In the past, computers could only perform statistical
and logical reasoning through the relationship between symbols,
which made it difficult to express the continuity of language. In
2013, Mikolov et al. (21) enabled vocabulary to form the deep
model input of continuous real number space in the same
manner as images and audio, and the learning efficiency of the
model was much higher than that of previous models. Thus, we
used a word embedding method in the present study to vectorize
EMR. “Individual conclusions of the case by doctor” are routine
records in EMR at PUMCH. They are the conclusions of
clinicians according to the clinical characteristics of patients,
and they may reflect the subjective perception of doctors about
the severity of the disease. Therefore, we speculated that key
information related to the severity of the disease may be hidden
in free text and could contribute to the ML-based model.

Table 4 shows that the AUC values of MLP and SVM did not
increase after unstructured features were introduced into the
model, whereas, simultaneously, the AUC values increased
significantly after “individual conclusions of the case by
doctor” was introduced into the model. These two contrasting
results are mainly caused by several factors, as we speculated.
First, unstructured data text is generally long, with a great deal of
useless information, and can easily be overfitted in MLP, which
can lead to the decline of AUC values. Similarly, SVM looks for a
hyperplane to separate data points, which makes it difficult to
determine an appropriate hyperplane to separate them in the
case of complex data features. Therefore, the performance of
SVM decreases after unstructured data that contain a great deal
of redundant information are introduced into the model. The
linear model structure of LR enables it to capture quasi-linear
characteristics and ignore high-dimensional redundant
information; hence, it can capture key information in the
unstructured text to obtain a high-grade classification capacity.
To summarize, MLP and SVM are more complex than LR, which
made the latter even more effective in the present study.

To the best of our knowledge, the present study is the first to
use unstructured data from the EMR of patients with CD as the
input of ML-based models. In this process, we embedded these
unstructured features, and transformed them into relatively low-
dimensional dense vectors to facilitate the model construction of
ML (22, 23). In previous studies on the ML model construction
process, one-hot encoding on discrete characteristics was
typically feasible for clinically used binary structured data (e.g.,
gender). However, features with one-hot encoding may be too
high-dimensional and sparse for EMR data, which is not
conducive to model training. CD is a type of neuroendocrine
tumor that causes not only a mass effect but also various types of
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TABLE 4 | AUC values and 95 confidence interval of different models with different features.

MLP SVM RF LR
Structured data 0.759 0.733 0.678 0.699
[0.633, 0.885] [0.612, 0.845] [0.5644,0.812] [0.594,0.808]
Chief complaint 0.729 0.661 0.686 0.777
[0.6086, 0.852] [0.5683,0.739] [0.610,0.756] [0.709, 0.845]
HPI 0.670 0.652 0.642 0.737
[0.552, 0.788] [0.570, 0.734] [0.549, 0.735] [0.624, 0.850]
Past medical history 0.606 0.610 0.556 0.577
[0.515, 0.697] [0.515, 0.705] [0.491,0.621] [0.474,0.640]
RFWR 0.506 0.692 0.533 0.573
[0.413,0.599] [0.572, 0.811] [0.425,0.641] [0.455,0.690]
Cautions 0.619 0.718 0.468 0.674
[0.494, 0.744] [0.608, 0.830] [0.317,0.619] [0.530, 0.818]
Transferred-out record 0.473 0.614 0.613 0.556
[0.334,0.611] [0.494, 0.734] [0.508, 0.723] [0.421,0.691]
Transferred-in record 0.656 0.625 0.602 0.679
[0.521, 0.791] [0.492, 0.758] [0.479, 0.725] [0.562, 0.796]
Characteristics of the case 0.571 0.575 0.474 0.676
[0.484, 0.657] [0.432,0.717] [0.317,0.630] [0.566,0.786]
Discussions about cases 0.582 0.628 0.505 0.622
[0.445,0.718] [0.556, 0.696] [0.430, 0.580] [0.505, 0.739]
Individual conclusions of the case by doctor 0.723 0.682 0.686 0.793
[0.622, 0.824] [0.584,0.780] [0.623,0.743] [0.689, 0.897]
Chief complaint and individual conclusions of the case by doctor 0.669 0.722 0.442 0.678
[0.5685,0.753] [0.628, 0.816] [0.252, 0.632] [0.5682,0.744]
HPI and individual conclusions of the case by doctor 0.737 0.691 0.499 0.678
[0.677, 0.796] [0.596, 0.785] [0.359, 0.639] [0.603,0.753]
Chief complaint and HPI 0.680 0.669 0.429 0.721
[0.5689,0.771] [0.752,0.766] [0.295,0.073] [0.635, 0.806]

Bold values in this table represent highest AUC value in each ML based model.

TABLE 5 | Example of Occlusion Test Resullts.

Original HPI HPI after Deletion of Symptomatic Entities by CMeKG

BHUFT 2R RAF R I, TRRIEM . 240

(The patient complained that appeared 2 years ago without
obvious causes. There was no thin skin or purple striae.)
0.629

Symptoms HE VR T2 AT SR IR Ok, 21, TERIRIEM . 4.
(The patient complained that edema and weakness in lower limbs appeared 2 years
ago without obvious causes. There was no thin skin or purple striae.)

AUC 0.737

endocrine symptoms recorded in EMR that can be fully used by
an ML-based model after embedding.

In the present study, the final model with the highest AUC
included all structured features; however, according to the F-test,
four structured features were correlated with IR. Their rank is as
follows: first operation or not, SFC, ACTH, and IOMRL If a
patient has already undergone at least one operation, there is a
higher chance that the tumor is more invasive and aggressive,
which may cause postoperative residual (24). SFC was the
second-most important predictor of IR in the present study. If
the sellar floor of a patient is infiltrated on preoperative MRI, it is
likely that the tumor has higher invasiveness that makes it invade
the mucosa and bone in the sellar region. In this circumstance,
there is a relatively great possibility of postoperative residual.
Preoperative ACTH level was the third-most important
predictor of IR, which is consistent with our previous study
(9). IOMRI was the fourth-most important predictor, which is
also consistent with our previous study (9). An intriguing
observation is that tumor size was not a predictor of IR, which

is inconsistent with previous studies (9, 19, 25, 26). In our
previous study (7), tumor size was strongly correlated with IR
when two surgeons performed operations over several decades.
However, in the present study, only MF performed the operation.
We can speculate from the result that with the evolution of
surgical skills and personal experience, tumor size is no longer a
major predictor of IR.

STRENGTHS AND LIMITATIONS

The present study has two strengths. First, this is the first study
that used deep learning techniques to deal with EMR of patients
with CD as input of an ML-based model that improved model
performance. EMR contains sufficient information about the
patient to reflect real-world information. Second, a relatively
large CD cohort was considered. There are also two limitations.
First, this was a single-center study. Second, the performance of
the ML-based model depended on the quality of EMR.
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CONCLUSIONS

EMR of patients with CD can be used as input to an ML-based
model after being processed to preoperatively predict IR. The
model with structured features together with unstructured
features conspicuously enhanced the performance of the model
compared with the model that used only structured features as
input. First operation or not, SFC, ACTH, and IOMRI were the
most important predictors of IR of CD.
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Most pituitary tumors are considered benign adenomas, and only 0.1%-0.2% of them
present metastasis and are defined as pituitary carcinomas (PCs). Refractory pituitary
adenomas (PAs) lie between benign adenomas and true malignant PCs and are defined
as aggressive-invasive PAs, characterized by a high Ki-67 index, rapid growth, frequent
recurrence, and resistance to conventional treatments. Refractory PAs and PCs are
notoriously difficult to manage because of limited therapeutic options. Vascular endothelial
growth factor (VEGF) plays a crucial role in angiogenesis not only during development but
also during pathological processes in pituitary tumors. Recently, increasing numbers of
preclinical studies and clinical research have demonstrated that anti-VEGF therapy plays
an important role in pituitary tumors. The purpose of this review is to report the role of
VEGF in the development and pathology of pituitary tumors and the progress of anti-VEGF
therapy in pituitary tumors, including refractory PAs and PCs. Previous preclinical studies
indicated that cyclin-dependent kinase 5 (CDK5)-mediated VEGF expression might play a
crucial role in the development of PAs. Vascular endothelial growth inhibitors have been
reported as independent predictors of invasion in human PAs and have been indicated as
markers for poor outcome. Furthermore, several studies have reported that angiogenesis
decreases tumor sizes in experimental animal models of pituitary tumors. The expression
of VEGF is relatively high in PAs; therefore, anti-VEGF therapy has been used in some
refractory PAs and PCs. To date, anti-VEGF has been reported as monotherapy, in
combination with temozolomide (TMZ), TMZ and radiotherapy, and with pasireotide,
which might be a promising alternative therapy for refractory PAs and PCs resistant to
conventional treatments. However, the role of anti-VEGF therapy in pituitary tumors is still
controversial due to a lack of large-scale clinical trials. In summary, the results from
preclinical studies and clinical trials indicated that anti-VEGF therapy monotherapy or in
combination with other treatments may be a promising alternative therapy for refractory
PAs and PCs resistant to conventional treatments. More preclinical studies and clinical
trials are needed to further evaluate the exact efficacy of anti-VEGF in refractory PAs
and PCs.

Keywords: refractory pituitary adenomas, pituitary carcinomas, VEGF, anti-VEGF, vascular endothelial
growth inhibitor

Frontiers in Oncology | www.frontiersin.org

34 November 2021 | Volume 11 | Article 773905


https://www.frontiersin.org/articles/10.3389/fonc.2021.773905/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.773905/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.773905/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:junkang2015@163.com
https://doi.org/10.3389/fonc.2021.773905
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.773905
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.773905&domain=pdf&date_stamp=2021-11-17

Dai et al.

Anti-VEGF Therapy in Pituitary Tumors

INTRODUCTION

Pituitary adenomas (PAs) are common tumors arising in the
anterior pituitary gland with the second highest incidence,
representing approximately 10%-15% of intracranial primary
tumors (1-3). Most PAs are considered benign tumors that can
be cured by surgery and medication. However, a subset of
invasive PAs with a high Ki-67, rapid growth, and early
recurrences is refractory to conventional treatments such as
surgery, medication, and radiotherapy and are referred to as
refractory PAs (4). Rarely, 0.1%-0.2% of pituitary tumors can
present with either craniospinal dissemination or systemic
metastases, which are true malignant tumors and defined as
pituitary carcinomas (PCs) (5). Refractory PAs and PCs are
notoriously difficult to manage because of limited availability of
therapeutic approaches. Recently, temozolomide (TMZ) has
been recommended as a first-line treatment for refractory PAs
and PCs by the European Society of Endocrinology due to its
promising efficacy. However, only approximately 60% of patients
show a response to TMZ, and some patients develop resistance
during treatment (6, 7). Therefore, the discovery of new
therapeutic targets is of particular importance for the
management of refractory PAs and PCs. Recent studies have
shown that vascular endothelial growth factor (VEGF) and its
receptor (VEGFR) play crucial roles in angiogenesis not only in
its development but also during pathological processes in
pituitary tumors (8). Moreover, an increasing number of
clinical case reports have demonstrated that anti-VEGF
therapy is beneficial in treating refractory PAs and PCs. Here,
this review presents the role of the VEGF/VEGFR pathway in
angiogenesis of pituitary tumors and the progress of anti-VEGF
therapy in pituitary tumors, including refractory PAs and PCs.

ANGIOGENESIS IN PITUITARY TUMORS

Angiogenesis, the process of blood vessel growth, is essential for
tumor progression and metastasis (9). During angiogenesis, an
organized vascular network develops from a primitive vascular
network (10). Angiogenesis correlates with the development of
metastasis (11-13), recurrence (14), and poor prognosis (15, 16)
in many human tumors, including breast, bladder, prostate, and
stomach tumors. Contrary to most solid tumors, PA tissue
contains fewer blood vessels than normal pituitary glands (17).
In particular, not only was the number of vessels much lower but
also the size of each vessel was much smaller in PAs than in
normal pituitary glands (17-22). The angiogenesis between
different PA subtypes is divergent among studies. Jugenburg
et al. (22) reported that PAs have significantly lower vascular
densities than non-tumorous adenohypophyses. Pituitary
prolactin (PRL)-secreting adenomas have the highest vascular
densities, and growth hormone (GH)-producing adenomas have
the lowest vascular densities. However, no differences were
observed between noninvasive and invasive PAs. Primary PCs
show no significant increase in vascular densities, but some
metastatic tumors exhibit high vascularity. These results

indicated that PAs have a limited capacity to induce
angiogenesis. Another study demonstrated that the highest
counts of immunopositive vascular profiles were noted in
follicle-stimulating hormone (FSH)-expressing adenomas,
whereas the lowest vascular density was observed in GH-
expressing tumors (22, 23). Angiogenesis has been shown to be
related to clinical behavior, prognosis, and response to treatment
in many different types of PAs. Turner et al. (17, 24) reported
that invasive macroprolactinomas were significantly more
vascular than noninvasive tumors; however, medical therapy
with metyrapone or bromocriptine did not influence
angiogenesis in adenomas. Vidal et al. (25) also reported a
tendency of invasive PAs to be more highly vascularized than
noninvasive PAs; the highest level of microvessel density was
found in PCs, while the lowest was found in GH-producing
adenomas. Moreover, they demonstrated that the microvessel
density of macroadenomas in older patients was significantly
higher than that in patients younger than 40 years (25). In
summary, PAs are usually less vascularized than normal pituitary
glands, while PCs are more vascular than PAs. Although the
vascular densities may be related to tumor size, proliferation,
hemorrhage, and the treatment response of PAs (19-22, 25), it is
still unclear what specific role they play in the tumorigenesis and
progression of PAs.

VASCULAR ENDOTHELIAL GROWTH
FACTOR EXPRESSION IN
PITUITARY TUMORS

VEGFs are key mediators of endothelial cell proliferation,
angiogenesis, and vascular permeability. VEGFs are a family of
angiogenic and lymphangiogenic growth factors. VEGF
pathways comprise multiple VEGF glycoproteins (VEGFA,
VEGFB, VEGFC, VEGFD, and VEGFE) and multiple
transmembrane receptors (VEGFR1, VEGFR2, and VEGFR3)
(26). VEGFA, commonly referred to as VEGF, has multiple
isoforms as a result of alternative exon splicing (27). Although
they have various affinities, these isoforms are all capable of
binding to VEGFR1 or VEGFR2. VEGFR has intracellular
tyrosine kinase activity, which is considered to be the major
mediator of the angiogenic properties of VEGF. VEGF binds to
the external membrane domain of VEGFR and causes
intracellular signaling in endothelial cells, resulting in
proliferation and migration (28). VEGF and VEGEFR contribute
to a potential therapeutic target in a variety of tumors (29-31).
VEGF and its receptors are regularly overexpressed in a wide
variety of human cancers, including PAs and PCs. Although the
concordance of VEGF expression between studies may be poor,
in general, VEGF immunoreactivity is moderate to strong in
most cases (32). Lloyd et al. (33) analyzed VEGF expression in
148 cases and found positive staining in all subtypes, with a mild
to moderate degree in 92.3% (131/142) of PAs and a strong
degree in 100% (6/6) of PCs. Fukui et al. (34) also found that
VEGEF expression was weak in 12.5% (6/48), moderate in 54.2%
(26/48), and strong in 33.3% (16/48) in a total of 48 PAs. Wang
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et al. (35) reported that 58.9% of 197 PAs had strong VEGF
expression. VEGF mRNA was detected in more than 85% of PAs
and had a significant correlation with VEGF protein expression
(32, 36). VEGF expression varies in different subtypes of PAs (33,
35, 37). High VEGF expression was found in nonfunctioning (19,
21, 33, 35, 38) and pituitary adrenocorticotropic hormone
(ACTH) (19, 33, 35)-, GH (19, 33, 38)-, PRL (35, 37, 38)-, and
FSH (35, 37)-secreting PAs. In tumor tissues, pituitary GH- and
PRL-secreting adenomas had diffuse VEGF distribution, while
ACTH-, TSH-, and luteinizing hormone (LH)-secreting
adenomas showed focal VEGF expression (32, 36, 39). In
addition to tumor cells, VEGF mRNA and VEGF expression
were mainly present in endothelial cells and folliculostellate cells
(36, 40, 41). PCs had significantly higher VEGF mRNA
amplification and stronger VEGF immunostaining than those
of PAs (33). Therefore, different subtypes of PAs have different
levels of VEGF, indicating that anti-VEGF therapy has distinct
therapeutic effects on different subtypes of PAs.

VEGF has significant roles in the development of tumor
neovascularity and peritumoral edema. Anti-VEGF antibodies
removed 75%-99% of the permeability activity (42). Evidence
has shown that VEGF is correlated with the pathogenesis of
cystic formation in PAs (34). Other features affected by VEGF
expression remain controversial. Overexpression of VEGF was
associated with intratumoral hemorrhage (43), extrasellar
invasion (37, 44), and rapid recurrence (37), although these
findings were not significant in other studies (19, 21, 34, 35, 37,
38, 45, 46). Moreover, as shown in several studies, VEGF
expression had no relation with tumor size (19, 34, 35, 45) or
Ki-67 index (21, 38, 43). Moreover, no clear association was
found between microvessel density and VEGF expression (19,
21). The low microvessel density despite VEGF overexpression
has caused researchers to ask if inhibitory factors related to
VEGEF exist in PAs (36). The role of VEGF in the development
and progression of PAs is still controversial; however, the
expression of VEGF has not yet been used as a conclusive
marker of the aggressive behavior of PAs. Current studies
indicate that VEGF might play a role in tumoral vascular
growth, not by increasing the number of vessels, but by other
mechanisms, such as an increase in vascular permeability that
favors the abundant diffusion of nutrients.

PRECLINICAL STUDIES OF
ANGIOGENESIS IN PITUITARY TUMORS

Preclinical data indicated that VEGF is a potential therapeutic
target in PAs. A previous study demonstrated that VEGF plays a
crucial role in tumor angiogenesis during the development of a
rat prolactinoma animal model (40). Estrogen-induced
prolactinoma expresses a high level of VEGF associated with
marked angiogenesis (47). Anti-VEGF resulted in a significant
shrinkage in tumor volume, a decrease in the Ki-67 index, and
the repair of pituitary vessels (48). Additionally, the
characteristic “blood lakes” in prolactinoma were replaced by
repaired microvascular structures on three-dimensional (3D)

observation under a confocal laser scanning microscope. The
current first-line therapy for prolactinomas is dopamine (DA)
agonists (Das). Dopamine D2 receptors (D2Rs), which are
widely localized in the anterior and intermediate lobes of
pituitary glands, can combine with DA to activate signaling
cascades (49). DA therapy targeting D2R yields an excellent
response in prolactinomas and some clinical benefits in non-
prolactinoma pituitary tumors (50). The decrease in D2R
expression may explain the resistance to DA. Previous studies
have identified the association between VEGF and D2R. In D2R
knockout mice, Cristina et al. (51) reported increases in VEGF
mRNA transcription, VEGF expression, and highly vascular
adenomas. When treating D2R-deficient mice with anti-VEGF,
Luque et al. (52, 53) noticed a substantial decrease in serum
prolactin, a reduction in tumor size, and a significant decrease in
vascularity. Furthermore, anti-VEGF might have additive effects
in combination with drugs targeting complementary pathways
related to angiogenesis. In mice with hemorrhagic prolactinoma,
monotherapy with anti-VEGF or DA can restrain tumor growth
and improve vascular remodeling. Only the combination of anti-
VEGF and DA can suppress intratumoral hemorrhage (54). In
concurrence, prolonged DA treatment enhanced pituitary VEGF
expression in wild-type mice (51). These findings provide a
provocative possibility of combination therapy with anti-VEGF
and DA.

THERAPEUTIC TARGETING OF
VASCULAR ENDOTHELIAL GROWTH
FACTORS IN PITUITARY TUMORS

Bevacizumab

PAs and PCs highly express VEGF, which is one of the
justifications for targeting VEGF and its receptors in this
disease. Anti-VEGF has demonstrated significant activity as a
single agent in murine studies. The recombinant humanized
monoclonal antibody bevacizumab is the first approved agent
directed against VEGF (Figure 1 and Table 1). The common side
effects of bevacizumab are fatigue, hoarseness, and hypertension.
The rare side effects of this agent include clotting, hemorrhage,
wound-healing disorders, gastrointestinal perforation, reversible
posterior leukoencephalopathy syndrome, and proteinuria (55).
Bevacizumab needs to be administered only every 2 or 3 weeks
due to its prolonged half-life. This agent can be readily combined
with chemotherapy agents, and preclinical evidence indicates
synergy for some combinations of chemotherapeutic compounds
when used alongside bevacizumab. Bevacizumab has thus far
been the drug most tried for targeting the VEGF pathway in
pituitary tumors.

The published clinical cases (7, 56-68) are presented in
Table 2. In this review, we used the same criteria used in the
recent European Society of Endocrinology survey (7). A complete
radiological response was defined as no visible tumor, partial
response (PR) as at least 30% tumor regression, stable disease
(SD) as less than 30% regression but no more than a 10% increase,
and progressive disease (PD) as more than a 10% increase in

Frontiers in Oncology | www.frontiersin.org

36

November 2021 | Volume 11 | Article 773905


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Dai et al.

Anti-VEGF Therapy in Pituitary Tumors

growth factor; VEGFR, vascular endothelial growth factor receptor.

tumor size or presentation of new metastasis. For functioning
tumors, complete biochemical response was defined as
normalization of hormone concentration, PR as more than a
20% reduction in hormone, SD as less than but no more than a
20% change in hormone, and PD as more than a 20% increase in
hormone levels. To date, 19 cases treated with bevacizumab have
been reported. Among these cases, eight are corticotroph tumors.
Three were other subtypes (one somatotroph, one lactotroph, and
one null cell), and the subtypes of other cases were not available.
The majority of the PAs (8/11) were clinically functioning when
the cases were reported; five in 12 cases presented with
extracranial metastases, and seven in 12 were diagnosed with
PC at the time of data collection. Most of the patients (9/12)
underwent more than two surgeries in the sella. All patients
received radiotherapy. One hundred percent (10/10) of tumors
showed a Ki-67 index >10% at the last pathological examination.

Of the 12 patients to whom TMZ was administered prior to
bevacizumab, all yielded PD. A second course of TMZ was
administered to two patients (one on monotherapy, one on
TMZ combined with cabergoline), which resulted in further
progress. Notably, O°-methylguanine-DNA methyltransferase
(MGMT) immunohistochemistry was observed to be low in

Pituitary
tumor

Sunitinib
Sorafenib
Apatinib

Bevacizumab

FIGURE 1 | Schematic representation of antiangiogenic agents that target the VEGF and VEGF signaling pathways in pituitary tumors. VEGF, vascular endothelial

two and high in two. None of the four cases responded to
TMZ. Bevacizumab was chosen as the second- or third-line
therapy after TMZ failed. Six patients achieved SD [five on
monotherapy, one on somatostatin analog (SSA) +
bevacizumab], and four had disease progression. Ortiz et al.
(56) reported an aggressive silent corticotroph cell PA that
progressed to carcinoma despite TMZ administration and was
subsequently treated with bevacizumab, achieving 26 months of
SD, as documented on serial MRI and positron emission
tomography scans. Bevacizumab therapy resulted in severe cell
injury, vascular abnormalities, and fibrosis in tumors. This case
first revealed the effectiveness of targeting VEGF in blocking
angiogenesis, thus inhibiting tumor growth. VEGF
immunoreactivity was positive in this case. However, VEGF/
VEGEFR immunoreactivity may not directly demonstrate efficacy.
In another three patients with VEGFR expression in PC, two
showed poor responses to bevacizumab (67).

In the other seven cases, bevacizumab was administered in
parallel with TMZ as the first-line therapy. Although the
outcomes were not available in two cases, PR or SD was
reported in five patients, including one who failed to receive
TMZ as a first-line therapy. Preclinical studies showed that most

TABLE 1 | Targets and sites of action of the VEGF angiogenesis receptor and ligand in pituitary tumors.

Target Agent

VEGF Bevacizumab

VEGF receptor Sunitinib TKI
Sorafenib TKI
Apatinib TKI

Drug class

Monoclonal antibody

Site(s) of action

VEGF

VEGFR1, VEGFR2, PDGFR, KIT, FLT3, and CSF1R
VEGFR2, FLT3, PDGFR, KIT, FLT3, and FGFR1
VEGFR2

CSF1R, colony-stimulating factor receptor type 1; FGFR1, fibroblast growth factor receptor 1; FLT3, fms-like tyrosine kinase 3; KIT, stem cell factor receptor; PDGFR, platelet-derived
growth factor receptor; TKI, tyrosine kinase inhibitor; VEGF, vascular endothelial growth factor; VEGFR1, vascular endothelial growth factor receptor 1; VEGFR2, vascular endothelial
growth factor receptor 2.
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PAs exhibited low expression of MGMT and high expression of
VEGF, while the expression of VEGF was positively associated with
MGMT (35). TMZ and bevacizumab might be considered a
combination therapy under the premise of indications. Touma
etal. (62) reported a patient with ACTH-secreting PC who received
adenomectomy in combination with radiation, TMZ, and
bevacizumab and was kept in remission over 5 years of follow-up
after therapy. Rotman et al. (64) reported a comparable result in
another case with a corticotroph PC. The patient underwent surgery
and radiotherapy for metastasis, followed by combined,
overlapping chemotherapy with TMZ and bevacizumab, leading
toa progression-free survival of 8 years. In the ESE survey (7) on 166
patients with aggressive PAs or PCs, seven were administered
bevacizumab once, as shown in Table 2. Three patients were
treated with bevacizumab monotherapy, resulting in SD in one
patient and PD in one patient. Four patients took bevacizumab
combined with TMZ, and 50% (2/2) had PR. These observations are
consistent with other studies that have shown complementary
effects of anti-VEGF combined with drugs targeting alternative
pathways implicated in angiogenesis and further underline the
importance of combination therapies when choosing bevacizumab.

Importantly, bevacizumab is a new option in the treatment of
aryl hydrocarbon receptor-interacting protein (AIP)-related PA.
Inactivating germline mutations in the AIP gene are linked to PA
predisposition. Korbonits et al. (60) and Dutta et al. (61) treated a
4-year-old child diagnosed with AIP-mutated somatotroph PA
with combination therapy of TMZ and bevacizumab
concomitantly with radiation and pegvisomant, which

stabilized tumor growth and hormone secretion over 4 years.
This case revealed that bevacizumab could play a role in
controlling genetically driven refractory PAs.

Tyrosine Kinase Inhibitors

Although bevacizumab has been the most studied VEGF inhibitor
in pituitary tumors, various other agents are in development
(Table 1). The majority of these agents are tyrosine kinase (TK)
inhibitors. Sunitinib and sorafenib are small molecules that inhibit
multiple TK receptors, some of which are implicated in
angiogenesis, tumor growth, and metastatic progression
(Figure 1) (69-71). Sunitinib and sorafenib have been approved
in different clinical scenarios such as advanced renal cell
carcinoma (72) and local or metastatic thyroid carcinoma
refractory to radioactive iodine treatment (73) and hence are
used in the treatment of pituitary metastasis from renal cell
carcinoma (74-81) and thyroid carcinoma (82, 83). Apatinib,
also known as rivoceranib, is a TK inhibitor that selectively
targets VEGFR (Figure 1) (84). The toxicity and side-effect
profile of TK inhibitors varies as a function of their target TKs,
including hematological events (anemia, neutropenia, and
thrombocytopenia), diarrhea, nausea, fatigue, hypertension, skin
rash, elevation of liver enzymes, and proteinuria.

Sunitinib has been reported in the treatment of PAs and PC in
two cases thus far. Both cases had observed PD (Table 2). Apatinib
was administered in a 41-year-old female in combination with TMZ
as a second-line treatment (68). This patient was diagnosed with
GH-secreting recurrent PA that resisted surgeries, radiation, and

TABLE 2 | Cases of pituitary carcinomas and aggressive pituitary tumors treated with anti-VEGF.

Ref ID Age/ Tumor Extent of disease Prior Prior Medical treatments Gene, Response PFS after
Sex subtypes beyond sellar surgeries radiation molecular to anti- first dose of
region data VEGF anti-VEGF
(mo)/
Outcome
Anti-VEGF
(56) 1 44/  Corticotroph Intracranial: 7 CNS 1. Sellar 1. TMZx8 cycles (PD) VEGF pos R: SD 26/Survival
M tumor, suprasellar, surgeries region 2. TMZx16 cycles (PD) MGMT high
nonfunctioning cavernous sinus, Spine surgery 2. Vertebral 3. TMZx8 cycles (PD) Pathology
optic chiasm Sellar lesion metastases 4. BEVx26 cycles (SD) after BEV: cell
Extracranial: spine  biopsy injury,
vascular
abnormalities,
and fibrosis
(57) 2 25/F Corticotroph Extracranial: bone 3 CNS 1. Pituitary 1. SSA (PD) NA R: SD 6/Survival
tumor, surgeries fossa 2. TMZ (PD) B: PR,
functioning Bilateral 3. BEV and SSAx6 cycles plasma
adrenalectomy (SD) ACTH
decreased
from
>200,000 to
113,000 pg/
mi
(58,59) 3 56/F Corticotroph Intracranial: 6 CNS 1. Sellar 1. SSAx1 mo (PD) Ki-67 40% R: SD NA/Death
tumor, suprasellar, surgeries region 2. CABx2 mo (PD) MGMT low (postoperative
functioning cavernous sinus, Bilateral 3. TMZx9 cycles (PD, after complication)
optic chiasm, adrenalectomy withdrawal)
sphenoid sinus 4. BEV (SD)
(Continued)
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TABLE 2 | Continued

Ref ID Age/ Tumor Extent of disease Prior Prior Medical treatments Gene, Response PFS after
Sex subtypes beyond sellar surgeries radiation molecular to anti- first dose of
region data VEGF anti-VEGF
(mo)/
Outcome
(60, 61) 4 4/M  Somatotroph  Intracranial: 1 CNS 1. Sellar 1. TMZx3 cycles, TMZ and  Nonsense AIP  R: PR, 48/Survival
tumor, suprasellar, surgeries region BEVx35 cycles, PEG (PR,  mutation reduction in
functioning cavernous sinus, concurrent with surgery VEGF pos pituitary
optic chiasm and radiotherapy, stopped  Ki-67 12% tumor
due to potential gonadal P53 neg volume
toxicity) MGMT low B: SD
2. PEG and SSA (PR)
(62) 5 63/ Corticotroph  Intracranial: 1 CNS 1. Sellar 1. BEV and TMZx2 cycles, Ki-67 50% R: PR, 60/Survival
M tumor, suprasellar, surgery region and/ TMZx12 cycles (PR, reduction in
functioning cavernous sinus, or lung concurrent with surgery lung
optic chiasm, metastasis  and radiotherapy) metastasis
sphenoid sinus volume
Extracranial: lung B: SD
() 6 NA NA NA NA NA 1. TMZ and BEV (PR) NA PR NA
) 7 NA NA NA NA NA 1. TMZ (PD) NA PR NA
2. TMZ and BEV (PR)
(W) 8 NA NA NA NA NA 1. TMZ (PD) NA NA NA
2. TMZ and BEV (NA)
) 9 NA NA NA NA NA 1. TMZ (PD) NA NA NA
2. TMZ and BEV (NA)
) 10 NA NA NA NA NA 1. TMZ (PD) NA SD NA
2. BEV (SD)
(W) 11 NA  NA NA NA NA 1. TMZ (PD) NA PD NA
2. BEV (PD)
(7) 12 NA  NA NA NA NA 1. TMZ (PD) NA NA NA
2. BEV (NA)
(63) 13 49/F Corticotroph Intracranial: 3 CNS 1. Sellar 1. TMZ (PD) Ki-67 10% R: PD NA/Death
tumor, cerebrum surgeries region 2. EVE (PD) B: PD
functioning Extracranial: bone,  Bilateral 3. SUN (PD)
liver adrenalectomy 4. BEV (PD)
(64) 14 51/  Corticotroph Intracranial: right 2 CNS 1. Sellar 1. TMZx12 cycles and Ki-67 15% R: SD 96/Survival
M tumor, temporal lobe, surgeries region BEVx26 cycles (SD, B: SD
functioning cervico-medullary 2. Cervico-  concurrent with surgery
junction, dural medullary and radiotherapy)
based metastasis
(65) 15 72/F Lactotroph Intracranial: dura 3 CNS 1. Sellar 1. TMZx3 cycles (PD) Ki-67 20% R: SD 9/Survival
tumor, Extracranial: spine  surgeries region 2. IPland NIVx2 cycles MGMT high
nonfunctioning Spine surgery 2. Spinal (SD, stopped due to PD-L1 neg
metastasis  nephritis) TMB low
3. NIVx17 cycles (PD) Mismatch
4. IPl and NIVx4 cycles repair
(PD, with nephritis and deficient neg
hepatitis)
5. BEVx3 cycles (SD,
stopped due to nephritis)
(66) 16 55/ NA Intracranial: 3 CNS 1. Sellar 1. TMZx7 cycles (PD, after  Ki-67 13- NA NA/Death
M suprasellar, surgeries region withdrawal) 25.5%
cavernous sinus, Thyroidectomy 2. CCNUx2 cycles (SD, P53 neg
optic chiasm, left stopped due to poor MGMT low
frontotemporal tolerance)
dura, middle cranial 3. BEV (NA)
fossa
©67) 17 NA  Corticotroph Intracranial: 5 CNS 1. Sellar 1. SSA (SD, stopped due VEGFR pos R: PD 1/Death
tumor, cavernous sinus surgeries region to poor tolerance) Ki-67 8-20%  B: PD
functioning Bilateral 2. CAB (PD) P53 pos
adrenalectomy 3. TMZx7 cycles (PD, after
withdrawal)
4. BEVx2 cycles (PD)
(Continued)
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TABLE 2 | Continued

Ref ID Age/ Tumor Extent of disease Prior Prior Medical treatments Gene, Response PFS after
Sex subtypes beyond sellar surgeries radiation molecular to anti- first dose of
region data VEGF anti-VEGF
(mo)/
Outcome
67) 18 NA  Corticotroph Intracranial: 5 CNS 1. Sellar 1. SSA (PD) VEGFR pos R: PD 1/Death
tumor, cavernous sinus, surgeries region 2. TMZx3 cycles (PD) Ki-67 5-10%  B: PD
functioning clivus Bilateral 3. CAB and TMZx3 cycles P53 pos
adrenalectomy (PD)
4. BEVx1 cycles (PD)
©67) 19 NA  Null cell tumor  Intracranial: 5 CNS 1. Sellar 1. TMZx6 cycles (PD) VEGFR pos R: SD 18/Death
cavernous sinus surgeries region 2. BEVx6 cycles (SD) Ki-67 5-10%  B: SD (postoperative
P53 neg complication)
Anti-VEGFR
() 20 NA NA NA NA NA 1. TMZ (PD) NA PD NA
2. SUN (PD)
(68) 21 41/F Somatotroph  Intracranial: 4 CNS 1. Sellar 1. SSAx2 mo (PD) VEGFR pos R: SD 31.5/Survival
tumor, suprasellar, surgeries region 2. TMZ and APAx12 cycles Ki-67 5-10%  B: PR,
functioning cavernous sinus, (SD, concurrent with plasma GH
optic chiasm, clivus surgery) decreased
from 10 to
1.5 ng/ml

AIP, aryl hydrocarbon receptor-interacting protein; APA, apatinib; B, biochemical criteria; BEV, bevacizumab, CAB, cabergoline; CCNU, 1-(2-chlorethyl)-3-cyclohexyl-1-nitrosurea; CNS,
central nervous system; EVE, everolimus; F, female; IPI, ipiimumab; IHC, immunohistochemistry; M, male; MGMT, O°-methylguanine-DNA methyltransferase; mo, months; NA, not
available; neg, negative; NIV, nivolumab; PD, progressive disease; PD-L1, programmed death-ligand 1, PEG, pegvisomant; PFS, progression-free survival; pos, positive;, PR, partial
response; R, radiological criteria; Ref, reference; SD, stable disease; SSA, somatostatin analogs;, SUN, sunitinib; TMB, tumor mutational burden; TMZ, temozolomide; VEGF, vascular

endothelial growth factor; VEGFR, vascular endothelial growth factor receptor.

SSA. As VEGFR was expressed in the tumor, apatinib and TMZ
were recommended. She achieved stabilization in the tumor and a
decrease in serum GH levels over a period of 31.5 months of
follow-up.

TK inhibitors might represent a therapeutic target in PAs
associated with somatic genetic defects. Multiple endocrine
neoplasia type 1 (MEN1) is an autosomal dominant disorder
characterized by tumors of the pituitary gland, parathyroid
gland, endocrine-gastrointestinal tract, and pancreas. In
patients with MEN1, PAs are usually diagnosed at an earlier
age, have higher degrees of aggressiveness and invasiveness, are
more often resistant to treatment, and have higher risks of
recurrence than sporadic PAs (85). Murine studies support
that targeted angiogenesis in MENI leads to an obvious
inhibition of pituitary tumor growth and hormone secretion
and a significantly increased tumor-free survival time.
Additionally, the vascular density in pancreatic islet tumors
was significantly reduced by the treatment (86). Sunitinib was
approved to treat locally advanced or metastatic pancreatic
neuroendocrine tumors and refractory gastrointestinal stromal
tumors (87, 88). Sunitinib has also been studied in MEN1
syndrome (89-92). However, data are still limited to drive any
conclusion on the treatment of MEN1-related PAs.

To date, although attempts at bevacizumab and TK inhibitors
in pituitary tumors have not gone beyond case studies, the anti-
VEGF/VEGFR pathway has shown promise as an alternative
therapy for patients with refractory PAs and PCs resistant to
conventional treatments. Furthermore, the anti-VEGF/VEGFR
pathway in combination with TMZ, TMZ and/or radiotherapy
with SSA might have a synergistic therapeutic effect. However,
the specific efficacy of the anti-VEGF/VEGFR pathway in

patients with refractory PAs and PCs still needs further large-
scale prospective clinical trials for confirmation.

CONCLUSION

In summary, the results from preclinical studies and clinical
trials indicated that anti-VEGF monotherapy or in combination
with other treatments may be promising alternative therapies for
patients with refractory PAs and PCs resistant to conventional
treatments. However, more preclinical studies and large-scale
prospective clinical trials are needed to further evaluate the exact
efficacy of anti-VEGF in pituitary tumors.
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Purpose: A classification system for cystic sellar lesions does not exist. We propose a
novel classification scheme for these lesions based on the heterogeneity of the cyst wall/
contents and the presence of a solid component on imaging.

Methods: We retrospectively reviewed 205 patients’ medical records (2008-2020) who
underwent primary surgery for a cystic sellar lesion. Cysts were classified a prioriinto 1 of 4
cyst types based on the heterogeneity of the cyst wall/contents and the presence of a
solid component imaging. There was high interrater reliability. Univariable and multivariable
models were used to estimate the ability of cyst type to predict the two most common
diagnoses: Rathke cleft cyst (RCC) and cystic pituitary adenoma.

Results: The frequencies of RCC and cystic pituitary adenoma in our cohort were 45.4%
and 36.4%, respectively. Non-neoplastic lesions (e.g., arachnoid cysts and RCC) were
more likely to be Type 1 or 2, whereas cystic neoplasms (e.g., pituitary adenomas and
craniopharyngiomas) were more likely to be Type 3 or 4 (p<0.0001). Higher cyst types,
compared to Type 1, had higher odds of being cystic pituitary adenomas compared to
RCCs (OR: 28.7, p=0.033, and 342.6, p <0.0001, for Types 2 and 4, respectively).
Lesions with a fluid-fluid level on preoperative MRI also had higher odds of being pituitary
adenomas (OR: 12.7; p=0.023). Cystic pituitary adenomas were more common in
patients with obesity (OR: 5.0, p=0.003) or symptomatic hyperprolactinemia (OR: 11.5;
p<0.001, respectively). The multivariable model had a positive predictive value of 82.2%
and negative predictive value of 86.4%.

Conclusion: When applied to the diagnosis of RCC versus cystic pituitary adenoma,
higher cystic lesion types (Type 2 & 4), presence of fluid-fluid level, symptomatic
hyperprolactinemia, and obesity were predictors of cystic pituitary adenoma. Further
validation is needed, but this classification scheme may prove to be a useful tool for the
management of patients with commmon sellar pathology.

Keywords: cystic sellar lesion, pituitary adenoma, pituitary cyst, pituitary tumor, Rathke cleft cyst, craniopharyngioma
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Novel Cystic Sellar Lesion Classification

INTRODUCTION

Cystic lesions in the sellar region encompass a broad gamut of
pathologies, which can be challenging to distinguish on imaging,
given their variability in clinical presentation and heterogeneity
of cyst appearance. The presence of a sellar cyst generates a range
of presumptive diagnoses — with pathologies including cystic
pituitary adenomas, craniopharyngiomas, Rathke cleft cysts
(RCC), arachnoid cysts, epidermoid cysts, dermoid cysts, and
xanthogranulomas, among others (1, 2). Although some cystic
lesions are benign, incidentally found lesions, others can lead to
significant morbidity through disruption of hormonal axes or
associated mass effect. Incidentally found lesions such as small
pituitary adenoma or RCC may be observed, while surgical
resection is indicated for symptomatic lesions or those
requiring tissue diagnosis. Clinical and imaging factors are
often used to generate a preliminary diagnosis and guide
management. This variation in treatment pathways necessitates
further study into the features that distinguish these various
cystic pathologies, especially the two most common pathologies:
RCC and cystic pituitary adenoma. No validated classification
system of cystic sellar lesions exists. The localization of the lesion
within the sella has been classically used to differentiate lesions
originating from the pars intermedia (e.g., RCC) from those
originating from the pars distalis (e.g., classic adenomas).
Anterior lesions from the pars distalis often exhibit posterior
displacement of the infundibulum, and posterior lesions from
the pars intermedia often displace the infundibulum anteriorly.
For large lesions extending into the suprasellar cisterns, the
infundibulum is often hard to identify, and, therefore, this
method cannot reliably predict the origin of the lesion. In this
study, the classification scheme can be applied to every lesion,
regardless of size using the heterogeneity of the cyst wall/
contents and presence of a solid component on preoperative
magnetic resonance imaging (MRI). We used this a priori
classification scheme and applied it to a retrospective cohort
of patients.

MATERIALS AND METHODS

We retrospectively queried an institutional neurosurgical
database from April 2008 to January 2020 for cases with the
keywords “cyst” and “cystic” in preoperative radiology reports.
Only patients with a final tissue diagnosis after surgical excision
and/or cyst drainage were included in the study. Patients with
non-sellar cysts, such as pineal cyst or epidermal inclusion cyst,
were excluded. This study was approved by our institutional
review board for ethical conduct of research and protection of
human subjects. Patient consent was not required since no
identifying information was used in this article.

Our primary aim was to apply an a priori cyst classification
scheme and compare cystic lesion type with final pathologic
diagnosis. Pre-operative thin-slice MRI (1.5T or 3T) and clinical
and biochemical data were reviewed for each case. T1 pre- and
post-gadolinium contrast images were reviewed along with T2-

weighted images. The cyst classification scheme was developed
based on focused discussions amongst the authors prior to its
application to cyst classification in a retrospective fashion.
Classification was independently performed by three authors
(ST, MPC, and DJC) who were blinded from the final cyst
pathology. Agreement by two or more authors was required
for final cyst classification. Inter-rater reliability was assessed
using Fleiss” kappa (k). Confirmed lesion identity was extracted
from pathology reports. Fisher’s exact test was used to evaluate
the relationship between cystic lesion type and lesion pathology.

The primary objective of the study was to estimate the
association between cyst type and pathology, especially as it
helped distinguish RCC from cystic pituitary adenomas. Cystic
lesions were classified by the heterogeneity of the cyst wall/
contents and the presence of a solid component on preoperative
MRI (Figure 1). Type 1 cystic lesions were defined by a well-
circumscribed regular border and homogeneous contents with
no solid component (i.e. containing cyst contents and cyst wall
only). Type 2 cystic lesions were defined by a well-circumscribed
but irregular border with heterogenous content/septations and a
subtle solid, non-cystic component. Type 3 lesions were defined
by a well-circumscribed regular boarder and homogenous
contents (like Type 1), but with an obvious solid component.
Type 4 lesions were defined by irregular borders with
heterogenous contents/septations (like Type 2) with multiple
cysts, was predominately solid, and sometimes not well-
circumscribed (Figure 2). The radiographic classification scheme
was consistent and easy to apply. There was unanimous consensus
on cyst type for 91% of cases, and 100% agreement between at
least 2 of the 3 reviewers (K=0.86).

Data Analysis

Student’s t-test, Wilcoxon rank sum tests, Chi-square tests, and
Fisher’s exact tests were used for the comparison of continuous
and categorical covariates of interest. A purposeful selection
approach was used to create a multivariable logistic model.
Odds ratios (OR), 95% confidence intervals, and p-values are
reported, in addition to receiver operating characteristics (ROC)
analysis. All analyses were performed using the SAS/STAT
software (Version 9.4, 2013; Cary, NC). Statistical significance
was defined as p < 0.05.

RESULTS

We originally queried an institutional database of 1083
transsphenoidal operations in 982 patients for sellar pathology
(757 operations for pituitary adenoma) performed by one of the
senior authors (ERL) from April 2008 to January 2020. In total,
205 patients were found to have undergone transsphenoidal
surgery for cystic sellar pathology. We classified the lesions of
these patients (mean age 42 years, range 16-90 years; 68%
women) into the four cyst types (Table 1). Type 1 and 2 cysts
were the most prevalent (33% and 35%, respectively), with 5% of
lesions being classified as Type 3, and 27% as Type 4. In our
cohort, RCC and cystic pituitary adenomas comprised the vast
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Type 1

Boles, Used by permission.

FIGURE 1 | Cystic sellar lesion classification scheme. Type 1: No solid component; well-circumscribed, homogenous cyst. Type 2: Little or no solid component;
irregular cyst, with septations or abnormal walls. Type 3: Obvious solid component; well-circumscribed homogenous cyst. Type 4: Obvious solid component
present; irregular cyst(s) with septations or abnormal walls. Type 1: n=68 (33.2%), Type 2: =72 (35.1%), Type 3: n=10 (4.9%), Type 4: n=55 (26.8%). ©2020 Xian

majority of cystic lesions (36% and 45%, respectively). Arachnoid
cysts (7%) and craniopharyngiomas (6%) were the next most
common, with only one patient each having a pathologic
diagnosis of chordoma, apoplexy without evident tumor,
epidermoid cyst, and colloid cyst. There was a significant

Cyst Type Radiographic Examples

1

2

3

4
FIGURE 2 | Radiographic examples of each class of cystic sellar masses,
with illustrative sagittal post-contrast T1-weighted MRI (left), sagittal pre-
contrast T1-weighted MRI (small box), and coronal post-contrast T1-weighted
MRI (right).

association between cyst type and histopathologic diagnosis
(p<0.0001; Table 2).

The majority of the cystic pituitary adenomas were non-
staining tumors (38.7% of adenomas), with prolactin- (31.2%)
and ACTH-staining (11.8%) tumors following in prevalence.
Approximately 46.2% of pituitary adenomas exhibited evidence
of hormone secretion, and the remainder were non-functioning.
Among the functioning tumors, 67.4% were prolactinomas,
18.6% presented with Cushing disease and 9.3% were
associated with acromegaly. Roughly 30% of patients presented
with symptomatic hypopituitarism, and roughly 25% of patients
exhibited clinical signs of hyperprolactinemia (Table 1).

Cyst Type and Pathology

Cyst Type 1 lesions (n=68, 33.2% of total) were largely comprised
of RCCs (n=44, 65%), followed by cystic pituitary adenomas
(n=14, 21%) and arachnoid cysts (n=8, 12%). They were nearly
twice as likely to be located posteriorly, and were also, on
average, smaller than other cystic lesion types - only 60% had
a maximal diameter larger than 1 cm. Type 1 lesions rarely
showed radiographic evidence of cavernous sinus invasion (3%).
Additionally, clinical evidence of a headache was a common
symptom seen in 78% of patients. Finally, patients with Type 1
lesions were younger and more likely to be female (mean age: 37
years; 84% female).

Cyst Type 2 lesions (n=72, 35.1% of total) were primarily
either an RCC (n=29, 43%) or a cystic pituitary adenoma (n=28,
41%). These lesions, unlike Type 1 lesions, were located
anteriorly in 65% of cases. The higher proportion of cystic
pituitary adenomas among this cyst type is in agreement with
the anterior predominance. Furthermore, as expected, all
adenomas in our cohort, regardless of cyst type, were more
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TABLE 1 | Preoperative patient/lesion characteristics, including patient
demographic data, tumor symptoms, serum hormone levels, and

radiographic features.

N (%)
Age, mean (range) 41.7 (16-90)
Sex
Male 66 (32.2)
Female 139 (67.8)
Obesity
Yes 70 (34.1)
No 135 (65.9)
History of Other Cysts
Ovarian, n (% of women) 21 (15.1)
Renal 10 4.9
Hepatic 2 (1.0)
Adrenal 0
Pineal Gland 2 (1.0)
PCOS, n (% of women) 5(3.6)
Inclusion
Cyst mentioned on radiology report 166 (81.4)
Cyst not mentioned, but seen on T2 image 38 (18.6)
Clinical Presentation
Headache 132 (64.4)
Visual abnormalities 71 (34.8)
Symptomatic hypopituitarism 69 (33.7)
Symptomatic hyperprolactinemia 51 (25.0)
Apoplexy 4(1.9)
Hormonal abnormalities
Hyperprolactinemia 97 (47.3)
GH deficient 13 (6.3)
Acromegaly 4(2.0
Cortisol deficient 28 (13.7)
Cushing disease 8(3.9
Gonadotropin deficient 42 (20.5)
Thyroid deficient 39 (19.0)
Thyroid excess 2(1.0
Pre-operative ADH deficient 10 (4.9)
Cyst Category
Type 1 68 (33.2)
Type 2 72 (35.1)
Type 3 10 (4.9)
Type 4 55 (26.8)
Lesion Location
Anterior 125 (61.0)
Posterior 80 (39.0)
Maximum diameter (cm)
>10mm 151 (73.7)
< 10mm 54 (26.3)
Knosp Score
0-2 183 (88.8)
3-4 23 (11.2)
Fluid-Fluid level 27 (13.2)

TABLE 2 | Cyst category by pathologic diagnosis.

likely than RCCs to be anteriorly located (p=0.029). Finally,
although 72% of Type 2 cysts were larger than 1 cm in diameter,
these cysts rarely exhibited cavernous sinus invasion (1%).

Cyst Type 3 lesions (n=10, 4.9% of total) represented the least
prevalent cyst type, and only consisted of RCCs (n=3, 30%) and
cystic pituitary adenomas (n=7, 70%). Six of the seven (86%)
cystic pituitary adenomas were located anteriorly, and all RCCs
were posterior lesions. All Type 3 cysts had a maximal diameter
greater than 1 cm, with a mean maximal diameter of 1.9 cm.

Cyst Type 4 lesions (n=55, 26.8% of total) were mostly cystic
pituitary adenomas (n=45, 83%). Only 15% of Type 4 cystic
lesions were craniopharyngiomas, although, the majority of
craniopharyngiomas (62%) fell into this category. These lesions
were located anteriorly 82% of the time, and Type 4 lesions were,
on average, larger than other cyst types; 87% of Type 4 lesions
were larger than 1 cm in diameter. Type 4 lesions were the most
likely to show evidence of cavernous sinus invasion on
preoperative MRI (35%). They were also most likely to have
evidence of pre-operative visual abnormalities (62%). Finally,
patients with these complex cysts were, on average, older than
other patients, with a mean age of 50 years.

Differentiating Rathke Cleft Cysts and
Cystic Pituitary Adenoma

Type 2 and 4 lesions were significantly more likely to be
diagnosed as cystic pituitary adenomas compared to Type 1
lesions (OR: 23.7, 342.6; p=0.033, p<0.0001, respectively;
Table 3). Those with Type 3 lesions had over a 5-fold increase
in odds of being diagnosed as cystic pituitary adenomas as
compared with RCC but this did not reach statistical
significance, likely due to low power. A fluid-fluid level on
preoperative MRI was significantly associated with a cystic
pituitary adenoma (OR: 12.7; p=0.023). Obesity (OR: 5.0,
p=0.003) and symptomatic hyperprolactinemia (OR: 11.5,
p<0.001) were also significantly associated with cystic pituitary
adenomas. Interestingly, although lesion relationship to the
infundibulum (anterior versus posterior) was significant on
univariable analysis, this was not statistically significant in the
multivariable model. Additionally, we investigated whether the
presence of Cushing disease or elevated serum cortisol level was
driving the association between obesity and presence of a
pituitary adenoma, however, these confounders were not found
to be significant, and obesity was thus shown to be a true
independent predictor of adenoma. Similarly, confounding of

Cyst Category Type 1
Type 2
Type 3

Type 4

Pathology*, n (%)

Arachnoid Cyst

8(11.9)
70.7)

RCC Pituitary Adenoma Craniopharyngioma
44 (64.7) 14 (20.6) 1(1.9)
31 (43.1) 29 (40.3) 4 (5.6)
3(30.0) 7 (70.0) _

1(1.9 45 (83.3) 8(14.8)

0 < 0.001.

The distribution of the four main pathologies represented by each of the cyst types in our cohort is presented. One colloid cyst (Type 1), one epidermoid cyst (Type 2), and one chordoma

(Type 4) are not represented in this table.
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TABLE 3 | Adjusted predictors of cystic pituitary adenomas versus Rathke
cleft cysts.

Odds Ratio 95% Confidence P-value
Interval

Cyst Type 1 REF REF REF
Cyst Type 2 23.7 1.3-10.6 0.033
Cyst Type 3 5.3 0.9-31.9 0.430
Cyst Type 4 342.6 36.2-999.9 <0.0001
Fluid-Fluid Level 12.7 1.4-111.9 0.023
Symptomatic Hyperprolactinemia 11.5 3.6-37.1 <0.0001
Obese 5.0 1.8-14.2 0.003

Odds ratios (OR), 95% confidence intervals (Cl), and p-values for predictors of cystic
pituitary adenoma compared to Rathke cleft cyst (RCC) in our cohort are presented.
Bolded P-values indicate statistical significance.

symptomatic hyperprolactinemia by lesion size was also assessed,
but not determined to be significant, and thus, only symptomatic
hyperprolactinemia was included in the final model. Our
multivariable clinical and radiographic model correctly
predicted pathology 83.8% of the time (AUC 0.922; sensitivity
90.2%, specificity 76.0%, positive predictive value 82.2%, negative
predictive value 86.4%; Table 3).

DISCUSSION

Differentiating cystic sellar lesions can be challenging given
the heterogeneity of cyst appearance on preoperative imaging and
the wide array of cystic pathologies that can present in this region.
The initial differential strongly impacts the recommended
management, especially in incidentally found lesions. Our
proposed classification system is transparent and simple to use
with a high interrater reliability. It summarizes key imaging features
and may be most helpful when used alongside clinical and
biochemical findings to steer management and treatment.

Differentiating Cystic Sellar Lesions

Key differentiating features among cystic lesions include
heterogeneity of cyst contents, thickness of the cyst wall, cyst
location (anterior versus posterior and midline versus lateral
location), globular versus eccentric shape, size, degree of
invasiveness, presence of solid component, and presence of
intracystic nodule (3-19). We distilled these radiographic
characteristics to two main factors: heterogeneity of cyst wall/
contents and the presence of solid component. Overall, cyst type

was found to be significantly associated with lesion pathology
(p<0.0001), with non-neoplastic pathologies (e.g., arachnoid
cysts and RCC) falling within Types 1 and 2, and neoplastic
lesions (e.g., pituitary adenomas and craniopharyngiomas)
categorized more frequently as Types 3 and 4. Interestingly,
although the vast majority of Type 2 lesions were larger than
1 cm (72%), these cysts rarely exhibited cavernous sinus invasion
(1%). This finding suggest that Type 2 cysts are associated with
less invasive pituitary adenomas, which represented 41% (n=28)
of type 2 cystic lesions.

Predictors of Cystic Pituitary Adenoma

This classification scheme has predictive value in a multivariable
model differentiating between RCC and cystic pituitary adenoma
in the pre-operative setting, correctly predicting the pathology
83.8% of the time. Radiographic features (e.g., cyst Type 2-4 and
the presence of fluid-fluid level on MRI) and clinical/biochemical
features (e.g., obesity and symptomatic hyperprolactinemia) were
significant predictors of cystic adenomas. Our goal was to create a
simple and effective tool for the clinician. Further in-depth analysis
of multiple MRI and computed tomography sequences should also
be employed to further aid in the differentiation of rare, but often
misdiagnosed, cystic lesions, like hemorrhagic cystic pituitary
adenomas (Table 4). Analogous to other reports, we observed
that the presence of a fluid-fluid level on preoperative MRI is also
predictive of cystic pituitary adenoma as compared with RCC (21,
28). We posit that the prevalence of fluid-fluid level among
adenomas may be the result of intracystic hemorrhage from the
abnormal vasculature architecture of these cystic lesions. We also
redemonstrated that obesity is an independent predictor of
pituitary adenoma (29, 30). Body mass index and waist
circumference throughout early adulthood have been recently
associated with higher risk of pituitary adenoma (31).

Surgical Implications for Cystic
Prolactinomas

Indications for surgical resection of a pituitary mass include large
lesions with mass effect and biochemically active tumors causing
clinical hyperpituitarism (2, 32). Symptomatic hyperprolactinemia is
the most common form of clinical hyperpituitarism and can be
caused by a functional lactotroph tumor (prolactinoma) or stalk
effect. Large cysts can produce stalk effect through compression of
the infundibulum and suppression of dopaminergic negative
feedback to the anterior pituitary gland. Prolactinomas directly
secrete prolactin, which can be measured in the serum and used

TABLE 4 | Key preoperative radiographic findings for various cystic sellar pathology.

Cyst Pathology

Key Radiographic Features

Rathke cleft cyst (6, 12, 14, 15, 20)
Hemorrhagic cystic pituitary adenoma (20-24)
Arachnoid cyst (6)

Dermoid cyst (16, 17)

Epidermoid cyst (16, 19, 25)
Craniopharyngiomas (24, 26, 27)

- T2-hyperintense- Homogenously T2-hypointense/T1-hyperintense with high intrinsic protein content

- T2-hypointense/T1-hyperintense (can mimic RCC when solid component is lacking)

- Parallels CSF signal intensity on all MRI sequences

- Follows fat signal intensity on all MRI sequences

- Follows CSF intensity on T1 and T2, but bright on diffusion-weighted images (DWI)

- Contrast enhancement of solid portions on MRI- Intensity of cystic component can be variable depending

on proportion of protein, cholesterol, and blood- 90% exhibit calcification on CT
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in conjunction with tumor volume to diagnose a prolactinoma with
high predictive value (33, 34). Cystic prolactinomas with minimal
cellular/solid component, however, may not exhibit marked
hyperprolactinemia, thereby mimicking hyperprolactinemia caused
by stalk effect. This can lead to misclassification by conventional
methods due to the mismatch between size and prolactin level, and,
therefore, mimicking stalk effect. In our cohort, we found that the
presence of clinical symptoms of hyperprolactinemia was one of the
most predictive factors in diagnosing a cystic pituitary adenoma
compared to an RCC, independent of serum prolactin level and
lesion size. This important finding implies that careful distinction
should be made between Type 1 and Type 2 lesions in the presence
of a mild elevation of prolactin that may otherwise be attributable to

stalk effect.

CONCLUSION

This study presents a novel cyst classification scheme for
categorizing cystic sellar lesions based on the heterogeneity of the
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Pituitary adenomas (PAs) are a group of tumors with complex and heterogeneous clinical
manifestations. Early accurate diagnosis, individualized management, and precise
prediction of the treatment response and prognosis of patients with PA are urgently
needed. Artificial intelligence (Al) and machine learning (ML) have garnered increasing
attention to quantitatively analyze complex medical data to improve individualized care for
patients with PAs. Therefore, we critically examined the current use of Al and ML in the
management of patients with PAs, and we propose improvements for future uses of Al
and ML in patients with PAs. Al and ML can automatically extract many quantitative
features based on massive medical data; moreover, related diagnosis and prediction
models can be developed through quantitative analysis. Previous studies have suggested
that Al and ML have wide applications in early accurate diagnosis; individualized
treatment; predicting the response to treatments, including surgery, medications, and
radiotherapy; and predicting the outcomes of patients with PAs. In addition, facial
imaging-based Al and ML, pathological picture-based Al and ML, and surgical
microscopic video-based Al and ML have also been reported to be useful in assisting
the management of patients with PAs. In conclusion, the current use of Al and ML models
has the potential to assist doctors and patients in making crucial surgical decisions by
providing an accurate diagnosis, response to treatment, and prognosis of PAs. These Al
and ML models can improve the quality and safety of medical services for patients with
PAs and reduce the complication rates of neurosurgery. Further work is needed to obtain
more reliable algorithms with high accuracy, sensitivity, and specificity for the
management of PA patients.

Keywords: pituitary adenomas, artificial intelligence, machine learning, radiomics, individualized treatment

INTRODUCTION

Pituitary adenomas (PAs) account for approximately 10%-15% of all intracranial neoplasms and
are the second most common primary brain tumors (1). PAs are a group of tumors with complex
and heterogeneous clinical manifestations that can be classified based on hormone secretion status,
clinical features, and radiologic and pathological results. Some PAs are microadenomas (<10 mm)
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but secrete excess hormones, whereas others are invasive giant
PAs (240 mm), leading to mass effects but without excessive
hormone secretion. Some PAs are asymptomatic and remain
stable with long-term follow-up, but others have obvious clinical
symptoms at initial diagnosis and need to be treated in a timely
manner (2). A subset of PAs is responsive to surgery, medical
therapy, and radiotherapy, while others do not respond to these
treatments. After standard treatment, some benign PAs achieve
long-term remission, whereas other aggressive PAs are refractory
to conventional treatments and recur (3). Therefore, it is
essential to accurately diagnose PAs early, individually manage
PAs, precisely predict the response to treatments, and predict the
outcomes of patients with PAs. However, there currently exist no
clinical models that can accurately predict the early diagnosis,
therapeutic response, and outcomes of patients with PAs.

ARTIFICIAL INTELLIGENCE
AND MACHINE LEARNING

Artificial intelligence (AI) is a methodology of computer systems
that uses algorithms to tirelessly process data, automatically learn
and understand its meaning, generate computer models, and
identify the best predictive features present in training data (4).
As a domain of AI, machine learning (ML) is defined as
performing automated learning from the input or data
(experience) that it has been presented, and it converts these
data to expertise or knowledge. ML can be used to design and
train software algorithms to learn from and act on data (5). ML
has gained wide applicability to develop sophisticated tools in
various areas of data processing, such as images, natural language
processing, data mining, gaming, robotics, and big data in
general (6). In the past few years, the applications of Al and
ML in the healthcare sector have shown ever-increasing growth
owing to the rapid progress made possible by deep ML (7).

APPLICATIONS OF Al AND ML IN PAs

With the rapid advancement of computer technology, AI and
ML have more widely been used in the diagnosis and
management of patients with PAs. AT and ML have seen a
resurgence with specific application areas in PAs, which involve
radiomics, facial imaging, pathological images, electronic
medical records including texts, and medical image analyses (6).

MAGNETIC RESONANCE IMAGING-
BASED RADIOMICS AND ML IN PAs

As one of the standard examination methods, magnetic resonance
imaging (MRI) has been considered one of the most useful tools
for detecting PAs. MRI-based radiomics and ML have been used
for early screening, differential diagnosis, grading and staging of

tumors, clinical decision-making, predicting outcomes, and
identifying pathological subtypes (8, 9). The details of the
reviewed studies are summarized in Table 1. Acromegaly is
usually caused by a pituitary growth hormone (GH)-secreting
adenoma. Transsphenoidal surgery (TSS) is the first-choice
treatment for acromegaly, and tumor consistency is one of the
important factors that affect the surgical resection rate. Therefore,
it is pivotal to predict the tumor consistency before surgery and to
identify individualized surgical strategies for patients with
acromegaly. Fan and colleagues (10) enrolled 158 patients with
acromegaly and randomly divided them into primary cohort (n =
100) and validation cohort (n = 58). The preoperative clinical
characteristics were collected, and the consistency of the tumor
was classified as soft or firm according to the neurosurgeon’s
evaluation. The most valuable clinical characteristics were then
selected based on the multivariable logistic regression analysis.
The critical radiomics features were determined using the elastic
net feature selection algorithm, and the radiomics signature was
established based on the radiomics features selected from the
primary cohort through the support vector machine method.
Furthermore, differences in the signature distribution between
soft and firm tumors were compared using a violin plot. The
radiomics model was then obtained to precisely predict tumor
consistency, and the AUC was 0.83 (95% confidence interval,
0.81-0.85) and 0.81 (95% confidence interval, 0.78-0.83) in the
primary and validation cohorts, respectively. The authors found
that radiomics model is more effective in the prediction of the
tumor consistency comparing with the clinical characteristics.
Zeynalova and colleagues (11) also enrolled 55 patients with 13
hard and 42 soft pituitary macroadenomas and used an open-
source Python package named PyRadiomics for texture feature
extraction from coronal T2-weighted original. They reduced the
high dimensionality of the histogram texture features with
reproducibility analysis, collinearity analysis, and feature
selection. Reference standard (hard versus soft) for the
classifications of macroadenomas was based on surgical and
histopathological findings. The artificial neural network using
multilayer perceptron algorithm was utilized for classifications.
The authors found that using the ML-based histogram analysis,
about three-fourths of pituitary macroadenomas can be correctly
classified in term of tumor consistency with an AUC value of
0.710. Furthermore, the ML-based histogram analysis performed
better than the signal intensity ratio (SIR) evaluation with an
AUC value of 0.551. They indicated that ML-based T2-weighted
MRI histogram analysis might be a better technique in predicting
the consistency of pituitary macroadenomas than that of
conventional SIR evaluation.

Zhu and colleagues (12) also used 152 patient data with labels
(including 112 T1 MRI spatial sequences and 40 T2 MRI spatial
sequences) and presented an automatic method for accurately
determining the softness level of pituitary tumors preoperatively.
Because their pituitary tumor MRI image dataset where T1 and
T2 sequence data are unbalanced (due to data missing) and
undersampled. They first obtained fully sampled MRI spatial
sequence by using a CycleConsistent Adversarial Networks
(CycleGAN) model. They then used a Densely Connected
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TABLE 1 | Summary of recent studies related to artificial intelligence and machine learning applications in the pituitary adenomas.

Author Tumor subtypes Sample size Task Models (parameters) Prediction
and ref. performance (AUC)
Fan et al. Acromegaly Training (n = 100) Predicting consistency Elastic net feature selection 0.83
(10) Test datasets (n = 58) algorithm
Zeynalova  Pituitary N =55 Predicting consistency Artificial neural network 0.710
etal (11) macroadenoma
Zhu et al. PAs N =152 Determining the softness CRNN (DenseNet+ResNet) 0.9178
(12)
Niu et al. PAs Training set (n = 97) Predicting CSI Linear support vector Training (0.899)
(13) Test set (n = 97) machine and nomogram Test (0.871)
Fan et al. Invasive functional  Primary (n = 108) Predicting treatment response Support vector machine Training (0.832)
(14) PAs Validation (n = 55) Validation (0.811)
Staartjes PAs N =140 Predicting gross-total resection Deep neural network 0.96
etal. (15)
Fan et al. Acromegaly Training (n = 534) Test datasets (n = Predicting TSS response Forward search algorithm  Training (0.8555)
(16) 134) Validation (0.8178)
Qiao et al.  Acromegaly Training (n = 833) Test datasets (n = 99) Partial model, full model Partial Full
(17) Predicting early remission of TSS model model
Penalized logistic 0.781 0.867
regression
Gradient boost machine 0.752 0.789
Support vector machine 0.759 0.850
Neural network 0.790 0.787
Ensemble algorithm 0.775 0.853
Validation cohort
0.759 0.897
Hollon PAs Training (n = 300) Predicting early outcomes Naive Bayes 0.795
etal. (18) Test datasets (n = 100) Support vector machines 0.826
Random forest 0.848
LR-EN regularization 0.827
Dai et al. Acromegaly Training (n = 244) Predicting delayed remission Logistic regression 0.7945
(19 Test dataset (n = 62) Adaptive boosting 0.7013
GBDT 0.8061
Extreme gradient boost 0.8260
Categorical boosting 0.8239
Random forest 0.7338
Fan et al. Acromegaly N =57 Predicting radiotherapeutic response  Support vector machine 0.96
(20)
Kocak Acromegaly N =47 Predicting response to SA Wrapper-based algorithm ~ 0.847
etal. (21)
Park et al.  Prolactinoma Training (0 = 141) Predicting the DA response Random forest 0.78 (0.63-0.94)
(22) Test dataset (n = 36) Extra-trees 0.79 (0.63-0.95)
Light GBM 0.74 (0.57-0.93)
QDA 0.66 (0.48-0.84)
LDA 0.66 (0.46-0.86)
Soft voting ensemble 0.81 (0.67-0.96)
Zoli et al. Cushing disease Training (0 = 121) Predicting outcomes of TSS Training and test
(23) Test dataset (n = 30) Support vector machine 0.681 and 1.00
GBM 0.719 and 0.783
K-nearest neighbor 0.998 and 0.988
Zhang Cushing disease Training (n = 836) Predicting postoperative immediate ~ Extreme gradient boost 0.712
et al. (24) Test dataset (n = 209) remission GBDT 0.734
Random forest 0.726
Adaptive boost 0.699
Naive Bayes 0.681
Logistic regression 0.701
Decision tree 0.664
Multilayer perceptron 0.700
Stacking 0.743
Fan et al. Cushing disease Training (n = 836) Predicting Logistic regression 0.7262
(25) Test dataset (n = 209) Postoperative Adaptive boosting 0.7619
Delayed remission GBDT 0.7262
XGboost 0.7262
Catboost 0.7

(Continued)
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TABLE 1 | Continued

Author Tumor subtypes Sample size Task Models (parameters) Prediction
and ref. performance (AUC)
Liu et al. Cushing disease Training (n = 283) Predicting recurrence after TSS Decision tree 0.629
(26) Test dataset (n = 71) Random forest 0.779
Logistic regression 0.684
Naive Bayes 0.608
GBDT 0.694
Adaptive boost 0.716
Extreme gradient boost 0.735
Voglis et al. PAs N =207 Predicting postoperative Random forest 0.637
(27) hyponatremia Naive Bayes 0.646
Boosted GLMs 0.671
GLMs 0.595
Machado NFP N =27 Predicting recurrence after the first 2D 3D
et al. (28) macroadenomas surgery radiomics radiomics
Multilayer perceptron 0.92.9 0.962
Random forest 0.877 0.962
Support vector machine 0.860 0.946
Logistic regression (LR) 0.929 0.946
K-nearest neighbor 0.979 0.945
Meng et al.  Acromegaly 62 patients with acromegaly and 62 |dentifying facial features and Linear discriminant analysis  0.9286
(29 matched controls predicting patients of acromegaly
Wei et al. Acromegaly and 642 Cushing disease, 896 acromegaly, Identifying facial anomalies Convolutional neural Cushing 0.9647
(30) Cushing disease and 11,447 normal images networks disease
Acromegaly 0.9556
Normal 0.9393
Pengetal. PAs 235 patients with pathologically Immunohistochemically classify PAs  Support vector machine 0.9549
(81) diagnosed PAs subtypes K-nearest neighbor 0.9266
Naive Bayes 0.932
Uggaetal. PAs 89 patients with available Ki-67 labeling Predicting of high proliferative index  K-nearest neighbors 0.87
(32) index

Convolutional Networks (DenseNet)-Deep Residual Networks
(ResNet)-based Autoencoder framework to optimize the feature
extraction process for pituitary tumor image data. Finally, they
used a Convolutional Recurrent Neural Network (CRNN) model
to classify pituitary tumors based on their predicted softness
levels. They found that this semisupervised deep neural network
model can accurately determine the softness level of pituitary
tumors with high accuracy (91.78%).

Although these ML-based radiomics have been shown a very
high accuracy in predicting consistency of the pituitary tumors,
each approach has its own pros and cons. Firstly, all the studies
were a retrospective analysis with a relatively small number of
patients, which would lead to bias in ML-based classifications.
Secondly, Zeynalova and colleagues (11) only used histogram
analysis with few texture features, two dimensional
segmentations, and conventional T2-weighted MRI, which
were not comprehensive. More ML and feature selection
algorithms and more comprehensive MRI data including
contrast-enhanced MRI scans may have a potential for
developing better ML-based models. Thirdly, the data samples
used in Zhu’s (12) study were unbalanced sequence image data
and insufficient; it is easy to produce the overfitting
phenomenon. Although the loss of feature extraction model
training was low and convergence was achieved, the accuracy
was still not high enough. Taken together, these ML-based
radiomics models performed better than conventional methods
in predicting the consistency of the pituitary tumors; further

large-scale and more comprehensive studies are needed to
confirm and improve these approaches.

Invasive PAs are complicated and difficult to treat; therefore,
it is critical to predict cavernous sinus (CS) invasion and
treatment response for these patients preoperatively. Niu and
colleagues (13) predicted CS invasion preoperatively for patients
with Knosp grades II and III PAs using a radiomics method
based on MR, which might contribute to designing surgical
strategies. Fan and colleagues (14) developed and validated a
radiomic model incorporating an MRI-based radiomic signature
using a support vector machine, which predicts the treatment
response and help doctors determine individual treatment
strategies for these patients with invasive functional PAs.
Gross-total resection is often the primary surgical goal in TSS
for PAs. Staartjes and colleagues (15) demonstrated that a deep
ML model could be used to preoperatively predict the likelihood
of GTR with excellent performance, which would be a valuable
addition to risk stratification and surgical decision-making.
Accurate prediction of postoperative remission may be helpful
for decision-making and prognosis regarding treatment
strategies for patients with acromegaly. Fan and colleagues (16)
enrolled 668 patients with acromegaly and divided them into a
training set of 534 cases and a test set of 134 cases. The author
used six machine learning methods in Python, including random
forest, logistic regression, logistic GAMs, gradient boosting
decision tree (GBDT), adaptive boosting, and extreme gradient
boost, to construct a predictive model for postoperative
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remission. By comparing the six models, the GBDT model has
the best predictive performance, can obtain quantitative
predictive value, has a higher accuracy rate than clinicians, and
can better assist the preoperative clinical diagnosis and treatment
decision-making of patients with acromegaly. Qiao (17) included
833 patients with GH-secreting PAs as a training cohort and
trained a partial model (using only preoperative variables) and a
full model (using all variables) to predict off-medication
endocrine remission at the 6-month follow-up after TSS using
multiple ML algorithms. These models have been validated to
accurately predict early endocrine remission after TSS in patients
with GH-secreting PAs. The prediction accuracy of the ML-
trained models was better than those using single variables.
Hollon (18) also demonstrated that early surgical outcomes of
PAs can be predicted with 87% accuracy using a machine
learning approach.

For patients with acromegaly who do not reach immediate
remission after surgery, a subset of them achieves delayed
remission during long-term follow-up without further
postoperative therapy. Therefore, it is necessary to predict the
delayed remission of acromegaly after surgery (33). We used the
recursive feature elimination algorithm to select features and
applied six ML algorithms to establish an ML model for
predicting delayed remission of acromegaly. As an effective
noninvasive approach, ML-based models can predict delayed
remission and aid in determining individual treatment and
follow-up strategies for patients with acromegaly who have not
achieved remission within 6 months of surgery (19).

For acromegaly patients who do not achieve remission after
TSS, radiotherapy is a third-line treatment. Fan and colleagues
developed a radiomics model using preradiotherapy clinical and
MRI data to noninvasively predict the radiotherapeutic response
of acromegaly, which may help doctors identify acromegaly
patients who will benefit from radiotherapy (20). Somatostatin
analogs (SAs) are widely used in the medical treatment of
patients with acromegaly, and it is necessary to predict the
response to SA for these patients. Kocak (21) demonstrated
that ML-based high-dimensional quantitative texture analysis
on T2-weighted MRI has the potential to predict the response to
SAs in patients with acromegaly, and it performs better than
quantitative and qualitative T2-weighted relative signal intensity
or immunohistochemical granulation pattern evaluation.

For prolactinomas, medical treatment with dopamine
agonists (DAs) is the first-line therapy. However,
approximately 10%-30% of patients with prolactinomas show
resistance to DA (34). Therefore, it is crucial to identify DA-
resistant prolactinomas early because then the patients would
not have to endure a prolonged therapeutic trial. Park (22)
developed a radiomics model using an ensemble machine
learning classifier with conventional MRIs and demonstrated
that radiomics features might be useful biomarkers to predict the
DA response in patients with prolactinoma.

Cushing disease (CD) is a devastating condition that is usually
caused by excessive secretions arising from pituitary corticotroph
adenomas (35). It remains challenging to accurately diagnose
and individually manage CD due to the disease complexity and

heterogeneity (36). It is especially important to preoperatively
predict the treatment outcomes of these patients due to variable
rates of remission and a high risk of recurrence (37). In recent
years, AI and ML have been increasingly reported in the
diagnosis and management of CD (38). TSS is the first-line
treatment for patients with CD; however, surgical outcomes are
usually the most difficult to predict preoperatively. Zoli and
colleagues (23) trained and internally validated robust models
using ML algorithms to make accurate preoperative surgical
outcome predictions for CD patients. Zhang (24) also developed
a readily available ML-based model for the preoperative
prediction of immediate remission in patients with histology-
positive CD. After TSS, a subset of patients with CD do not
achieve immediate remission but achieve remission without
further postoperative therapy during long-term follow-up,
which is defined as postoperative delayed remission (39).
Among these patients with persistent hypercortisolism after
TSS, some patients will achieve delayed remission without the
need for further treatment. To identify patients who have the
potential to achieve delayed remission, Fan (25) developed ML-
based models to predict delayed remission or persistent active
disease in patients with CD whose remission status is uncertain.
Use of this model could help doctors judge the surgical response
and determine whether the patient needs postoperative adjuvant
therapy, thus avoiding unnecessary additional treatments.
According to previous studies, recurrence after TSS for CD
ranges from 15% to 66% (40), whereas no valid predictor for
recurrence has been developed. Liu (26) reported that using ML-
based models was feasible for predicting CD recurrence after
initial TSS, which was significantly better than that of some
conventional models.

After TSS, postoperative hyponatremia is one of the common
procedural complications in patients with PAs. Voglis (27)
demonstrated that a trained ML model was able to learn
complex risk factor interactions and could predict
postoperative hyponatremia, thus potentially reducing
morbidity and improving patient safety.

After the first surgery, 12% to 66% of patients with clinically
nonfunctioning pituitary adenoma (NFPA) experience a tumor
recurrence. Nevertheless, there is still no factor that could
concisely predict the recurrence of NFPA. Machado (28)
reported that a combination of radiomics with machine-
learning algorithms could offer computational models capable
of noninvasive, unbiased, and quick assessment that might
improve the prediction of NFPA recurrence.

Taken together, these ML-based and MRI-based radiomics
analytical methods are playing an increasingly important role in
early accurate diagnosis, individualized treatment, predicting the
response to treatments, including surgery, medications and
radiotherapy, and the prognosis of patients with PAs.
However, there is significant variability in the applied ML
paradigms and prediction performance (AUC) at different
studies (Table 1). The main reasons for that include variation
in data extraction and lack of consistency among the statistical
methodologies and ML algorithms used in the varied studies. In
the future, ML-based and MRI-based radiomics will have great

Frontiers in Oncology | www.frontiersin.org

55

December 2021 | Volume 11 | Article 784819


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Dai et al.

Al and ML in Pituitary Adenomas

promise for potentially improving patients’ individualized
treatment and prognosis.

FACIAL IMAGING-BASED Al AND
ML IN PAs

Facial changes are common among nearly all patients with
acromegaly and CD. It is difficult to notice such facial changes
early because they are a slow and gradual process. The diagnosis
and treatment of these diseases are often delayed until these
clinical symptoms become obvious. Meng (29) demonstrated
that combining 3D imaging and ML techniques could accurately
identify and predict early facial changes in patients with
acromegaly, which might be beneficial for the early detection
of acromegalic patients, enabling immediate treatment. Wei (30)
also developed a deep-learning model to recognize facial
anomalies with underlying endocrine disorders, and its
performance was comparable with that of professional medical
practitioners. These models have the potential to assist in the
diagnosis and follow-up of these patients with hypersecretion
statuses, which may be helpful for the early detection of
the disease.

PATHOLOGICAL PICTURES-BASED
Al AND ML IN PAs

The type of PA cannot be clearly recognized by preoperative MRI
but can be classified by immunohistochemical staining of
resected tumor samples after surgery. Recently, PAs have been
classified based on a combination of tumor hormonal content
and pituitary transcription factors. The correct PA classification
before surgery can help doctors decide on the right treatment
strategy. Peng (31) developed a classification model using
ML-based radiomics, which can potentially precisely
immunohistochemically classify PA subtypes. This model
exhibited good performance and might offer potential guidance
to doctors in clinical decision-making before surgery. The Ki-67
labeling index, representing a proliferative marker, has been
reported as a marker of aggressiveness in PAs (41), and it is
crucial to identify the Ki-67 labeling index early to allow timely
diagnosis and treatment. Ugga and colleagues (32) proved that
ML analysis of texture-derived parameters from preoperative T2
MRI could effectively predict the Ki-67 proliferation index class
in pituitary macroadenomas. This might provide a more accurate
preoperative lesion classification for doctors before surgery and
help neurosurgeons develop surgical strategies.

SURGICAL MICROSCOPIC VIDEO-BASED
Al AND ML IN PAs

In pituitary surgery, segmentation of the surgical workflow might
be helpful for providing context-sensitive user interfaces or
generating automatic reports. Moreover, neurosurgeons must

deal with intraoperative adverse events, which come from not
only the patients but also surgical management. It is very
important to be aware of these difficulties quickly and
efficiently, to better handle risky situations and to relieve the
neurosurgeons’ responsibilities. It is necessary to assist
neurosurgeries through the understanding of operating room
activities, increase medical safety, and support decision-making.
Lalys (42) recognized surgical phases of every unknown image by
computing their signatures and then simulating them with
machine learning techniques and validated this methodology
with a specific type of neurosurgery. Currently, this methodology
could be used for postoperative video indexation as an aid to
surgeons, which contains relevant surgical phases of each
procedure for easy browsing.

TOTAL CHARGES AND DRIVERS OF COST
IN PAs

The effective allocation of resources in the healthcare system
enables providers to care for an increasing number of needier
patients. It is necessary to identify drivers of total charges for TSS
for PAs, which may help neurosurgeons reduce waste and
provide higher-quality care for patients. Muhlestein and
colleagues (43) used a large, national database to develop ML
ensembles that directly predict total charges for PA patients with
good fidelity. They identified extended length of stay,
postoperative complications, private investor hospital
ownership, etc. as drivers of total charges and potential targets
for cost-lowering interventions. Minimizing the effects of these
variables may improve efficiency in the resource-limited
healthcare system and lead to higher-quality care and
improved outcomes for more patients.

FUTURE PERSPECTIVES OF Al AND ML
IN PAs

To date, Al and ML are promising in the diagnosis, prediction of
therapy response, and prognosis, as well as the pathological
classification of PAs. Al-based radiomics has especially made
the greatest contributions to bridging the gap of Al-assisted
diagnostics and prognostics to individualized treatment.
However, the sample sizes included in the previous studies
were relatively small, and the accuracy of the algorithms is not
yet very high. Therefore, future studies including larger sample
sizes may obtain more reliable algorithms with high accuracy,
sensitivity, and specificity. Currently, there is a lack of
consistency among the statistical methodologies and ML
algorithms incorporated by the studies described. The wide
variety of methodologies and ML models always leads to
inconsistent conclusions. Given this lack of standardization, a
consensus is required to standardize the extrapolation of data
and model development. Moreover, it appears that there are
many aspects for future researchers to include contributions of
Al and ML in PAs. First, it is important to accurately predict the
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disability and mortality risks among patients with PAs using ML
algorithms. Accurately predicting these risks, such as heart
failure risk in patients with acromegaly and fracture risk in
patients with CD, enables an individualized approach to
prevention, monitoring, and therapy strategies. Second, there is
currently a lack of healthcare policy generated by Al technologies
on PAs. Making appropriate medical policies by analyzing big
data from public healthcare using AI technologies would be
helpful to improve the accuracy and personalized medical care of
the entire medical community. Third, more interdisciplinary
studies are necessary to strengthen AI links with medical big
data management and enable the creation of publicly available
datasets for neuroimaging- and visual imaging-guided diagnosis
and treatment of PAs.

CONCLUSIONS

As an emerging field, AT and ML method research has displayed
great prospects in patients with PAs. The current use of Al and
ML models has the potential to assist doctors and patients in
making crucial surgical decisions by providing an accurate
diagnosis and predicting the response to treatment and the
outcomes of PAs. These AI and ML models have more
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Objective: To investigate the ability of a MRI-based radiomics-clinicopathological model
to predict pituitary macroadenoma (PMA) recurrence within 5 years.

Materials and Methods: \We recruited 74 recurrent and 94 non-recurrent subjects,
following first surgery with 5-year follow-up data. Univariate and multivariate analyses
were conducted to identify independent clinicopathological risk factors. Two independent
and blinded neuroradiologists used 3D-Slicer software to manually delineate whole
tumors using preoperative axial contrast-enhanced T1WI (CE-T1WI) images. 3D-Slicer
was then used to extract radiomics features from segmented tumors. Dimensionality
reduction was carried out by the least absolute shrinkage and selection operator
(LASSO). Two multilayer perceptron (MLP) models were established, including
independent clinicopathological risk factors (Model 1) and a combination of screened
radiomics features and independent clinicopathological markers (Model 2). The predictive
performance of these models was evaluated by receiver operator characteristic (ROC)
curve analysis.

Results: Intotal, 1,130 features were identified, and 4 of these were selected by LASSO.
In the test set, the area under the curve (AUC) of Model 2 was superior to Model 1 {0.783,
[95% confidence interval (Cl): 0.718—.860] vs. 0.739, (95% CI: 0.665-0.818)}. Model
2 also yielded the higher accuracy (0.808 vs. 0.692), sensitivity (0.826 vs. 0.652), and
specificity (0.793 vs. 0.724) than Model 1.

Conclusions: The integrated classifier was superior to a clinical classifier and may
facilitate the prediction of individualized prognosis and therapy.

Keywords: pituitary macroadenoma, recurrence, predictive model, deep learning, multilayer perceptron
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Predictive Model for Recurrence of Pituitary Macroadenoma

INTRODUCTION

Pituitary adenoma is one of the most prevalent intracranial
masses that can affect adults (1, 2). The varied clinical
manifestations usually result from the endocrine activity, or
volume of tumors. The classification of PA is based on different
criteria, such as size, immunohistochemistry (IHC), invasion,
hormone secretion, and clinical manifestation (1, 3). PAs are
classified into micro, macro, and giant adenomas by the MRI
size. The IHC subtypes of PAs are composed of growth
hormone (GH), prolactin (PRL), adrenocorticotropic hormone
(ACTH), thyroid-stimulating hormone (TSH), and follicle-
stimulating hormone-luteinising hormone (FSH-LH), including
the monohormonal and plurihormonal adenomas. Although
benign in terms of their biological behavior, 30-45% of tumors
invade the cavernous or sphenoid sinus, which can be categorized
into invasive and non-invasive adenomas (1, 3, 4). According to
the clinical classification, PAs consist of functioning and non-
functioning types (1).

The treatment strategy for most tumors is operation. The
postsurgical recurrence rate of pituitary macroadenoma (PMA)
within 5 years is considerably high (5). The tendency to
relapse has been related to many factors, including different
histotypes, tumor remnants, or the extent of invasion into
adjacent anatomical structures (6). Previous research has
demonstrated that many clinicopathological prognostic tools
have potential to predict the recurrence of PMA, consisting of
THC characteristics, invasion of tumors, genetic expression, and
markers of proliferation (7-11). However, very few attempts
have been made to integrate these risk factors with a machine-
learning approach.

Radiomics is a form of analysis that quantitatively extracts
imaging features from medical data (12). Thus far, radiomics
studies of PA have predominantly focused on two aspects:
presurgical evaluation and subtype classification (13-17). Some
researchers have used radiomics to explore the potential for
relapse in PA. However, these previous models have been
associated with small sample sizes and only cases involving non-
functioning tumors (18, 19).

In the present study, aimed to establish a
comprehensive classification model that combined independent
clinicopathological risk factors with preoperative radiomics
signatures for the prediction of PMA recurrence within 5 years
of surgery. Our goal was to provide an efficient tool for guiding
clinical management and predicting prognosis.

we

MATERIALS AND METHODS

Ethics Statement

This retrospective study involved human subjects and was
approved by the Ethics Committee of Beijing Tiantan Hospital.
The requirement for written informed consent was waived.

Subjects
The recurrence of adenomas was defined as incidence
of enlarged remnant tumors in non-functioning PMAs,

and/or endocrine biochemical recurrence in functioning
PMAs (20, 21).

PMAs referred to adenomas with preoperative size >
10mm by MRI in our study, based on Asioli et al. (20).
PMAs were classified into immunonegative, monohormonal-
including GH-positive, PRL-positive, ACTH-positive, FSH-
LH-positive, TSH-positive, and plurihormonal by the results
of THC staining (22). The radiological signs of aggressive
tumors were determined according to Knosp and Hardy—
Wilson classifications on preoperative MRI by a blinded and
experienced neuroradiologist. The Knosp and Hardy—Wilson
criteria were used to evaluate the degree of invasion of
cavernous sinus (CS) and suprasella, respectively. Knosp Scores
3 and 4 were described as adenomas extending beyond the
lateral tangents of the cavernous segment of internal carotid
artery (ICA) on coronal MRI and completely involving CS
and ICA. Hardy—Wilson Grades 3 and 4 were represented
as local and extensive invasion of the sellar floor; Stages C
and D and E were characterized as total replacement of the
third ventricle, intracranial adenomas, and invasion of CS
(Supplementary Material 1) (5, 23). The aggressive PMAs were
defined as grade of Knosp 3 or 4, and/or Hardy—Wilson
Grades 3 or 4 (and/or Hardy—Wilson Stage C or D or E),
and/or histological evidence of invasion of cavernous or sphenoid
sinus (1). The patients who experienced subtotal resection were
recognized as cases with residual tumor, and the subjects who
underwent gross- or near-total resection were regarded as cases
without remnants (24, 25).

A total of 168 consecutive postoperative subjects with a
confirmed pathological diagnosis of PMA were acquired from
our institutional medical database between January 2010 and
December 2015. Analysis of medical records showed that
74 of these patients reported recurrent attacks (39 men/35
women); and 94 patients had not experienced recurrence (43
men/51 women). All the patients completed the 5-year follow-
up period. The inclusion criteria were as follows: (1) available
investigation for medical data; (2) underwent surgery; (3)
had preoperative MRI; and (4) followed-up for duration of 5
years since first surgery. The exclusion criteria included (1)
underwent other treatments for PMA before the first surgery
or during the follow-up period; (2) pituitary apoplexy; (3)
multiple intracranial lesions; and (4) poor-quality image or lack
of contrast-enhancement MRI.

MRI Acquisition and the Segmentation of

Tumors

All enrolled subjects underwent MRI of the head prior to surgery,
including several different acquisition protocols [axial TIWT and
T2WI, axial, coronal, and sagittal contrast-enhanced TIWI (CE-
TIWI)]. The contrast agent, dimeglumine gadopentetate, was
injected at a dose of.2 ml/kg, following pre-contrast T1 scanning.
MRI images were obtained from four different MRI scanners
with 3 T (GE Discovery MR 750, n = 59; Siemens MAGNETOM
Trio TimSystem, n = 43; Siemens MAGNETOM Verio, n = 22;
Philips Ingenia, n = 9), and a 1.5 T scanner (GE Medical System
Genesis Signa, n = 35). Supplementary Material 2 shows the
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type of the contrast medium and the parameters used for axial
CE-T1WTI for five MRI modalities.

Whole tumors, based on preoperative axial CE-T1WI
images, were identified as the region of interest (ROI).
The manual delineation of each ROI was conducted by a
neuroradiologist with 5 years of experience, using 3D-Slicer
software (version 4.10.2 r28257, National Institutes of Health).
Prior to segmentation, we applied three steps to standardize
different MRI images: N4ITK bias correction, resampling with
resampled voxel sizes of 1, 1, and 1, and Laplacian of Gaussian
(LOG) with LOG kernel sizes being 1.5, 2, and 2.5 by 3D-Slicer.

Assessments of Intra- and Interobserver
Reproducibility

Neuroradiologist 1 segmented the ROIs of 60 randomly
selected cases on two occasions separated by an interval
of 2 weeks. Neuroradiologist 2 with 5 years of experience
independently performed the same analyses on one occasion.
Intraclass correlation coefficient (ICC) was then calculated by
R (version 4.0.2, http://www.R-project.org) to compare intra-
and inter-observer reproducibility. The high reproducibility of
these radiomics features was recognized as the ICC score for
Radiologist 1 (on two occasions) or between Radiologists 1 and
2>.75.

The Extraction of Features and Dimension

Reduction

In total, 1,130 features were extracted from the segmented ROIs
by 3D-Slicer software. These features encompassed eight types:
first-order, shape, gray-level dependence matrix (GLDM), gray-
level co-occurrence matrix (GLCM), gray-level run length matrix
(GLRLM), gray-level size zone matrix (GLSZM), neighboring
gray tone difference matrix (NGTDM), and wavelet-based
features, which were four distinct categories: intensity histogram,
texture, shape, and wavelet. The detailed information for all
features is shown in Supplementary Material 3.

The features with ICC score <0.75 were excluded in the first
stage, because of the poor reproducibility. Then, we performed
the least absolute shrinkage and selection operator (LASSO) in
the R environment to carry out dimensionality reduction in the
training set. The corresponding regularization coefficient () was
obtained by 10-fold cross-validation in LASSO regression based
on the 1-standard error of the minimum criteria (1-SE criteria).

The Establishment and Validation of a

Radiomics-Clinicopathological Model

The z-score was used to normalize all features onto a similar
scale. We randomly separated these subjects into a training set
(including 51 recurrence and 65 non-recurrence subjects) and a
test set (23 cases with relapse and 29 without relapse; based on a
data-partition ratio of 7:3).

Two multilayer perceptron (MLP) classifiers were built
by python (version 3.8.2, http://www.python.org) for the
prediction of recurrence in PMA, including independent
clinicopathological risk factors (Model 1—clinical model) and
a combination of screened radiomics features and independent

clinicopathological markers (Model 2—integrated model).
Receiver operator characteristic (ROC) curves were performed
and used to estimate the predictive performance of the two
models by area under curve (AUC) analysis. This analysis
allowed us to determine the accuracy, specificity, and sensitivity
of each model.

MLP was composed of an input layer, a hidden layer, and an
output layer. In the process of forward propagation, a series of
algorithms were performed to obtain the output of each layer,
which was used to be the input of the next layer. The equation
was as follows:

y=f(wx+ b)

where y represents the outcome of output, x represents the
input vector, w represents the weight, b represents the bias,
and f represents the activation function. Our classifiers included
three hidden layers, for which the numbers of neurons were 64,
512, and 64, respectively. The dropout layer was conducted to
lose 20% of neurons to reduce overfitting. We applied Rectified
Linear Unit (ReLU) and Sigmoid to be activation functions for
the hidden and output layers. The binary cross entropy was
calculated for use as loss function. The weights were tuned by
the back propagation method based on the derivation of the
chain rule. In our study, the training epochs were set to 500.
Before model establishment, the training cohort was shuftled.
The monitoring indicators were accuracy, sensitivity, specificity,
and AUC in the training set. Stochastic gradient descent (SGD)
was used as the optimizer, with an initial learning rate of.1. The
learning rate decay strategy was set to the reduction of 70% if the
accuracy of training cohort did not improve for consecutive 100
epochs. Optimized class weights were obtained according to the
numbers of recurrent and non-recurrent patients in the training
set, and the batch size was default value of 32. The predictive
performance of each model was validated in the test cohort and
evaluated by 5-fold cross-validation. Figure 1 shows the process
used for the analysis of radiomics.

Statistical Analysis

The normality test of the data was performed by Shapiro—Wilk.
Two-sided independent sample ¢-test and Mann—Whitney U-
test were conducted to compare the differences in continuous
variates, and Pearson’s 2 test and Fisher’s precision probability
test were used to investigate the differences in categorical variates
in the training and test sets. Univariate and multivariable logistic
regression were used to identify independent clinicopathological
risk factors for the recurrence of PMA in the training set.
The differences of extracted radiomics features between groups
of recurrence and non-recurrence in the training set were
determined by Mann—Whitney U-test; these analyses were
carried out with SPSS (version 23.0, IBM), and a p of < 0.05 was
considered to be statistically significant.

RESULTS
Clinical Characteristics of the Study Cohort

The baseline investigation of the study patients is shown
in Tablel. The differences with regard to clinical
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FIGURE 1 | The process used for the analysis of radiomics. Radiomics features were extracted from the preoperative axial CE-T1WI images by 3D slicer. Dimension
reductions were performed two times by ICC and LASSO. The MLP was used to build two predictive models. Model 1 included independent clinicopathological risk
factors. Model 2 included the combination of radiomics features and independent risk factors.

characteristics between training and test cohorts were not ~Comparing the Predictive Performance of

statistically significant. the Two Models

Univariate analysis demonstrated that age {p = 0.034; OR,  Of the 1,130 features, 138 with unsatisfactory agreement were
0.967 [95% confidence interval (CI), 0.937-0.997]}, height  excluded by the first round, and four of these radiomics features
[p = 0.007; OR, 1.068 (95% CI, 1.018-1.120)], residual tumor  yere then identified by LASSO regression, consisting of one
[p = 0.00% OR, 2.963 (95% CI, 1.319-6.659)], and invasion  ghape feature, one LOG, and two wavelet features. All of four
[p = 0.009; OR, 3.359 (95% CI, 1.359-8.305)] were significant  gelected signatures showed statistically significant differences (p
risk factors for relapse. Multivariate analysis identified two  _ 0 05) in the training set (Figure 2).
independent risk factors for the recurrence of PMA: age The ROC curves in the training and test sets are shown in
[p = 0.035 OR, 0.963 (95% CI, 0.930-0.997)] and residual  Fjgure 3; the AUCs, accuracy, sensitivity, and specificity of the
tumor [p = 0.047; OR, 2.393 (95% CI, 1.011-5.667)] (Table 2).  two models are presented in Table 3. In the test set, the AUC
Our study included four clinicopathological features: age, height,  f Model 2 was superior to Model 1 [0.783, (95% CI: 0.718-
residual tumor, and invasion in Models 1 and 2 based on  (g60) vs. 0.739, (95% CI: 0.665-0.818)]. Model 2 also yielded the
univariate and multivariate analyses. higher accuracy (0.808 vs. 0.692), sensitivity (0.826 vs. 0.652), and

specificity (0.793 vs. 0.724) than Model 1.

Intra- and Interobserver Analyses

The mean ICC scores for intra- (Neuroradiologist 1 on DISCUSSION

two occasions) and interobserver (Neuroradiologists 1 and 2)

agreements were 0.913 £ 0.129 and 0.903 =+ 0.127, respectively,  In this study, we constructed a diagnostic classification strategy
for all selected patients, which showed the high agreement of  based on the presurgical MRI to predict the recurrence risk of
these features. PMA within 5 years. This comprehensive classifier incorporates

Frontiers in Neurology | www.frontiersin.org 62 January 2022 | Volume 12 | Article 780628


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Zhang et al.

Predictive Model for Recurrence of Pituitary Macroadenoma

TABLE 1 | Clinical characteristics of PMA subjects in the training and test sets.

Training set (n = 116) Test set (n = 52) Whole set (n = 168) P
Age, mean (SD), y 45.59 (12.38) 44.96 (11.63) 45.39 (12.12) 0.758t
Sex, No. (%) 0.8998
Male 57 (49.14) 25 (48.08) 82 (48.81)
Female 59 (50.86) 27 (51.92) 86 (51.19)
Endocrine level, No. (%) 0.2148
Non-functioning 71(61.21) 37 (71.15) 108 (64.29)
Functioning 45 (38.79) 15 (28.85) 60 (35.71)
Height, median (IQR), mm 30.73 (20.42-41.04) 31.82 (19.21-44.43) 30.96 (25.81-36.93) 0.084%
Residual tumor, No. (%) 0.5848
Without 43 (37.07) 17 (32.69) 60 (35.71)
With 73 (62.93) 35 (67.31) 108 (64.29)
Invasion, No. (%) 0.578%
No 33 (28.45) 17 (32.69) 50 (29.76)
Yes 83 (71.55) 35 (67.31) 118 (70.24)
Surgical methods, No. (%) 0.6868
Craniotomy 29 (25.00) 12 (23.08) 41 (24.40)
Trans-sphenoidal 59 (50.86) 30 (57.69) 89 (52.98)
Endoscopic 28 (24.14) 10 (19.23) 38 (22.62)
The IHC subtypes, No. (%) 0.906%
Immunonegative 48 (41.38) 25 (48.08) 73 (43.45)
GH-positive 6 (5.17) 1(1.92) 7 (4.17)
PRL-positive 5 (4.31) 3(5.77) 8 (4.76)
ACTH-positive 11 (9.48) 3(5.77) 14 (8.33)
FSH-LH-positive 22 (18.97) 8 (15.38) 30 (17.86)
TSH-positive 2(1.72) 1(1.92) 3(1.79)
Plurihormonal 22 (18.97) 11(21.15) 33 (19.64)

ACTH, adrenocorticotropic hormone, FSH, follicle-stimulating hormone; GH, growth hormone; IHC, immunohistochemistry; IQR, interquartile range; LH, luteinizing hormone; No, number;

PRL, prolactin; SD, standard deviation; TSH, thyroid-stimulating hormone.
T Two-sided independent sample t-test.

*Mann—Whitney U-test.

8Pearson’s 2 test.

& Fisher’s precision probability test.

clinicopathological and radiomics features and can accurately
predict the recurrence of PMA.

Various factors are known to be associated with a higher
risk of PMA recurrence, which remains a significant problem
for both clinicians and patients. Very few previous reports have
attempted to combine clinicopathology analysis with radiomics
for the prediction of PMA. MRI radiomics approaches have
been described in previous literature. For example, Zhang et al.
(18) and Machado et al. (19) used this method to explore
the recurrence of non-functioning PA. Compared with these
previous results, the Model 2 in our study presented with
relative low diagnostic accuracy. This is probably because we
built the test set using an independent set of subjects rather
than the training group. Moreover, our study simultaneously
included functioning and non-functioning PMAs. The study
cohorts and enrollment criteria may lead to the different
predictive performances. However, our Model 2, which had
a relatively large sample size and incorporated comprehensive
markers, showed a better level of classification performance than
Model 1. This improved predictive efficiency demonstrates that

the combination of clinicopathological data and imaging may
provide more practical information and guidance for developing
a treatment and prognosis strategy than clinical analysis alone.

MLP model is a feed-forward artificial neural network (ANN)
model that is applicable to a non-linear inseparable issue;
Almubark et al. demonstrated the predictive value of this
approach in their previous study (26). The generalization and
efficacy of this method have been widely confirmed in several
papers (27-29). Given these characteristics, we also established
an MLP classifier for the recurrence of PMA and achieved
satisfactory levels of predictive performance in a test cohort.
These data indicate that this deep learning algorithm is a
reproducible and robust technique for classification.

Many risk factors are associated with the recurrence of PMA.
In the present study, we incorporated some of the primary
predictors that have been described in previous literature (30).
Four clinicopathological risk factors—age, height, invasion, and
residual tumor—were finally included in our comprehensive
model; these factors were identified by a combination of
univariate and multivariate analyses. We found that the patients
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TABLE 2 | Univariate and multivariate analysis of clinical characteristics to identify risk factors in the recurrence of PMA in the training set.

Univariate analysis

Multivariate analysis

OR (95%Cl) P OR (95%Cl) P

Age,y 0.967 (0.937-0.997) 0.034* 0.963 (0.930-0.997) 0.035*
Sex

Male (ref.) 1

Female 1.008 (0.484-2.100) 0.982
Endocrine level

Non-functioning (ref.) 1

Functioning 1.196 (0.564-2.535) 0.641

Height, mm 1.068 (1.018-1.120) 0.007* 1.045 (0.992-1.100) 0.097
Residual tumor

Without (ref.) 1

With 2.963 (1.319-6.659) 0.009* 2.393 (1.011-5.667) 0.047*
Invasion

No (ref.) 1

Yes 3.359 (1.359-8.305) 0.009* 2.746 (0.994-7.585) 0.051
Surgical methods

Transcranial (ref.) 1

Trans-sphenoidal 0.904 (0.371-2.202) 0.824

Endoscopic 0.595 (0.206-1.722) 0.338
The IHC subtypes

Immunonegative (ref.) 1

Monohormonal 0.821 (0.358-1.881) 0.640

Plurihormonal 2.450 (0.865-6.939) 0.092

Cl, confidence interval; IHC, immunohistochemistry; OR, odds ratio.
0 < 0.05.

in the recurrence group tended to be younger. We believe that
this is because there is a greater risk of gene disorders in younger
age groups (31). In a previous study, Trott concluded that
young patients express elevated levels of ki-67 in non-functioning
pituitary adenoma, and that this is strongly associated with
relapse (32). Moreover, some ultrastructural types of PMA
resulted in regrowth, such as sparsely granulated somatotroph
adenoma, and are more likely to affect younger patients. The
aggressive growth pattern of PMA is one of the main reasons
concerned with the prognosis (33). The invasive tumors usually
exhibit more rapid growth, a higher proliferative index, and
larger size. Thus, the severe erosion of surrounding structures
(e.g., cavernous sinus and sellar floor) and great extension of
the supra- and para-sellar lead to increased rates of recurrence
(34). Similar results in the present literature provide support
to our conclusion that tumor remnant is also known to be
significantly correlated with PMA behavior, especially the higher
incidence of larger extra-sellar residuals (5, 6, 34). Height is
another recognized predictive candidate. It is evident that the
tumors with higher height may result in incomplete resection
and invasive behavior, which consequently raise the likelihood
of regrowth. These findings are consistent with previous reports
(5, 6, 35). This suggests that the clinical characteristics described
above are useful and reliable tools for predicting the prognosis of
patients with PMA.

The tumor classification involving the transcription factor
or ultrastructure showed that the presence of giant lactotroph,
sparsely granulated somatotroph, crooke’s cell, or silent
corticotroph adenomas tends to present the recurrence nature
(5, 36, 37). Our study focused on the proposed IHC subtypes
that are also important and potential indicators related to the
progression. The study reported by Asioli et al. showed that
PRL, ACHT, and FSH-LH subunits had relapse risk with high
probability (20). These indices were not statistically significant
when compared between the two groups in our study; it is
possible that this was owing to the small sample size compared
with the previous study. Although the rate of TSH adenoma
was the lowest among all cases, the trend of incidence is in line
with tangible clinical practice. The morbidity of this type is low
based on the demographic investigation, comprising <3% of all
tumors (38). We included the plurihormonal adenoma in our
study. The most common type is the co-secretion of GH and
PRL (39). But the combination of different hormones tends to be
more complicated. Little is known with regard to the correlation
between recurrence and plurihormonal tumors.

The trans-sphenoidal and endoscopic surgical methods are
extensively applied to dealing with PMA (40-42). Our study
did not show the correlation between operative approaches
and recurrence. According to current studies, tumor size and
invasive extension were decisive factors in extent of resection.
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FIGURE 2 | Violin plots showing the differences of 4 selected radiomics features, Shape_Sphericity (A), LOG_GLDM_LDHGLE (B), Wavelet_GLSZM_GLNU (C), and
Wavelet_GLSZM_ZE (D) between groups of recurrence and non-recurrence in the training set by Mann—Whitney U-test. GLDM, gray-level dependence matrix; GLNU,
gray-level non-uniformity; GLSZM, gray-level size zone matrix; LDHGLE, large dependence high-gray-level emphasis; LOG, laplacian of gaussian; ZE, zone entropy.
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clinicopathological risk factors and Model 2 included both radiomics features and independent clinicopathological risk factors.
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TABLE 3 | Predictive performance of Models 1 and 2 in the training and test set.

Training set (n = 116)

Test set (n = 52)

AUC (95% CI) ACC SEN SPE AUC (95% CI) ACC SEN SPE
Model 1 0.749 (0.702-0.804) 0.724 0.706 0.738 0.739 (0.665-0.818) 0.692 0.652 0.724
Model 2 0.800 (0.759-0.845) 0.776 0.725 0.815 0.783 (0.718-0.860) 0.808 0.826 0.793

Model 1 included independent clinicopathological markers and Model 2 included both radiomic features and clinicopathological markers.
AUC, area under the curve; ACC, accuracy; Cl, confidence interval; SEN, sensitivity; SPE, specificity.

The macro or giant adenomas and extensive invasion tended
to be difficult to achieve grossly complete resection, although
the trans-sphenoidal or endoscopic resection was used (43-45).
The residual tumor is likely to be the crucial factor that affects
the prognosis, suggesting that the surgical resection may be
more likely to associate with intrinsic biological characteristics
of tumors, compared with an operative procedure. Patients who
received total resection still have the possibility of relapse (5).
This indicates that surgery alone may not enable to decrease the
recurrence rate. It is also important and beneficial to combine
radiotherapy or other methods (46).

The consistency of adenomas probably influences the
prognostic outcomes. A study showed that texture was
correlated with tumor profiles, complications, and surgical
resection. The hard adenomas were at higher risk of large and
aggressive behavior and subtotal removal (47). This suggests
that consistency is potential to predict the recurrence of PMAs.
Rui et al. confirmed the utility of the radiomics method for
determining the texture of PMAs (13). Future PA studies may
pay more attention to the relationship between the stiffness and
recurrence by radiomics.

The proliferative biomarkers of ki-67, p53, and mitosis play
an important role in tumor prognosis. Although there remains
the controversy of arguments, the changes of these proliferation
indices are often associated with aggressive PAs. The prognoses
of the patients tended to be recurrent or poorer in the presence
of ki-67 >3, mitoses >2, and p53 overexpression based on the
study by Raverot and European Society of Endocrinology (48).
Above all, the most effective and useful predictive strategies are
incorporating the predictors of different fields, such as clinical,
imaging, and immunohistochemical examination.

LIMITATIONS

First, the proliferations, transcription factors, ultrastructural
subtypes, along with expression profiles of certain genes, were
not considered in this study but may improve the performance
of our classifier. Second, the pituitary scanning sequence with
smaller slice thickness and interval was not applied in the study,
because the protocol is not clinical routine examination; it may
be considered in future studies. Third, microadenoma is another
common subgroup of pituitary tumor; radiomic studies of this
form of tumor are very rare. We did not include this type

of tumor in the present study due to a limited sample size.
Finally, this study was based in a single center and lacks external
validation in multiple centers.

CONCLUSION

The combination of clinicopathological characteristics and
imaging is useful for predicting the recurrence of PMA within 5
years. The integrated classifier was superior to a clinical classifier
and may facilitate the prediction of individualized prognosis
and therapy.
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Introduction: The endoscopic endonasal approach (EEA) is a safe and effective
treatment for pituitary adenomas (PAs). Since extracapsular resection (ER) of PAs
improves tumor resection and endocrine remission rates, the interface between the
pseudocapsule and gland draws increasing attention. However, it is difficult to precisely
dissect the tumor along the exact boundary, and complete removal of the tumor increases
the risks of normal tissue damage and cerebrospinal fluid (CSF) leakage. In this study, we
investigated the extracapsular resection as well as the pseudocapsule histology to
evaluate the effectiveness and safety of pseudocapsule-related surgical interventions.

Methods: From December 2017 to December 2019, 189 patients of PAs via EEA in our
single center were analyzed retrospectively. The images, operative details, and clinical
follow-up of patients were collected. Sixty-four patients underwent pseudocapsule-based
ER, and 125 patients also underwent traditional intracapsular resection (IR) with or without
intensive excision for FPAs. The clinical characteristics, tumor resection, endocrinological
outcomes, and postoperative morbidities of the two groups were compared. Informed
consent for publication of our article was obtained from each patient. Histological
examination of pseudocapsule was performed using hematoxylin and eosin and
reticulin staining.

Results: The gross total recession was 62 (96.9%) in the ER group and 107 (85.6%)
cases in the IR group, whereas the endocrine remission rate was 29/31 (93.5%) and 40/
53 (75.5%) cases, respectively. Anterior pituitary functions were not aggravated
postoperatively in any patient, but transient diabetes insipidus (DI) occurred more in the
IR group (64.0%) than in ER (48.4%). Pseudocapsule specimens were obtained in 93
patients, and clusters of small cell aggregation were detected in 11 pseudocapsule
specimens (11.8%) whereas other patients showed no remarkable developed
pseudocapsule. Intraoperative CSF leak occurred more in the ER group (28.1%) than in
the IR group (13.6%), but no difference was seen between two groups postoperatively. No
case of intracranial hematoma or pituitary crisis occurred in both groups. After a mean
follow-up of 22.8 months, tumor recurrence was observed in 4 (2.1%) cases.
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Zhou et al.

Psudocapsule-Based Resection for Pituitary Adenomas

Conclusion: Pseudocapsule-based extracapsular resection of PAs via EEA is an effective
and safe procedure to achieve complete resection with high and sustained endocrine
remission and without deteriorating pituitary function.

Keywords: endoscopic endonasal approach, pituitary adenoma, pseudocapsule, extracapsular resection, skull
base reconstruction, cerebrospinal fluid leakage

INTRODUCTION

Over the last two decades, the endoscopic endonasal approach (EEA)
has been extensively developed and refined for the resection of
pituitary adenomas (PAs). The endoscopic panoramic view is
superior in terms of efficacy and safety for sellar surgery, and
studies have reported that PAs can be effectively resected by EEA
with minimal postoperative morbidity (1). A pseudocapsule between
PA and normal adenohypophysis was initially observed by Costello
in 1936 (2). Oldfield and colleagues used the phrase “surgical capsule
of adenoma” to describe this histologically confirmed pseudocapsule
in 2006 which was found in about 50% of patients and tends to be
more frequent in larger tumors (3). The studies elaborated procedure
along the outer face of the pseudocapsule between the adenoma and
surrounding normal gland tissue achieved radical removal of the
tumor while preserving normal pituitary function (4-6). Thus, in
recent years, extracapsular resection (ER), which emphasized the
importance of pseudocapsule as a surgical plane, was adopted for
more radical resection of the tumor (7).

Although PAs were frequently present within the pseudocapsule
and complete tumor resection using the ER technique has been
reported to maximize the effectiveness for PAs with pseudocapsules
(4, 8), many authors believe that resection without compromising
pituitary function is imperative to improving the ultimate health
outcome of patients. In some selective cases, an incomplete
adenoma resection is advised because it is expected that this is
best for the patients, through lower complication rates and
preserving pituitary function. The actual effects of ER-based
complete resection of PA are still under debate.

To explore the effectiveness and safety of the operative
management of the pseudocapsule, we grouped our patients
based on the resection techniques we adopted. The surgical
and endocrinological outcomes and complications were also
collected and analyzed to evaluate the potential benefits or
flaws of ER surgery. This current manuscript reports our
preliminary experience about pseudocapsule-based resection
procedure with different strategies in a series.

MATERIALS AND METHODS

General Data and Clinical Manifestations

In this retrospective study, we reviewed patients in our single
institution (Department of Neurosurgery, Xijing Hospital, Fourth
Military Medical University, Xi'an, China) who underwent EEA for
PAs from December 2017 to December 2019. The information
collected from patients’ electronic medical records included
presenting symptoms, operative notes, postoperative course,

histopathological diagnosis, laboratory data, and image files.
Informed consent was obtained from all patients.

In the current study, patients with other primary endocrine
diseases, with obviously suprasellar and parasellar extensions or
with cavernous sinus invasion (Knosp 4), were excluded from
this study. The average age and disease history were 48.2 years
and 16.5 months, respectively. All cases were given initial
surgical treatment, and tumor recurrence postoperatively was
removed from the groups.

Endocrinological Evaluations

All patients underwent a baseline preoperative pituitary hormone
examination including serum cortisol, free thyroxine, thyroid
stimulation hormone (TSH), adrenocorticotropic hormone
(ACTH), growth hormone (GH) and insulin-like growth factor-1
(IGF-1), prolactin (PRL), luteinizing hormone (LH) and follicle-
stimulating hormone (FSH), testosterone (in males), and estradiol
(in females). Postoperative biochemical remission was defined as a
nadir serum GH level of <0.4 ng/ml after an oral glucose load and/
or a subsequently normal IGF-1 level adjusted for gender and age
for acromegaly; morning serum cortisol level that was <5 ug/dl
within 1 week postoperatively and thereafter, indicating no evidence
of hypercortisolism for Cushing disease; normalized morning serum
TSH, free triiodothyronine (FT3), and FT4 levels for thyrotroph
adenoma; and serum PRL level of <15 ng/ml for prolactinoma.
Diabetes insipidus (DI) was diagnosed when hypotonic polyuria
was >3,000 ml/day. Hormonal status was evaluated at 1 week and
3 months after surgery and twice per year thereafter to evaluate
anterior pituitary functions.

Imaging Analysis

The imaging and volumetric assessment and analysis were
independently performed by an experienced neuroradiologist with
access to all imaging sequences. Computed tomography is useful for
demonstrating the degree of pneumatization and locations of
septations in the sphenoid sinus. The magnetic resonance imaging
(MRI) scanning was performed before surgery to provide excellent
details about the tumor’s size and texture and the location of normal
adenohypophysis and pseudocapsule. The distribution and density of
the pituitary gland could be seen on T1-weighted MR images
(Figure 1). The position of the anterior communicating artery and
internal carotid artery could be seen on T2-weighted images, also
enabling us to reduce the surgical risks. The degree of resection was
calculated by measuring the residual tumor volume using MRI data.

Surgical Procedure and Technique
Under general anesthesia by endotracheal intubation, patients were
in a supine position with the head rotated to the right side. A fascia
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pituitary stalk were in normal position (E, F).

FIGURE 1 | Preoperative and postoperative magnetic resonance images of pituitary adenoma. The lesion was seen in the sellar region (A, B), and the normal
pituitary gland was squeezed to the right side (arrow) (C). The tumor was excised completely by EEA, mucosal flap was in good condition (D). Optic chiasm and

lata donor site is also prepared to harvest autologous fascia for skull
base reconstruction, in case of nasoseptal flap deficit. The operation
proceeds with a binostril technique: one surgeon works bimanually
while another one drives the endoscope to facilitate 3D perception
of the surgical field. The middle turbinate was pushed laterally to
enhance visibility, and a needle electrode was used to make a
pedicled nasoseptal flap. A wide sphenoidotomy is important as it
allows more degrees of freedom for instrument manipulation in the
tumor cavity. It is also important to ensure meticulous hemostasis
when operating in the nasal cavity, as it may be a constant source of
blood rundown into the surgical field. Furthermore, the septations
were drilled away carefully by not damaging the internal carotid
artery, and the mucosa over the sella was opened in a curtain-like
manner or fully removed to allow for optimal bony anatomy
identification. Navigation can be used to compensate the under-
pneumatized sinus for safety. To benefit from the panoramic view
the endoscope offers, a larger bone window of the sellar floor is
preferred and was further tailored according to preoperative MRI
findings to protect the healthy pituitary gland, prevent any new
endocrine deficit, and reduce the difficulty of skull base
reconstruction. The bone over the carotid arteries and sellar floor
was drilled with copious irrigation to avoid thermal injury to the

underlying neurovascular tissues, and an eggshell bone could be
made to facilitate bone resection. A rongeur is used, if necessary, to
satisfactory extend the bone window, and Doppler is used to ensure
security. Venous bleeding was usually easily controlled with
SURGIFLO (Ethicon, America) and gentle pressure.

The dura incision can be flexibly adjusted to meet the need of
surgical procedures. Depending on different tumor sizes and
pseudocapsule development, we adopted different resection
strategies. 1) In microadenoma, the exposed surface of the
pituitary gland looks completely normal; a small cut was made in
the gland at the location where the adenoma is expected according to
preoperative imaging. The right dissector was used to separate the
tumor and to preserve the integrity of the pseudocapsule, and
achieved total extracapsular resection. Usually, the microadenoma
texture is soft, limiting the option of extracapsular dissection. With
small ring curettes, the tumor is removed and the tumor cavity was
explored meticulously. 2) For macroadenomas, no attempt is made
to remove the entire tumor or pull it forward during the initial phases
of the dissection. After the intracapsular tumor is debulked and
partially removed followed by a median-lateral or basal-superior
order (Figures 2A-C), the residual tumor was separated carefully
along the pseudocapsular interface. 3) If the pseudocapsule was not
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FIGURE 2 | Endoscopic endonasal approach of PA surgery. The soft and gray tumor was visualized after sellar floor opening and dura incision, but no obvious
pseudocapsule was found (A, B). The inferior and lateral were removed to expose the cavernous sinus wall (C). After adequate intracapsular debulking, the
pseudocapsule was carefully separated under the protection of brain cotton without hurting the arachnoid membrane of suprasellar cistern (D).An absorbable artificial
biomembrane was placed firstly (E) before the vascularized pedicled nasoseptal flap (F) to reconstruct the skull base. DM, dura mater; OC, optic canal; PC, pituitary
capsule; T, tumor; CSW, cavernous sinus wall; AM, arachnoid membrane; BC, brain cotton; AB, artificial biomembrane; VPNF, vascularized pedicled nasoseptal flap.

visible in the first stage, we used conventional conservative
intracapsular resection. Internal debulking was continued until
visualization of the pseudocapsule or cavernous sinus wall was
achieved (Figure 2D). Extrapseudocapsulary dissection was
continued along the plane, preserving as much integrity of the
pseudocapsule as possible. 4) After internal debulking, if the
pseudocapsule was still unidentifiable, the adenoma was excised
piecemeal progressively. Noteworthily, we adopted intensive
excision and meticulous sweeping to remove small remnants that
are hidden behind the fibrin membranes for PA. The surface of the
pituitary gland was peeled off as thin a slice as possible, and the tumor
bed was circumferentially resected to remove any small tumor
remnant in Cushing disease or acromegaly patients. 5) To
minimize the impact on pituitary functions, the suspicious tissue
was sent to the pathology department for histopathology
intraoperatively. A residual fragmental pseudocapsule may be
beneficial if further dissection increases the risk of unacceptable
neurological morbidity or obvious cerebrospinal fluid (CSF) leakage.

After tumor resection, the surgical areas were repeatedly irrigated
with warm saline to reduce potential inflammation and to achieve
hemostasis. It can be useful to fill the resection cavity with saline and

dive into the cavity with the endoscope, rinsing continuously for
detailed inspection. Depending on the presence or absence of CSF
leakage during surgery, we also adopted different strategies for skull
base reconstruction. 1) If no CSF leak was observed intraoperatively,
the reconstruction is simple and standardized. The sphenoidal
mucosa is also draped over the sella to promote remucosalization
for microadenoma. The nasoseptal flap can also be restored and
located in its original position. 2) The arachnoidal tear was closed by
placing a small piece of abdominal fat or gelatin sponge, and
overpack should be avoided. The free nasoseptal graft that was
harvested at the beginning of the surgery is placed on the sellar floor.
3) In patients with bigger CSF leakage, an absorbable artificial
biomembrane supported with fat or gelatin sponge was vital to
preventing CSF leaks. Furthermore, pedicled nasoseptal flap was
covered on the sellar floor for further reinforcement (Figures 2E, F).
Surgicel and gelatin sponges were stuffed around to further enhance
the flap in case of displacement or migration, and to accelerate
healing. 4) The anterior sellar dura could also be reconstructed by
dural suturing. 5) If the mucosal flap is defective, the fascia lata can
further strengthen the skull base. Lumbar drainage was not used as a
preventive maneuver postoperatively.
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Pathological Examinations

All resected tumor tissues were evaluated by routine pathological and
immunohistochemical examination. The composition of complete
and fragmentary pseudocapsules was pathologically examined. All
tissues obtained in the study were paraformaldehyde fixed and
paraffin embedded. The sections were stained using hematoxylin
and eosin staining or Masson’s trichrome staining.

Statistical Analysis

Statistical analyses were conducted by blinded researchers. All
values of each group were presented as means + SD. Statistical
difference was analyzed, according to different comparison
situations, by the chi-square test with Fisher’s exact test. p <
0.05 was considered statistically significant.

RESULTS

Sixty-four patients received ER surgery, and 125 patients received IR
surgery. The follow-up was conducted 1 and 6 months
postoperatively and annually thereafter. The overall mean follow-
up period was 6~42 months (average 22.8 months). According to
preoperative MRI findings, the tumors consisted of 56
microadenomas (<10 mm) and 133 macroadenomas (=10 mm);
the overall mean value of the tumor diameter was 22.4 mm. There
were statistically significant differences in age (p = 0.0228) and
maximum tumor diameter (p = 0.0007) between the two groups,
respectively (Table 1).

Tumor Removal

Postoperative MRI showed gross total resection achieved in 62
(96.9%) in the ER group and 107 (85.6%) cases in the IR group.
There was no statistical difference in the incidence of recurrence
between two groups (p = 0.900) (Table 2). Among 64 patients in
the ER group, the pseudocapsule was apparent and complete
enough to be used as a surgical plane initially in only 27 patients;
for the remaining 37 patients, the pseudocapsule was identified at
the outer margin of the tumor after internal debulking. The
tumors were removed in a piecemeal fashion in 125 patients

(66.1%) whose pseudocapsule was not well-demarcated and
fragmentized (Figure 3).

Pseudocapsules were identified in 48.4% of functioning
pituitary tumors and in 51.6% of non-functioning ones.
Considering the postoperative risk of CSF leak, we
fragmentalized the pseudocapsule and reserved part of the
pseudocapsule that is adjacent to the suprasellar cistern
arachnoid in 23/125 (18.4%) patients. Excessive resection of
the cavernous sinus wall resulted in abducens nerve palsy in 1
case, which returned to normal after a 2-month treatment. A
larger portion of microadenoma patients received ER surgery,
compared with the IR group (p < 0.0001) (Table 2).

Endocrine Outcome

Pituitary function was tested 3 months postoperatively and at
regular intervals on an individual basis depending on the
patient’s clinical status. Overall, the remission rate was higher
in the ER group (93.5%, 29/31) than in the IR group (75.5%, 40/
53) (p = 0.042). In addition, anterior pituitary functions were not
aggravated in any patient postoperatively. Transient DI was a
more common symptom in the IR group (80 in IR vs. 31 in ER,
p = 0.044). One acromegalic patient in the ER group, who had
achieved early biochemical remission by EEA alone, showed
elevated serum IGF-1 levels at 1 year postoperatively. The patient
received octreotide acetate microspheres (20 mg) for injection
and achieved endocrinological relief after 3 months (Table 2).

Histopathology Features
Surgically resected specimens were examined histologically. All
preoperative clinical diagnoses were confirmed by pathological
examination. The classification of PAs according to hormonal
activity was verified from the postoperative immunohistochemistry
of the tumor tissue. Endocrine-active tumors were observed in 84
patients (44.4%); PRL, GH, ACTH, and TSH-secreting tumors were
observed in 45, 31, 5, and 3, respectively, and non-functioning
tumors were confirmed in 105 patients (55.6%). There was no
difference between groups (p = 0.444).

Pseudocapsular specimens were histologically examined
using hematoxylin and eosin and reticulin staining in 93

TABLE 1 | Preoperative characteristics of patients.

Symptoms preoperative (%) Total (n = 189) Extracapsular resection (n = 64) Intracapsular resection (n = 125) p value
Male 90 (47.6%) 31 (48.4%) 59 (47.2%) 0.8719°
Age 482 +11.0 51.7 £ 12.9 47.1 £ 131 0.02287
Visual impairment 86 (45.5%) 28 (43.8%) 58 (46.4%) 0.7292°
Functional adenoma 84 (44.4%) 31 (48.4%) 53 (42.4%) 0.4292°
Acromegaly 31 (16.4%) 14 (21.9%) 17 (13.6%) 0.1460°
Prolactinoma 45 (23.8%) 13 (20.3%) 32 (25.6%) 0.4193°
Cushing disease 5 (2.6%) 2 (3.1%) 3 (2.4%) 0.7688°
Thyroid dysfunction 3 (1.6%) 2 (3.1%) 1(0.8%) 0.2262°
Maximum tumor diameter (mm) 22479 20.3 £ 6.2 245+ 8.7 0.0007¢
Tumor size

Microadenoma (<10 mm) 56 (563.1%) 34 (53.1%) 22 (17.6%) <0.0001°
Macroadenoma (210 mm) 1383 (23.8%) 30 (46.8%) 108 (82.4%) <0.0001?
aThe Student t test was used for statistic analysis.

PThe chi-square test was used for statistic analysis.
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TABLE 2 | Postoperative characteristics of patients.

Symptoms postoperative Total (n = 189) Extracapsular resection (n = 64) Intracapsular resection (n = 125) p value
Gross total resection 169 (89.4%) 62 (96.9%) 107 (85.6%) 0.0171
Tumor recurrence 4(2.1%) 1(1.6%) 3 (2.4%) 0.7050
Intraoperative CSF leakage 35 (18.5%) 18 (28.1%) 17 (13.6%) 0.0150
postoperative CSF rhinorrhea 1(1.6%) 0 1(1.6%) 0.4731
Transient diabetes insipidus® 111 (58.7%) 31 (48.4%) 80 (64.0%) 0.0397
Endocrinological remission [n (%)]° 69/84 (82.1%) 29/31 (93.5%) 40/53 (75.5%) 0.0369

APostoperative endocrinological remission was defined as: a nadir serum GH level of < 0.4 ng/ml after an oral glucose load and/or a subsequently normal IGF-1 level adjusted for gender
and age for acromegaly; morning serum cortisol level that was >5 ug/dl within 1 week postoperatively for Cushing disease; normalized morning serum TSH, free triiodothyronine (FT3) and
FT4 levels for thyrotroph adenoma, and serum PRL level of <15 ng/ml for prolactinoma.

bDiabetes insipidus (DI) was diagnosed as hypotonic polyuria > 3,000 mi/day.

The chi-square test was used for statistic analysis.

Bold formation means the differences that reached the statistically significance.

(49.2%) samples. The results revealed that the pseudocapsules Cerebrospinal Fluid Leak and Efficiency of
were composed of fibroblasts, collagen fibers, and condensations ~ Skull Base Construction

of small cells on the background of myxoid materials (Figure 4).  Intraoperative CSF leakage rates of the ER and IR groups were
Reticulin staining demonstrated that the pseudocapsule existed ~ 28.1% (18/64) and 13.6% (17/125), respectively (p = 0.018).
in the adjacent pituitary even in patients without visible = However, no difference was seen in postoperative CSF leakage
pseudocapsule intraoperatively (Figure 5). of two groups (p = 0.773). One case in the ER group developed

FIGURE 3 | Endoscopic endonasal view of pseudocapsular excision. The distinct pseudocapsule during surgery was exposed (A). Relative interface between the pituitary
adenoma and the normal pituitary gland was observed after adequate intracapsular debulking, and only degenerated pituitary tissue or fibers were detected by pathological
examination (B). The pseudocapsule adhered tightly to the arachnoid membrane and was separated using a dissector (C). The pseudocapsule was firm and dissected
piece by piece (D). Bleeding from the cavernous sinus was packed with gelatin sponge, and the normal pituitary gland can be seen without arachnoid membrane injury after
tumor resection (E, F). AM, arachnoid membrane; PS, pseudocapsule; PG, pituitary gland; PP, posterior pituitary; GS, gelatin sponge.
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White bar = 100 um, black bar = 50 um.

FIGURE 4 | Pseudocapsule histopathology. The pituitary-like tissue (arrow) and interfibrillar substance (asterisk) were found (A). Reticulin staining results showed
normal pituitary tissue(arrow) (B). Hematoxylin and eosin (H&E) staining showed normal adenohypophyseal components in the fibrous capsule, which exhibited
acinar-like morphology (C, D). Reticulin staining showed an intact mesh structure inside the fibrous capsule (E), and PRL immune-reactivity was also detected (F).

CSF rhinorrhea with pulmonary infection postoperatively and
was cured after reoperation (Table 2).

DISCUSSION

The pseudocapsule was first described in the early 1900s, which was
formed by the compression between the tumor and normal gland
(3). Adenoma growth leads to compression of the acinar structure
of the adjacent normal gland, resulting in a reticulin-rich
pseudocapsule that encases the entire adenoma in. Since Oldfield
and Vortmeyer firstly dissected the pseudocapsule around
microadenomas instead of internal piecemeal removal (3, 6), the
understanding of pseudocapsule formation and clinical significance
has been developed. Early identification of the adenoma edges is
crucial to limiting the risk of damage to the pituitary gland and
tearing of the arachnoid at the level of the diaphragm sellae; thus,
using the pseudocapsule as a surgical plane could be effective for
surgeons to better confine the resection area (9).

Studies have demonstrated that the possession rate of a
pseudocapsule varies depending on the characteristics of the PA,
including the pathological type and tumor size (4). Whether the
resection is performed outside or inside the pseudocapsule largely
depends on the consistency of the tumor and the degree of
pseudocapsule development. Thus, different surgical techniques
should be adopted according to the presence of the resectable
pseudocapsule. When a tumor has a fibrous and thick
pseudocapsule or when a tumor is very hard or fibrous, dissection
should be performed completely outside the pseudocapsule.

Kawamata (10) suggested that, in smaller tumors, the
pseudocapsule tended to exist more prominently and to cover the
whole tumor, whereas in larger tumors the pseudocapsule tended to
be discontinuous or disrupted. Similarly, in the present study, we
found that ER was more performed in microadenomas, whereas IR
was more adopted in macroadenomas. Furthermore, in some
macroadenomas, the pseudocapsule could not be seen until
proper intracapsular debulking. By contrast, some PAs exhibited
no or undefinable pseudocapsule; during the entire procedure, the
adenoma was excised piecemeal progressively with a dissector, blunt
ring curette, and aspirator.

Previous studies showed that the ER helps in achieving complete
tumor resection (7, 11, 12). Similarly, in the present study, patients
who received ER surgery achieved a higher rate of total adenoma
resection, which indicated the beneficial role of ER surgery. Studies
revealed heterogeneous conclusions that there still existed a
discrepancy of whether ER brings a higher chance of damage
than traditional ones. Some believed that ER methods could also
increase the chance of pituitary gland damage, which leads to
pituitary dysfunction. Others, on the contrary, summarized
optimistic results (13). Typically, since repeated PA surgery has
been proved safe for the experienced doctors and well tolerated by
patients, intact pituitary gland function is deemed more important
than adenoma total removal (14), Theoretically, it is hard for
surgeons to extirpate only tumor cells completely during surgery
without removing any normal pituitary gland tissue because in most
cases the adenoma directly contacts with the normal pituitary gland.
Thus, although we might resect a thin layer of anterior pituitary
gland when resecting the tumor using the ER method, a meticulous
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FIGURE 5 | Pseudocapsule specimen histopathology. Patchy fibrous tissue (asterisk) as well as a few pituitary-like cells (star) were found (A), and the fibrous tissue
was surrounded by pituitary-like cells (B, C). Reticulin staining showed destruction and disorder of adenoid structure of hyperplastic pituitary-like cells, suggesting the
pituitary adenoma (D, E). Tumor cells were exhibited as small cell aggregation, which was found in pseudocapsule specimen (arrow) (F). The pseudocapsule
contained normal pituitary tissue (star) (G). Pituitary adenoma (arrow) featured with homo-size tumor cells as well as vascularized structure, and fibrous hyperplasia
was also observed (asterisk) (H, 1). Gray bar = 200 um, white bar = 100 um, black bar = 50 um.

operation could avoid extra collateral damage of the pituitary gland
and do no more harm than the traditional IR way. Besides,
intracapsular resection sometimes requires more aggressive
resection that could injure the remaining pituitary gland, which
consequently increases the risk of worsening of pituitary function
and increases the possibility of complications (15). This may be the
reason why patients who received ER operation in our study
showed less incidence of DI and better endocrinological remission
rate after surgery, indicating that ER could cause less pituitary gland
damage, compared with IR methods.

Some scholars found that the capsule itself contains tumor cells
and may be a main cause of persistent hypersecretion of the hormone
and possibly the source of recurrence (16). In addition, some studies
found that the pseudocapsule is disrupted by tumor invasion so that
the extracapsular removal and management of tumor invasion
outside of the pseudocapsule are crucial to accomplishing complete
PA removal (17, 18). Noteworthily, in our study, the histological

staining revealed that the tumor was partially infiltrated in the
pseudocapsule. Hence, if necessary, we applied intensive excision to
remove all the confinable pseudocapsule and small remnants that are
hidden behind the membranes to reach complete resection. New
classification recognizes some subtypes of PAs as high-risk PAs,
which include sparsely granulated somatotroph adenoma, lactotroph
adenoma in men, silent corticotroph adenoma, and plurihormonal
Pit-1-positive adenoma (19). For these refractory pituitary adenomas,
we recommend aggressive resection, especially in IR resection cases.
Partial gland resection or resection of the cavernous sinus medial wall
is necessary in some cases since studies showed that it could help
improve biochemical remission for the pituitary gland (20, 21).
Postoperative CSF leaks represent one of dreaded surgical
complications encountered after EEA and have been reported to
occur in approximately 3% at high-volume institutions (22). After
the pedicled nasoseptal flap development by Haddad, there is a
striking decrease of CSF leak rates in endonasal approaches series.
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The pseudocapsule resection might violate and tear the arachnoid
membrane in cases that the pseudocapsule was very adhesive to the
arachnoid membrane, and sometimes CSF leakage is encountered.
There are many techniques to avoid CSF leaks (23); focuses on
limiting trauma to the diaphragm arachnoid membrane may be the
most critical factor. According to the severity of intraoperative
cerebrospinal fluid leak, proper closure techniques were used. In our
present study, there was just one case in CSF rhinorrhea
postoperatively in the ER group due to the defective nasoseptal
and adopted reoperation and revision using autologous fascia grafts.
The results indicated that our skull base reconstruction is also
effective for patients receiving ER surgery. Considering the
heterogeneity of PA patients, we suggested personalized decision
in complicated cases, and pseudocapsule remnant is acceptable if
the complete removal could cause refractory CSF leak.

Study Limitations

There is great heterogeneity in the operative procedure of PA across
different institutions, with limited evidence regarding the
comparative surgical tips and complications. There is a striking
variance between centers for Pas (32862300), depending on local
experience, alternative strategies, and so forth. There are also some
differences in distinguishing the histology of pseudocapsule samples.
More detection methods will be used to further observe the
characteristic of the pseudocapsule. Future transmission electron
microscopy is needed to further inquire the histological features of the
pseudocapsule. Further data including long-term pituitary function
in different groups are needed to justify the proposed techniques.

CONCLUSION

Extra-pseudocapsular resection is an effective technique that
maximizes the extent of resection, improves endocrinological
remission, and reduces certain complication incidences.
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We aimed to study the relationship between pneumocephalus on non-contrast CT
(NCCT) and post-operative cerebrospinal fluid leakage (p-CFL) after endoscopic
transsphenoidal sellar and suprasellar tumor surgeries. Data from patients who
underwent endoscopic treatment for sellar or suprasellar tumors from January 2018 to
March 2020 were consecutively collected and reviewed. The NCCT pneumocephalus
(NP) was measured the first day after operation and the first day after the expansive
sponge was extracted. p-CFL was determined according to post-operative clinical
symptoms, high resolution CT and glucose test, and expert consensus. Of the 253
patients enrolled in this study, 32 (12.6%) had p-CFL. Compared with patients without p-
CFL, patients with p-CFL had a higher occurrence of intra-operative CFL, a longer
operation time, a higher rate of pneumocephalus on first-day NCCT after operation (i.e.,
first-day NP), and a higher rate of NP volume change between two NCCT measurements
(referred to as the NP change) (all p < 0.05). In multivariate regression analysis, first-day NP
was independently associated with p-CFL occurrence [odds ratio (OR)=6.395, 95%
confidence interval (Cl)=2.236-18.290, p=0.001). After adding the NP change into the
regression model, first-day NP was no longer independently associated with p-CFL, and
NP change (OR = 19.457, 95% Cl = 6.095-62.107, p<0.001) was independently
associated with p-CFL. The receiver operating characteristic curve comparison analysis
showed that NP change had a significantly better predicting value than first-day NP (area
under the curve: 0.988 vs. 0.642, Z=6.451, p=0.001). NP is an effective imaging marker
for predicting p-CFL after endoscopic sellar and suprasellar tumors operation, and the NP
change has a better predicting value.
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INTRODUCTION

Endoscopic transsphenoidal surgery is increasingly performed by
neurosurgeons to treat skull base lesions, but cerebrospinal fluid
(CSF) leakage (CFL) is a difficult-to-avoid complication, with an
incidence as high as 11% (1). The most common sites of surgical
traumatic CFL are the ethmoid roof and sphenoid sinus (2). In one
study, pituitary tumor resections accounted for nearly half of the
cases of confirmed CFL following tumor removal (3). CFL can
cause symptoms of low intracranial pressure, pneumocephalus,
and life-threatening intracranial infection, all of which seriously
affect patient prognosis (4, 5). Although there are many ways to
repair CFL, such as lumbar cistern drainage and multilayered
techniques including fat tamponade, fascia lata, artificial dura,
pediculate nasoseptal flap, and balloon compression (6-10),
leakage is still difficult to repair. Moreover, post-operative CFL is
difficult to detect and easily neglected by clinicians.

Early detection of CFL is quite important. Methods reported to
diagnose CFL include P2-transferrin testing, glucose rhinorrhea
content analysis, high-resolution computed tomography (HRCT),
magnetic resonance imaging (MRI), and cisternography (11-13).
However, these methods are inconvenient and carry a certain risk
of misdiagnosis (14, 15). Pneumocephalus is a common clinical
manifestation of CFL (16). In cases of low intracranial pressure, air
can enter the brain and cause pneumocephalus (17, 18). Non-
contrast CT (NCCT) can clearly show pneumocephalus after
transsphenoidal surgery. However, since no study has assessed
the relationship between pneumocephalus on NCCT and CFL
after transnasal surgery, the diagnostic value of post-operative
NCCT for CFL is uncertain.

Here, we analyzed surgical cases of endoscopic transsphenoidal
sellar and suprasellar tumors, focusing on the relationship between
CFL and the occurrence and volume change of NCCT
pneumocephalus (NP) to identify a new method of CFL diagnosis.

METHODS

Ethics Statement

Each subject or an appropriate family member provided written
informed consent prior to the study, and the protocols were
approved by the local ethics committee. All clinical investigations
were conducted according to the principles expressed in the
Declaration of Helsinki.

Study Subjects

The retrospective study included consecutively collected patients
who underwent endoscopic treatment for sellar or suprasellar
tumors from January 2018 to March 2020. Patients’
demographics, medical histories, pathological findings, and
repair outcomes were recorded. Pre- and post-operative
imaging, operative reports, medical records, and operative
videos were reviewed. We excluded cases if (i) post-operative
pathology did not show evidence of a tumor or (ii) they were
missing imaging and clinical data (Figure 1).

Operation Procedure

Endoscopic resection of sellar or suprasellar tumors was performed
routinely. Most operations were performed through the right
nostril. If sellar septum injury or CFL was noticed during the
operation, a repair was performed via lumbar cistern drainage;
artificial dura repair; balloon compression; or autologous tissue like
fat tamponade, fascia lata, or a pediculate nasoseptal flap (Figure 2).
Depending on the intra-operative conditions, the surgeon might
choose some or all of these methods for skull base reconstruction.
Regardless of the occurrence of CFL during surgery, we routinely
filled the nasal cavity with an expansive sponge, which was extracted
on the third day after operation. The initial head NCCT scan was
performed on the first day after surgery, and the second scan was
performed the first day after expansive sponge extraction.

Calculation of NP Volume

The presence of NCCT pneumocephalus (NP) was measured on
the first day after operation, and NP volume was estimated the
first day after expansive sponge extraction. NP change was
defined as the volume change in NP between the first day after
operation and 24 h after sponge extraction, and it was divided
into four categories: no NP in both NCCT measurements, NP
volume decreased, NP volume remained and NP volume
increased, which were abbreviated as no NP, decreased NP,
unchanged NP and increased NP, respectively. The latter three
categories were ascribed as NP change. NP delineation and
volumetric analysis were conducted using MRIcron software
(http://www.mccauslandcenter.sc.edu/mricro/mricron). The NP

Patients who underwent endoscopic
sellar or suprasellar region surgery from
Jan. 2018 to Mar.2020.
n=271

ID t-op: was not tumor.

| n=12

J Incomplete imaging and clinical data from

1 s

Patients who finally enrolled into the
study.
n=253

| No NP | | The first-day NP l

n=213 n=40 15t day NCCT after operation
3 days interval
No NP 1stday NCCT after the
n=207 NP NP NP extraction of expansive sponge
n=16 n=12 n=18
p-CFL p-CFL p-CFL p-CFL
n=0 n=16 n=8 n=8

FIGURE 1 | Flow chart depicting patient selection and the observation
process for the association between NP and p-CFL. NCCT, non-contrast
computed tomography; NP, NCCT pneumocephalus; p-CFL, post-operative
cerebrospinal fluid leakage.
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FIGURE 2 | Multilayered repair procedure for cerebrospinal fluid leakage in
endoscopic transsphenoidal surgery. (A) A piece of artificial dura mater was
inserted into the subdural space. (B) Another piece of artificial dura mater
was place in the epidural space. (C) Autogenous fascia lata was placed on
the sellar floor for further repair. (D) The pediculate nasoseptal flap was used
to reconstruct skull base defects. (E) Fibrin sealant was used for reinforcement
of skull base defect repair. (F) The nasal cavity was filed with Nasopore dressing
to strengthen the repair of skull base defects.

volume measurement method is shown in Supplementary
Figure S1.

Post-Operative Diagnosis of CFL
The diagnostic flow chart is shown in Figure 3.
Post-operative CFL (p-CFL) was diagnosed if patients had

@DPersistent post-operative nasal discharge regardless of the
occurrence of intra-operative CFL;

@Neither intra-operative CFL nor persistent post-operative nasal
discharge but positive HRCT finding (CSF leak through a defect);

®Non-persistent nasal discharge after surgery, negative HRCT, but
positive glucose test (glucose rhinorrhea content >1.7 mmol/L).
In that case, glucose was repetitively tested, and the p-CFL
diagnosis was determined by two experienced neurosurgeons
(YH and WY, 5+ years’ experience in endoscopic surgery).
When there were different diagnostic opinions, the
neurosurgeons reached consensus after discussion.

Patients without post-operative nasal discharge and negative
CSF tests were defined as non-p-CFL.

Statistical Analysis

The characteristics of patients with and without p-CFL (ie.,
p-CFL vs. non-p-CFL) are presented as mean and standard
deviation (SD) for normally distributed continuous data, non-
normally distributed variables are described as quartiles, and
categorical variables are given as counts and percentages.
Between-group differences were evaluated using Student’s t-

Intraoperative CFL(+) | | Intraoperative CFL(-) |

Persistent postoperative
nasal discharge (+)

Persistent postoperative
nasal discharge (-)

|Repetitive glucose (+) ‘

| Glucose (-) ‘

\/ v
: p-CFL ﬁ Neurosurgeons opinions |

| No CFL |

FIGURE 3 | Flow chart of p-CFL diagnosis. p-CFL can be diagnosed if any of the following are met: ®@®. HRCT (+) indicates a positive finding on HRCT that
cerebrospinal fluid leaks through a defect, and HRCT (-) means no positive findings on HRCT. Glucose (+) indicates that glucose rhinorrhea content >1.7 mmol/L,
and glucose () means that glucose rhinorrhea content <1.7 mmol/L. CFL, cerebrospinal fluid leakage; HRCT, high-resolution computer tomography; p-CFL, post-

operative cerebrospinal fluid leakage.
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tests or Mann-Whitney U-tests for continuous data and chi-
square tests or Fisher’s exact tests for categorical variables.

Variables that were significant on univariate analysis (p < 0.05)
were included in the binary logistic regression model. Adjusted odds
ratios (ORs) with 95% confidence intervals (CIs) were calculated,
and p < 0.05 was considered significant. Receiver operative curve
(ROC) analysis was performed to test the predictive power of
independent variables for the dependent variable; we calculated
the areas under the ROC curve (AUC), sensitivity, and specificity.
All analyses were performed after blinding the participants’
identifying information. Statistical analysis was performed using
SPSS 19 (SPSS Inc., Armonk, NY, USA). ROC curve comparison
analyses were conducted by MedCalc statistical software version 15
(MedCalc Software, Mariakerke, Belgium).

RESULTS

Patient Characteristics

A total of 271 patients were reviewed, and we identified 253 patients
who met the study criteria after excluding 18 patients for the
following: (i) post-operative pathology did not show evidence of a
tumor (n = 12), and (ii) incomplete imaging and clinical data from
admission to discharge (n = 6). Of the 253 patients, 49.6% were
female, and the median patient age was 50 years (IQR, 40-60 years).

Of all the 253 patients, 40 (15.8%) showed first-day NP after
operation. After the extraction of the expansive sponge, 46
patients (18.2%) showed NP change, and 32 (12.6%) were
finally confirmed with p-CFL. The median test time for p-CFL
was 2 days (IQR, 1-5 days) after the removal of the expansive
sponge, and 62.5% of p-CFL patients were tested beyond 2 days
after the removal of the expansive sponge.

Compared with non-p-CFL group, the p-CFL group showed a
significantly longer duration of hospitalization and a higher rate
of post-operative infection (62.5% vs. 11.8%, x> = 48.090, p <
0.001) (Supplementary Table S1). Ten patients received the
repairment operation once or more, but still two of them died
because of severe intracranial infection during hospitalization.

Factors Influencing the Occurrence

of p-CFL

Compared to the non-p-CFL group, patients with p-CFL had a
higher rate of intraoperative CFL, a higher use of free fat
interpositional graft, lumbar cistern drainage, balloon compression,
artificial dura mater implantation, and a longer duration time of
operation (all p < 0.05). After resecting tumors, patients with p-CFL
showed a higher rate of first-day NP and NP change during
hospitalization, a higher occurrence of high fever and infection, and
a longer duration of hospitalization (all p < 0.05) (Supplementary
Table S1).

Among patients with no NP (N=207), none was found of p-CFL
in both NCCT measurements. Among patients with an NP change
(n = 46), 10 were in the decreased-NP subgroup who initially
showed first-day NP but not on follow-up NCCT and were
determined not to have p-CFL. Sixteen patients who showed
increased NP between both NCCT measurements were confirmed

to have p-CFL, including six patients without NP on first-day
NCCT but with NP on follow-up NCCT after sponge extraction
(Figure 1). Factors associating with NP change were tested and
shown in Supplemental Table S2.

When adding first-day NP into the multivariate regression
model, both the first-day NP (OR = 6.395, 95% CI = 2.236-
18.290, p=0.001) and operative duration time (OR = 1.027, 95%
CI=1.018-1.036, p<0.001) were independently associated with
the occurrence of p-CFL after adjusting for pathology type
(Model 1, Supplementary Table S3).

After adding NP change into the regression model, first-day
NP was no longer independently associated with the occurrence
of p-CFL. However, NP change (OR = 19.457, 95% CI = 6.292-
71.373, p<0.001) and operative duration time (OR = 1.019, 95%
CI=1.004-1.034, p=0.015) were independently associated with p-
CFL (Model 2, Supplementary Table S3). In patients with NP
change, decreased NP (OR = 0.133, 95%CI = 0.033-0.545,
p=0.005) was significantly associated with a lower risk for
having p-CFL in comparison of unchanged and increased NP.

Comparison of p-CFL Predictive Power Between
Presence of First-Day NP and NP Change

ROC analysis showed that the AUC offirst-day NP for predicting
p-CFL was 0.642 (95% CI = 0.529-0.755, p=0.009), with
sensitivity of 68.6% and specificity of 87.8%. The AUC of NP
change for predicting p-CFL was 0.988 (95% CI = 0.977-0.998,
p<0.001), with sensitivity of 100% and specificity of 93.7%. The
ROC comparison showed that NP change had a significantly
better predicting value than first-day NP (Z=6.451, p=0.001).

DISCUSSION

Diagnosis and management of p-CFL can be challenging, even
for the most experienced neurosurgeons (13). Clear rhinorrhea
and/or headache is common in many conditions. Those that
should be considered to have CFL exhibit allergic rhinitis,
common cold, vasomotor rhinitis, spontaneous intracranial
hypotension, subarachnoid hemorrhage, and meningitis (18,
19). CFL can pose a serious hazard and is associated with
delayed wound healing, meningitis, epidural infections, and
pneumocephalus (20, 21). These complications often lead to
prolonged hospitalization, reoperation, and increased healthcare
costs (22-25). The most serious potential complication of CFL is
meningitis (16, 26). Two patients in our study contracted
Klebsiella pneumoniae infection and died. Thus, it is vital to
find early signs that can be used to diagnose CFL. We found that
both first-day post-operative NP and its volume change over
time could predict p-CFL, and the latter had a higher predictive
value. Compared with patients who had no NP, those with no
change and increased NP had a higher risk of having p-CFL, and
100% of increased-NP patients (n = 16) were confirmed to have
p-CEL.

There are two possible pathophysiologic explanations for the
correlation between the presence of NP and p-CFL: the inverted
bottle mechanism and the ball-valve mechanism (18, 27, 28). In the
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first, it is postulated that as CSF flows out of the subarachnoid space
through a dural-arachnoid tear, it creates negative pressure within
the subarachnoid space. The negative pressure prevents the leakage
of more CSF until air enters to take its place and equilibrates the
pressure differential. The ball-valve mechanism hypothesizes that air
enters through a fracture next to an air-containing space (18, 27,
28). Use of a vacuum drainage system predisposes patients to
pneumocephalus in the presence of CFL (18, 29, 30).

We found that the NP change after expansive sponge extraction
could better predict p-CFL than the first-day NP. Previous studies
considered post-operative NP as an epiphenomenon of intra-
operative CSF leak which would correlate with a higher risk of p-
CFL (31, 32). Head NCCT examination was routinely performed on
the first day after operation when the patient’s bilateral nasal cavity
was filled with an expansive sponge, and they were in a continuous
supine position. Even if there was CSF leakage, it could not easily
flow out of the nasal cavity. This situation also made it difficult for
air to enter the brain. Therefore, if CFL is slight during and after
operation, pneumocephalus is not always evident on early post-
operative CT. A second CT scan was performed after sponge
extraction and off-bed training for 1 day. If CFL existed at that
time, CSF would be more likely to flow out than before. The reduced
intracranial pressure means that air is more likely to enter the brain
and causes pneumocephalus. Therefore, detecting NP volume
changes can more effectively predict p-CFL than observing the
NP on the first CT. However, most of the patients were discharged
within 5 days of the operation, which precluded further CT
dynamic observation.

In patients with first-day NP after tumor resection, the occurrence
of p-CFL was lower among those with reduced NP volume compared
with those with increased or unchanged NP volume. The probable
cause is that pneumocephalus was gradually absorbed after the CFL
resolved. Intra-operative CFL and the loss of a large amount of CSF
initially leads to pneumocephalus. However, when the CFL was
properly repaired with skull base reconstruction, the post-operative
pneumocephalus gradually absorbed. In contrast, no change or an
increase in CT pneumocephalus suggested persistent CFL. If the CFL
is completely solved, the pneumocephalus will be gradually absorbed,
and CT re-examination after 3 days is sufficient to observe the
pneumocephalus reduction. If there is no change or there is an
increase in pneumocephalus volume post-operatively, it indicates that
intracranial pressure continues to decrease and a leak still exists, so the
incidence of p-CFL increases.

In this study, p-CFL developed in two patients who had no
pneumocephalus on the first day after the operation.
Pneumocephalus was found on imaging on the fourth day after
the operation, suggesting that dynamic review of head NCCT has
supplementary significance for CFL evaluation. Although there was
an increase in pneumocephalus volume after operation in one case,
there was no CSF leakage, possibly due to excessive drainage of CSF
via lumbar cistern drainage.

Our study was limited by the small number of patients and
single-center retrospective design, so multicenter studies with
larger samples sizes are needed to confirm our findings. In
addition, we did not use beta-2 transferrin or beta trace
protein testing to diagnose CFL because our hospital does not

routinely perform these analyses. Nevertheless, glucose
rhinorrhea content testing is fast, simple, inexpensive, and can
be carried out in most hospitals, which could promote the wide
application of our findings. An evidence-based review also
pointed out that the guidance level for glucose testing was not
inferior to that of beta-2 transferrin or beta trace protein testing
in identifying CFL (14). Finally, the short observation time of our
study was limited to the hospitalization duration, and future
investigations should perform longer follow-ups.

CONCLUSION

Our results show that NP change is a more convenient and
effective imaging marker than first-day NP for predicting p-CFL
after endoscopic sellar and suprasellar tumor resection. During
dynamic NCCT observation, attention should be paid to the risk
of p-CFL in patients with no change or increased NP.
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Supplementary Figure S1 | NP volume measurement on the first day and the
fourth day after endoscopic transsphenoidal surgery. This is a case of 45-year-
old male diagnosed with tuberculum sellae meningioma. (A) On the first day after
operation, a small amount of CT pneumocephalus was found, which was 2.1ml.
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Purpose: To evaluate which radiological classification, Knosp, revised-Knosp, or
Hardy-Wilson classification, is better for the prediction of surgical outcomes in the
endoscopic endonasal transsphenoidal (EET) surgery of pituitary adenomas (PAS).

Methods: This is a retrospective study of patients with PAs who underwent EET PA
resection for the first time between January 2009 and December 2020. Radiological
cavernous sinus invasiveness was defined as a Knosp or revised-Knosp grade >2 or a
grade E in the Hardy—-Wilson classification.

Results: A total of 228 patients with PAs were included. Cavernous sinus invasion was
evident in 35.1% and suprasellar extension was evident in 74.6%. Overall, surgical cure
was achieved in 64.3% of patients. Surgical cure was lower in invasive PAs than in non-
invasive PAs (28.8% vs. 83.1%, p < 0.0001), and the risk of major complications was
higher (13.8% vs. 3.4%, p = 0.003). The rate of surgical cure decreased as the grade of
Knosp increased (p < 0.001), whereas the risk of complications increased (p < 0.001).
Patients with Knosp 3B PAs tended to achieve surgical cure less commonly than Knosp
3A PAs (30.0% vs. 56.0%, p = 0.164). Similar results were observed based on the
invasion and extension of Hardy-Wilson classification (stage A-C 83.1% vs. E 28.8%
p <0.0001, grade 011 81.1% vs. llI-IV 59.7% p = 0.008). The Knosp classification offered
the greatest diagnostic accuracy for the prediction of surgical cure (AUC 0.820), whereas
the invasion Hardy-Wilson classification lacked utility for this purpose (AUC 0.654).
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Conclusion: The Knosp classifications offer a good orientation for the estimation of
surgical cure and the risk of complications in patients with PAs submitted to EET surgery.
However, the invasion Hardy-Wilson scale lacks utility for this purpose.

Keywords: pituitary adenomas, invasive pituitary adenomas, Knosp classification, Hardy-Wilson classification,
endoscopic endonasal transsphenoidal surgery

INTRODUCTION

Pituitary surgery aims to eliminate excess hormone production in
functioning pituitary adenomas (PAs), avoid or ameliorate tumor
mass effects, preserve both pituitary function and adjacent nerve
structures, and eliminate or reduce the risk of future recurrences (1).
Nevertheless, the operative approach of PAs is guided by the size
and location of the tumor and its relation to surrounding
anatomical structures. This way, invasion of cavernous sinus is a
known limiting factor in the achievement of complete surgical
resection and could lead to a higher risk of postoperative surgical
complications (2-4). Pre-surgical information about status of
cavernous sinus invasion and the invasion of other parasellar
structures is a key factor to planning surgery and for the
estimation of the chances of surgical cure in PAs.

The earliest universally accepted, radiographic and operative
classification of local invasion was proposed by Hardy et al. in 1976
(5) and later modified by Wilson in 1979 to distinguish between
different grades of extrasellar extension (6). In 1993, Knosp et al.
described the classical radiological classification of cavernous sinus
invasion based on the relations of the PAs with the line between the
supraclinoid internal carotid artery (ICA) and intra-cavernous ICA
on coronal magnetic resonance imaging (MRI) (7). Several studies
have found that the Knosp grade is a good predictor of surgical
outcomes (4, 8, 9). Later studies have found that the revised-Knosp
classification (3), which includes the differentiation between superior
or inferior cavernous sinus compartment invasion in grades 3A and
3B, provides a better prediction of gross total resection and endocrine
remission in functioning PAs (10). However, to the best of our
knowledge, no previous studies have compared the Hardy—Wilson,
Knosp, and revised-Knosp classifications for the prediction of surgical
cure and complications in PA surgery and analyzed the correlation of
these radiological scales with histological findings.

The aim of our study was to evaluate whether the radiological
Knosp, revised-Knosp, and Hardy-Wilson classifications are
good predictors of surgical outcomes in PAs, and which of
these classifications have a greater predictive value for this
purpose. Moreover, we have evaluated the correlation of these
radiological classifications with histological findings. This
information could be useful for surgical planning and for the
estimation of the chances of surgical cure in PAs.

METHODS

Patients
A retrospective, two-center study was conducted. A total of 309
pituitary surgeries of patients with pituitary tumors operated

between January 2009 and December 2020 at the Department of
Neurosurgery of the Hospital Universitario Ramon y Cajal (HURC)
and Hospital Universitario HM Puerta del Sur (HUPS) were
identified. Clinical and radiological information was collected
retrospectively between 2009 and 2012 (n = 45) and prospectively
since January 2012 (n = 264). Inclusion criteria in the present study
were as follows: (1) patients with available information about
preoperative clinical, hormonal, and radiological data, and (2)
pathology reports confirming PA diagnosis. Patients with Rathke’s
cysts, craniopharyngioma, or pituicytoma diagnosis (n = 44),
operated previously by the same or other neurosurgeons (n = 37),
or operated by other neurosurgeons (n = 27) were excluded. A total
of 228 patients met inclusion criteria and were enrolled (Figure 1).
The local Ethical Committee of the HURC and HUPS reviewed and
approved this study (approval date: October 4, 2019, code:
ACTA 372).

Clinical and Hormonal Evaluation

The following demographic and clinical variables were included
in our pituitary database: age, sex, diabetes mellitus, obesity,
cardiovascular disease, hypertension, headache, visual
impairment, and symptoms or signs of hypopituitarism, due to
hormonal excess production. Visual involvement was defined as
the presence of any degree of visual acuity compromise, from
mild to severe visual acuity involvement and from partial to
complete field conditions (9).

Hormonal assessment included preoperative measurement of
8am serum cortisol, ACTH, thyroid-stimulating hormone
(TSH), free thyroxine (FT4), prolactin, follicle-stimulating
hormone (FSH), luteinizing hormone (LH), insulin-like growth
factor-1 (IGF-1), and total and free testosterone in males, as we
have previously described (9). In those patients with 8am serum
cortisol between 5 and 18 pg/dl, a 250-ug ACTH stimulating test
was performed. The definitions of each pituitary hormone deficit
were defined as we have previously described (11).

Biochemical cure was defined as normalization of urinary free
cortisol in Cushing’s disease (12), as IGF-1 level in age- and sex-
adjusted normal range and random GH value <2.5 ng/ml or GH
value <1 ng/ml during an oral glucose tolerance test (OGTT)
(13), as normalization of prolactin levels in prolactinoma, and as
FT4 and FT3 normal levels in TSH-secreting PAs.

Radiological Evaluation

Radiological evaluation was performed using an MRI of 1.5 T,
GE 450w following our pituitary tumors protocol (1). The latero-
lateral and craniocaudal diameters were assessed. PAs with
maximum PA diameter <10, 210, 230 and <40, and >40 mm
were defined as microadenomas, macroadenomas, very large,
and giant PAs, respectively.
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Pituitary tumours underwent surgery
between 2009-2021 (n=309)

EXCLUSION
v CRITERIA

Pituitary adenomas underwent
surgery by first and by the same
neurosurgeon (n=228)

FIGURE 1 | Study population.

v

Other pituitary tumours different to
adenomas (n=44)

Second surgery (n=37)

Operated by other neurosurgeons (n=37)

The Hardy-Wilson classification considered the degree of
sellar destruction (grade) and extrasellar extension (stage) (14).
Sellar destruction was divided into the following: Grade 0 when
the enclosed adenoma is described as a tumor that remains
within the anatomical confines of the osteoaponeural sheath of
the sella turcica; Grade I: the sella turcica is within normal limits
in size or focally expanded and the tumor is <10 mm; Grade II:
tumor > 10 mm and the sella turcica is enlarged but the floor
remains intact; Grade III: a local erosion or destruction of the
floor; Grade IV when the entire floor of the sella is diffusely
eroded or destroyed, giving a characteristic “phantom sella” with
all the boundaries barely visible. Extrasellar extension according
to the Hardy-Wilson modified scale is divided into stage 0, with
no suprasellar extension, A-C for progressive suprasellar
extension (A: occupying cistern, B: recess of third ventricle
obliterated, and C: third ventricle grossly displaced), and D-E
grading parasellar extension (D: intracranial extension and E:
cavernous sinus extension) (Figure 2).

Cavernous sinus invasion was evaluated using the Knosp-
Steiner classification based on coronal T1-weighted contrasted
imaging (15): Knosp 0 when PA is medial to medial tangent;
Knosp 1 if PA extends to the space between the medial tangent
and the intercarotid line; Knosp 2 when PA extends to the space
between the intercarotid line and the lateral tangent; Knosp 3 if
PA extends lateral to the lateral tangent; and Knosp 4 with a
complete encasement of intracavernous ICA. Knosp score 3-4
were considered as invasive PA. Moreover, radiological reports
were reviewed to include the revised-Knosp classification (3, 5).
The revised-Knosp classification includes 2 subtypes of grade 3:
Knosp 3A when PA is above the intracavernous ICA into the
superior cavernous sinus compartment and Knosp 3B when PA
is below the intracavernous ICA into the inferior cavernous sinus
compartment (Figures 2 and 3).

The extent of tumor resection (EOR) was classified into total
(100%) or subtotal 70%-100% based on the 3-6 months
postoperative MRI. Surgical cure is defined as total EOR in
non-functioning PAs and by biochemical remission in
functioning PAs.

Surgical and Histological Evaluation

Pituitary surgery was performed by an experienced endoscopic
pituitary surgeon (VB) with more than 300 endoscopic pituitary
surgeries performed and an average of 35 pituitary surgeries/year
in two high-volume centers (RyCUH and HMPSUH) during the
last 10 years. The Endonasal Endoscopic Approach (EEA) was
used in all surgeries included in this series. The approach
included a binarial four-hand technique with wide anterior
sphenoidotomy and partial posterior septectomy. In the cases
with cavernous sinus invasion, an extended approach was
performed. The macroscopic variables analyzed during
pituitary surgery were tumor consistency (tumors difficult to
remove with ring curettes and tumors that required sharp
dissection, bipolar cautery, and/or surgical aspirator were
termed hard tumors; the easily suckable were classified as soft
tumors) and macroscopic information about dural, periosteal, or
mucosal tissue invasion (defined as macroscopic invasiveness
data). Complications have been divided into major [intrasellar
bleeding (intra- or postoperative) requiring surgery, CSF fistula,
meningitis, visual impairment with previously normal vision,
new focal neurological deficit, carotid injury, stroke, or death]
and minor (presence of diabetes insipidus, loss of the anterior
pituitary hormonal axis, and medical complication).

The histological features evaluated were pituitary hormone
immunostaining [ACTH, Prolactin and LH (polyclonal,
Ventana), GH (clone A0570, Dako), TSH (clone 0042, Dako)
and FSH (clone C10, Dako)] and the proliferation index based on
Ki67 immunoexpression (clone MIB-1, Dako). Histological
invasiveness was defined as invasion of sinus mucosa or
adjacent bone in histopathologic sections.

Statistical Analysis

The statistical analysis was performed using STATA.15. In the
descriptive analysis, categorical variables were expressed as
percentages and (absolute values of variable) quantitative
variables were expressed as mean * standard deviation. The
normality assumption was studied with Shapiro-Wilk test.
Student’s t-test was performed accordingly to compare

Frontiers in Oncology | www.frontiersin.org

87

January 2022 | Volume 11 | Article 807040


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Araujo-Castro et al. Surgical Outcomes in Pituitary Adenomas

Grade 1 Grade 2

Grade 4

Hardy Classification

A B

Hardy-Wilson modified scale

Knosp Classification

FIGURE 2 | Hardy-Wilson and Knosp classifications. Hardy-Wilson classification considered the degree of sellar destruction: Grade O when the adenoma remains
within the anatomical confines of the osteoaponeural sheath of the sella turcica; Grade I: the sella turcica is within normal limits in size or focally expanded and the
tumor is <10 mm; Grade II: tumor > 10 mm and the sella turcica is enlarged but the floor remains intact; Grade llI: a local erosion or destruction of the floor; Grade IV
when the entire floor of the sella is diffusely eroded or destroyed. Extrasellar extension according to Hardy-Wilson is divided in stage O, with no suprasellar extension,
A-C for progressive suprasellar extension. Knosp-Steiner classification considered: Knosp 0 when PA is medial to medial tangent; Knosp 1 if PA extends to the
space between the medial tangent and the intercarotid line; Knosp 2 when PA extends to the space between the intercarotid line and the lateral tangent; Knosp 3 if
PA extends lateral to the lateral tangent; and Knosp 4 with a complete encasement of intracavernous ICA. Knosp score 3—-4 were considered as invasive PA. The

revised-Knosp classification includes Knosp 3A when PA is above the intracavernous ICA into the superior cavernous sinus compartment and Knosp 3B when PA is
below the intracavernous ICA into the inferior cavernous sinus compartment.
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FIGURE 3 | Intraoperative-radiologic correlation of cavernous sinus invasion in pituitary adenomas. ICA is highlighted in yellow dotted line and differently
affected CS compartments are pointed out (white stars). Case 1: Right superior compartment invasion of the cavernous sinus (Knosp 3A) in an acromegalic
patient. Preoperative MRI (A1) and intraoperative view through a 45° endoscope (A2) after tumor resection (left cavernous sinus medial wall resected in blue
dotted line). The patient was cured after surgery. Case 2: Left Inferior compartment invasion of the CS in a resistant prolactin-secreting PA (Knosp 3B).
Preoperative MRI (B1) and intraoperative view through a 0° endoscope (B2) after tumor resection showing anterior CS wall resection (green dotted line).
Case 3: Complete cavernous sinus invasion (Knosp 4) in an acromegalic patient. Preoperative MRI in T2 sequences (C1, C2) shows a complete ICA
encasement and the postoperative coronal MRI (C3) shows a near total resection. Intraoperative view through a 45° endoscope (C4) after tumor resection
showing ICA and superior and inferior compartment. No surgical cure was achieved.

differences in continuous parameters between two subgroups. The
Chi-squared test was applied to compare categorical variables
between independent samples. Kappa kohen index was used to
evaluate the reliability between both classifications. ROC curves
were performed to calculate the best predictive grade in the Knosp
and Hardy classifications for surgical cure. The significance level
was set at p < 0.05.

RESULTS

Baseline Characteristics

In the last 11 years, 228 patients with PAs underwent
transsphenoidal endoscopic endonasal PA resection for the first
time by the senior author (VB). Non-functioning PAs represent
61.4% (n = 140) of the cohort, 22.4% (n = 51) had acromegaly,
11.0% (n = 25) Cushing’s disease, 4.8% (n = 11) prolactinoma, and
one patient had a TSH-secreting PA. Forty patients were medically
treated before surgery (8 patients with prolactinoma and 1 patient
with acromegaly were treated with dopamine agonist, 24 patients
with acromegaly were treated with somatostatin analogues, and 7
patients with Cushing’s disease were treated with adrenal
steroidogenesis inhibitors (ketoconazole and/or metyrapone)],
and no patients had a history of previous pituitary radiotherapy.
Baseline patient’s characteristics are reported in Table 1.

Pre-Surgical Variables Associated With
Radiological Invasiveness

Based on Knosp and extension Hardy classifications (stage),
35.1% (n = 80) presented cavernous sinus invasion. The Knosp
grade distribution was as follows: grade 0 in 22.8% (n = 52),
grade 1 in 15.4% (n = 35), grade 2 in 26.8% (n = 61), grade 3 in
16.2% (n = 37), and grade 4 in 18.9% (n = 43). Among the Knosp
grade 3, 25 were grade 3A and 10 grade were 3B (in 2 patients,
the images were not available for the classification in Knosp 3A
and 3B) (Figure 3). Patients with invasive PAs presented larger
tumors, which caused visual manifestations more commonly
than non-invasive PAs (Table 2). Nevertheless, the higher
prevalence of visual involvement in invasive PAs was related
with their higher tumor size [adjusted OR: 1.0 (0.5-2.2)].
According to the Hardy invasion classification (n = 173), 5
were grade 0, 1 grade I, 38 grade II, 102 grade III, and 27
grade IV. Based on the Hardy extension classification, 148 were
stage A-C (suprasellar extension) and 80 were stage E; 11
patients had intracranial extension of the PA although they
were all considered grade E because of concomitant cavernous
sinus invasion. As expected, when considered as dichotomic
scales (Knosp 0-2 vs. 3-4 and Hardy stage A-C vs. E), there was
an excellent accordance between the Knosp and extension Hardy
classifications (kappa 1.00, global agreement 100%).
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TABLE 1 | Patient and tumor characteristics of the study cohort at diagnosis.

Characteristic Value

Age (years) 529+ 154
Female sex 52.2% (n =119)
Diabetes mellitus 13.2% (n = 30)
High blood pressure 30.7% (n = 70)
Obesity 10.5% (n = 24)
Heart disease 8.3% (n=19)
Sleep apnea syndrome 7.9% (n =18)
Headache 22.8% (n =52)
Visual involvement 34.7% (n=79)
Pituitary apoplexy 6.6% (n = 15)
Hypopituitarism 37.3% (n = 85)
Macroadenomas 86.3% (n = 196)
Knosp grade > 2/Hardy stage E 35.1% (n = 80)
Hardy grade > Il (n = 173) 74.6% (n = 129)
Cranio-caudal diameter (mm) 20.7 £ 12.3
Latero-lateral diameter (mm) 19.0 £ 10.0
Total tumor resection in non-functioning PAs 69.3% (n = 88)
Biochemical cure in functioning PAs 65.9% (n = 58)
Postoperative permanent diabetes insipidus 4.8% (n = 11)
Cerebrospinal fluid leakage 5.3% (n=12)

Postoperative new anterior pituitary deficits
Hard consistency (n = 218)

13.3% (n = 19)
28.9% (n = 63)

Invasion Hardy classification (sella destruction) was available only in 173 patients.

Knosp and Hardy Classifications:
Correlation With Histological Invasiveness
and Tumor Consistency

A clear association between the radiological Knosp and extension
Hardy classifications and pathological invasiveness examination
was found, as 7.6% of the Knosp 3-4 or stage E PAs had
histological invasion compared to only one case of the non-
invasive PAs (p = 0.004). Moreover, invasive PAs were more
commonly of hard consistency than non-invasive PAs (Table 2).

Knosp, Modified Knosp, and Hardy-Wilson
Classifications: Impact on Surgical
Outcomes

Overall, surgical cure was achieved in 64.3% of the patients:
complete surgical resection in 69.3% (n = 88) of non-functioning

PA and biochemical remission in 65.9% (n = 58) of functioning PAs
(80% of Cushing’s disease, 66.7% of acromegaly, and 27.3% of
prolactinomas and in the TSHoma). Complete surgical resection in
non-functioning PAs and biochemical cure in functioning PAs were
significantly higher in Knosp 0-2/Hardy stage A-C PAs than in
Knosp 3-4/Hardy stage D-E PAs. Moreover, the risk of major
complications and CSF leakage was lower in the group of non-
invasive tumors (Table 3 and Figure 4). No differences in the rate of
surgical cure were observed between stage A and B (87.5% vs. 100%,
p = 0.166), but patients of stage B achieved surgical cure more
commonly than stage C patients (100% vs. 71.4%, p = 0.031). The
rate of surgical complications was similar in stage A, B, and C (0%,
7.1% and 0%, p > 0.05). The higher risk chance of non-cure in
radiological invasive PAs was independent of the tumor size
[adjusted OR: 9.7 (4.7-20.2)], but the higher risk of major
complications was related with the higher tumor size in these
invasive PAs [adjusted OR: 2.0 (0.5-8.3)]. The overall rate of
surgical cure decreased as the Knosp grade increased [MH Test
for linear Trend: > = 66.8 (p < 0.001)], whereas the risk of
complications increased [MH Test for linear Trend: x*(1) = 12.3
(p < 0.001)] (Table 4 and Figure 4). A tendency to a lower rate of
surgical remission was observed in Knosp 3B compared to 3A
(30.0% vs. 56.0%, p = 0.164). Similar results were observed based on
the invasion Hardy classification as 81.8% of Hardy 0-II vs. 59.7%
in Hardy III-IV (p = 0.008) achieved surgical cure. Nevertheless,
these differences disappeared after adjusting by tumor size [adjusted
OR: 1.5 (0.6-3.8)] (Table 5). When comparing Hardy 0-III vs. IV,
similar results were observed regarding surgical cure (70.6% vs.
37.0%, p = 0.001). However, in this case, the higher chance of
surgical cure in grade 0-III persisted after adjusting by tumor size
[adjusted OR: 2.8 (1.1-7.1)] (Figure 4). We found that the Knosp
classifications considered as continuous scales (from grade 0 to 4)
offered a greater diagnostic accuracy for the prediction of surgical
cure [AUC 0.820 [0.760-0.879)], with the Knosp 3 and Knosp 3A
being the ones that best predicted surgical failure (sensitivity 70.4%,
specificity 84.2%). The AUC of the extension Hardy classification
(grade A-C vs. grade D-E) was lower [AUC 0.769 [0.707-0.821)],
especially the invasion Hardy classification (from I to IV) [AUC
0.654 [0.580-0.728)] (Figure 5).

TABLE 2 | Differences in clinical, hormonal, radiological, and histological features of invasive and non-invasive pituitary adenomas.

Variable Knosp and extension Hardy classifications

Knosp < 2/Hardy A-C (n = 148) Knosp > 2/Hardy E (n = 80) p-value
Age (years) 52.5+15.3 535+ 15.6 0.628
Female sex 54.7% 47.5% 0.297
Headache 19.6% 28.8% 0.116
Visual defect 24.3% 53.8% <0.0001
L-L diameter 149+7.4 26.5+9.7 <0.0001
C-C diameter 16.2 + 9.4 203 +12.7 <0.0001
Hormonal deficit 19.6% 21.3% 0.766
Functioning PA 41.9% 32.5% 0.164
Histological invasion 0.7% (n=1) 7.5% (n =6) 0.004
Hard consistency 23.6% (n = 33) 38.5% (n = 30) 0.020
Ki67 > 4% 7.4% (n =11) 12.5% (n =10) 0.207

L-L diameter, latero-lateral diameter; C-C diameter, cranio-caudal diameter; PA, pituitary adenoma.
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TABLE 3 | Surgical outcomes according to cavernous sinus invasion based on Knosp and revised-Knosp classifications.

Variable Knosp classification Revised-Knosp classification
Knosp < 2 (n = 148) Knosp > 2 (n = 80) p-value Knosp 3A (n = 25) Knosp 3B (n = 10) p-value
Complete resection of NFPA 80.2% (69/86) 31.9% (19/54) <0.0001 68.8% (11/16) 33.3% (3/9) 0.087
Biochemical cure of FPA 87.1% (54/62) 15.4% (4/26) <0.0001 33.3% (3/9) 0% (0/1) 0.490
New hormonal deficits 10.3% (10/97) 20.0% (9/46) 0.115 16.7% (2/12) 12.5% (1/8) 0.798
Permanent DI 4.7% (7/148) 5.0% (4/80) 0.911 0% (0/25) 10% (1/10) 0.109
Any major complication 3.4% (5/148) 13.8% (11/80) 0.003 8.0% (2/25) 10.0% (1/10) 0.849
CSF leakage 2.7% (4/148) 10.0% (8/80) 0.017 4.0% (1/25) 10.0% (1/10) 0.490
Tumor recurrence 6.1% (9/148) 5.0% (4/80) 0.913 8.0% (2/25) 0% (0/10) 0.357
Extent of resection Biochemical cure

100% 100%

80% 80%
60% 60%

40% 40%

68,8%
20% 31,00 — 20%
0% 0%
KNOSP <2 KNOSP >2 KNOSP 3A KNOSP 3B KNOSP =2 KNOSP >2 KNOSP 3A KNOSP 3B
® Total resection ™ Incomplete ®mBiochemical cure  ®No biochemical cure
Surgical remission Hardy stage
100% 100%
80% 80%
60% 60%
40% 40%
20% 20%
0% 0%
KNOSP <2 KNOSP >2 KNOSP 3A KNOSP 3B A-C D-E
B Surgical remission  ®WNo surgical remission mSurgical remission ~ ®No surgical remission
Hardy grade Hardy grade
100% ‘ 100%
80% 80%
60% 60%
100% 100%
0, 0,
40% 79% g 40% 71,0%
20% 5,7% 20%
0% 0%
0 I II I v 0 - III v
B Surgical remission  ®No surgical remission ® Surgical remission ™ No surgical remission

FIGURE 4 | Surgical remission in functioning pituitary adenomas and total resection in non-functioning pituitary adenomas based on Knosp and Hardy classifications.

DISCUSSION resectability of pituitary tumors through this approach, based

on their preoperative radiological image. The first attempt with
Since the standardization of the transsphenoidal approach and  great international acceptance was performed by Hardy himself,
the use of a surgical microscope in this approach by Jules Hardy ~ considering the characteristics of bone remodeling produced by
in 1968 (15-17), attempts were performed to predict the  these lesions in the imaging tests available at the time (x-ray and
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TABLE 4 | Surgical outcome based on the Knosp and revised-Knosp classifications.

Knosp Surgical remission Major complications
0 86.5% (45/52) 0% (0/52)

1 88.6% (31/35) 2.9% (1/35)

2 771% (47/61) 6.6% (4/61)

3 46.0% (17/37) 8.1% (3/37)

3A 56.0% (14/25) 8.0% (2/25)

3B 30.0% (3/10) 10.0% (1/10)

4 14.0% (6/43)
Total 64.3% (146/228)

18.6% (8/43)
7.0% (16/228)

Risk of non-cure, 95% CI (considering Knosp 0 as reference)

|
0.97 [0.25-3.72]
2.23 [0.79-6.32]
4.59 [2.05-10.31]
5.89 [1.84-12.82]
17.5 [3.54-86.54]

46.25 [13.76-155.46]

The chances of non-cure increased as the Knosp grade increased [MH Test for linear Trend: ){2 =73.1 (p = 0.0000)].

TABLE 5 | Surgical outcome based on the invasion and extension Hardy
classification.

Surgical remission Major complications

Hardy invasion

0 100% (5/5) 0% (0/5)

| 100% (1/1) 0% (0/1)

Il 79.0% (30/38) 5.3% (2/38)
il 66.3% (67/101) 10.9% (11/101)
[\ 35.7% (10/28) 7.1% (2/28)

Hardy invasion

A-D 83.1% (123/148) 3.4% (5/148)
E 28.8% (23/80) 13.8% (11/80)
Total 64.3% (146/228) 7.0% (16/228)

CT). He described four types of local invasion around the sella
(visible on x-ray and CT), depending on whether it was more or
less remodeled (18). He also added a staging for the suprasellar
extension (17), which Wilson later modified (6).

It would not be until the 1980s when MRI was progressively
introduced as a neuroimaging technique (19). So, together with a
greater diffusion of the transsphenoidal approach, E. Knosp and
others, intuiting that the main prognostic factor was the invasion of
the cavernous sinus, proposed a new classification based solely on its
degree of invasion, according to the MRI image characteristics (7).
The Knosp classification is the most widely accepted and used,
although the Hardy-Wilson classification continues to be cited and
described on numerous occasions. Thanks to the most recent
development and improvements in endoscopic techniques, which
allow for a better visualization of the parasellar structures, several
studies have correlated the intraoperative involvement of the medial
wall of the cavernous sinus with the Knosp radiological classification
(20, 21). Despite significant discrepancies involving the Knosp
classification system for PAs and its correlation with the invasion
observed intraoperatively (3, 22), no other pre-surgical classification
has been validated to date, nor has it been shown to correlate better
with surgical results and clinical prognosis than Knosp classification.

Cavernous sinus invasion is one of the most unfavorable features
of PAs. The most widely used classification was proposed by Knosp
in 1993 and revised in 2015. In accordance with the reported data in
several previous series, we found that patients with PAs with
invasion of the cavernous sinus, both based on the Knosp and
extension Hardy-Wilson classifications, had a lower chance of
surgical cure and a higher risk of surgical complications.

However, the Knosp and revised-Knosp classifications were the
best for the prediction of surgical failure, with an area under de ROC
curve of 0.820, with the Knosp grade 3 and Knosp 3A being the ones
that best predict surgical failure (sensitivity 70.4%, specificity
84.2%). Nevertheless, despite these findings, we observed that all
the radiological classifications were poor predictors of histological
invasiveness, as only 7.5% of radiological invasive PAs had
histological invasion. This finding highlights the fact that surgical
inspection remains the gold standard to predict cavernous sinus
invasion and that Knosp or modified Knosp classification presents a
relevant number of false positives, as it has been previously
reported (23).

We found that 28.8% of invasive PAs based on Knosp and
extension Hardy classifications achieved surgical remission. This is
in accordance with the data reported by other authors (10, 24, 25).
Buchy et al. showed that gross total resection was negatively
correlated with Knosp grade, while rates were 55.8% for grade
3A and 30.0% for grade 3B (10). Similarly, Micko et al. (24)
showed that grade 3A PAs have a significantly lower rate of
invasiveness of the medial cavernous sinus wall than grade 3B and
4 adenomas. Furthermore, infiltration of and fibrous tumor
texture within the space of the cavernous sinus were found
more frequently in grades 3B and 4. Consequently, grade 3A
adenomas had a higher rate of endocrine remission/gross total
resection (64%) than grade 3B (33%, p = 0.021) and grade 4 (0%,
p <0.001) PAs (24). Therefore, parasellar adenoma growth should
be classified into grades 3A, 3B, and 4 for prediction of adenoma
invasion and surgical considerations and outcomes. Moreover, the
differentiation in Knosp low-grade (grades 1 and 2) and high-
grade (grades 3 and 4) adenomas is important since the rates of
achievement of complete resection for Knosp high-grade tumors
are poor in comparison to those for low-grade adenomas. Thus,
PA volume and cavernous sinus invasion, classified with the
Knosp and revised-Knosp scales, are tumor features that can be
used as resection predictor variables in PA surgery (25). It should
be noted that in our series, we found that invasive PAs were 10
mm larger and caused clinical manifestation two times more than
non-invasive PAs. Nevertheless, cavernous sinus invasion was a
predictor of surgical failure independent of tumor size, with a
probability of non-cure of almost ten times higher in invasive PAs
than in non-invasive PA after adjusted by tumor size. Although
the endoscopic transsphenoidal approach provides a panoramic
vision inside the surgical area, a superior close-up of the anatomy,
an improved working angle, and the lower probability of cure in
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FIGURE 5 | Diagnostic accuracy of the Knosp and Hardy scales for the prediction of surgical cure. (a1) AUC of the Knosp scale for the prediction of surgical failure:
0.820 [0.760-0.879]; optimal cutoff for the prediction of failure: Knosp 3 [sensitivity (Se) = 70.4% (59.7-79.2), specificity (Sp) = 84.2% (77.5-89.3); a2] AUC of the
revised-Knosp scale for the prediction of surgical failure: 0.820 [0.760-0.882]; optimal cutoff for the prediction of failure: Knosp 3A [Se= 68.8% (57.8-78.1),

Sp = 84.8% (78.1-89.8); a3] AUC of the invasion Hardy scale for the prediction of surgical failure: 0.654 [0.580-0.728]; optimal cutoff for the prediction of failure:
Hardy IV [Se = 86.7% (75.8-93.1), Sp = 31.9% (24.0-40.9); a4] AUC of the extension Hardy scale (A-D vs. E) for the prediction of surgical failure: 0.732 [0.672—
0.793]; optimal cutoff for the prediction of failure: Hardy stage E [Se = 62.2% (51.4-71.9), Sp = 84.2% (77.5-89.3)].

invasive PAs could be related to the fact that gross total resection is
usually more difficult in invasive PA than in non-invasive PA,
especially if the tumor extends to the superior anterior clinoid
process and posterior lateral ICA. In these cases, an expanded
endonasal transcavernous approach should be considered (26).
However, not only do anatomical characteristics play an
important role in defining surgical planning and surgical goals,
but also patient (age, comorbidities, symptoms) and tumor
characteristics (acromegaly, Cushing disease or prolactin
hypersecretion) are crucial, so the final decision must be
individualized. Also, cavernous sinus invasion on preoperative
imaging allows to predict higher surgical risk and lower cure rates,
and this should be taken into account when giving informed
consent to the patient. Different technical aspects have been
described to improve the radiological accuracy of the diagnosis
of cavernous sinus invasion, including 3-T MRI with the use of
proton-density-weighted imaging or radiomics, among
others (27).

Moreover, invasive PAs were more commonly of fibrous
consistency than non-invasive PAs. Surgical outcomes seem to
be associated with fibrous PA consistency. Up to 91% of
adenomas are soft (meaning they are easily aspirated with
conventional suction instruments), but approximately 10%-
15% of patients will have tumors of fibrous consistency
(requiring prior fragmentation with the use of a scalpel,
forceps, or ultrasonic aspirators), associating a more significant
number of incomplete resections and greater surgical risk (28-
31). Fibrous PAs tend to be larger and invade neighboring
structures, including the cavernous sinus. Some articles
describe tumor remnants in cavernous sinus as fibrous, and
this same consistency may be one of the causes of incomplete
resection of the adenoma and ultimately implicating a higher
number of recurrences (29, 24). It may be that the internal
structure of the cavernous sinus itself, with trabeculae and
ligaments, makes tumor removal difficult or a combination of
this with the consistency of the adenoma (3, 32). A higher risk of
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hypopituitarism or hyponatremia, RR = 6.75 (95% CI 3.23,
14.07), has also been described in those patients with fibrous
adenomas (33). Several authors have suggested that preoperative
radiological features of the PA in the MRI could be useful to
predict tumor consistency, especially when radiomic and
machine learning on T2-weighted MRI (34), diffusion-
weighted imaging (35), or MR elastography were employed (36).

In our study, Hardy extension classification (considered A-D
vs. E stage) showed a good concordance with Knosp
classification (grades 0-II vs. III-IV) as they are considered
equivalent since they evaluate the same items. Moreover,
although the rate of surgical remission decreased as the grade
in the extension and invasion Hardy classification increased, we
found that the diagnostic accuracy of the Hardy classification,
especially the invasive (sella destruction) Hardy classification,
was quite low for the prediction of surgical outcomes. It was a
first approach with the diagnostic tools available at that time (x-
rays and CT), where they use some radiological characteristics
visible in those images (invasion and destruction of sellar floor
bone). Nevertheless, some previous series found that suprasellar
extension less than 10 mm was associated with favorable
remission and resection rates (37). Similarly, Yang et al. (38)
described expressly that PAs with intracranial extension had
increased surgical complications and a lower rate of gross total
removal, although not describing Knosp grades. On the other
hand, other authors found that the remission rate was not
associated with sellar floor erosion according to the Hardy-
Wilson system of grading, neither with supra- and parasellar
extension (39, 40). Thus, it seemed that Hardy-Wilson
classification is not a reliable marker of surgical remission.
Moreover, the increase of risk as invasion Hardy increased was
related with a larger tumor size in these tumors. When we
adjusted the risk by tumor size, invasion Hardy classification
lost its ability to predict surgical failure. Considering these data,
we can affirm that the only reliable characteristic that predicts
resectability is the invasion of the cavernous sinus, which is
better systematized and in a more detailed way in the Knosp
classifications. In fact, the Hardy classification is currently rarely
used as it is considered not very precise for the evaluation of
PAs. However, despite Knosp classification being the most
universally accepted classification for this purpose, other more
sophisticated scores have been proposed recently, including the
Zurich Pituitary Score, which is based on two quantitative
measurements: the maximum horizontal tumor diameter and
the minimum inter-carotid distance at the intracavernous
horizontal C4 segment of the ICA, according to the Bouthillier
classification. This classification is a simple and reproducible tool
that reliably predicts surgical outcomes including the extent of
resection, residual volume, and gross total resection of PA
patients undergoing transsphenoidal pituitary surgery (41).
Moreover, it has been demonstrated as an excellent inter-rater
agreement in three different external cohorts (42).

The most outstanding data of our research were that Knosp
and revised-Knosp classifications showed a high diagnostic
accuracy to predict surgical outcomes. The AUC of these two
classifications for the prediction of surgical cure was 0.82, and a

positive tendency to higher rate of complications and a lower rate
of surgical cure was observed as the grade of Knosp classification
increased. We found that the prediction of surgical failure was
independent of tumor size. Similar results regarding surgical cure
were reported in acromegaly series (overall remission rate 84.7%
vs. 69.1%, p < 0.001 in invasive PAs) (43), Cushing’s disease
(77.1% in non-invasive vs. 53.0% in invasive PAs) (44),
prolactinomas (95% in non-invasive vs. 20% in invasive PAs,
p < 0.001) (45), and non-functioning PAs (92.5% non-invasive
vs. 52.1% invasive PAs) (46). Although endoscopic surgery was
considered to provide a better view for cavernous sinus invasion
and superior structures and lesser nasal cavity injuries than
microscopic surgery, the presence of invasion also seemed to
clearly affect the surgical outcomes despite this supposed better
visualization by the neurosurgeon. Moreover, the rate of surgical
cure was as low as 28.8% in our cohort population. This figure is
not lower than the one reported in previous endoscopic studies,
with figures of even 5.9% having been described (47). Similar
rates of approximately 30% have also been reported by other
authors (48), and even a rate of 71% has been reported in a recent
study evaluating the impact of an aggressive surgical approach
that combined transsphenoidal transsellar and transmaxillary
transpterygoidal approaches for the resection of grade 4 PAs
(49). These differences in surgical remission rates probably
depend on how conservative the surgical strategy regarding
tumor resection was. Another important aspect to consider
during pituitary surgery is complications. As previously
reported (49, 50), we observed a higher proportion of surgical
complications as higher Knosp grade of the PA. It is known that
PAs invading the cavernous sinus are particularly surgically
challenging due to their close proximity to critical
neurovascular structures and their deep intracranial location.

In accordance with previous studies (8) and a recent meta-
analysis (51), we found that patients with grade 3A showed a
tendency to find a higher rate of surgical cure than those with
grade 3B (56.0% vs. 30%). These results suggest that the revised-
Knosp classification improves the accuracy of invasive PA
diagnosis using surgical inspection. Nevertheless, the AUC of
the ROC curve was equal to that of the classical Knosp
classification. This could be related to the limited sample size
of the Knosp 3 grade. In contrast, the Fang et al. meta-analysis
(51) described that the modified Knosp had a remarkably higher
AUC (0.91) than grades 3-4 (0.86) to predict cavernous sinus
invasion, and thus probably for the prediction of surgical cure.
Moreover, some studies have confirmed a high frequency of false
positives in grade 3 in endoscopic series and recommended the
addition of grades 3A and 3B into the existing parasellar
classification (3, 52). We consider that although we did not
find any differences in the diagnosis accuracy of the Knosp and
revised-Knosp classification for the prediction of surgical cure,
the differentiation between grades 3A and 3B is important as
patients with grade A had a higher probability of surgical cure,
which is more similar to grade 2 of Knosp, whereas the behavior
of Knosp 3B is more similar to grade 4 of the classical Knosp.
This information should be considered when surgery is
being planned.
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This study is not without limitations. One of them is related to
its retrospective design, which must be considered when
interpreting the results. Also, the operations performed in this
series were also chiefly performed by a specialized skull base
surgeon. Thus, the applicability of these results to centers with
lower volume and experience performing endoscopic operations
on invasive PAs may be limited.

CONCLUSION

Cavernous sinus invasion remains a significant determinant
limiting EOR in PA surgery. That is why Knosp and revised-
Knosp classifications offer an excellent orientation for the
estimation of surgical cure and the risk of complications in
patients with PAs submitted to EET surgery. However, the
invasion Hardy scale lacks utility for this purpose.
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Objective: Transsphenoidal surgery (TSS) is the first-line treatment for corticotroph
adenomas. Although most corticotroph adenomas are noninvasive microadenomas, a
small subset of them invading cavernous sinus (CS) is notoriously difficult to manage. The
aim of this study was to evaluate the surgical outcome of corticotroph adenomas with CSI
from a single center.

Patients and Methods: The clinical features and outcomes of CD patients who
underwent TSS between January 2000 and September 2019 at Peking Union Medical
College Hospital were collected from medical records. The clinical, endocrinological,
radiological, histopathological, and surgical outcomes, and a minimum 12-month follow-
up of patients with corticotroph adenomas invading CS were retrospectively reviewed.

Results: Eighty-six patients with corticotroph adenomas invading CS were included in the
study. The average age at TSS was 37.7 years (range, 12 to 67 years), with a female-to-
male ratio of 3.1:1 (65/21). The median duration of symptoms was 52.6 months (range,
1.0 to 264 months). The average of maximum diameter of tumor was 17.6 mm (range,
4.5-70 mm). All included 86 patients underwent TSS using a microscopic or an
endoscopic approach. Gross total resection was achieved in 63 patients (73.3%),
subtotal resection was attained in 18 (20.9%), and partial resection was achieved in 5
(5.8%). After surgery, the overall postoperative immediate remission rate was 48.8% (42/
86); 51.2% (44/86) of patients maintained persistent hypercortisolism. In 42 patients with
initial remission, 16.7% (7/42) experienced a recurrence. In these patients with persistent
disease and recurrent CD, data about further treatment were available for 30 patients.
Radiotherapy was used for 15 patients, and 4 (26.7%) of them achieved biochemical
remission. Repeat TSS was performed in 5 patients, and none achieved remission.
Medication was administered in 4 patients, and one of them obtained disease control.
Adrenalectomy was performed in 6 patients, and 5 (83.3%) achieved biochemical
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remission. At the last follow-up, 10 of 30 patients (33.3%) were in remission, and 20
patients still had persistent disease.The remission rate in corticotroph adenomas with
cavernous sinus invasion (CSI) that underwent gross total resection and first TSS was
significantly higher than that in patients undergoing subtotal resection, partial resection,
and a second TSS (all p < 0.05). However, there was no significant difference in the
remission rate between patients with different tumor sizes, Knosp grades, and surgical

approaches (p > 0.05).

Conclusion: The management of corticotroph adenomas with CSI remain a therapeutic
challenge due to incomplete resection of invasive and/or a large adenoma. With the
application of multiple techniques, approximately half of the patients could achieve gross
total resection and biochemical remission via TSS by experienced neurosurgeons. The
extent of tumor resection and the number of operations were associated with surgical
remission rate in corticotroph adenomas with CSlI. If the remission was not achieved by
surgery, other treatments including radiotherapy, medical therapy, and even bilateral
adrenalectomy are required.

Keywords: corticotroph adenomas, cavernous sinus invasion, transsphenoidal surgery, remission, recurrence

INTRODUCTION

Cushing disease (CD) is defined as chronic hypercortisolemia,
which is mainly caused by corticotroph adenomas. CD is a
relatively rare disease with an incidence of approximately 0.7-
2.4 cases per million persons/year (1). If untreated or
incompletely controlled, CD is associated with increased
morbidity and higher mortality rate compared to the general
population (2). Transsphenoidal surgery (TSS) is considered the
first-line treatment for patients with CD. However, the remission
rate after TSS has been reported to vary widely from 59%
to 94% (3). Most corticotroph adenomas are non-invasive
microadenomas with a tumor diameter of less than 8 mm
(4, 5). The surgical remission rates in these patients with
noninvasive visible microadenomas frequently exceed greater
than 80% (6). However, surgery for corticotroph adenomas with
cavernous sinus invasion (CSI) has represented challenge, and
the remission rates tended to be extremely low. Because
corticotroph adenomas with CSI are relatively rare, there is still
no comprehensive study on large-scale cases of corticotroph
adenomas with CSI. To date, surgical outcome and perioperative
complications of corticotroph adenomas with CSI have not been
clearly reported (7). The purpose of this study was to assess the
surgical outcome and perioperative complications of
corticotroph adenomas with CSI.

PATIENTS AND METHODS

We conducted a retrospective analysis of consecutive patients with
corticotroph adenoma invading CS who underwent TSS at Peking
Union Medical College Hospital (PUMCH) between January 2000
and September 2019. According to the guidelines of the PUMCH
Medical Ethical Committee, clinical information on age, sex,

clinical manifestation, preoperative biochemical parameters and
imaging results, operative findings, postoperative hormone levels
and pathology, long-term outcomes, and follow-up were collected
for analysis.

Inclusion and Exclusion Criteria

The inclusion criteria for this study were as follows: (1) the CD
was diagnosed based on the patient’s history and results of a
physical examination, laboratory tests, magnetic resonance
imaging (MRI), and surgical findings; (2) a corticotroph
adenomas was confirmed on immunohistopathological studies;
(3) the CSI was recognized by both preoperative MRI results and
intraoperative findings; and (4) with complete medical records
and a minimum of 2 years of follow-up. According to the Knosp
grade classification (8), if tumors were classified as Knosp grade
of 2 based on preoperative MRI results, but the CSI was
confirmed intraoperatively, these patients were also included in
this study. If the tumors were classified as Knosp grade of 3
according to the preoperative MRI results, but no CSI was
recognized intraoperatively, these patients were excluded from
the study. Patients were excluded if the surgery was aborted
because of carotid artery bleeding, surgery was via a transcranial
approach, the medical records were not complete, or lack of
pathological report or follow-up data.

Diagnosis of Corticotroph Adenomas

with CSI

Most patients were diagnosed as having corticotroph adenomas
with CSI by a pituitary multidisciplinary team (MDT)
including members from the Departments of Neurosurgery,
Endocrinology, Radiology, and Pathology, as we described
in a previous study (9). All corticotroph adenomas with CSI
were diagnosed based on clinical manifestation, endocrine
examinations, radiological examinations, intraoperative
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observation, and pathological results. In our center, all
CD patients underwent comprehensive biochemical tests,
including morning serum cortisol and ACTH, 24-h urine-free
cortisol (UFC), and a combined low-dose and high-dose
dexamethasone suppression test (LDDST and HDDST). The
methods of LDDST and HDDST have been described in detail
in our previous study (10). If 24-h UFC and cortisol were not
suppressed on the LDDST but was suppressed on the HDDST,
CD was diagnosed. Based on our previous research results, the
sensitivity of combined LDDST and HDDST to diagnose CD is
88.53% in our center (11).

Preoperatively, all patients underwent pituitary contrast-
enhanced MRI and/or dynamic gadolinium-enhanced MRI.
Images were independently reviewed by one neuroradiologist
and at least one neurosurgeon, to evaluate the invasiveness of
tumors, and ensure that agreement was achieved on Knosp
grade, which was described previously (8). Adenomas of Knosp
Grade 0-2 were defined as non-invasive PAs, and adenomas of
Knosp Grade 3-4 were defined as invasive PAs, respectively.
However, preoperative diagnosis of CSI by PAs based on MRI
has always been inconsistent with intraoperative exploratory
results. With the advancement of endoscopic techniques, the
medial wall of the CS can be exposed more clearly and directly
observed. Therefore, whether a PA presents CSI was finally
confirmed by preoperative Knosp grading combined with
intraoperative observed results. According to the maximal
diameter, adenomas were categorized as microadenoma
(<1 cm), macroadenoma (<4 cm), and giant adenoma (>4 cm).

Surgical Procedures

All TSSs were performed in the Department of Neurosurgery in
PUMCH. Almost all the included patients were operated on by
the same two experienced surgeons (RW and MF). The
adenomas were removed via a transsphenoidal microscopic or
an endoscopic approach, or a combination of them. The
extended transsphenoidal approach assisted by multiple
techniques was performed in some invasive macroadenomas or
giant adenomas as previously described (12). In surgery, standard
transsphenoidal PAs resection via a microscopic approach or an
endoscopic approach was performed after broadly opening the
sella floor. The tumor localized in the intrasellar and suprasellar
region was removed first and then the residual tumor in the
cavernous sinus (CS) was inspected. The medial wall of the CS
was explored under direct vision, and soft tumor tissue was
removed using suction and ring curettes. The ICA was located
using intraoperative mini-Doppler. The anterior wall of the CS
was opened carefully and then the soft tumors located lateral
to the ICA was removed by suction and ring curettes. If the
tumor was exposed insufficiently, the ICA could be gently pushed
to increase visualization for further exposure. If the tumor
was too hard to remove, or the tumor firmly adhered to the
ICA or nerves, leave the tumor to avoid injuring the ICA or
nerves. The residual tumors will be addressed via postoperative
radiotherapy. Finally, the sella was reconstructed in all patients
to avoid postoperative cerebrospinal fluid (CSF) leakage and
CNS infection.

Classifications of Intraoperative

Observed CSI

The CSI was determined by the experienced neurosurgeons
during surgery based on the degree of invasion of the adenoma
into the CS wall and the presence or absence of adenomas within
the CS. After tumor removal, if the medial wall of CS was intact
and smooth, absence of invasion was considered. If the medial
wall was not intact, intracavernous ligaments, ICA, or nerve
fibers were visible, and CSI was considered.

Extent of Tumor Resection

The extent of tumor resection was evaluated through MRI
examinations within 3 days and on 3 months after initial
surgery. The gross total resection (GTR) was defined as no
residual tumor was identified. The subtotal resection (STR)
was defined as more than 90% volume compared with when
the preoperative volume was removed, or when a definite
residual tumor volume less than 10% compared with when the
preoperative volume was identified. Partial resection was defined
as residual tumor volume greater than 10% (13).

Histological Analysis

The resected specimens of corticotroph adenomas were
performed using routine H & E histological stains and
immunohistochemical tests for ACTH. The diagnosis of CD
was confirmed if pathology under light microscopy
demonstrated an adenoma with immunohistological staining
positive for ACTH.

Surgical Outcome Measures

After TSS, the endocrinological tests were performed within the
first 7 days, 1 month, 3 months, and 12 months, respectively. As
we described previously (14), immediate remission was defined
as a serum cortisol level <5 ug/dl, and/or 24-h UFC level fell
below 20 ug (56 nmol) within the first 7 days after TSS. Persistent
disease was defined in patients as elevated postoperative cortisol
levels and a need for additional therapy. Recurrence was defined
in patients who achieved initial remission, followed by a rise in
serum cortisol or 24-h UFC and associated with clinical
symptoms of CD. To assess the degree of tumor resection,
postoperative MRI was done within 3 days and on 3 months
after the surgery.

Statistical Analysis

Statistical significance for continuous variables was determined
using the Student’s t-test or analysis of variance. Categorical
variables were analyzed using either the Pearson j test or Fisher
exact test. Pearson )’ testing for determination of statistical
significance was performed by using either a 2 - 2 contingency
table or test for independence if greater than 2 outcomes were
being analyzed. Fisher exact test was used if any expected values
were less than or equal to 5. Statistical significance was defined as
a p-value less than.05. All statistical analyses were completed by
using SPSS software, version 22 (SPSS, Inc., Chicago, Illinois).
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RESULTS

Demographic and Clinical Characteristics
of Included Patients
From January 2000 to September 2019, 1,381 patients with CD had
TSS at the PUMCH, and the intraoperatively observed corticotroph
adenomas invading CS accounted for 7.5% (104/1,381) of overall
patients. Of these, 86 patients with complete medical records,
pathological confirmation, and a minimum 2-year follow-up were
included in this study. The detailed information is listed in Table 1.
There are 21 male patients and 65 female patients, and the median
duration of symptoms was 52.6 months (range, 1.0 to 264 months).
The average age at TSS was 37.7 years (range, 12 to 67 years), and the
mean follow-up time was 49.5 months (range, 24.0-159.0 months).
The median tumor diameter of overall patients was 17.6 mm
(range 4.5-70.0 mm). Of these, 32.6% (28/86) of patients
demonstrated microadenomas with a median tumor diameter
of 6.9 mm, 62.8% (54/86) of patients demonstrated
macroadenomas with a median tumor diameter of 20.0 mm,
and 4.7% (4/86) of patients had giant adenomas with a median
tumor diameter of 60.6 mm, respectively. Mean preoperative
body mass index (BMI) was 26.6 (range, 18.9-36.7 kg/mz). The
median preoperative 24-h UFC levels, morning serum cortisol,
and ACTH were 721.4 ug (range, 71.3-3,705.6), 28.9 pg/dl
(range, 7.4-75.0), and 142.5 ng/L (range, 23.1-1,250.0),
respectively. In these cases, 66 patients underwent first TSS,
and 20 patients underwent repeated TSS, respectively. In 83.7%
(72/86) patients, LDDST was not suppressed but HDDST was
suppressed in the combined LDDST and HDDST test.

Prediction of Intraoperative CSl by
Preoperative MRI-Based Knosp Grade

The radiological results represent the first essential step to
evaluate CSI of PAs. However, the results of CSI evaluated

TABLE 1 | Demographic and clinical characteristics of 86 patients with
corticotroph adenomas invading cavernous sinus.

Characteristics Value

Total 86
Gender

Female (n, %) 65 (75.6%)

Male (n, %) 21 (24.4%)
Mean age, years (range) 37.7 (12-67)
Number of operations

First (n, %) 66 (76.7%)

Repeat (n, %) 20 (23.3%)
Disease duration, months (range) 52.6 (1-264)
BMI 26.6 (18.9-36.7)

17.6 mm (4.5-70.0 mm)
(28, 32.6%) 6.9 mm
(54, 62.8%) 20.0 mm

(4, 4.7%) 60.6 mm
721.4 (71.3-3705.6)
28.9 (7.4-75.0)
142.5 (23.1-1250.0)

Tumor size (mean) (range)
Microadenoma (n, %), Diameter (mm)
Macroadenoma (n, %), Diameter (mm)
Giant adenoma (n, %), Diameter (mm)

Preoperative 24-h UFC level (ug)

Preoperative serum cortisol level (ug/dl)

Preoperative ACTH level (ng/L)

Combined LDDST and HDDST test
Positive (n, %)

Negative (n, %)
Follow-up time, months (range)

72 (83.7%)
14 (16.3)
49.5 (24.0-159.0)

using Knosp grade based on preoperative MRI are not always
consistent with intraoperatively observed CSIL. In this study,
1,273 patients were identified as Knosp Grade 0, 1 and 2, and
108 patients were classified into Knosp Grade 3 and 4,
respectively, based on preoperative coronal MRI (Table 2).
None of the Knosp Grade 0 and 1 based on preoperative
coronal MRI had shown evidence of intraoperative CSI, and all
the MRI-based Knosp Grade 4 patients demonstrated CSI
intraoperatively. However, CSI was intraoperatively observed
in 5.4% (4 of 74) of patients with MRI-based Knosp Grade 2,
and no obvious CSI was found intraoperatively in 16.0% (8 of 50)
patients with MRI-based Knosp Grade 3.

Surgical Outcome of Different Subgroups
Surgical outcomes of different subgroups based on different
variables are shown in Table 3. Post-operatively, only 42/86
(48.8%) of overall included patients achieved immediate
remission after TSS, whereas 44/86 (51.2%) patients still had
persistent disease. Knosp grade was closely related to extent of
tumor resection and biochemical remission. In this study, after TSS,
only 55.6% (20/36) patients with Knosp Grade 3 and 41.3% (19/46)
patients with Knosp grade 4 adenomas achieved biochemical
remission, respectively. However, 75% (3/4) of patients with
Knosp Grade 2 adenomas achieved remission, which were higher
than that in the patients with Knosp grade 3 and 4 adenomas, but
did not reach statistical significance (all p > 0.05).

Extent of tumor resection has been considered one of the
most important factors affecting the surgical outcomes. In this
study, GTR was achieved in 73.3% (63/86) patients, and
remission was obtained in 60.3% (38/63) of these patients. STR
was performed in 20.9% (18/86) patients, and 22.2% (4/18) of
them achieved remission. PR were performed in 5 (5.8%)
patients, and none achieved initial remission. The remission
rate in patient performed with GTR was significantly higher than
that in the patients with STR and RR (all p < 0.05).

Tumor size may be another important factor correlated with
outcomes of surgery. In this study, a total of 86 included patients
had 28 (32.6%) microadenomas, 54 (62.8%) macroadenomas,
and 4 (4.7%) giant adenomas, and the postoperative remission
rate in these patients were 60.7% (17/28), 42.6% (23/54), and
25.0% (1/4), respectively. However, there is no significant
deference in remission rate among three groups (all p > 0.05).

TSS can be performed by microscopic or endoscopic approach,
whether endoscopic approach yielded higher remission rate over
the microscopic approach is still controversial. In this study,

TABLE 2 | Comparison of results of Knosp grade based on preoperative MRI
and surgically observed cavernous sinus invasion.

Knosp grade based on Surgically observed invasiveness Total
preoperative MRI
Invasive Non-invasive

0and 1 0 1,199 1,199
2 4 70 74
3 42 8 50
4 58 0 58
Total 104 1,277 1,381
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TABLE 3 | Rate of immediate remission and recurrence by subgroups based on different variables.

Variable Number of patients Remission Persistence p-value
Total patients Degree of invasion 86 42/86 (48.8%) 44/86 (51.2%)

Knosp Grade 2 (a) 4 (4.7%) 3/4 (75%) 1/4 (25%) avs.b:p=0.46

Knosp Grade 3 (b) 36 (41.9%) 20/36 (55.6%) 16/36 (44.4%) avs.c:p=0.19

Knosp Grade 4 (c) 46 (53.5%) 19/46 (41.3%) 27/46 (568.7%) bvs.c:p=0.20
Extent of tumor resection

GTR (d) 63 (73.3%) 38/63 (60.3%) 25/63 (39.7%) dvs. e: p =0.004

STR (e) 18 (20.9%) 4/18 (22.2%) 14/18 (77.8%) dvs. f: p =0.008

PR () 5 (5.8%) 0/5 (0%) 5/5 (100%) evs. f.p=0.25
Tumor size

Microadenomas (g) 28 (32.6%) 17/28 (60.7%) 11/28 (39.3%) gvs. h:p=0.12

Macroadenomas (h) 54 (62.8%) 23/54 (42.6%) 31/54 (57.4%) gvs.iip=0.18

Giant adenomas (j) 4(4.7%) 1/4 (25.0%) 3/4 (75.0%) hvs.i:p=0.49
Approach

Microscopic approach (j) 31 (36.0%) 14/31 (45.2%) 17/31 (54.8%)

Endoscopic approach (k) 55 (64.0%) 28/55 (560.9%) 27/55 (49.1%) jvs. kip=0.61
Number of operations

First TSS () 66 (76.7%) 38/66 (57.6%) 28/66 (42.4%)

Repeat TSS (m) 20 (23.3%) 4/20 (20.0%) 16/20 (80.0%) I'vs. m: p =0.003

31 patients underwent TSS using a microscopic approach and 55
patients had an endoscopic approach. However, no significant
difference in the remission rate was observed between the two
techniques in corticotroph adenomas with CSI (p = 0.61).

To further analyze the effect of the number of operations on
the surgical outcome of corticotroph adenomas with CSI,
patients were subclassified into two groups based on the status
of first or repeated TSS. In this study, 66 patients underwent first
TSS and 20 patients underwent repeated TSS, respectively. In the
patients who underwent repeated TSS, only 20.0% (4/20) of them
achieved immediate remission, which is significantly lower than
the remission rate (57.6%, 38/66) in the patients who underwent
first TSS (p = 0.003).

Perioperative Complications

The surgery for corticotroph adenomas with CSI usually was
related to the high incidence of complications. In this series, the
most common complication was intraoperatively CSF leakage,
which occurred in in 24.4% (21/86) patients (Table 4). The sellar
reconstruction was performed by packing of the sphenoid sinus
and sella turcica with fat, muscle, and nasoseptal flap for all
21 patients with intraoperative CSF leakage. However, there
were still 5 patients who have postoperative CSF leakage.
Of these, 3 patients were successfully treated by repeated sellar

reconstruction and external lumbar drain. Two patients who
experienced CSF leakage and CNS infection were treated with
antibiotics. After TSS, 15.1% (13/86) of the patients experienced
transient diabetes insipidus. Of these, 9 of 13 recovered after
medical therapy, and 4 patients developed permanent diabetes
insipidus and needed lifelong treatment with desmopressin
acetate. After surgery, 5.8% (5/86) of the patients experienced
hypopituitarism and received hormone replacement therapy.
Five patients (5.8%) experienced partial abducent nerve palsy
and three patients (3.5%) experienced partial oculomotor nerve
palsy, respectively, and all recovered completely within 1 year.
Three patients showed visual deterioration after TSS, and two of
them experienced various degrees of improvement of visual
dysfunction. One patient who was undergoing repeated TSS
experienced ICA rupture (which was controlled by direct
compression) and underwent digital subtraction angiography
immediately. The ICA rupture was blocked by the stent, and the
patient recovered finally without neurological deficits.

Recurrence

Recurrence was observed in 16.7% (7/44) of all patients with
initial remission, and the median time to recurrence for these
patients was 33.0 months (range 2.0-105.0 months) (Table 5).
However, no patients with Knosp Grade 2 were found to be

TABLE 4 | Perioperative complications of patients with corticotroph adenomas invading CS based on Knosp grade.

Results Overall Knosp Grade 2 Knosp Grade 3 Knosp Grade 4 p-value
Intraoperatively CSF leakage 21/86 (24.4%) 0/4 (0%) 8/36 (22.2%) 13/46 (28.3%) p>0.05
Postoperatively CSF leakage (%) 5/86 (5.8%) 0/4 (0%) 1/36 (2.8%) 4/46 (8.7%) p > 0.05
Transient diabetes insipidus 13 /86 (15.1%) 1/4 (25.0%) 4/36 (11.1%) 8/46 (17.4%) p>0.05
Permanent diabetes insipidus 4/86 (4.7%) 0/4 (0%) 2/36 (5.6%) 2/46 (4.3%) p>0.05
Postoperative hypopituitarism 5/86 (5.8%) 1/4 (25.0%) 2/36 (5.6%) 2/46 (4.3%) p > 0.05
Partial abducent nerve palsy (%) 5/86 (5.8%) 0/4 (0%) 2/36 (5.6%) 3/46 (6.5%) p>0.05
Partial oculomotor nerve palsy (%) 3/86 (3.5%) 0/4 (0%) 2/36 (5.6%) 1/46 (2.2%) p > 0.05
Impaired vision 3/86 (3.5%) 0/4 (0%) 1/36 (2.8%) 2/46 (4.3%) p>0.05
CNS infection (%) 2/86 (2.3%) 0/4 (0%) 1/36 (2.8%) 1/46 (2.2%) p>0.05
ICA rupture (%) 1/86 (1.2%) 0/4 (0%) 0/36 (0%) 1/46 (2.2%) p>0.05
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TABLE 5 | Recurrence outcome of included patients with initial remission based on Knosp grade.

MRI results Overall

Number of patients
Median time to recurrence (ms)

7/42 (16.7%)
33.0 (2.00-105.0) 0

Knosp Grade 2 0/3 (0%)

Knosp Grade 3 3/20 (15.0%) Knosp Grade 4 4/19 (21.1%) p-value
p=0.62
29.0 (6.0-56.0) 36.0 (2.0-105.0) p>0.05

recurrent. No significant difference in recurrence rate was
observed between the patients with Knosp Grade 3 (15.0%, 3/
20) and Knosp Grade 4 adenomas (21.1%, 4/19) (p > 0.05).

Further Treatments for Persistent and
Recurrent Corticotroph Adenomas

With CSI

For those patients with persistent disease (44) and recurrent
corticotroph adenomas (7), data about further treatment were
available for only 30 of 51 patients. Radiotherapy was used for 15
patients, and 4 (26.7%) of them achieved biochemical remission.
Repeat TSS was performed in 5 patients, but none achieved
remission. Medication was administered in 4 patients, and only
one obtained disease control. Adrenalectomy was performed in 6
patients, and 5 (83.3%) achieved biochemical remission. At the
last follow-up, 33.3% (10 of 30) of the patients were in remission,
and 20 patients still had persistent disease (Table 6).

DISCUSSION

This study reports on the outcomes of TSS in 86 patients with
corticotroph adenoma invading CS who underwent TSS at the
PUMCH between 2000 and 2019. To our knowledge, this is one
of the largest series on corticotroph adenomas with CSI
published till now. This study demonstrated that the
immediate remission of the surgical approach and the long-
term outcome after adjuvant therapies for corticotroph
adenomas with CSI are unsatisfactory. Additionally, CSI
evaluated using Knosp grade based on preoperative MRI not
always accurately predict intraoperatively observed CSI.
Moreover, extent of tumor resection and number of operations
significantly affected the surgical outcome of TSS for
corticotroph adenomas with CSI. However, the Knosp grade,
tumor size, and technical factor is not associated with the
surgical outcome.

Preoperative MRI-based Knosp grade classifications play a
crucial role in diagnosis of CSI of corticotroph adenomas.
However, radiological results do not always discriminate
between compression/extension and invasion of CS. In this
study, only 84.0% (42 of 50) of the patients with MRI-based
Knosp grade 3 was intraoperatively identified with CSI, and 8
other patients with Knosp grade 3 adenomas did not have CSI at
surgery. Furthermore, 5.4% (4 of 74) of the patients with MRI-

based Knosp grade 2 adenomas were found to have CSI during
surgery. These findings are consistent with previous studies (15,
16). Dickerman and colleagues (17) demonstrated that dural
invasion was directly observed at surgery and was confirmed
histologically in 62% of the patients with no adenomas and
interpreted based on preoperative MRI. Lonser also reported
that preoperative MRI accurately predicted dural invasion
in only 4 patients (22%) with CSI (18). Other previous studies
also indicated that Knosp classification does not accurately
predict the invasion of the Knosp grade 0-2 adenomas; thus,
their application in the prediction of invasion among
microadenomas is limited (19). A recent Meta-Analysis also
reported that the prevalence of CSI radiographically (43%) was
much higher than that (18%) intraoperatively, and the radiologic
criteria of Knosp 3-4 had the highest correlation with
intraoperative CSI (20). Therefore, although MRI-based Knosp
grade can reliably define the degrees of CSI in Knosp 3-4 larger
tumors, it is often unreliable to define the absence of CSI in
Knosp 0-2 microadenomas. To define more accurately CSI
beyond the lateral tangential line between ICA segments
respectively, Knosp updated the original grading system of
invasion in PAs by establishing the subtypes of grade 3a and
3b PAs in 2015 (15). However, up to 80% of CD patients present
with a microadenoma, and there is no reliable grading system for
microadenomas that accurately predicts CSI of corticotroph
adenoma. Thus, more reliable grading systems of invasion for
corticotroph adenomas are needed.

For corticotroph adenomas with CSI, complete surgical
resection of tumor is difficult. Thus, lower remission rates of
TSS have been reported in the patients with corticotroph
adenomas with CSI. However, 48.8% of corticotroph adenomas
with CSI in our center achieved remission after TSS, which was
higher than that reported in previous studies (7, 21). The main
reasons for the higher remission rate may include the
experienced neurosurgeons, intraoperative multiple technique
assistance, and aggressive surgical procedure.

Surgery for corticotroph adenomas with CSI has always been
a challenge because of the highly complex anatomy of the CS and
difficult in CS dissection. Thus, experienced neurosurgeon is
essential to achieve complete tumor resection, biochemical
remission, and avoid perioperative complications. In our
center, almost all surgeries for CD patients were performed by
RW and MF, who had experience with more than one thousand
pituitary surgeries as previously described (9). Each year, more

TABLE 6 | Further treatments and remission rate in persistent and recurrent patients with invasive corticotroph adenomas.

Total/Remission Rate Radiotherapy

Repeat TSS

Medical therapy Adrenalectomy

Total (10/30, 33.3%) 4/15 (26.7%)

0/5 (0%)

1/4 (25.0%) 5/6 (83.3%)

Frontiers in Oncology | www.frontiersin.org

February 2022 | Volume 12 | Article 810234


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Dai et al.

Qutcome of TSS in Corticotroph Adenomas With CSI

than one hundred CD patients undergo pituitary surgery in
PUMCH, and a large part of them are invasive macroadenomas
and recurrent CD (22). The number of surgical patients with CD
in PUMCH may be one of the largest centers. Therefore, large-
scale surgical patients with CD have accumulated rich surgical
experience in management of patients with corticotroph
adenomas with CSI. Unfortunately, even in the hands of
experienced surgeons, only about half of corticotroph
adenomas with CSI could achieve remission after TSS. There
are several studies that also found that biochemical remission
rate is related to the number of years of neurosurgical experience.
Yap and colleagues reported that the first decade of neurosurgery
experience was associated with lower remission rates than that
with the second and third decade of neurosurgery experience
(23). A recent meta-analysis also demonstrated the possible
association of neurosurgeons’ experience with remission rates
in CD patients (24). Therefore, neurosurgical experience may be
one of main reasons for the higher remission rate of TSS in
corticotroph adenomas with CSI.

Application of multiple techniques may be another important
factor for the higher remission rate of TSS in corticotroph
adenomas with CSI. In this study, multiple techniques
including neuronavigation and intraoperative Doppler
ultrasonography were used intraoperatively for surgical
assistance in most patients, which resulted in maximum tumor
removal and a relatively low rate of perioperative complications.
For larger and recurrent corticotroph adenomas with CSI,
neuronavigation and Doppler ultrasonography was used to
determine the exact location of the ICA. These techniques can
provide references for locating some important structures
including the ICA, brainstem, and optic canal in real time
during surgery (25). Precisely locating these structures can
prevent injuries to them, thereby decreasing the frequency of
perioperative complications. T. J. Owen also reported that using
the neuronavigation system for localization, the rostral and
caudal margins of the pituitary fossa during TSS may decrease
morbidity and surgical time (26). Doppler ultrasonography has
also been shown to determine the exact location of the ICA and
whether an aneurysm exists, thereby avoiding injuring the ICA
during surgery (27). Therefore, these multiple techniques used in
surgery facilitate tumor resection and a safe operation and
decrease perioperative complications in corticotroph adenomas
with CSI.

In our center, an aggressive procedure was used to pursue a
maximum safe removal of tumor. During the surgery, in order to
accurately assess the CSI and to remove the tumor maximally, it
is critical to widely expose the anterior and inferior sella dura,
even the medial dural wall of the CS. Thus, endoscopic extended
transsphenoidal surgery was used for most larger corticotroph
adenomas with CSI, which provide direct visualization for
resection of the tumors invading the CS and suprasellar (28).
Recently, the incision of the CS wall has also been performed for
PAs invading the CS, which resulted in a higher GTR rate (12).
Therefore, rich surgical experience, wide exposure by endoscopic
extended transsphenoidal surgery and incision of the CS, and
intraoperative assistance of combined neuronavigation and

intraoperative Doppler ultrasonography are the main reasons
for the higher remission rate in our center.

Identification of the factors affecting surgical outcomes is very
important for predicting the prognosis of patients with
corticotroph adenomas invading CS. In this study, we found
that the remission rate (75%) in patients with Knosp grade 2
adenomas is higher than that in patients with Knosp grade 3
adenomas (55.6%) and Knosp grade 4 adenomas (41.3%), but it
did not reach statistical significance. This result indicated that
the MRI-based Knosp grade classifications were not related to
immediate remission in corticotroph adenomas with CSI, which
is consistent with the results of most previous studies. Similarly,
Wagenmakers (6) reported that the remission was achieved in
50.0% of patients with Knosp grade 2, 37.5% of patients with
Knosp grade 3, and 33.3% of patients with Knosp grade 4,
respectively. However, another study by Witek showed that the
immediate postoperative remission depended on invasiveness
based on Knosp grades 3 and 4 for macroadenomas (29).
However, only 4 patients with Knosp grade 2 adenomas were
included in the present study, and more large-scale studies are
needed to further verify this conclusion.

Whether the adenoma size affects the surgical remission in
corticotroph adenomas with CSI remains controversial. In our
study, patients with microadenomas invading CS had higher
immediate remission rates than patients with macroadenomas
invading CS and giant adenomas invading CS; however, it does
not reach statistical significance. This is consistent with the
results from some previous studies. Starke reported that there
was no significant difference in remission among patients with
microadenomas and macroadenomas (30). Feng also reported
that CD patients with macroadenomas and microadenomas had
similar remission rate after TSS (11). On the contrary, a few
studies have opposite conclusions; Blevins (31) indicated that
CSI and the presence of a tumor diameter > 2.0 cm were
characteristics associated with an increased likelihood of
residual disease after surgery. Other studies also demonstrated
an inverse correlation between remission rates and tumor size in
patients with CD (4, 32). However, most of the previous studies
reported the effect of tumor diameter on remission rate in
patients with CD, but not in patients with corticotroph
adenoma invading CS. Therefore, more studies on potential
factors predicting surgical outcomes in corticotroph adenomas
with CSI are needed.

In this study, we found that the repeated TSS for corticotroph
adenomas with CSI has shown significant lower remission rates
compared with the first TSS. The main reasons for this result
may be the destruction of the original anatomy and scar
formation within the recurrent tumor. These factors make the
surgery more difficult and dangerous. Valderrabano and
colleagues (33) also demonstrated that the repeat TSS for CD
is associated to a lower remission rate and a higher risk of
recurrence, which is consistent with our results. However, the
large-scale clinical study on results of repeat TSS for corticotroph
adenomas with CSI is limited, and further studies are needed.

Depending on the neurosurgeon’s preference, TSS for
corticotroph adenomas with CSI could be performed using a

Frontiers in Oncology | www.frontiersin.org

104

February 2022 | Volume 12 | Article 810234


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Dai et al.

Qutcome of TSS in Corticotroph Adenomas With CSI

microscopic or endoscopic approach. Compared with the
microscopic approach, the endoscopic approach provides a
broader surgical view of the pituitary region, including lateral
edges of the sella and CS. However, in this study, no significant
difference was found in the remission rates among the patients
with corticotroph adenomas invading CS who underwent
microscopic TSS and endoscopic TSS. The microscopic and
endoscopic techniques were used in combination for a subset
of corticotroph adenomas with CSI, which might explain why an
endoscopic versus a microscopic technique yielded a similar
remission rate in our center. This result is in accordance with one
recent meta-analysis, which indicated that comparisons of
remission rates by endoscopic versus microscopic technique
yielded the same results (34). However, another meta-analysis
demonstrated that the endoscopic TSS reaches comparable
results for microadenomas, and probably better results for
macroadenomas than microscopic TSS for CD patients (35).
To date, the data about comparisons of remission rates by an
endoscopic versus a microscopic technique in corticotroph
adenomas with CSI are limited, and more studies comparing
the two techniques in corticotroph adenomas with CSI at the
same institution are needed.

We have previously indicated that the number of operations,
the duration of disease, tumor invasion, tumor size, and
preoperative ACTH concentration could predict the immediate
outcomes of TSS in patients with corticotroph adenomas (36).
However, in this study, we found that neither Knosp grade nor
tumor size affects the remission rate in corticotroph adenomas with
CSI. The main reasons for the difference may be that all included
corticotroph adenomas are invading CS in this study; therefore, the
Knosp grade and tumor size did not affect the surgical outcomes.
Compared with the first TSS, the repeated TSS for corticotroph
adenomas with CSI is related to the lower remission rates, which is
consistent with the results of previous studies (37, 38). Therefore,
further research is needed to identify the factors affecting surgical
outcomes of corticotroph adenomas with CSI.

It is difficult to manage patients with persistent or recurrent
corticotroph adenomas with CSI. Therapy options include
radiation therapy, repeated TSS, medical therapy, and, as a
final step, bilateral adrenalectomy. These treatments have their
own advantages and disadvantages; however, there is no
consensus on which treatment is preferable. In our center, an
individual-based comprehensive treatment was discussed by a
multidisciplinary team (MDT) with collaborating experts.
However, even if comprehensive treatments were used, the
prognosis of these patients is still poor, and more effective
treatments are needed.

LIMITATIONS

Although this study is a rather larger patient cohort regarding the
results of TSS on corticotroph adenomas with CSI in a single
institution, there are some limitations that deserve to be
mentioned. First, because of the retrospective nature of the
study, it is difficult to collect complete clinical information and

long-term follow-up data for all patients. Some data on long-term
follow-up and further treatments were missing, which may result
in a bias of the results and conclusions on long-term outcomes
and recurrence rate. Additional information of survival or death
for half of the included patients cannot be obtained; thereby, the
mortality results are not included and analyzed. Another
limitation is that referral or selection bias must be taken into
consideration because this was a single-center cohort study.

CONCLUSIONS

In summary, the remission rate of corticotroph adenomas with
CSI was unsatisfactory due to incomplete resection of invasive
and/or a large adenoma. With the application of multiple
techniques, approximately half of the patients could achieve
GTR and biochemical remission via TSS by experienced
neurosurgeons. Extent of tumor resection and number of
operations were associated with surgical remission rate in
corticotroph adenomas with CSI. In contrast, Knosp grade,
tumor size, and surgical approach did not affect the remission
rate of TSS in corticotroph adenomas with CSL In addition,
further treatment including radiotherapy, repeated operation,
medical therapy, and even bilateral adrenalectomy are required
for persistent or recurrent corticotroph adenomas with CSI.
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Background: Most of pituitary adenomas (PAs) are slow-growing benign tumors which
can be cured or controlled by conventional therapies, including surgery, medical treatment
or radiotherapy. A small set of PAs, usually known as aggressive PAs or refractory PAs,
present with more aggressive behavior and lead to poorer prognosis than classical PAs.

Methods: We retrospectively analyzed the clinical and pathological characteristics of 44
patients who were diagnosed with refractory PAs by a multidisciplinary team (MDT). All the
patients’ demographic characteristics, radiological findings, Knosp grade, treatment
details and clinical outcomes were abstracted from the medical records. Additionally,
44 patients with nonrefractory PAs (NRPAs) matched for age and gender were selected to
serve as the control group.

Results: Despite using all combined treatments including surgery, radiotherapy and
conventional medical treatments, all the refractory PAs showed tumor progression or
hormone hypersecretion which caused increased morbidity and mortality and remained
challenging to management. Compared with those of the non-refractory PAs, the tumor
size, invasive rate and tumor growth rate (TGR) were significantly higher in the refractory
PAs. TGR >2.2% per month may be considered as a preoperative indicator of
refractoriness. The Ki-67 index in the refractory PAs were all >3%. EGFR, but not
MMP2 or MMP9, was significantly overexpressed in refractory PAs compared with the
corresponding levels in nonrefractory PAs.

Conclusion: Refractory PAs are unresponsive to surgery, radiotherapy and conventional
medical treatments with a poor prognosis. Moreover, a TGR >2.2% per month, Ki-67 index
>3% and EGFR overexpression may be independent predictors of clinical refractoriness.

Keywords: refractory pituitary adenoma, aggressive pituitary adenoma, tumor growth rate, Ki-67, EGFR
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INTRODUCTION

Pituitary adenomas (PAs), accounting for 15% of all intracranial
neoplasms, are monoclonal benign tumors arising from
adenohypophyseal cells (1). With the development of imaging
technology, the prevalence of clinically evident PAs has recently
been reported to be 1/1000 in a Belgian population and 0.776/
1000 (of which 0.542/1000 were hormone secreting) in a region
of the United Kingdom (2, 3). Interestingly, according to a meta-
analysis of radiology and pathology autopsy reports, incidental
findings of pituitary lesions were commonly found in almost
16.7% of the population, indicating that most PAs were
nonfunctional tumors which stopped growing or grew very
slowly and needed no intervention after tumorigenesis (4). In
contrast, a small set of PAs, usually known as aggressive PAs or
refractory PAs, exhibit radiologically invasive and unusually
rapid tumor growth rates (TGRs) or clinically relevant tumor
growth despite maximal treatment with standard therapies,
including surgery, radiotherapy and conventional medical
treatments (5-8). At the extreme end of the spectrum, PAs
accompanied with noncontiguous craniospinal or distant
metastasis are called pituitary carcinomas, which are
exceedingly rare, comprising only 0.1-0.2% of all PAs (9).
Although it is not clear why most PAs are slowly-growing
benign tumors while others exhibit aggressive or even
malignant behavior are still obscure, it is ultimately urgent to
get an accurate identification and early treatment for these
refractory PAs to improve the patient outcomes.

To differentiate refractory PAs with aggressive even
malignant behavior from benign PAs for early diagnosis and
intensive therapy, the 2004 World Health Organization (WHO)
classification system categorized PAs as typical tumors, atypical
tumors and pituitary carcinomas (10). PAs with Ki-67 labeling
index of >3% and excessive staining with p53 were diagnosed as
atypical PA. However, the clinical impact of atypical PA is
controversial as many studies have shown that some atypical
PAs do not grow in a clinically aggressive mode and remain
quiescent for years during follow-up or after the initial total
resection (11, 12). Due to its low predictive value, the category of
atypical PA is abnegated in the updated 2017 WHO classification
of PAs (13), which also insisted on the evaluation of tumor
proliferation potential by mitotic count and Ki-67 labeling index.
According to the European Society for Endocrinology (ESE)
guidelines, the diagnosis of an aggressive PA should be
considered in patients with a radiologically invasive tumor and
unusually rapid TGR, or clinically relevant tumor growth despite
optimal standard therapies, including surgery, radiotherapy and
conventional medical treatment (14). However, this definition
may seem obscure and ambiguous as it does not define what
represents “clinically relevant tumor growth” or an “unusually
rapid TGR”. Until now, no biomarkers have been used to predict
the aggressiveness of PA and the outcome of patients.

During the last decade, we focused on the diagnosis and
treatment of aggressive PAs and proposed a new category,
“refractory PAs”, to define these adenomas which exhibit a
distinctive disease course compared with that of benign PAs
(7, 8, 15). Although the definition of “aggressive” and

“refractory” overlaps with each other, the definition of
refractory PA emphasizes the importance of the Ki-67 index,
TGR and the patient’s response to the treatment from the
standpoint of disease course. In order to optimize the
definition of refractory PAs, here we investigated a series of 44
patients with refractory PAs to determine the clinical and
pathological characteristics for early diagnosis and
intensive intervention.

MATERIALS AND METHODS

Patients

Between Jan. 2014 and Dec. 2016, 2021 patients with PA
underwent transsphenoidal surgery (TSS) or craniotomy at
Peking Union Medical College Hospital (PUCMH, Beijing,
China). Forty-four patients who were diagnosed with refractory
PAs according to our diagnostic criteria by a multidisciplinary
team (MDT) that included endocrinologists, neurosurgeons,
pathologists, neuroradiologists, and oncologists were enrolled in
this study (6). In our previous studies, the most important
characteristics of refractory PAs included refractoriness to
standard therapies, including surgery, radiotherapy and
conventional medical treatment; tumor infiltration of the
adjacent structures based on either radiological images or
intraoperative findings; a cut-off value of > 3% for Ki-67;
increasing TGR > 2% per month; and tumor recurrence within
6 months after surgery (7, 8). All the patients’ demographic
characteristics, radiological findings, Knosp grade, treatment
details and clinical outcomes were abstracted from the medical
records. Additionally, 44 patients with nonrefractory PAs
(NRPAs) matched for age and gender were selected to serve as
the control group. 40 cases in the NRPA group had been achieved
total resection after the initial surgery, while 4 patients received
subtotal resection and remained stable after external beam
radiotherapy (EBRT). The study was approved by the Research
Ethics Committee of PUMCH and all the patients provided their
written informed consent for the research.

Clinical and Radiological Evaluation

Visual field and visual acuity assessments were performed by
neuroophthalmologist for all patients. Regrading functional
tumors, endocrine-related complications related to tumor were
also evaluated. Endocrine assessment was performed for all
patients, and once every 6 months to 1 year during the follow-
up. All patients underwent pituitary magnetic resonance imaging
(MRI) scans. Then the cases were classified according to the
Knosp classification system. TGRs were determined by
calculating the velocity of tumor volume increases using a
stereological method based on the Cavalieri principle in the
patients with at least 2 thin-slice magnetic resonance images
(MRI) (16).

Immunohistochemical Staining
Immunohistochemical staining of all the PAs was performed on
the paraffin blocks to test for adenohypophyseal hormones,

Frontiers in Oncology | www.frontiersin.org

109

March 2022 | Volume 12 | Article 846614


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Liu et al.

Characteristics of Refractory Pituitary Adenomas

pituitary transcription factors including Pit-1, SF-1, and T-pit
and other biomarkers including Ki-67, low molecular weight
cytokeratin (CAM 5.2), EGFR, p53, MMP-2 and MMP-9. In
brief, sections with 5-pum thickness were stained using Ki-67
(Chemicon, USA) antibodies, p53 (ZSGB-BIO, China), CAM 5.2
(ZSGB-BIO, China), MMP-2 and MMP-9 (Abcam, Cambridge,
MA, USA), and EGFR (Cell Signaling Technology, Boston, MA).
Sections incubated in phosphate-buffered saline alone served as
negative controls. Three fields of view (400x) were randomly
selected. The images were obtained under constant luminance
without white balance. The integrated optical density (IOD)
value was determined using Image-Pro Plus 6.0 software
(Media Cybernetics, Inc., Silver Spring, MD, USA). The stained
area was selected, and the other areas were hyalinized.
The images were converted into grayscale images, and 10D
values were calculated. A semiquantitative assessment of the
immunohistochemical reactions for EGFR was used to score the
staining as 0 (negative, IOD 0.1), 1+ (low, 0.1-0.4), 2+
(intermediate, 0.4-0.6), 3+ (high, 0.6-0.8), or 4+ (very high,
>0.8). Quantification of Ki-67-labeled cells was assessed by
counting more than 500 nuclei in four randomly selected high-
power flelds, excluding the nuclei of vascular components and
hematological cells. Immunohistochemical protein expression
was scored blindly by two observers using a conventional
optical microscope (Olympus, Tokyo, Japan). p53 was
considered positive if more than 10% of the nuclei stained
densely. Negative staining was accepted when tumor cells were
negative in areas with positive staining for endothelial and
mesenchymal cells. Mitotic counts were performed by
reviewing at least 20 high-power microscopic fields at x
400 magnification.

Statistical Analysis

Statistical analysis was performed with SPSS 15.0 software
(SPSS, Inc., Chicago, IL, USA). Comparisons of categorical
variables were carried out by Chi-square or Fisher’s exact
tests. Binary logistic regression was employed to analyze
independent predicted variables of clinical refractoriness.
When two-sided p values were <.05, the differences were
considered statistically significant.

RESULTS

Clinical Characteristics of Refractory PA

Among the 2021 patients with PA who underwent TSS or
craniotomy at PUCMH, 44 refractory PAs were diagnosed,
with an incidence of 2.2%. The clinical and immunohistochemical
characteristics of 44 refractory PAs with integrated clinical
archives and effective follow-ups are shown in Table 1. Among
the 44 patients with refractory PAs, male patients accounted for
56.9% (25 cases), while female patients accounted for another
43.1% (19 cases). There were 824 male patients (40.7%) and 1197
female patients (59.3%) in the whole cohort. Fisher’s exact test
revealed that the male sex distribution was significant (p < 0.05).
The mean age at diagnosis in the refractory group was 46.6 years

(range 21-80 years), while the mean age was 42.77 years (range 6—
82 years) in the whole cohort, showing that patients with
refractory PAs tended to be older than those with ordinary PAs
(p < 0.05). Of the 44 patients with refractory PAs, 23 (52.3%)
PAs were identified as clinically nonfunctional PAs, whereas
21 cases (47.7%) were functional PAs. Moreover, there were
4 gonadotroph adenomas (GAs), 5 lactotroph adenomas (LA),
6 somatotroph adenomas (SA), 8 corticotroph adenomas (CA),
7 Crooke’s cell adenomas (CCAs), 12 null cell adenomas
(NCAs), 1 pit-1 positive plurihormonal adenoma (PPPA) and 1
acidophilic stem cell adenoma (ASCA) according to the 2017
WHO cdlassification of PAs.

At diagnosis, the most common symptom among patients
with refractory tumors was impaired vision or visual deficit (n =
27, 61.4%), followed by headache (n 26, 59.1%),
hypopituitarism (n = 21, 47.8%) and cavernous sinus
syndrome (n = 10, 22.8%). All 5 patients with lactotroph
adenoma and 1 patient with acidophilic stem cell adenoma had
been treated and resistant to bromocriptine, and 3 in 6 GH
tumors had been treated and exhibited resistance to octreotide.
Regarding surgery (including TSS and craniotomy), all the 44
patients received at least one operation: 1 patient (2.3%) had
undergone six operations, 2 patients (4.5%) had undergone five
operations, 6 patients (13.6%) had undergone four operations, 5
patients (11.4%) had undergone three operations, 10 patients
(22.7%) had undergone two operations, and 20 patients (45.5%)
had undergone one operation. Regarding radiotherapy
[including stereotactic radiosurgery (SRS) and external beam
radiotherapy (EBRT)], all the 44 patients received at least one
radiotherapy: 1 patient (2.3%) receiving four courses of SRS, 1
patient (2.3%) receiving three courses of therapy (two courses of
SRS and one course of EBRT), 8 patients (18.2%) receiving two
courses of therapy and the remaining 34 patients (77.3%)
receiving one course of therapy at diagnosis. Despite the use of
these combinations of treatments, all the refractory PAs showed
tumor progression or hormone hypersecretion which caused
increased morbidity and mortality and remained challenging
to management.

For most the refractory PAs, follow-up MRIs revealed rapid
growth of the residual tumor with invasion of the suprasellar
cistern and cavernous sinuses which could not be resected either
through TSS or craniotomy. To measure “rapid growth”, TGR
was determined by calculating the velocity of tumor volume
increases. TGR were calculated among the 28 refractory PAs with
at least 2 thin-slice magnetic resonance images during follow-up,
which varied from 2.2 to 12.4%/month. The mean TGR was
4.4%/month, which was significantly faster than that of
nonrefractory PAs.

Refractory Versus Nonrefractory PAs

To investigate the clinical characteristics of the patients with
refractory tumors, 44 patients with nonrefractory PAs (NRPAs)
matched for age and gender were selected to serve as the control
group (Table 2). There were 11 gonadotroph adenomas (GAs), 2
lactotroph adenomas (LA), 12 somatotroph adenomas (SAs), 8
corticotroph adenomas (CAs), 1 Crooke’s cell adenomas (CCAs),
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TABLE 1 | Clinical and immunohistochemical characteristics of the 44 refractory PAs.

Pat. No. Sex/ Tumor Type SRS/ TSS/ Medical Tumor Diameter Ki67% P53 Abundant
Age EBRT Craniotomy Therapy (mm) Mitoses
1 M/59 SGLA 1/0 2/0 Bro 66.5 20 + +
2 M/50 DGLA 1/0 2/2 Bro 57 20 + +
3 F/60 SGLA 11 1/0 Bro 32 5 - -
4 M/29 Acidophilic stem cell 1/0 0N Bro 57.5 3 - -
adenoma
5 M/60 SGLA 1/0 2/0 Bro 66 3 - -
6 F/59 SGLA 1/0 1/0 Bro 38 20 - +
7 F/67 NCA 01 1/0 - 58 3 - -
8 F/30 NCA 0/1 1/0 - 42 3 - -
9 F/21 NCA 01 11 - 50 5 - +
10 F/56 GA 1/0 4/0 - 42 15 + +
11 M/66 GA 0/1 1/0 - 128 10 + -
12 F/55 NCA on 1/0 - 56 3 - -
13 M/80 NCA 1/0 1/0 - 45 3 - -
14 M/32 SGSA 1/0 1/2 - 44 25 + +
15 M/76 NCA 01 1/0 - 35 5 - -
16 F/62 NCA 0/1 2/0 - 52 10 - +
17 M/52 SGSA 1/0 3/0 - 18.4 5 - -
18 M/40 NCA 1/0 3/0 - 52 3 + +
19 M/24 SGSA 2/0 41 - 66 25 + +
20 M/34 DGSA 01 3/1 - 72 5 - -
21 F/26 NCA 0N 1/0 - 14 3 + +
22 F/55 NCA 2/0 31 - 69 3 - -
23 M/66 NCA 1/0 1/0 - 53 3 - -
24 F/27 NCA on 1/0 - 82 3 + -
25 M/25 PPPA 01 1M - 68 8 - -
26 F/42 SGSA 1/0 11 - 32 3 - +
27 F/29 SGSA 1/0 2/0 - 69 10 - +
28 F/55 SGSA 1/0 1/0 Oct 12 3 - -
29 F/42 DGSA 1/0 1/0 Oct 24 3 - -
30 M/42 SGSA 1/0 1/0 Oct 16 3 - -
31 M/76 SGSA 4/0 2/1 - 23 40 + +
32 M/53 CCA 2/0 3/1 - 18 10 + +
33 F/45 CCA 01 1/0 - 18 5 - +
34 M/33 CCA 1/0 2/2 - 38 5 - -
35 M/33 CCA 1/0 2/0 - 12 3 - -
36 M/67 CCA 1/0 1/0 - 44 5 - -
37 M/41 CCA 01 1/0 - 13 5 - +
38 F/24 SGCA 2/0 1/0 - 12 3 - -
39 M/39 CCA 1/0 1/0 - 26 3 - -
40 M/30 SGCA 2/0 5/1 - 32 12 + +
41 F/32 GA 2/0 0/5 - 64 25 + +
42 F/63 SGCA 2/1 2/0 - 44 5 + +
43 M/45 GA 1/0 1/2 - 39 5 - -
44 M/50 SGCA 01 1 - 26 20 + +

Bro, bromocriptine; CCA, Crooke’s cell adenoma; DGCA, Densely granulated corticotroph adenoma; DGLA, Densely granulated lactotroph adenoma; DGSA, Densely granulated
somatotroph adenoma; GA, Gonadotroph adenoma; NCA, Null cell adenoma; Oct, Octreotide; PPPA, Plurihormonal PIT-1 positive adenoma, SGCA, Densely granulated corticotroph
adenoma; SGLA, Sparsely granulated lactotroph adenoma,; SGSA, Sparsely granulated somatotroph adenoma.

10 null cell adenomas (NCAs) according to the 2017 WHO
classification of PAs. The diameters of the tumors in the
refractory group ranged from 12.0 to 128.0 mm, with a mean
size of 43.0 mm. In contrast, the diameters of the tumors in the
nonrefractory group ranged from 3.3 to 43.0 mm, with a mean
size of 22.6 mm. There was a significant difference in the size of
the refractory versus nonrefractory tumors (48.6 vs. 22.6 mm, p <
0.01, Figure 1A). In addition, 24 of the 44 (54.5%) refractory PAs
presented as a giant tumor (> 40 mm), while only 1 of the 44
(2.3%) PAs was a giant tumor in the NRPA (p < 0.01). In the
refractory group, 37 tumors (84.1%) invaded the cavernous
sinus, 23 tumors (52.3%) demonstrated suprasellar extension

and 14 tumors (31.8%) extended into the clival region. Five
tumors (four cases of Knosp grade 4 and one case of Knosp grade
3) in the nonrefractory group demonstrated cavernous extension
both on MRI and during the operation and received near-total
resection (NTR). There was no suprasellar extension or clival
region invasion in the NRPA group. Compared with
nonrefractory tumors, refractory tumors were more likely to be
invasive (p < 0.01), suggesting that invasiveness was an
independent predictor in the binary logistic regression. Thirty-
nine patients in the NRPA group had been achieved total
resection after the initial surgery, while 5 patients received
NTR and remained stable after radiotherapy for a follow-up
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TABLE 2 | Clinical and immunohistochemical characteristics of the 44 non-refractory Pas.

Pat. No. Sex/Age Tumor Type Knosp grade Tumor Diameter Ki67% P53 Abundant Mitoses Outcome

1 M/34 GA 2 24 1 - - CR

2 M/19 GA 2 21.9 10 + + CR

3 M/25 GA 2 24.8 2 - - CR

4 F/50 CCA 2 16 1 - - CR

5 M/63 NCA 4 38 1 - - SD after EBRT
6 F/35 NCA 3 29 1 + + CR

7 F/25 NCA 2 24 3 - - CR

8 F/53 NCA 2 20.3 2 + + CR

9 M/41 GA 3 31 3 - - CR

10 M/50 NCA 2 27.8 0.5 - - CR

11 M/22 GA 3 34 2 - - SD after EBRT
12 M/32 GA 3 29 3 - - CR

13 F/57 SGLA 1 18 1 - - CR

14 M/58 GA 4 34.2 3 - - SD after EBRT
15 F/43 SGSA 2 29 2 - - CR

16 M/30 DGSA 1 16 3 - - CR

17 F/36 DGSA 2 20 2 - - CR

18 F/67 GA 1 20 1 - - CR

19 M/53 DGSA 2 24 1 - - CR

20 F/40 DGLA 3 30 1 - - CR

21 M/33 SGSA 1 25 3 - - CR

22 M/72 DGSA 1 24 2 - - CR

23 F/51 NCA 1 22 4 - + CR

24 F/29 GA 2 27 10 + - CR

25 M/32 NCA 3 28 1 - - CR

26 F/39 NCA 2 21.2 1 - - CR

27 M/43 DGSA 2 25 1 - - CR

28 M/51 NCA 4 43 1 - - SD after EBRT
29 M/68 NCA 3 34 2 - - SD after EBRT
30 M/21 SGSA 1 11 1 - - CR

31 F/40 GA 3 36.7 2 - - CR

32 M/41 DGSA 2 22 2 - - CR

33 M/43 GA 2 25 2 - - CR

34 M/36 SGSA 1 19 5 + - CR

35 F/51 DGSA 1 15 3 + - CR

36 F/39 SGCA 1 3.3 2 - - CR

37 F/22 DGCA 1 13 5 - - CR

38 M/50 SGSA 3 30 1 - - CR

39 F/22 SGCA 1 10 1 - - CR

40 F/29 SGCA 1 18 2 - - CR

4 F/48 DGCA 1 11.1 1 - - CR

42 M/31 SGCA 1 6.2 3 - - CR

43 F/41 DGCA 1 10.2 2 - - CR

44 F/39 DGCA 1 3.5 1 - - CR

CCA, Crooke’s cell adenoma,; CR, Complete remission; DGCA, Densely granulated corticotroph adenoma; DGLA, Densely granulated lactotroph adenoma, DGSA, Densely granulated
somatotroph adenoma; EBRT, external beam radiotherapy; GA, Gonadotroph adenoma; NCA, Null cell adenoma; Oct, Octreotide; PPPA, Plurihormonal PIT-1 positive adenoma; SD,
Stable disease; SGCA, Densely granulated corticotroph adenoma; SGLA, Sparsely granulated lactotroph adenoma; SGSA, Sparsely granulated somatotroph adenoma.

time of 31 months (range, 24-57 months). In contrast, 3 patients
died of tumor progression and 1 patient died of tumor metastasis
even with temozolomide therapy in the refractory group at a
follow-up time of 20 months (range, 14-62 months).

Pathological Characteristics and
Predictors for Clinical Refractoriness

To investigate the pathological characteristics and identify the
possible biomarkers predicting the refractoriness of PAs,
immunohistochemical analysis was undertaken. In addition to
biomarkers (such as Ki-67, mitotic index and p53
immunostaining) that were already used in the definition of

atypical PAs investigated, but other biomarkers (such as MMPs
and EGFR) were also assessed. For the histopathological
examination, 13 of 44 (29.5%) refractory PAs displayed
atypical features, including a Ki-67 labeling index above 3%,
p53 staining and abundant mitosis, while none of the 44
nonrefractory PAs displayed atypical features (p < 0.0001). The
Ki-67 index in the refractory group ranged from 3% to 40%, with
a mean index of 8.6%, which was much higher than that among
the nonrefractory tumors (1.2%, p < 0.001, Figure 1B). Binary
logistic regression revealed that the Ki-67 index was an
independent predictor of clinical refractoriness. Interestingly,
the Ki-67 index increased over time in 12 of 14 (85.7%) cases
whose tissues were available from repeat surgeries (Figure 2).
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versus nonrefractory tumors (6.9% vs. 1.2%, p < 0.001).

The increasing Ki-67 index indicated progression of tumor
malignancy with an increasing number of operations. In
addition, p53 immunostaining was positive in 15 of 44
refractory PAs (34.1%), while only 1 of 44 nonrefractory PAs
(2.3%) was positive for p53, indicating a significant difference
(p < 0.001). Abundant mitosis/nuclear pleomorphism was
seen in 20 of 44 (45.5%) refractory PAs (41.0%), while 2 of 44
nonrefractory PAs (4.5%) displayed abundant mitosis (p<0.001).

IHC staining showed strong EGFR immunoreactivity in 33 of
44 (75.0%) refractory PAs and 7 of 44 (15.9%) nonrefractory
PAs. Representative images of EGFR immunohistochemical
staining of refractory PAs and nonrefractory PAs are shown in
Figure 3A. The mean IOD values of the refractory PA group and
nonrefractory PA group were 0.381 and 0.114, respectively.
Using an unpaired t test, we found that EGFR was significantly
increased in refractory PAs compared with nonrefractory PAs
(p < 0.01, Figure 3B). Binary logistic regression revealed that
EGFR was an independent predictor of clinical refractoriness.
There was no significant difference between refractory PAs and
nonrefractory PAs regarding MMP2 or MMP9 (0.086 vs. 0.92,
0.122 vs. 0.114, both p >0.05).

DISCUSSION

The use of the terms “aggressive” and “refractory” as descriptors
for some PAs is intended to distinguish PAs with malignant
behavior and a poor prognosis from PAs having benign
characteristics. According to the European Society of
Endocrinology (ESE) published guidelines on the management
of aggressive pituitary tumors and carcinomas, an aggressive
pituitary tumor should be considered in patients with a
radiologically invasive tumor and unusually rapid TGR, or
clinically relevant tumor growth despite optimal standard
therapies (surgery, radiotherapy and conventional medical
treatments) (14). However, there is no general agreement on the
definition of aggressive PAs regarding their specific clinical and
pathological characteristics and the guideline did not determine
what represented’clinically relevant tumor growth” or an

p<0.001

Ki-67 index

=

Refractory PAs

Non-refractory PAs

FIGURE 1 | (A) Tumor size in the refractory and nonrefractory groups. There was a significant difference in the size of the refractory versus nonrefractory tumors
(48.6 vs. 22.6 mm, p < 0.01 (B), The Ki-67 index in the refractory and nonrefractory groups. There was a significant difference in the Ki-67 index of the refractory

“unusually TGR”. Therefore, the definition of aggressive PA
relies mainly on subjective judgment of clinical characteristics
but lacks objective diagnostic criteria and markers, leading to some
confusion. Furthermore, “aggressive” and “invasive” are
interpreted differently by different clinicians and are often used
as interchangeable terms in the literature (17). In addition, there is
a special situation in China where the Chinese words for
“aggressive” and “invasive” are pronounced the same, which is
more likely to lead to them being used interchangeably. Therefore,
this was the initial reason for our proposal that a new term
“refractory”, be used to define these PAs.

In our previous studies, the most important characteristics of
refractory PAs include refractoriness to standard therapies,
including surgery, radiotherapy and conventional medical
treatment; tumor infiltration of the adjacent structures based
on either radiological images or intraoperative findings; a cut-oft
value of > 3% for Ki-67; increasing TGR > 2% per month; and
tumor recurrence within 6 months after surgery (7, 8). Although
the definitions of aggressive and refractory PAs overlap with each
other, we retrospectively analyzed 44 patients with refractory
PAs and investigated their clinical and pathological
characteristics, emphasizing the importance of the Ki-67 index,
tumor growth velocity, and other features for the early diagnosis.

In the present case series, all the 44 patients with refractory
PAs showed radiological invasiveness at diagnosis, and binary
logistic regression demonstrated that invasiveness was an
independent predictor of refractoriness in the binary logistic
regression. Although most refractory PAs were invasive, a small
number of the refractory PAs were noninvasive tumors, even
microtumors at the time of first diagnosis (especially CD),
indicating that invasiveness alone is insufficient to define
refractoriness. At the early stage of a refractory PA, the tumor
can be noninvasive. With the passage of time, the tumors may
develop more invasive or aggressive characteristics, even
progressing to malignancy (18, 19). Nevertheless, some PAs
extending into the cavernous sinus and that were radiologically
invasive were not aggressive. Cavernous sinus extension of PAs
may be caused by the weakness of the medial wall of the
cavernous sinus, not by the nature of the tumor (19).
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FIGURE 2 | (A)The Ki-67 index increased over operations in 11 of 14 (78.6%) cases whose tissues were available from repeat surgeries. (B) Immunohistochemical
staining of Ki-67 in one patient with refractory PAs who received four operations. (B1) 5% (x100 magnification). (B2) 10% (x100 magnification). (B3) 20% (x100

Additionally, some invasive tumors can be totally resected by one
or multiple operations or controlled by radiotherapy (20). In our
control group, a substantial number of invasive PAs achieved
total resection through extended transsphenoidal surgery and
showed no recurrence after a long follow-up time (Figure 1).
Herein, invasiveness is not the always related to aggressiveness,
and objective diagnostic criteria are needed, such as TGR and
pathological features.

All the patients with refractory PAs received at least one or
more operation. For those 20 patients (45.5%) who had undergone
only one operation, the tumors invaded the cavernous sinus and
encompassed the internal carotid artery, which could not be totally
removed in the operation. All 20 patients who underwent one
operation received one or more radiotherapies and showed tumor
progression. After a mean follow-up of 44.2 months (range 6-88
months), 2 patients died of tumor progression and 1 patient died
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FIGURE 3 | (A) Immunohistochemical staining of EGFR in PAs. (A1) I0D: 0.036 (x100 magnification). (A2) IOD: 0.192 (x100 magnification). (A3) IOD: 0.466 (x100
magnification). (A4) IOD: 0.842 (x100 magnification). (B), EGFR mean I0Ds of refractory PAs and nonrefractory PAs. The mean EGFR IOD of the refractory PAs was
significantly increased compared with that of the nonrefractory PAs (0.381 vs. 0.114, p < 0.05).

of tumor metastasis even with temozolomide therapy in the
refractory group, suggesting not only that the clinical
manifestation was more aggressive but also that the life
expectancy of these PA patients was also markedly reduced (21,
22). Therefore, the most important characteristic of refractory PAs
is that they are unresponsive to surgery, radiotherapy and
conventional medical treatments with a poor prognosis.

The definition for aggressive does not provide an objective
criterion for rapid growth, which easily leads to different
judgments from different clinicians (23, 24). Here, the
definition of refractory includes a TGR >2.2% per month,
which can be used to determine rapid growth. Although more
data are needed, it does provide an objective criterion for
rapid growth.
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Beyond the Ki-67 index which is already used in the definition
of refractory adenomas, other biomarkers have also been
investigated as potential biomarkers of refractoriness. Such
biomarkers include matrix metalloproteinases (MMPs;
including MMP2 and MMP9) which degrade extracellular
matrix for enabling tumor invasion and epidermal growth
factor receptor (EGFR), one subtype of ErbB receptors, which
is expressed in PAs and regulates cell motility and adhesion,
tumor invasion, angiogenesis and tumor cell proliferation (25).
Previous studies showed that EGFR overexpression in transgenic
mice driven by tissue-specific promoters induced PA
tumorigenesis (25, 26), indicating its important role in
pituitary tumorigenesis. In this study, we found that EGFR
could also be used to assess refractory behavior. MMPs,
particularly MMP2 and MMP9, are thought to play a central
role in the proteolytic process of the extracellular matrix and
basement membrane degradation, an essential step in these
processes (27). However, neither MMP9 nor MMP2 could be
used as an independent predictor of clinical refractoriness in
our study.

CONCLUSION

Refractory PAs are unresponsive to surgery, radiotherapy and
conventional medical treatments with a poor prognosis.
Moreover, a tumor growth rate >2.2% per month, Ki-67 index
>3% and EGFR overexpression may be independent predictors
of clinical refractoriness. Moreover, more cases and translational
research are also needed to provide more insights into the
definition of these refractory tumors.
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The invasiveness and high proliferation rate of growth hormone-secreting pituitary
adenomas (GHPAS) are closely related to poor prognosis in patients. We previously
reported that abnormal glycolysis participates in this process; however, the role of
mitochondria in the invasion and proliferation of GHPAs remains unknown. In the
current study, stereological methods were first used to quantitatively calculate the
number and morphology of mitochondria. The results revealed that the numbers,
volumes and membrane areas of mitochondria were decreased in invasive GHPAs
(IGHPAs) samples compared to noninvasive GHPAs (NIGHPAs) samples. Furthermore,
significantly downregulated mRNA and protein levels of dynamin-related protein 1 (Drp1)
were detected in IGHPAS, but no notable changes in fusion related molecules (Mfn1, Mfn2
and OPAT1) were detected, suggesting that the abnormal mitochondrial dynamics in
IGHPASs are characterized by hypofission. Mitochondrial hypofission caused by Mdivi-1, a
specific Drp1 inhibitor, enhanced the invasion and proliferation of GH3 cell lines and
primary cells from patients with GHPAs in vitro and in vivo, while overexpression of Drp1
reversed these processes. Mechanistically, mitochondrial hypofission might activate
signal transducer and activator of transcription 3 (STAT3). Specifically, elevated nuclear
PSTAT3""% may promote GH3 cell invasion by upregulating the activity of matrix
metalloproteinase 2/9, and elevated mitochondrial pSTAT3%"%” may promote GH3 cell
proliferation by inhibiting the mitochondria-dependent apoptotic pathway. Taken
together, our findings suggest that mitochondrial hypofission induced by Drp1 might
strengthen the invasion and proliferation of GHPA tumor cells by activating STAT3,
providing us with a new perspective on how mitochondria regulate the development
of IGHPAs.

Keywords: growth hormone-secreting pituitary adenomas, DRP1, mitochondrial fission, stat3, invasion, proliferation
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INTRODUCTION

Growth hormone-secreting pituitary adenomas(GHPAs) are a
common subtype of pituitary adenomas (PAs) that can cause
neurological dysfunctions induced by the tumor mass effect, as
well as endocrine symptoms induced by growth hormone (GH)
hypersecretion, and increase the mortality of patients by
approximate 2-fold (1). Surgery is regarded as the first-line
treatment for GHPAs, and results in an initial endocrine
remission rate of 80% for microadenomas and 50% for
macroadenomas (1, 2).However, the remission rate for tumors
invading the cavernous sinus drops to 35%, and five-year disease
recurrence rates range from 2 to 8% (1, 2). Moreover,
postsurgical pathological factors (e.g., Ki-67 index, sparsely
granulated adenoma) are also correlated with the prognosis of
GHPAs (1, 3). A multicenter case—control study found that
invasive and highly proliferative tumors presented with an
increased probability of tumor persistence or progression of
25- or 12-fold, respectively (4). Therefore, intensive study on
invasive and highly proliferative GHPAs is essential for the
development of new therapies.

Metabolic reprogramming is well recognized as a hallmark of
cancer and plays important roles in tumorigenesis (5).
Transcriptiomics data (6) and metabolomics investigations (7)
supported the potential oncogenetic roles of metabolic
dysregulation in PAs. Our group has reported that dysregulated
glucose metabolism (8), cholesterol metabolism (9) and glutamine
metabolism (10) might play important roles in the tumorigenesis
of PAs. For example, we have reported that lactate dehydrogenase
A (LDHA) enhances the glycolysis in pituitary GH3 cells, and then
promotes the invasion and proliferation of GH3 cells (8). Recently,
Zhang et al. further illustrated that overproduction of lactate
promoted the invasion of tumor cells via M2-like macrophage
polarization (11). Beyond abnormal glycolysis in cancer,
mitochondrial dysfunction associated with energy metabolic
reprogramming has also been confirmed (12).Several
tricarboxylic acid cycle intermediates (e.g., 2-hydroxyglutarate,
succinate and fumarate) induced by mutant metabolic enzymes
in mitochondria are well recognized as oncometabolites (13-15).
Oncocytoma, a special subset of pituitary adenoma, is
characterized by mitochondrial hyperplasia. Kurelac reported
that mitochondrial DNA (mtDNA) mutation might disrupt
respiratory complex I and induce the oncocytic phenotype of
pituitary adenoma (16). Feng et al. found that hyperplastic
mitochondria were characterized by metabolic changes as a
result of respiratory complex I dysfunction and inefficient
oxidative phosphorylation in oncocytoma (17). However,
whether mitochondrial dysfunction participates in the
development of GHPAs is still unclear.

Mitochondrial succinate dehydrogenase (SDH) mutations
were identified in familial patients with GHPAs. In animal
models with Sdh*”" mice, the adenohypophysis presented
dramatic hyperplasia, and pituitary cells displayed
morphological abnormalities of mitochondria and high
expression of HIFla, which suggested the role of
mitochondrial metabolic enzymes in the development of
GHPAs (18). Mitochondrial function is not only affected by

mitochondrial metabolic enzymes, but also determined by
mitochondrial morphology to some extent (19). Mitochondrial
morphology is highly dynamic between fission and fusion cycles,
referred to as mitochondrial dynamics. Mitochondrial dynamics
are crucial for cellular processes, such as apoptosis, cell cycle and
cell death (19). Several studies have indicated that mitochondrial
dynamics might regulate tumor growth and metastasis (20, 21).
It has been reported that the underlying mechanism of dopamine
agonists in treating GHPAs might activate the mitochondrial
apoptosis pathway (22). These data provide instructive clues on
the role of mitochondria in GHPAs. However, whether
mitochondrial dynamics regulate the aggressive behavior and
proliferation of GHPAs remains largely unknown.

In the current study, we investigated mitochondrial
morphology and number in invasive GHPAs (IGHPAs)
samples, and then explored the underlying mechanisms by
which mitochondrial dynamics regulate the invasion and
proliferation of GH3 cell lines and human primary GHPAs cells.

MATERIALS AND METHODS

Patient Selection

In this study, a total of 42 samples were obtained from patients
with GHPAs, who underwent surgery in our department.
IGHPAs and NIGHPAs samples accounted for 50% each.
Among them, 14 GHPAs (7 IGHPAs, 7 NIGHPAs) were used
for stereological study. Diagnoses of individual tumors were
based on clinical signs, endocrine evaluation and postoperative
pathological results. Tumor invasiveness was determined
according to the Knosp classification combined with
intraoperative findings (4). Grade III - IV tumors were defined
as invasive tumors, and grade 0 - II tumors were noninvasive
tumors. This study followed the Helsinki declaration and the
supervision of the ethics committee of the Army Medical
University. All patients provided written informed consent to
participate in this study.

Electron Microscopic Observation

and Stereology

Electron microscopic sectioning was performed at the Center for
Biological Analysis and Testing at Army Medical University. A
total of 2 slices were extracted for each case by equal distance at
random. Twenty-five images were acquired from each slice
magnified to 25 Kd using a Japanese projection electron
microscope GEM 1400 plus in accordance with X, Y axis
interval of 10 um each. From these images, stereological
analyses were performed by using the Standard Program Image
Analysis System of the OLYMPUS microscope (23). The
mitochondrial volume fraction(Vv) was obtained by
stereological point measurement.

Vv =P/P' |V

P is the number of points to hit the mitochondria. P’ is the total
number of measuring points. V is the tumor volume measured
by enhanced magnetic resonance imaging. The density of
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mitochondrial surface area(Sv) was obtained using the linear
intersection technique.

Sv=2I/L" )V

I is the number of intersections between the lines and the
boundary of the mitochondria. L is the total length of the line.
The density of mitochondrial number (Nv) was obtained by
means of the stereological box technique.

Nv=N/(Sx H)/V

N is the number of mitochondria in the stereological box by the
forbidden line rule. S is the area of the forbidden line frame. H is
the height of the forbidden line frame.

Reverse Transcription and Real-Time
Quantitative PCR Technique

Total RNA of GHPAs was extracted using TRIzol (Toyobo,
Osaka, Japan) and reverse transcribed into cDNA utilizing
PrimeScript® RTase (Toyobo, Osaka, Japan). cDNA was
amplified using SYBR premix Taq TM II (Toyobo, Osaka,
Japan) and CFX96 real-time (Bio-Rad Laboratories, Hercules,
CA, USA). The relative transcription level of the gene was
calculated using the 2-A8¢t method. The primer sequences
(5-3’) used for qPCR were as follows: Mfnl F-GTGGCAAA
CAAAGTTTCATGTG, R-CACTAAGGCGTTTACTTCATCG;
Mfn2 F- CTCTCGCAGAAGGCTTTCAAGT, R-TTCACGC
ATTTCCTCGCAGTA; OPAl F- TCTGCACACTCAGTT
GAAGTAT, R-GCCTTTGTCATCTTTCTGCAAT; Drpl F-
CATGAGACTTTTGGGCGAACC, R-GGCACAAAT
AAAGCAGGACGAG; B-actin F-GCACCACACCTTC
TACAATGAGC, R-TAGCACAGCCTGGATAGCAACG.

Immunohistochemistry

GHPAs tissues were fixed in paraformaldehyde for 24 hours; and
then embedded in paraffin. Paraffin sections were sliced at a
thickness of 5 pm for subsequent immunohistochemical staining.
Staining of sections was performed in accordance with the
standard procedures described in our previous studies.
The sections were incubated with anti-Drpl (1:200;
ab56788, Abcam, Cambridge, UK), anti-STAT3 (1:200;
ab68153, Abcam), anti-phospho-STAT3 (S727) (1:150;
ab32143, Abcam), and anti-phospho-STAT3 (Tyr705)
(1:150; #9145, Cell Signaling Technology, Danvers, USA)
primary antibodies overnight at 4°C. The sections were then
incubated with secondary immunoglobulin conjugated to
peroxidase-labeled dextran polymer for 1 h at 37°C. 3,3-
Diaminobenzidine (Boster, Wuhan, China) was applied to view
the immunoreactions. Finally, these slices were stained with
hematoxylin, dehydrated, and covered with coverslips. Images
of different sections were obtained by fluorescence microscopy
(TSC-TIV; Leica, Nussloch, Germany). Negative control
experiments lacked the primary antibodies.

Cell Lines and Primary Cells
Rat GH3 pituitary adenoma cell lines were purchased from the
American Type Collection (ATCC, Manassas, VA, culture,

USA). Cells were cultured in Ham’s F-12K media containing
2.5% fetal bovine serum and 15% horse serum and placed in a
humidified incubator with a 5% CO,-humidified atmosphere at
37°C. Five primary GHPA cells were obtained from patients who
were surgically treated at Xingiao Hospital. The primary cells
were maintained in 10% FBS-containing MEM and cultured in a
5% CO,-humidified atmosphere at 37°C.

Lentivirus and Transfection

Lentiviral vectors (OBIO, Shanghai, China), including empty
vector and Drpl overexpression vector, were transfected into
GH3 cells at a multiplicity of infection (MOI) of 100 according to
the manufacturer’s instructions. Stable colonies were identified
by intense mCherry fluorescence. The upregulation efficacy of
Drpl protein was verified by western blotting.

Mitochondrial Division Inhibitor and

STATS Inhibitor

Mdivi-1 (338967-87-6, Selleck, Shanghai, China), a
mitochondrial division inhibitor, is a highly efficient small
molecule that selectively inhibits the activity of Drp 1 GTPase
by blocking the self-assembly of Drpl (24). Mdivi-1 was
formulated as 10 mM liquid storage with dimethylsulfoxide,
and was used to inhibit Drp1 at a concentration of 10 uM. HO-
3867(HY-100453, MCE, USA), an analog of curcumin, is a
selective STAT3 inhibitor that inhibits STAT3 phosphorylation,
transcription, and DNA binding activity without affecting the
expression of other active STATs. HO-3867 was formulated as 10
mM liquid storage with dimethylsulfoxide, and was used to
inhibit STAT3 at a concentration of 10 uM (25).
Cryptotanshinone(Cry) (HY-N0174, MCE) is a STAT3
inhibitor, that strongly inhibits the phosphorylation of STAT3
Tyr705, and has a weak effect on STAT3 Ser727. Cry was
formulated as 10 mM liquid storage with dimethylsulfoxide,
and was used to inhibit STAT3 at a concentration of 7 UM (26).

Protein Extracts and Western Blotting

Total proteins were extracted from GHPAs tissue or GH3 cells
using total protein extraction kits (Bestbio, Shanghai, China).
Mitochondrial proteins and nuclear proteins were extracted with
kits (Beyotime Biotech, Shanghai, China). Extracts equivalent to
50 ug of protein were integrated into SDS-PAGE gels and then
transferred onto polyvinylidene difluoride membranes. The
membranes were blocked in 5% nonfat milk with Tris-buffered
saline containing 0.05% Tween 20 for 3 hours at room
temperature and incubated with mouse antibodies against
Drpl (1:200; ab56788, Abcam) and B-Actin (1:1000; ab8227,
Abcam) and with rabbit antibodies against Phospho-Drpl
(Ser616)(1:1000; #4494, Cell Signaling Technology), Phospho-
Drpl (Ser637)(1:1000; ab193216, Abcam), STAT3 (1:300;
ab68153, Abcam), STAT3 (phospho S727) (1:250; ab32143,
Abcam), STAT3 (phospho Tyr705) (1:250; #9145, Cell
Signaling Technology), Bcl-2 (1:1000; ab59348, Abcam), Bax
(1:1000; ab32503, Abcam), and Caspase 3 (1:500; #9662, Cell
Signaling Technology). Then, the membranes were further
incubated with horseradish peroxidase-conjugated goat anti-
mouse (1:2000, ZB-2305, ZSGB-BIO, Beijing, China) and anti-
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rabbit (1:2000; sc-2012, Santa Cruz Biotechnology) IgG
secondary antibodies. The membrane signals were visualized
using a gel imaging chemiluminescence system (Fluor Chem,
ProteinSimp, USA).

Cell Counting Experiment

The number of cells was quantified using the WST-8 Cell
Counting Kit-8 (Dojindo Laboratories, Mashiki-machi,
Kumamoto, Japan) in accordance with the manufacturer’s
instructions. A total of 2.0*10° cells were initially cultured in
96-well plates and harvested after drug intervention for 48
hours. Cell numbers were quantified according to the
manufacturer’s instructions.

Cell Invasion Assay

Cells were starved in serum-free medium for 12 hours. Then,
cells (GH3, 5x10°/well, primary tumor cells, 3x10°) were
suspended in 150 pl serum-free medium and placed into the
upper chamber (8-mm pore; Costar, Bethesda, MD, USA) that
had been precoated with 70 pl Matrigel at a concentration of 300
pg/ml (BD Biosciences, USA). Five hundred microliters of whole
serum medium containing 2.5% FBS and 15% HS was added to
the lower chamber. After incubation with the indicated
treatments for 24 hours, the culture medium was removed, and
the matrix adhesive on the bottom of the chamber was gently
removed with cotton swabs. Next, the cells on the membrane
were fixed in 5% paraformaldehyde for 15 min and stained with
crystal violet solution (Boster). The cells on the membrane were
imaged under an optical microscope (Leica, DMI3000 Bat) at a
magnification of 10*20 for 10 images obtained according to
random equidistant extraction.

Detection of Matrix Metalloproteinase

2/9 (MMP2/9)

MMP2/9 enzyme activities were detected using a cell MMP2/9 in
situ zymography fluorescence staining kit (GMS80062.2,
GenMed Scientifics Inc. USA). Then, the fluorescence intensity
was observed under a fluorescence microscope (BX63, Olympus,
Japan) and analyzed by Image-Pro Plus 6.0.

Cell Cycle Analysis

In total, 2.0x10° cells in each group were harvested and used for
cell cycle analysis. The cells were washed with PBS three times
and then incubated in 70% alcohol at 4°C overnight.
Subsequently, the cells were stained in 0.05 mg/ml propidium
iodide (PL BD Biosciences Pharmingen) and analyzed by flow
cytometry (FACScan; BD Biosciences Pharmingen, San Diego,
CA, USA). Cell debris, cell doublets, and cell clumps were
excluded from the analysis. DNA histograms were created
using ModFit LT V2.0 software.

Apoptosis Analysis

In total, 2.0*10° cells in each group were harvested and used for
apoptosis analysis. Apoptosis was assessed using a FITC-
Annexin V apoptosis detection kit (556547, BD Biosciences
Pharmingen) according to the manufacturer’s instructions.
Cells were stained with FITC-Annexin V and PI. Apoptosis

was detected by flow cytometry and analyzed further using
ModFit LT V2.0 software.

Analysis of Mitochondrial

Membrane Potential and

Reactive Oxygen Species (ROS)

Approximately 1x10° GH3 cells were collected for mitochondrial
membrane potential and ROS detection using flow cytometry.
Mitochondrial membrane potential was detected by rhodamine
123 using a mitochondrial membrane potential detection kit
(C2008S, Beyotime Biotech), and ROS was determined by a
DCFH-DA reactive oxygen species assay kit (S0033S, Beyotime
Biotech) according to the manufacturer’s recommendations.
Each sample was assessed by flow cytometry for fluorescence
intensity. The results were analyzed by ModFit LT V2.0 software.

In Vivo Experiments

In vivo xenograft experiments were performed similar to our
previous study (9). Twenty-eight 4 weeks old male BALB/cA-nu
mice were purchased from Charles River (Beijing, China) and
housed under SPF conditions. Then, the animals were randomly
divided into 4 groups (7 mice/group). A total of 5x10°
transfected GH3 cells suspended in 100 pl of solution (50%
PBS and 50% Matrigel) were subcutaneously inoculated into the
right flank of the mice. Treatment with Mdivi-1 was started 2
weeks after inoculation of the cells. The Mdivi-1-treated groups
(VE+Mdivi-1, Drpl™*/**+Mdivi-1) received daily
intraperitoneal injection of 50 mg/kg Mdivi-1 for the next 3
weeks until sacrifice, while the other two groups (VE, Drp1*+/**)
received daily intraperitoneal injection of an equal volume of
PBS only. The mice were monitored daily for any discomfort.
The mice were weighed, and tumor volumes were also measured
every three days. Tumor tissue was removed from tumor-bearing
mice following the final treatment. Tumor volumes were
calculated using the following formula: V (mm®) = [AB?]/2,
where A is the tumor length and B is the tumor width. The
excised tumors were weighted. All animal procedures were
conducted according to protocols approved by the Institutional
Animal Care and Ethics Committee.

Statistical Analysis

Data are expressed as the means = SEM. A two-tailed Student’s t-
test was applied to determine statistical significance between the
two groups. These analyses were performed using SPSS for
Windows, version 18.0 (SPSS Inc., USA).

RESULTS

Mitochondrial Dynamics Were
Dysregulated in IGHPAs

The morphology and number of mitochondria were visually
observed under an electron microscope and contrasted
objectively by stereological measurement, including contour
counting, point counting and intersection counting. Several
mitochondria with normal morphology and secretory granules
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were observed in surgical noninvasive GHPAs (NIGHPAs)
samples (Figure 1A). However, several swollen mitochondria
were observed in IGHPAs samples (Figure 1B). Stereological
analyses revealed that the density of mitochondrial number (Nv)
and mitochondrial surface area (Sv) in IGHPAs were
significantly lower than those in NIGHPAs (Figures 1C, D).
Meanwhile, the mitochondrial volume fraction (Vv) in IGHPAs
was significantly lower than that in NIGHPAs (Figure 1E).
These stereological results suggest that mitochondrial fission
and fusion might be dysregulated in IGHPAs.

Downregulation of Drp1 Induced
Mitochondrial Hypofission Promotes

the Invasion of GHPAs

The morphology and number of mitochondria are highly dynamic
and determined by the processes of fusion and fission, which are
affected by mitochondrial dynamics proteins, mainly mitofusin

(Mfn), optic atrophy protein 1 (OPA1) and dynamin-related
protein 1 (Drpl) (19). We detected the mRNA expression levels
of the mitochondrial fusion related proteins (Mfnl, Mfn2 and
OPA1), and observed no significant difference between NIGHPAs
and IGHPAs samples (Figures S1IA-C). However, the mRNA
expression levels of the mitochondrial fission related protein Drpl
were significantly downregulated in IGHPAs samples (Figure 2A).
Further western blotting experiments confirmed that the protein
levels of Drpl were also significantly downregulated in IGHPAs
samples (Figure 2B). Accordingly, two main phosphorylation sites
(Ser616 and Ser637) of Drpl protein were detected significantly
downregulated in IGHPAs samples (Figure 2C). These results
indicate that the dysregulated mitochondrial dynamics confirmed
by stereological measurement in IGHPAs might be a result of
Drpl induced mitochondrial hypofission. Furthermore, we
verified the effect of Drpl protein on mitochondrial fission and
tumor cell invasion using GH3 cell lines in vitro. We successfully
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FIGURE 1 | Stereological analysis of mitochondria in NIGHPAs (n = 7) and IGHPAs (n = 7). The number density, bulk density and surface area density were corrected
with tumor volume measured by nuclear magnetic resonance. Nonparametric tests were used for statistical analysis. (A) Representative electron microscopic image of
tumor cells in NIGHPAs. Several mitochondria with normal morphology (arrows) and secretory granule (stars) were observed. (B) Representative electron microscopic
image of tumor cells in IGHPAs. Several swollen mitochondria (arrows) and secretory granule (stars) were observed. (C) The density of mitochondrial number (Nv) in
IGHPAs was significantly lower than that of NIGHPAs. (D) The density of mitochondrial surface area (Sv) in IGHPAs was significantly lower than that of NIGHPAs.

(E) The mitochondrial volume fraction (W) in IGHPAs was significantly lower than that of NIGHPAs. Scale bar = 1um, *P < 0.05, P < 0.01.
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FIGURE 2 | The relationship between Drp1 regulated mitochondrial dynamics and tumor invasion. (A) Expression of Drp1 mRNA was assessed by RT-gPCR in NIGHPAs
(n = 12) and IGHPAs (n = 13) samples. (B) Expression of Drp1 protein levels in NIGHPAs (n =8) and IGHPAs (n =8) samples was assessed by western blotting (left panel).
Statistical analysis of the western blotting results (right panel). (C) Protein levels of phosphorylated Drp1at Ser616 and Ser637 in NIGHPAs and IGHPAs samples were
assessed by western blotting (above panel). Statistical analysis of the western blotting results (oelow panel). (D) Mitochondria were stained with Mito-Tracker Green FM to
display quantity and mitochondrial morphology in four GH3 cell lines groups, VE (transfected with empty vector) group, VE+Mdivi-1 group, Drp1 = **(Drp1 over expression
vector) group, Drp1****+Mdivi-1 group. GH3 cells were observed after intervention with Mdivi-1 for 48 hours by confocal microscope. Scale bar = 2.5 um. (E) Statistical
analysis of the relative number of mitochondria per cell (n = 25). (F) The invasive ability of GH3 cells was evaluated by transwell assay (n = 3). Scale bar = 50 um. (G) Statistical
analysis of the invasive GH3 cell number. *P < 0.05, P < 0.01.
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constructed a Drpl overexpression (Drpl****) GH3 cell model
(data not shown) by lentivirus transfection and used Mdivi-1 to
specifically inhibit Drpl (24). The number of mitochondria was
significantly increased in response to overexpression of Drpl in
GH3 cells but decreased significantly in response to Mdivi-1
(Figures 2D, E), which were further confirmed by transmission
electron microscopy (Figure S1D). Then, we evaluated whether
inhibition of Drpl might affect GH3 cell invasion. Transwell
experiments demonstrated that overexpression of Drpl attenuated
the invasion of GH3 cells, while inhibition of Drpl by Mdivi-1
promoted cell invasion (Figures 2F, G).

Inhibition of Drp1 Promotes GH3 Cells
Invasion by Activating STAT3

The mitochondrial membrane has been well recognized as a
platform that mediates the transduction of signals into and out
of the mitochondria, which supports the role of mitochondrial
dynamics in regulating cell signaling pathways (19). It is well
known that the signal transducer and activator of transcription 3
(STATS3) signaling pathway is involved in cellular proliferation,
invasion and apoptosis; thus, we detected whether Drpl affects
STAT3. We found that inhibition of Drp1 by Mdivi-1 upregulated
the expression of total cell STAT3 protein, and downregulated
STAT3 protein in Drpl™*** GH3 cells (Figure 3A). Moreover,
the phosphorylated site of STAT3 at Y705 (pSTAT3Y705), an active
form of STAT3 that is primarily involved in STAT3 nuclear
transcription, was upregulated in the nuclei of GH3 cells when
Drpl was inhibited by Mdivi-1. Accordingly, protein levels of
pSTAT3"7% were downregulated in Drpl™**" GH3 cells
(Figure 3B). Another active form of STAT3 that is primarily
distributed in mitochondria, STAT3 phosphorylated at S727
(pSTAT3%"?’), was also upregulated in the mitochondria of GH3
cells when Drp1 was inhibited by Mdivi-1 and downregulated in
Drp1**** GH3 cells (Figure 3C). Similarly, we found that
expression levels of STAT3 protein were significantly higher in
the IGHPAs samples (Figure 3D). Further immunohistochemical
staining confirmed the overexpression of STAT3, pSTAT3Y"* and
pSTAT3*%” in the IGHPAs samples (Figures 3E-K). STAT3 is
known to activate matrix metalloproteinase 2/9 (MMP2/9) gene
expression, which could mediate an enhancement effect on tumor
invasiveness (27). We analyzed the enzyme activity of MMP2/9 in
GH3 cells and found that the activity of MMP2/9 was increased by
inhibition of Drpl. STAT3 inhibitors significantly reversed this
effect, which was similar to the effect of Drpl overexpression
(Figures 3L-R). To explore the role of STAT3 in GH3 cells
invasion induced by Mdivi-1, transwell assays were performed.
We found that STAT3 inhibitors blocked GH3 cell invasion
enhanced by inhibition of mitochondrial fission (Figures 3S-V).

Inhibition of Drp1 Enhances the
Proliferation of GH3 Cells

To further investigate whether inhibition of Drp1 regulates GH3
proliferation, we inspected GH3 cell number by CCK-38, cell cycle
and apoptosis by flow cytometry. The CCK-8 assay confirmed
that inhibition of Drpl enhanced the proliferation of GH3 cells
(Figure 4A), which was due to promotion of the cell cycle

(Figure 4B, Figure S2A) and protection from apoptosis
(Figure 4C, Figure S2B). Moreover, we detected whether
inhibition of Drpl could directly affect the mitochondrial
apoptosis pathway. GH3 cells treated with the Drpl inhibitor
Mdivi-1 presented reduced mitochondrial membrane potential,
and Drpl™*** GH3 cells presented increased mitochondrial
membrane potential, which could be reversed by Mdivi-1
(Figure 4D, Figure S2C). We also found that reactive oxygen
species (ROS) underwent similar changes. (Figure 4E and Figure
$2D). Then, we measured the expression of mitochondrial
apoptotic pathway-related proteins, including Bcl-2, Bax and
cleaved caspase-3. Western blotting results indicated that the
proapoptotic protein levels of Bax/Bcl-2 (Figure 4F) and cleaved
caspase-3 (Figure 4G) were significantly decreased by the Drpl
inhibitor Mdivi-1.

Drp1 May Regulate the Proliferation
of GH3 Cells Via Mitochondrial

STATS Signaling

To further investigate whether the STAT3 signaling pathway is
involved in the process through which Drpl regulates GH3 cell
proliferation, we chose two STAT3 inhibitors, HO-3867 (a broad
spectrum inhibitor of STAT3 phosphorylation) and Cry (a
selective inhibitor of STAT3 phosphorylation at Tyr705), for in
vitro experiments. The CCK-8 assay indicated that HO-3867
sufficiently reversed the proliferation of GH3 cells induced by
Mdivi-1, but Cry had no effect (Figure 5A). Neither inhibitor
affected the cell cycle (Figure 5B and Figure S3A). We further
observed a higher rate of apoptotic cells treated with VE+Mdivi-
1+HO-3867 while Cry had no effect compared to VE+Mdivi-1
(Figure 5C and Figure S3B). Moreover, HO-3867 significantly
increased the mitochondrial membrane potential and ROS
(Figures 5D, E and Figures S3C, D). Accordingly, western
blotting results indicated that the proapoptotic protein levels of
Bax/Bcl-2 (Figure 5F) and cleaved caspase-3 (Figure 5G) were
significantly upregulated by HO-3867 but not Cry.

Inhibition of Drp1 Promotes the

Invasion and Proliferation of MMQ

Cell Lines and Human PAPCs

We further investigated whether inhibition of Drpl affects the
invasion and proliferation of MMQ cell lines and human
primary GHPAs cells (PAPCs). Similar to GH3 cells, the Drpl
inhibitor Mdivi-1 significantly enhanced the invasion of MMQ
cells (Figures S4A, B) and PAPCs (Figures S4D, E), and this
effect was reversed by STAT3 inhibitors HO-3867 and Cry. The
CCK-8 assay further confirmed that the Drp1 inhibitor Mdivi-1
significantly promoted the proliferation of MMQ cells (Figure
$4C) and PAPCs (Figure S4F), and this pro-proliferative effect
was reversed by the STAT3 inhibitor HO-3867.

Inhibition of Drp1 Promotes the Growth
and Invasion of GH3 Cells In Vivo

To further investigate the effects of Drp1 on PA cells in vivo, a PA
xenograft model was generated by subcutaneous injection of either
vector control (VE) or Drp1**** GH3 cells into nude mice. The
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FIGURE 4 | Inhibition of Drp1 promoted proliferation of GH3 cells. (A) The number of GH3 cells in four groups (VE, VE+Mdivi-1, Drp1**/**, Drp1**/**+Mdivi-1) at 48
h were assessed by CCK-8 assay (n = 3). (B) Cell cycle at 48 h were analyzed by flow cytometry (n = 3). (C) Cell apoptosis at 48 h were analyzed by flow cytometry
(n = 3). (D) Mitochondrial membrane potential of four GH3 cell groups were detected by flow cytometry using Rhodamine123 at 48 h (n = 3). (E) Reactive oxygen
species (ROS) were detected by flow cytometry using DCF-DA fluorescence at 48 h (n = 3). (F) The expression of Bcl-2 and Bax proteins were detected by western
blotting (n = 3) (left panel). Statistical analysis of the western blotting results (right panel). (G) The expression of cleaved caspase-3 protein was detected by western
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mice were randomly divided into four groups (VE, VE+Mdivi-1,
Drpl™/**, DRP1""**+Mdivi-1). We found that inhibition of
Drpl significantly promoted the growth of GH3 cells in vivo,
and overexpression of Drpl attenuated the tumor growth
(Figures 6A-C). Further, HE staining confirmed that several
tumor nodules were detected in tumor capsule in VE+Mdivi-1
group, but not in VE and Drp1*"** group, which indicated that
inhibition of Drp1l enhanced the tumor invasion (Figure 6D).

DISCUSSION

Increasing evidence suggests that abnormal mitochondrial
dynamics participate in the processes of tumorigenesis (28, 29).
In the current study, stereological results confirmed dysregulated
mitochondrial dynamics of IGHPAs. Furthermore, we identified
that downregulation of Drpl was responsible for the inhibition
of mitochondrial fission and might be related to the invasion and
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+HO-3867, VE+Mdivi-1+Cry) at 48 h were assessed by CCK-8 assay (n = 3). (B) Cell cycle at 48 h were analyzed by flow cytometry (n = 3). (C) Cell apoptosis at 48
h were analyzed by flow cytometry (n = 3). (D) Mitochondrial membrane potential of three GH3 cell groups were detected by flow cytometry using Rhodamine123 at
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proliferation of IGHPAs. Inhibition of mitochondrial fusion
enhanced the invasion and proliferation of GH3 cell lines and
human primary GH-PA cells in vitro and in vivo, and
overexpression of Drpl reversed this process. Mechanistically,
decreased mitochondrial fission inhibited mitochondrial
pathway-mediated apoptosis and upregulated the activity of
MMP2/9 in GH3 cells via activation of the transcription
factor STATS3.

Despite supplying energy, mitochondria play a key role in
tumor progression by regulating redox homeostasis, oncogenic
signaling, innate immunity, and apoptosis of cancer cells (12).
Mutations in SDH were detected in patients with GHPAs, and
further animal models confirmed that SDH deficiency might
contribute to tumorigenesis (18, 30). Mitochondrial function is
affected not only by mitochondrial metabolism, but also by
mitochondrial dynamics regulating mitochondrial morphology

Frontiers in Oncology | www.frontiersin.org

127

April 2022 | Volume 12 | Article 739631


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Zhang et al. Drp1 Regulates Invasion and Proliferation of GHPAs

A B
Rt 5. 6.7.8 9 1011 12 13 14 i5 16 &~ 2500+ —_—
o [os = *kk
VE E 2000+ -
g
§ 15001 '%
VE+Mdivi-1 ]
d > 10004 & p——i
5 & Y
o E 500 .
Drp1***+Mdivi-1 3 "
0 T T T L5
¢ & 5
Drpt RO
*®

C D
*kk
204
* %k
1.5 .-
r =
.

0.5 %

Tumor vweight (g)
o

0.0 T .l:\ g l ~ ) :
L & L §
S P AN
4 £
&
3

FIGURE 6 | Inhibition of Drp1 promoted the growth and invasion of GH3 cells in vivo. (A) Excised tumors in four groups (VE, VE+Mdivi-1, Drp1***, Drp1***+Mdivi-1)
were shown. (B) Tumor volume in different groups. (C) Tumor weight in different groups. (D) HE staining of tumor(x100 magnification). Smooth tumor capsule (arrowheads)
was detected in VE and Drp1**+* group. Tumor nodules (arrows) were detected in tumor capsule in VE+Mdivi-1 and Drp1*+**+Mdivi-1 group. *P < 0.05, *P < 0.01,

P < 0.001.

(19). In the current study, we found that the number, volume and tumors in vivo (31, 32). However, upregulation of Drpl has
membrane area of mitochondria were decreased in IGHPAs  been reported in many cancers (e.g. breast cancer,
using stereological methods. Downregulation of mitochondrial ~ glioblastomas) and may be a potential target for cancer
membrane area referred to decreased mitochondrial ATP  treatment (21, 33). These data may seem contradictory and
through oxidative phosphorylation (28), which seems  puzzled, however, we think they indicate the different role of
consistent with our previous research on abnormal glycolysis =~ mitochondria in tumorigenesis and development in various
in IGHPAs. Therefore, our stereological results first suggested a ~ tumors (28). Furthermore, we investigated the role of
potential role of abnormal mitochondrial dynamics in the  mitochondrial dynamics in the invasion of GH3 cell lines in
invasion of pituitary tumors. vitro and in vivo. We found that overexpression of Drpl

The core mechanisms of mitochondrial membrane dynamics ~ promoted the fission of mitochondria and attenuated the
are fusion and fission, which are affected by mitochondrial  invasion of tumor cells, while inhibition of mitochondrial fission
dynamics proteins (19, 29). The mRNA expression levels of by Midiv-1 enhanced invasive behavior through upregulation of
Minl, Mfn2 and OPA1 were similar between the IGHPAs and ~ MMP2/9. The role of mitochondrial dynamics has been confirmed
NIGHPAs sample, while the mRNA and protein levels of Drpl ~ in the migration and invasion of different subtypes of cells. In
were significantly downregulated in IGHPAs samples. These data ~ neural stem cells, miR-137 accelerates mitochondrial fission and
suggest that the primary dysregulated mitochondrial dynamics  fusion and thereby promotes neuronal differentiation and
event in IGHPAs might be hypofission, but not hyperfusion. = migration (34). In a KRAS mutated carcinoma model,
Similar to our findings, Sabatino et al. observed downregulation = autophagy deficiency-induced mitochondrial hyperfission
of Drpl protein levels and decreased mitochondrial fission during ~ attenuated the invasion of tumor cells (35). Matrix
the development of estrogen induced experimental pituitary = metalloproteinase family members, primarily MMP-2 and
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MMP-9, have been well-recognized as core molecules responsible
for the invasion of pituitary adenomas by our previous studied (8,
36) and other studies (37). Taken together, our data indicate that
mitochondrial hypofission might strengthen the invasiveness of
IGHPAs tumor cells.

Considering that the IGHPAs generally accompanied by
highly proliferative features, we further investigated whether
Drpl mediated mitochondrial hypofission affects the
proliferation of tumor cells. We found that inhibition of
mitochondrial fission promoted the proliferation of GH3 cell
lines in vitro and in vivo, while overexpression of Drpl reversed
this pro-proliferative effect. Mechanistically, inhibition of
mitochondrial fission decreased the mitochondrial membrane
potential, reactive oxygen species (ROS) and internal apoptosis
stimulator responses, which restrained the mitochondria-
mediated apoptosis signaling pathway. Several proapoptotic
(e.g., Bax and Bak) and antiapoptotic factors (e.g., Bcl-2 family
members) were identified to colocalize with the fission sites of
the mitochondrial outer membrane, and translocation of these
factors in dysregulated mitochondrial dynamics triggers caspase-
dependent apoptosis (38). In HeLa cells, Drpl dependent
mitochondrial fission might trigger intrinsic apoptosis via
cytochrome c release (39). Mazumder et al. also reported that
nonsteroidal anti-inflammatory drugs upregulated Drpl
expression and thereby promoted mitochondrial hyperfission,
which resulted in apoptosis of gastric cancer cells (40). Thus, we
hypothesized that inhibition of mitochondrial fission might
restrain the Bax induced caspase 3 dependent apoptosis of
GH3 cells. Conversely, Drpl dependent mitochondrial
hyperfission presents antiapoptotic effects and promotes the
proliferation of tumor cells in pancreatic cancer (20) and
glioblastoma (33). However, Zhao et al. found that regulation
of mitochondrial dynamics by altering Drpl, Mfnl and Mfn2
had no effect on the breast cancer cell cycle or cell viability (21).
Thus, the diverse roles of mitochondrial dynamics in
tumorigenesis are cell-type specific and may be dictated by
various physiological or pathological conditions (28).

Mitochondria are characterized not only as cellular
powerhouses but also as signaling organelles. Generally, the
outer mitochondrial membrane (OMM) is regarded as a
platform where cell signaling pathways converge, while the
inner mitochondrial membrane (IMM) is more responsible for
mitochondrial respiration (19). Thus, we speculated that Drpl
regulated OMM fission might affect some cellular signaling
pathways. Upregulation of total cellular STAT3, mitochondrial
pSTAT3%%, and intranuclear pSTAT3"7% was detected in GH3
cells when mitochondrial fission was inhibited by the Drpl
inhibitor Mdivi-1. Similar overexpression of the three proteins
was observed in IGHPAs samples. Activation of STAT3 signaling
is well recognized in several cancers and promotes tumor cell
proliferation, survival, invasion and immunosuppression (41,
42). Transcription of MMP2/9 is directly regulated by STAT3
in several cancers, especially the phosphorylation of STAT3 at
Tyr705 (27, 43, 44). In our study, we found that inhibition of
STAT3 and pSTAT3"7°® significantly downregulated the
expression of MMP2/9 and attenuated Mdivi-1-induced

invasion of GH3 cell lines, PAPCs and MMQ cell lines,
providing a probable mechanism by which STAT3 mediates
mitochondrial hypofission induced invasion of IGHPAs. In
addition to the canonical nuclear gene transcription regulation
of STATS3, the role of noncanonical mitochondrial STAT3
signaling has been confirmed in tumorigenesis (42, 45). We
found that inhibition of STAT3, but not pSTAT3Y7%,
significantly decreased the mitochondrial hypofission induced
proliferation of GH3 cell lines, PAPCs and MMQ cell lines.
Moreover, inhibition of STAT3, but not pSTAT3Y”%, enhanced
the mitochondria mediated apoptosis of GH3 cell lines. These
data suggest a pro-proliferative role of mitochondrial
pSTAT3*"?” in GHPAs via anti-apoptosis. Mitochondrial
pSTAT3*?” has been confirmed to regulate the activity of the
electron transport chain, transcription of mtDNA and the
mitochondrial permeability transition pore in several cell types,
which could influence cellular proliferation by altering the
production of ATP, ROS and mitochondrial transcripts (42,
45, 46). Ezzat et al. confirmed that fibroblast growth factor
receptor 4 facilitates pituitary GH cell tumorigenesis via
activation of mitochondrial pSTAT3S727, and further
experiments concluded that mitochondrial pSTAT3%?” was a
therapeutic target of pasireotide, which was approved for treating
patients with GHPA (47, 48). Conclusively, mitochondrial
hypofission in GHPA might enhance the invasion and
proliferation of tumor cells via activation of intranuclear
pSTAT3Y7% and mitochondrial pSTAT3%%, respectively.

In summary, this study revealed that mitochondrial hypofission
caused by downregulation of Drpl was responsible for the
invasiveness and high proliferation of GHPAs. The underlying
mechanisms might include activation of STAT3, which is especially
dependent upon phosphorylation at S727 and Y705 in
mitochondria and nuclei, respectively. Conclusively, our findings
provide a new perspective on how mitochondria regulate the
development of IGHPAs. However, whether the homozygous or
heterozygous gene type is responsible for this alteration of Drpl,
and the factors that trigger abnormal mitochondrial dynamics and
consecutive dysregulation of mitochondrial metabolism in
tumorigenesis requires further investigation.
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Development and Validation of a
Prognostic Model for Post-Operative
Recurrence of Pituitary Adenomas

Liang Lu, Xueyan Wan, Yu Xu, Juan Chen, Kai Shu and Ting Lei*

Department of Neurosurgery, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology,
Wuhan, China

Background: \We aimed to assess clinical factors associated with tumor recurrence and
build a nomogram based on identified risk factors to predict postoperative recurrence in
patients with pituitary adenomas (PAs) who underwent gross-total resection (GTR).

Methods: A total of 829 patients with PAs who achieved GTR at Tongji Hospital between
January 2013 and December 2018 were included in this retrospective study. The median
follow-up time was 66.7 months (range: 15.6-106.3 months). Patients were randomly
divided into training (n = 553) or validation (n = 276) cohorts. A range of clinical
characteristics, radiological findings, and laboratory data were collected. Uni- and
multivariate Cox regression analyses were applied to determine the potential risk
factors for PA recurrence. A nomogram model was built from the identified factors to
predict recurrence. Concordance index (C-index), calibration curve, and receiver
operating characteristic (ROC) were used to determine the predictive accuracy of the
nomogram. Decision curve analysis (DCA) was performed to evaluate the clinical efficacy
of the nomogram.

Results: Pseudocapsule-based extracapsular resection (ER), cavernous sinus invasion
(CSl), and tumor size were included in the nomogram. C-indices of the nomogram were
0.776 (95% confidence interval [Cl]: 0.747-0.806) and 0.714 (95% CI: 0.681-0.747) for
the training and validation cohorts, respectively. The area under the curve (AUC) of the
nomogram was 0.770, 0.774, and 0.818 for 4-, 6-, 8-year progression-free survival (PFS)
probabilities in the training cohort, respectively, and 0.739, 0.715 and 0.740 for 4-, 6-, 8-
year PFS probabilities in the validation cohort, respectively. Calibration curves were well-
fitted in both training and validation cohorts. DCA revealed that the nomogram model
improved the prediction of PFS in both cohorts.

Conclusions: Pseudocapsule-based ER, CSI, and tumor size were identified as
independent predictors of PA recurrence. In the present study, we developed a novel
and valid nomogram with potential utility as a tool for predicting postoperative PA
recurrence. The use of the nonogram model can facilitate the tailoring of counseling to
meet the individual needs of patients.

Keywords: pituitary adenoma, tumor recurrence, nomogram, pseudocapsule, extracapsular resection, cavernous
sinus invasion
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Prediction of Pituitary Adenoma Recurrence

INTRODUCTION

Pituitary adenomas (PAs), which represent 10-20% of all brain
tumors, are benign tumors with a prevalence rate of 80-100/
100,000 (1, 2). Further, the incidence of clinically related PAs is
4-7/100,000 per year (3). The prevalence and the incidence of PA
are increasing due to the increased availability of MRI (4). Autopsy
and radiological studies demonstrated that PAs have a prevalence
rate of 17% (range: 14-23%), which is higher than expected (5). The
primary treatment for PAs is transnasal-transsphenoidal surgery
(TTS) (6); however, suprasellar or parasellar PAs are difficult to
remove completely and result in residual adenoma relapse in 12—
58% of patients (1). Even in adenomas achieving GTR, 10-20%
recur within 5-10 years (1, 7). In patients who undergo repeated
treatment for recurrent PAs, mortality rates are elevated and quality
of life is significantly affected due to pituitary dysfunction, invasion-
related risks, and complications (8). Therefore, the identification of
predictive factors for recurrent PAs is needed.

A pseudocapsule is defined as the boundary between the
pituitary gland and an adenoma, which results from compressed
peritumoral cell cord basement membrane condensation (9).
PAs often spread beyond the edge of the pseudocapsule and
invade the surrounding pituitary tissue (10). These
characteristics of PAs have resulted in an alteration of their
operative approach including extending excision boundaries to
achieve total tissue removal and providing special attention to
complete pseudocapsule removal (11). Although some studies
have reported that pseudocapsule-based ER may improve the
resection rate and reduce the recurrence rate (11, 12), there have
been few reports on the relationship between pseudocapsule-
based ER and PA recurrence after GTR.

A nomogram is a convenient graphical representation of a
model that includes various significant factors to predict a
specific outcome. Two nomograms related to PA recurrence
have been constructed for non-functional PAs and giant PAs,
respectively (13, 14). Good performance has been verified in the
two types of PAs in the above two nomograms, in which PA
recurrence included regrowth of tumor remnants after subtotal
resection or partial resection. In the present study, a nomogram
was constructed and validated to predict all subtypes PA
recurrence after GTR by combining clinical variables including
pseudocapsule-based ER and clinical image data.

MATERIALS AND METHODS
Study Population and Design

We retrospectively assessed patients with PAs who underwent
TTS at Tongji Hospital between January 2013 and December
2018. The median follow-up time was 66.7 months (range: 15.6-
106.3 months). The criteria for inclusion were as follows: (1) PA
patients confirmed histologically; (2) patients who underwent
microscopic or endoscopic TTS; (3) patients who achieved GTR;
and (4) patients followed up for more than one year post-GTR.
Criteria for exclusion were as follows: (1) patients who did not
undergo follow-up evaluations; (2) patients treated with

chemotherapy or radiotherapy; and (3) patients with no data
relating to variables assessed. The primary cohort was randomly
assigned to the training and internal validation cohorts at a ratio
of 2:1, respectively. A flowchart summarizing the enrollment
strategy and design of the study is shown in Figure 1.

The following information was collected from all enrolled
patients: baseline characteristics, radiological features, and
preoperative laboratory tests. PA recurrence was defined as the
reappearance of PAs, as observed via MRI examination after
GTR. CSI status was determined according to MRI and operative
records within which operating neurosurgeons documented their
impressions. Pseudocapsule-based ER was conducted on patients
with PAs within whom a pseudocapsule was identified during
surgery. PFS in patients with PAs measured from the time of TTS
to tumor recurrence. The study was approved by the Ethics
Committee of Tongji Hospital. Due to the retrospective nature of
the cohort study, the need for informed consent was waived.

Development and Validation of

the Nomogram

There were no missing data among clinical characteristics. For
radiological findings and laboratory data, mean imputation for
missing data was applied. Patients were randomly assigned to the
training and validation cohorts. Based on the rule of having at
least 10 outcome events per variable (EPV) (15), we ensured no
more than six features were retained for multivariate Cox
regression analysis from 63 events in the training cohort.

All factors were filtered by least absolute shrinkage and
selection operator (LASSO) algorithm using the R package
glmnet (version 4.1). Uni- and multivariate Cox regressions
were utilised to confirm independent risk factors related to
recurrence level using the R package rms (version 6.2). Variables
included in the multivariate Cox regression analysis were required
to meet at least one criterion: confirmation as a significant
predictor in comparison of recurrence and non-recurrence
cohorts or univariate Cox regression analysis, or retention in
LASSO analysis. Using the R packages rms and survival (version
3.2), identified risk factors were used to develop a nomogram. C-
index, ROC curve analysis, and calibration curves were used to
evaluate the accuracy of the nomogram model, and DCA was used
to evaluate the clinical utility of the model.

Statistical Analysis

Model construction and validation were carried out on the basis of
“Transparent Reporting of a Multivariable Prediction Model for
Individual Prognosis or Diagnosis” (TRIPOD) guidance (Table
S1) (15). R software (version 3.6.3) was used to perform statistical
analysis and p < 0.05 was considered statistically significant.
Categorical data were presented as percentages and continuous
variables as means *+ standard deviation (SD). The Student’s t-test
was used to compare two continuous variables, and the Chi-square
test or Fisher’s exact tests were used for categorised variables. The
Spearman’s correlation test was used to verify correlations between
the quantitative variables and the Kaplan-Meier method was used
for estimating PFS. Data were visualised using the “ggplot” R
packages (version 3.3.3).
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1042 PAs patients who
underwent gross total resection(GTR)

Patients excluded, with reasons:

1.Not transnasal sphenoid sinus surgery using microscope or
endoscope (n=68)

2.Without follow-up or with a follow-up less than one year (n=87)

3.Missing information on MRI image (n=49)

4.Treated with chemotherapy or radiotherapy (n=9)

829 PAs patients included in primary cohort

Random: 2:1 ratio

4 4
Training cohort(n=553) Validation cohort(n=276)
4

Building the nomogram

'

Evaluating the performance of
the prognostic nomogram

FIGURE 1 | Flowchart summarizing the enrollment strategy and design of the study. PAs, pituitary adenomas.

RESULTS validation cohorts are summarised in Table 1. The training
L L. cohort included 315 male patients and 238 female patients,
Clinical Characteristics with an average age of 49.8 + 12.36 years and a mean tumor

Detailed characteristics of patients with PAs in the recurrence  size of 23.4 + 5.5 mm. The validation cohort included 153 males
and non-recurrence cohorts are summarized in Table S2, and  and 123 females, with an average age of 49.5 + 12.45 years and a
the baseline characteristics of PA patients in the training and  mean tumor size of 23.7 + 59 mm. Recurrence rates of the
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TABLE 1 | Characteristics of patients with PAs in the training and validation
cohorts.

Variable Training Validation P value
cohort (n=553) cohort (n=276)
Recurrence 0.945

YES 63 (11.4%) 31 (11.2%)

NO 490 (88.6%) 245 (88.8%)

Age, year 49.8 + 12.36 49.5 + 12.45 0.897
Gender 0.676

Female 238 (43.0%) 123 (44.6%)

Male 315 (57.0%) 153 (65.4%)

Headache 0.441

YES 148 (26.8%) 67 (24.3%)

NO 405 (73.2%) 209(75.7%)

Visual impairment 0.291

YES 273 (49.4%) 147 (63.3%)

NO 280 (50.6%) 129(46.7%)

Visual field defect 0.870

YES 125 (22.6%) 61 (22.1%)

NO 428(77.4%) 215 (77.9%)

Abnormal Menstruation 0.367

YES 42 (7.6%) 26 (9.4%)

NO 511 (92.4%) 250 (90.6%)
Acromegalia 0.567

YES 55 (9.9%) 31 (11.2%)

NO 498 (90.1%) 245 (88.8%)

Cushing’s syndrome 0.314

YES 38 (6.9%) 14 (56.1%)

NO 515 (93.1%) 262 (94.9%)

Thyroid dysfunction 0.824

YES 7 (1.3%) 3(1.1%)

NO 546 (98.7%) 273 (98.9%)

Pituitary apoplexy 0.471

YES 57 (10.3%) 24 (8.7%)

NO 496 (89.7%) 252 (91.3%)

Clinical subtype 0.904

Nonfunctional 304 (55.0%) 145 (562.5%)

PRL secreting 117 (21.2%) 62 (22.5%)

GH secreting 75 (13.6%) 31 (11.2%)

ACTH secreting 18 (3.3%) 10 (3.6%)

TSH secreting 2 (0.4%) 2 (0.7%)

Plurihormonal 37 (6.7%) 18 (6.5%)

Tumor size, mm 234 +55 23.7+59 0.874
Cavernous sinus invasion 0.206

YES 151 (27.3%) 87 (31.5%)

NO 402 (72.7%) 189 (68.5%)

Knosp grading 0.587

0-2 348 (62.9%) 179 (64.9%)

3-4 205 (37.1%) 97 (35.1%)
Pseudocapsule-based 0.817
extracapsular resection

YES 219 (39.6%) 107 (38.8%)

NO 334 (60.4%) 169(61.2%)
Intraoperative CSF leakage 0.574

YES 109 (19.7%) 59 (21.4%)

NO 444 (80.3%) 217 (78.6%)

Ki-67>3 0.882

YES 82 (14.8%) 42 (15.2%)

NO 471 (85.2%) 234 (84.8%)

Prolacin (ng/mL) 20.5 + 26.58 19.5 + 22.39 0.714
Testosterone (ng/mL) 0.99 + 1.293 0.99 + 1.292 0.861
Estradiol (pg/mL) 431 +41.42 437 + 42.85 0.292
Progesterone (ng/mL) 0.95 + 2.045 1.15 +2.808 0.761
LH (IU/L) 4.61 £5.748 557 £ 7.377 0.535
FSH (U/L) 12.2 + 16.67 12.5 +18.75 0.595
(Continued)

TABLE 1 | Continued

Variable Training Validation P value
cohort (n=553) cohort (n=276)
TSH (mIU/L) 212 £2.799 2.35 £2.916 0.217
FT3 (pg/mL) 2.58 + 0.651 2.49 + 0.609 0.253
FT4 (ng/dL) 1.80 + 3.183 1.68 +3.172 0.193
ACTH (pg/ml) 46.8 + 25.33 50.3 £ 28.93 0.174
Morning cortisol (ng/dL) 7.48 + 4.821 6.93 + 5.297 0.251
Bedtime cortisol (ug/dL) 4.29 + 2.625 4.03 +2.417 0.436
GH (ug/L) 423 +12.780  3.24 +9.498 0.493
IGF-1 (ug/L) 210 + 2441 198 + 225.7 0.751

LH, luteinizing hormone; FSH, follicle-stimulating hormone; TSH, thyroid-stimulating
hormone; FT3, free triiodothyronine; FT4, free tetraiodothyronine; ACTH,
adrenocorticotropic hormone; GH, growth hormone;IGF-1, insulin-like growth factor-1.

training and verification cohorts were 11.4% and 11.2%,
respectively. No statistically significant between-cohort
differences in patient characteristics were observed.

Analysis of the Risk Factors of PA
Recurrence

Univariate Cox regression and LASSO analysis were used to filter out
clinical factors and multivariate Cox regression analysis was applied
for further analysis (Figure 2, Table $3,and Table $4). As a result, ER
(Hazard ratio [HR],95% CI:0.323,0.141-0.741, P =0.008), tumor size
(HR, 95% CI: 1.043, 1.013-1.075, P = 0.005), and CSI (HR, 95% CI:
3.786, 1.222-11.726, P = 0.021) were incorporated into the
multivariate model (Figure 3). Corresponding Kaplan-Meier
survival curves are shown in Figure 4.

Development of a Nomogram for
Postoperative Recurrence

A nomogram was developed to visualise the multivariate model
(Figure 5). Tumor size was the largest contributor to a prognosis
of recurrence, followed by the ER and CSI in the nomogram. To
use the nomogram, the respective values were determined using
the three factors of an individual patient, and the three values
were added to obtain the total value. Subsequently, a line was
drawn from the survival axis to determine 4-, 6-, and 8-year
PES probabilities.

Validation of the Nomogram

The nomogram for PFS prediction showed good predictive
capacity with well-fitted calibration curves in both training and
validation cohorts (Figure 6). The C-indices of the nomogram
were 0.776 (95% CI: 0.747-0.806) and 0.714 (95% CI: 0.681-
0.747) for the training and validation cohorts, respectively. The
AUC of the nomogram was 0.770, 0.774 and 0.818 for 4-, 6-, and
8-year PFS probabilities in the training cohort, respectively;
0.739, 0.715 and 0.740 for 4-, 6-, and 8-year PFS probabilities
in the validation cohort, respectively, attesting to the good
performance of the nomogram model (Figure 6).

Evaluation of the Clinical Utility

of the Nomogram

DCA was applied to evaluate the net benefit of the nomogram for
assessing training and validation cohorts, which provided us with
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FIGURE 2 | Least absolute shrinkage and selection operator (LASSO) regression analysis for the selection of characteristic parameters. (A) Penalty diagram for
coefficients of thirty-one characteristic variables. As the penalty coefficient lambda changes, the number of compression variable coefficients increases continuously.
Finally, most of the variable coefficients are compressed to zero. (B) In the LASSO Logistic regression model, the optimal penalty coefficient lambda was selected by
using 10-fold cross-validation and minimization criteria. The optimal lambda (lambda = 3) was selected at the lowest point of the curve, and three variables with non-
zero coefficient were selected at the optimal lambda. The characteristic parameters without information were removed to realize automatic selection of characteristic
parameters.

insights into the clinical benefit within a reasonable range of
threshold probabilities. As a result, DCA revealed that using the
nomogram for clinical application likely benefited patients when
compared with treating either all or no patients of training and
validation cohorts (Figure 7).

Characteristics N(%) HR(95% CI) Multivariate analysis P value
Clinical subtype :
Nonfunctional 304(55.0%) Reference !
GH secreting  75(13.6%) 0.756 (0.353-1.620) - :—- 0.472
PRL secreting 117(21.2%) 0.496 (0.188-1.308) o+ 0.156
ACTH secreting 18(3.3%) 2.026 (0.850-4.831) ':—> 0.111
TSH secreting  2(0.4%) 0.000 (0.000-Inf) : 0.997
Plurihormonal  37(6.7%) 0.436 (0.102-1.858) o B 0.262
Knosp grade :
0 117(21.2%) Reference |
1 169(30.6%) 0.796 (0.308-2.056) + :—l 0.637
2 70(12.7%) 0.485 (0.136-1.723) o 0.263
3 149(26.9%) 0.551 (0.164-1.845) - :—| 0.334
4 48(8.7%) 0.361 (0.081-1.604) —— 0.181
Tumor size 1.043 (1.013-1.075) : 0.005
Csil 3.786 (1.222-11.726) I— 0.021
ER 0.323 (0.141-0.741) ¢ -: 0.008
001 2 3 4

FIGURE 3 | Multivariable Cox regression analysis of PFS in the training cohort. HR, hazard ratio; Cl, confidence interval; PRL, prolactin; GH, growth hormone;
ACTH, adrenocorticotropic hormone; TSH,thyroid-stimulating hormone; CSI, cavernous sinus invasion; ER, extracapsular resection.

DISCUSSION

In the present study, we constructed a clinical nomogram based
on pseudocapsule-based ER, tumor size, and CSI for the
individualised evaluation of PA recurrence risk after GTR. C-
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FIGURE 4 | Kaplan-Meier survival curves of filtered risk factors in the training cohort. (A) Kaplan-Meier survival curves of tumor size. (B) Kaplan-Meier survival
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FIGURE 5 | A prognostic nomogram for predicting the 4-, 6-, and 8-year progression-free survival (PFS) probabilities in patients with pituitary adenomas (PAs) after

indices, ROC, calibration curves, and DCA showed excellent
predictive performance and clinical efficacy when using the
nomogram models. Therefore, the nonogram can be used in
clinical practice to improve the prediction accuracy of PA
recurrence after GTR.

A major new finding from this study is the influence of
pseudocapsule-based ER on the risk of PAs recurrence after
GTR. The pseudocapsule is the important boundary between
pituitary gland and adenoma. Oldfield EH began resecting PAs
by dissecting the pseudocapsule from the mid-1980s (16).

Kawamata described the important value of excising
pseudocapsule when removing growth hormone-secreting
tumors to improve rates of endocrine remission and tumor
recurrence (11). Pseudocapsule, as a surgical capsule in TTS,
may assist the operator in identifying the boundaries of PAs to
achieve better resection and remission rates (12, 17).
Furthermore, damage to normal pituitary tissue and
occurrence of operative complications are reduced (16, 17).
Adenoma cells frequently invade and infiltrate the
pseudocapsule; as a result, a few tumor cells are easily retained
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in the pseudocapsule during a conventional intracapsular
resection (IR), thus promoting recurrence and preventing the
achievement of complete remission (12). Therefore, ER should
more completely involve the removal of residual or invasive
tumors beyond IR, especially for portions not easily visible. Qu
et al. reported that the ER method could be used to achieve
higher resection and remission rates than those of IR, a finding
consistent with results of prior studies (12, 17-19). Our study
demonstrated that ER might reduce risk of PA recurrence after
GTR (HR, 95% CI: 0.323, 0.141-0.741, P = 0.008), while careful
inspection is essential with the suspicion that tumor cells may
remain beyond the main tumor boundary when the
pseudocapsule is not fully developed (12).

CSl is a prognostic indicator of the long-term prognosis of PAs
(20). Some work has shown that CSI was associated with GTR and
recurrence, and the revised Knosp radiological classification was
recommended for prediction of surgical outcomes (21-23). GTR

rates were negatively correlated with Knosp grade classification,
with 56% for grade 3A and only 25% for grade 3B (21). Marta et al.
reported that Knosp and revised-Knosp classification showed good
diagnostic accuracy in predicting surgical cure (AUC, 0.820),
whereas Hardy classification lacked practicality in this purpose
(AUG, 0.654) (22), which may indicate that the main prognostic
factor was CSI (24). In an 8-year, retrospective, multicenter, cohort
study that included 410 patients, Trouillas et al. found that
invasiveness was the main prognostic factor for predicting
progression-free status (25). Furthermore, a clinicopathologic
classification of PAs based on invasion and proliferation was
generated to predict relapse/progression-free status (AUC, 0.814)
in patients with PAs. They also validated this classification in a
prospective single-center cohort comprising 374 postoperative
patients followed up for 3.5 years (26).

Although all patients included in this study underwent GTR,
complete removal of all adenomas was not guaranteed, especially
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for PAs with CSI that tended to be associated with invisible or
infiltrating adenomas. Zhang et al. indicated that tumor size and
CSI were important predictors of GTR in patients with PAs (27).
Further, high-field intraoperative MRI facilitated the excision of
PAs with CSI, increasing the rate of GTR and decreasing
recurrence rates of PAs in endoscopic TSS (27). Thus, GTR
improvement leads to improved PFS. CSI was also an
independent prognostic indicator of PA recurrence (HR, 95%
CI: 3.786, 1.222-11.726, P = 0.021) in our study. Our results
suggest that PAs with CSI deserve more attention even after
achieving GTR.

The large size of an adenoma may reduce the probability that
it is completely resected, which may affect prognosis and
recurrence. Hofstetter et al. assessed the effects of adenoma size
on resection range, revealing that patients with PAs sized > 10
cm?® are most likely to experience residual adenoma (28). GTR
was achieved in 90.2% vs 40.0% of adenomas < and > 10 cm’,
respectively. Further, GTR was complete in 47.6% of a total of
166 patients with adenomas < 3cm versus 9.1% of a total of 77
patients with adenomas > 3 cm (28). Our study also suggested
that PAs with larger tumor size are associated with a higher risk
of recurrence (HR, 95% CI: 1.043, 1.013-1.075, P = 0.005).
Considering its significant impact on the scope and extent of
resection, more attention should be paid to the possibility of
residual tissue and invasion of large PAs, even when GTR
appears to be achieved via surgery.

There are several limitations to this study. The single-center
study design and absence of external validation are the major
limitations, which may introduce the possibility of selection bias
and limit the predictive power of the nomogram model. In
addition, the study design focuses on ER and PA patients after
GTR, which may limit the clinical applicability of the model due
to low recurrence rate after GTR and the fact that ER has not

been put into use widely enough (1, 12). Despite these
limitations, our nomogram was useful for predicting PA
recurrence after GTR with good accuracy. Furthermore,
pseudocapsule-based ER was introduced as an independent
prognostic indicator of PA recurrence after GTR for the first
time. This finding deserves more attention and may play a more
important role in the treatment and prognosis of PAs. Using the
nomogram model, clinicians can communicate more effectively
with patients and adjust their treatment plans. Patients with
pseudocapsules, for example, could be recommended to undergo
pseudocapsule-based ER. Moreover, patients with
macroadenomas and CSI should be reminded that they need
long-term follow-up, as they are more likely to relapse compared
to other patients with PAs, according to our study, even 8 years
after GTR.

CONCLUSION

This study showed that pseudocapsule-based ER, CSI, and tumor
size are independent risk factors for PA recurrence after GTR.
Moreover, pseudocapsule-based ER was first introduced as an
independent prognostic indicator of PA recurrence after GTR.
The nomogram constructed in our study was effective and
valuable for predicting PA recurrence after GTR, suggesting its
potential utility for assisting neurosurgeons in the development
of improved and individualised PA treatment strategies.
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Introduction: Angiogenesis in pituitary tumors is not fully understood, and a better
understanding could help inform new pharmacologic therapies, particularly for aggressive
pituitary tumors.

Materials and Methods: 219 human pituitary tumors and 12 normal pituitary glands
were studied. Angiogenic genes were quantified by an angiogenesis gPCR array and a
TagMan probe-based absolute gPCR. Angiogenesis inhibition in pituitary tumors was
evaluated in vitro with the endothelial tube formation assay and in vivo in RbA19 mice.

Results: 71 angiogenic genes, 40 of which are known to be involved in sprouting
angiogenesis, were differentially expressed in pituitary tumors. Expression of endothelial
markers CD31, CD34, and ENG was significantly higher in pituitary tumors, by 5.6, 22.3,
and 8.2-fold, respectively, compared to in normal pituitary tissue. There was no significant
difference in levels of the lymphatic endothelial marker LYVE1 in pituitary tumors
compared with normal pituitary gland tissue. Pituitary tumors also expressed
significantly higher levels of angiogenesis growth factors, including VEGFA (4.2-fold),
VEGFB (2.2), VEGFC (19.3), PGF (13.4), ANGPT2 (9.2), PDGFA (2.7), PDGFB (10.5) and
TGFB1 (3.8) compared to normal pituitary tissue. Expression of VEGFC and PGF was
highly correlated with the expression of endothelial markers in tumor samples, including
CD31, CD34, and ENG (endoglin, a co-receptor for TGFp). Furthermore, VEGFR inhibitors
inhibited angiogenesis induced by human pituitary tumors and prolonged survival of
RbA19 mice.

Conclusion: Human pituitary tumors are characterized by more active angiogenesis than
normal pituitary gland tissue in a manner consistent with sprouting angiogenesis.
Angiogenesis in pituitary tumors is regulated mainly by PGF and VEGFC, not VEGFA
and VEGFB. Angiogenesis inhibitors, such as the VEGFR2 inhibitor cabozantinib, may
merit further investigation as therapies for aggressive human pituitary tumors.

Keywords: sprouting angiogenesis, angiogenic gene expression, angiogenesis inhibition, endothelial marker, Rb1
mice, VEGF inhibitor, cabozantinib, pituitary adenoma
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INTRODUCTION

Approximately 15% of intracranial neoplasms are pituitary tumors,
the vast majority of which are benign and slow-growing.
Microadenomas (tumors < 1 cm) that are not hormone-secreting
(i.e., nonfunctioning) can be monitored without intervention,
whereas hormone-secreting tumors, except for prolactinomas for
which dopamine agonist therapy is usually first-line therapy) are
generally treated with surgery. Surgery is also the primary treatment
modality for macroadenomas (tumors >1 cm), except for
prolactinomas (1). Approximately 10% of pituitary tumors recur
following surgery and are treated with repeat surgery, pharmacologic
therapy and/or radiation (2). A very small percentage become locally
invasive and/or metastasize despite standard therapies, including
radiation (3, 4), and there are few effective therapies for these
aggressive pituitary tumors. Temozolomide is first-line therapy for
very aggressive tumors, including pituitary carcinomas, but escape
usually occurs. Case reports suggest that checkpoint inhibitor therapy
may have activity against a subset of such tumors, but preliminary
reports indicate that responses are mixed. Therefore, new approaches
are needed for the treatment of aggressive adenomas unresponsive to
conventional therapies.

Multiple angiogenesis inhibitors targeting angiogenesis
signaling pathways have been approved by the FDA to treat a
wide range of human cancers (5, 6). Many more are currently under
development or in clinical trials (5, 7). However, none of these drugs
are approved for the treatment of pituitary tumors. To date, fewer
than 20 patients with aggressive pituitary tumors have been
reported to have been treated with antiangiogenic therapy, many
following treatment with temozolomide (8, 9). Bevacizumab
(Avastin®), a monoclonal antibody against VEGFA, has been
most frequently reported in this context (N=11) (8, 9). Use of
Sunitinib (Sutent™), a pan kinase inhibitor targeting VEGF
receptors and PDGF receptors, and Apatinib, mainly targeting
VEGFR2, have been reported in one case each (8). The treatment
outcomes in these 13 patients ranged from a complete response to
progressive disease (8). We suspect that one likely reason for the
infrequent usage of angiogenesis inhibitors in pituitary tumor
patients is the lack of data on angiogenesis in these tumors.

Angiogenesis is the process of forming new blood vessels from
pre-existing ones (10) and has been implicated as a mechanism
responsible for driving tumor growth, which is limited without
neovascularization (11). Tumor vascularization can occur
through vasculogenesis, vasculogenic mimicry, and

TABLE 1 | Clinical Characteristics.

intussusception, with endothelial sprouting identified as
particularly important (12, 13). Vascular endothelial growth
factors (VEGFs) are the master regulators of this process (14),
which involves multiple signaling pathways (15) (16). The few
studies examining angiogenesis specifically in pituitary tumors
have demonstrated contradictory results. In contrast to the
enhanced angiogenesis observed in many malignant tumors,
Turner et al. demonstrated a lower density of blood vessels in
benign pituitary tumors than in normal pituitary tissue, though
macroadenomas demonstrated greater vascularity than
microadenomas (17). In addition, most of the pituitary tumor
angiogenesis literature focuses on microvessel density and
endothelial markers, with McCabe et al. in addition observing
an approximately 3-fold increase in VEGFA expression in
nonfunctioning adenomas (NFAs) compared to normal
pituitary tissue (18). We wanted to build on this literature by
examining angiogenesis signaling pathways in pituitary tumors.

In this study, we used the TagMan® probe-based absolute
quantitative PCR method to assess expression of multiple growth
factors from the major angiogenic signaling pathways in a large
cohort of human pituitary tumors. We also examined expression
of several vascular endothelial marker genes. Furthermore, we
determined that VEGF signaling plays a major role in pituitary
tumor angiogenesis and that blocking VEGF signaling
significantly extended survival in a pituitary tumor mouse model.

MATERIALS AND METHODS

Human Subjects and Tumor Specimens
for Gene Expression Assays

We studied 219 pituitary tumors: 151 clinically nonfunctioning
adenomas (NFAs), 39 GH-secreting, 13 PRL-secreting, and 16
ACTH-secreting tumors (Table 1). Twenty-seven of these tumor
samples were used in our previous experiments examining
immune checkpoint molecules, which is unrelated to this study
(19). Tumors from 132 males and 87 females were included.
Patients ranged from 19 to 83 years, with a mean (SD) of 52 (16)
years. Pituitary tumor samples were collected immediately
following surgery and promptly used for primary tissue culture
or stored in liquid nitrogen. Twelve control normal anterior
pituitary glands were obtained from patients who died of non-
endocrine causes. All glands were sampled for microscopy before

Tumor Types Number of Patients

Age at Surgery (mean = SD)

Tumor Size®(cm)(mean + SD) Ki67 index(%)(mean = SD)

Total Male Female
All tumors 219 132 87 53 +16 23+1.0 19+16
Clinically non-functioning 151 105 46 57 +14 25+09 1.7+1.8
ACTH-producing 16 1 15 48 +13° 1.3+0.8° 3.1 +27°
GH-producing 39 22 17 45 + 15° 2.0+1.0%¢ 21+16
PRL-producing® 13 6 7 34 £ 110de 21+0.89 21 +2.1

APRL-producing tumors were primarily resected from patients who were intolerant to medical treatment or had tumors that were resistant to medical treatment.
bTumor size at baseline, measured in the largest dimension. Comparisons were performed using a one-way ANOVA muitiple comparison test. °p < 0.05 vs NFA; °p < 0.05 vs ACTH-

producing adenoma; °p < 0.05 vs GH-producing adenoma.
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donating the remainder of the unfixed tissue for research. They
were considered to be normal if no abnormalities were observed.
These tissues were fixed in RN Alater (Thermo Fisher Scientific,
Waltham, MA) and stored at -80°C. The study was approved by
the Mass General Brigham Institutional Review Board.

RNA Extraction and Reverse Transcription
Total RNA was extracted using Qiagen RNeasy® Mini Kits
(#74104) following the manufacturer’s instructions (Qiagen,
Valencia, CA). Eluted RNA was treated with Qiagen RNase-
free DNase and purified with Qiagen RNeasy MinElute Cleanup
kit (#74204) following the manufacturer’s instructions. Reverse
transcription was performed with a specific amount of total RNA
(ranging from 0.4 to 0.9 ug) using the ProtoScript® First Strand
cDNA Synthesis Kit per the manufacturer’s instructions (New
England Biolabs, Ipswich, MA). The final volume of each RT
reaction was 50 pl.

Angiogenesis RT? Profiler PCR

Array Analysis

Human Angiogenesis RT* Profiler PCR array kits were used
(Qiagen). RNA extracted from human pituitary tumors was
pooled by combining 0.5 ug per sample. The pooled RNA
contained equal quantities of RNA from 207 tumor samples,
including 140 NFAs, 38 GH, 16 ACTH, and 13 PRL-secreting
tumors. Reverse transcriptions were carried out with 1 ug
pooled RNA per reaction as described above. The PCR with
the array was performed following the protocol provided by
Qiagen. PCR data were analyzed using Qiagen web-based PCR
Array Data Analysis Software. The results from three
experiments are presented as fold changes in tumor tissue
compared to normal control tissue. P values < 0.05 were
considered statistically significant.

Absolute TagMan® Probe-Based
Quantitative RT-PCR

Real-time PCR was performed using TaqMan® gene expression
assays (Thermo Fisher Scientific, Waltham, MA). Briefly, real-time
PCR was performed in triplicate in 20 pl per well containing 1 pl
of RT reaction, 1 il of specific TagMan® probes, and 10 ul of
TaqMan® Universal PCR Master Mix (Thermo Fisher Scientific,
Waltham, MA). PCR was run on an Applied Biosystems® 7500
FAST Real Rime PCR System at 50°C for 2 min, followed by 95°C
for 10 min, followed by 40 cycles at 95°C for 15 sec, and 60°C for 1
min. PCR data were analyzed by setting baseline auto and
thresholds to 0.065.

To quantify gene expression, standard curves for TaqMan®
probes were generated using linearized plasmid DNAs as
templates. Real-time PCR was performed in quadruplicate
containing 10, 107, 10°% 10°, 10*% 10° 10% and 10 molecule
copies of template DNA. Standard curves were generated in
Excel using the XY-plot function, where x represents the log of
copy number and y represents the cycle threshold (Ct) value. The
y-intercept, slope, and coefficient of determination were
computed. The amplification efficiency (€) was calculated using
the following formula: [10C1/819P9) _ 1] x 100. Because one-fiftieth

of the volume of an RT reaction was used for each PCR reaction,
the expression of specific genes in tissue samples was calculated
as 10[-A - Intercept)/Slope] 50/RNAnpy Where A is the average of
Ct values generated from triplicate PCR reactions and RN Ay,
the amount of total RNAs in ug used in the RT reaction. The
resultant values are the numbers of transcript copies per [ig total
RNA. The genes, TagMan® probes, plasmid DNA templates, and
their corresponding qPCR standard curve parameters are
provided in Table 2.

Detection of Protein by ELISA

To detect growth factors released by pituitary tumors, fresh
tumor tissue was weighed and cultured with 2 ml DMEM/F12
medium containing 10% FBS. Forty-eight hours after incubation,
medium supernatants were collected and stored as 100 ul
aliquots at -80°C. ANGPT2 (Cat. #DANG20), PGF (#DPG00),
and VEGFC (#DVECO00) were assayed using Quantikine® ELISA
kits (R&D systems, Minneapolis, MN) per the manufacturer’s
instructions. The total quantity of each growth factor detected in
2 ml of medium was divided by the tissue weight to generate pg
of each growth factor per mg tissue. To detect endothelial marker
proteins, a small piece of tumor tissue was weighed, minced, and
homogenized in 350 ul of RIPA lysis buffer containing a protease
inhibitor cocktail from Sigma Aldrich (P8340, St. Louis, MO).
The lysates were diluted with PBS and assayed with G-
Biosciences ELISA kits for CD31 (#501482738) and CD34
(#501484437) (Thermo Fisher Scientific, Waltham, MA). ENG
was assayed with Quantikine® ELISA kits (#¥DNDG00) (R&D
systems, Minneapolis, MN). The total quantity of each
endothelial marker detected in 350 l of lysates was divided by
the weight of the tissue to generate pg per mg tissue.

Endothelial Cell Tube Formation Assay
Human umbilical vein endothelial cells (HUVEC) were obtained
from Lonza (Walkersville, MD) and maintained in the Lonza
EBM'" basal medium plus SingleQuot' " growth factors (CC-
4133) following the manufacturer’s instructions. To obtain
medium conditioned by human pituitary tumors, tumor tissue
was washed with PBS, minced, and incubated with serum-free
DMEM/F12 medium at 37°C and 5% CO, for 24 hours. The
medium was collected and filtered through 0.45 pum filters before
use. To ensure that the assay was not affected by the DMEM/F12
media, we cultured HUVEC cells with this media supplemented
with the aforementioned growth factors for up to three days and
observed no adverse effect on cell proliferation.

The tube formation assay was performed as described
previously (20). Briefly, Matrigel® matrix (Corning Life
Science, Tewksbury, MA) was added to 24-well plates (300 ul
per well) and incubated in a 5% CO2, 37°C incubator for one
hour. HUVEGCs (1.5 x 10°) suspended in 300 ul of medium
conditioned by human pituitary tumor tissue were seeded to the
Matrigel® coated plates. To determine the effect of inhibition of
the VEGF pathway on tube formation, conditioned media were
supplemented with DMSO, regorafenib (S1178, Selleck
Chemicals, Houston, TX), or cabozantinib (S1119) at a final
concentration of 5 UM. After a 16-hour additional incubation,
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TABLE 2 | Genes, TaqMan® Probes, and gPCR Standard Curve Performance.

Gene Symbol Accession # Gene Full Name TaqMan® Assay ID Standard Curve®
Template 1 € R?

ANGPTA NM_001146.4 angiopoietin 1 Hs00919202_m1 pPGEM-ANGPT1¢ 36.5 93.5% 0.998
ANGPT2 NM_001147.2 angiopoietin 2 Hs00169867_m1 pCR4-TOPO-ANGPT2° 36.4 97.3% 1.000
CD31 NM_000442.4 platelet and endothelial cell adhesion molecule 1 Hs01065279_m1 pCMV-Sport6-PECAM1® 352  95.7%  1.000
CD34 NM_001025109.1  CD34 molecule Hs02576480_m1 pCMV-Sport6.1-CD34° 36.7 92.5% 0.999
ENG NM_001114753.2  endoglin Hs00923996_m1 pOTB7-ENG® 36.8 96.8% 1.000
FN1 NM_212482.2 fibronectin 1 Hs01549976_m1 pCR-XL-TOPO-FN1® 36.8 94.7% 0.999
HIF1A NM_001530.3 hypoxia inducible factor 1 alpha subunit Hs00153153_m1 pPGEM-HIF1A° 36.6 94.6% 1.000
KDR NM_002253.2 kinase insert domain receptor Hs00911700_m1 pMD18-VER2° 36.4 92.8% 0.999
LYVET1 NM_006691.3 lymphatic vessel endothelial hyaluronan receptor 1 Hs01119300_g1 PDNR-LIB-LYVE1® 353 96.4% 0.999
PDGFA NM_002607.5 platelet derived growth factor subunit A Hs00234994_m1 pCMV6B-Entry-PDGFA® 36.4 959% 1.000
PDGFB NM_002608.3 platelet derived growth factor subunit B Hs00966522_m1 pPCMV-Sport6-PDGFBP 36.3 98.6% 1.000
PGF NM_001207012.1  placental growth factor Hs00182176_m1 pOTB7-PGF® 36.6 98.8% 1.000
TEK NM_000459.4 TEK receptor tyrosine kinase Hs00945150_m1 pCMV-Sport6-TEK® 36.0 94.7% 0.998
TGFB1 NM_000660.6 transforming growth factor beta 1 Hs00998133_m1 pPCMV-Sport6-TGFB1P 354 92.6% 0.998
TGFB2 NM_001135599.3  transforming growth factor beta 2 Hs00234244_m1 pMD18-TGFB2¢ 36.0 98.9% 1.000
VEGFA NM_001025366.2  vascular endothelial growth factor A Hs00900055_m1 pCMV-Sport6-VEGFA? 36.6 94.6% 0.999
VEGFB NM_001243733.1  vascular endothelial growth factor B Hs00173634_m1 pCMV6-entry-VEGFB® 35,5 937 1.000
VEGFC NM_005429.4 vascular endothelial growth factor C Hs01099203_m1 pCMV-Sport6-VEGFCP 35.8 96.5% 1.000
GAPDH NM_002046.5 glyceraldehyde-3-phosphate dehydrogenase Hs03929097_g1 pCMV-Sport6-GAPDHP 35.8 96.5% 1.000

4 is the y-intercept of the XY plots, where y is the cycle threshold (Ct) and x the log template amount; € is the amplification efficiency calculated as €=[10"/5°P9)]-1; R? is the coefficient of
determination. Template DNAs, “obtained from GE Dharmacon; Lafayette, CO, “from Sino Biological; Bejing, China; “from OriGene Technologies; Rockville, MD.

tube formation was photographed under an inverted light
microscope. Five images per well were captured. Tube lengths
and branching points were quantified on the images using the
online WimTube program (21).

Pituitary Tumor Mouse Model and
Cabozantinib Treatment

The mice were housed at the animal facility of the Center for
Comparative Medicine at Massachusetts General Hospital. The
study was approved by the MGH Institutional Animal Care and
Use Committee (IACUC).

RbI"™P™ mice carrying a floxed exon 19 of the RbI gene
(also known as Rblfl/fl) were obtained from the Jackson
Laboratory (Bar Harbor, ME) (22). RbA19 mice were created
by crossing Rb1""**™ mice with CMV-Cre (BALB/c-Tg(CMV-
cre)1Cgn/], the Jackson Laboratory) and maintained as
heterozygotes on C57BL/6 background. Mice used in the
experiments were at least 8" generations subsequent to
backcrossing with C57BL/6 mice. Thirty-two heterozygous
RbAI9 mice, as well as 27 wild-type (WT) littermates, were
monitored. Mice were euthanized when they became
moribund. The cause of death was determined by necropsy
examination. Twenty-five RbA19 mice euthanized had large
pituitary tumors. Other than thyroid tumors in eight mice, no
apparent tumors or other significant anomalies were observed.
For these mice, large pituitary tumors were the cause of death.
Four RbA19 mice grew large neck masses affecting their
breathing and had to be euthanized according to our IACUC
policy. Necropsy examination showed that they had no or very
small pituitary tumors. Three RbA19 mice died unexpectedly.
No tumors were found in their pituitary glands. The cause of
death was unknown. These mice were not included in the final
survival analysis. Of the 27 WT littermates, only one died.

This mouse had no pituitary tumor, and the cause of death was
unknown. The survival curves were plotted, and median
survival was determined using Prism 9 software.

Cabozantinib (XL184) (Cab), a potent inhibitor of VEGF
receptor 2 (23), was obtained from Selleck Chemicals (Houston,
TX). A suspension in sterile PBS of a final concentration of 5 mg/
ml was prepared. The drug was administered once daily to mice
via oral gavage at a concentration of 15 or 30 mg/kg body weight
(designated as Cab-15 and Cab-30, respectively) for 14 days.
After a 14-day break, the drug regimen was resumed for another
14 days. PBS was administered to another group of mice as
controls. The number of mice receiving treatment in each group
was as follows: 28 mice for the control PBS group, 26 for the cab-
15 group, 28 for the cab-30 group, and 10 for the WT mice
group, which was administered 30 mg Cab/kg body weight. The
health of these mice was monitored, and they were euthanized
when they reached a moribund state. After euthanasia, the mice
underwent necropsy to determine the cause of death. Mice who
died of causes unrelated to pituitary tumors were not included in
the final analysis.

In the PBS group, five mice were removed from experiments
because of large neck masses, which caused extreme difficulty
with breathing. These neck masses were thyroid tumors.
Necropsy revealed that these mice had very tiny pituitary
tumors or no apparent pituitary tumors. In the Cab-15 group,
one mouse was removed from the experiment because of severe
conjunctivitis, one was removed because of a large neck mass,
and two were removed due to sudden death soon after the
treatment started, likely due to injuries caused by oral gavage.
Necropsy revealed these mice had tiny pituitary tumors only. In
the Cab-30 group, four mice were removed from experiments
because of large neck masses. The rest of the mice in these groups
ultimately became moribund. The moribund state was caused by
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large pituitary tumors in all of these cases, and no apparent
tumors were identified in other tissues.

Statistical Analyses

Data were analyzed using GraphPad Prism 9 software. The one-
way ANOVA multiple comparison test was used to compare
clinical characteristics. The Kruskal-Wallis nonparametric one-
way ANOVA test was used to compare data from endothelial cell
tube formation assays and gene expression levels between tumor
groups and controls. Pearson’s correlations were applied to
determine relationships between expression levels among
individual genes. The Kaplan-Meir method was applied to
construct survival curves, and the log-rank (Mantel-Cox) test
was used for between groups comparison. P values < 0.05 were
considered significant.

RESULTS

Expression of Angiogenic Genes in Human
Pituitary Tumors Determined by the RT2
Profiler PCR Array

To evaluate the expression of angiogenesis-related genes in
human pituitary tumors, we used the Qiagen human
angiogenesis RT? profiler PCR array to evaluate RNA pooled
from 207 pituitary tumor samples. RNA pooled from 12 normal
human pituitary glands was used as the control. After PCR, we
chose the RPLPO gene as the internal control for Ct
normalization following the manufacturer’s instructions
because the difference between Ct values from tumor plates
and control plates was less than 1. The PCR array listed 84
angiogenesis-related genes (Supplementary Table 1). Four genes
(IFNA1, IFNG, LEP, and PLG) were excluded from analysis
because their PCR Ct values were greater than 32 for both tumor
and control samples, indicating that the expression of these genes
was extremely low and not reliable for comparison analysis.
Among the remaining genes, seventy-one were expressed
differentially between pituitary tumor and normal pituitary
gland tissue with p values less than 0.05 (Figure 1 and
Supplementary Table 1). Sixty-four genes were upregulated,
whereas seven were downregulated.

More than half of these differentially expressed genes (n=39)
are known to regulate sprouting angiogenesis (14, 15, 24-28)
(Figure 1). Most of these are components of signal transduction
pathways regulating sprouting angiogenesis: VEGF pathway
(VEGFA, VEGFB, VEGFC, PGF, KDR, FLT1, EFNB2, ITGAYV,
ITGB3, CDH5, EFNB2, NRP1, and NRP2) (26, 29), the
angiopoietin-Tie pathway (ANGPT1, ANGPT2, and TEK)
(30), the Notch pathway (NOTCH4 and JAGIL) (27), the
PDGF pathway (PDGFA) (31), and the TGFPB pathway
(TGFB1, TGFB2, TGFBRI, and ENG) (32). Recently, Zegeye
et al. reported that IL-6 inhibits sprouting angiogenesis by trans-
signaling (33). We found that IL-6 expression was
downregulated 17.1-fold in human pituitary tumor tissue
compared to normal pituitary tissue (Figure 1). In addition,
the expression of two well-known endothelial marker genes,

ENG and PECAMI (34, 35) was increased in tumor tissue by 3.72
and 6.67-fold, respectively (Figure 1). The gene with the most
elevated expression was FNI, which was nearly 100-fold higher
in human pituitary tumor tissue than in normal pituitary
samples (Figure 1). Products of the FNI gene are essential
components of newly formed blood vessels (36). These data
indicate that human pituitary tumors contain a more active
angiogenesis program than normal pituitary tissue.

Expression of Vascular Endothelial Marker
Genes in Human Pituitary Tumors

The PCR array showed that the expression of four out of five
internal reference genes was approximately 4-fold higher in
human pituitary tumor tissue than in normal pituitary tissue
(Figure 1 and Supplementary Table 1), suggesting that a
relative quantitative PCR method would underestimate gene
expression after normalization against these genes. Therefore, we
employed an absolute quantitative PCR method to quantify the
expression of these genes, using external DNA as a
reference standard.

We quantified the expression of ENG and PECAM and also
determined the expression levels of CD34 mRNA, which encodes
a glycoprotein expressed in early, mature, and progenitor
endothelial cells (37). We also quantified the expression of
mRNA coding of LYVE], a marker of lymphatic endothelial
cells (38). The RNA transcripts detected in pituitary tumors for
CD31, CD34 and ENG were 1.6 x 10% 3.3 x 10* and 1.0 x 10°
copies/ug total RNA, respectively. Compared with normal
pituitary tissue, RNA levels of CD31, CD34, and ENG were
increased in pituitary tumors by 5.6 (p<0.0001), 22.6 (p<0.0001),
and 8.2 (p<0.0001) fold, respectively (Figure 2A). In contrast,
there were 1.9 x 10° copies/(ig total RNA of LYVE1, which was not
significantly different from that of controls (normal pituitary)
(p>0.9999) (Figure 2A). These data indicate that the number of
vascular endothelial cells, but not lymphatic endothelial cells, is
significantly greater in all types of pituitary tumors than in normal
pituitary tissue.

Because mRNA levels may not truly reflect their respective
protein levels, we measured protein levels of CD31, CD34, and
ENG in 12 additional pituitary tumors using ELISA assays. mRNA
levels as determined by qPCR in these tumors were significantly
higher than in normal pituitary tissue (Figures 2B-D, left panels).
Their respective proteins were readily detected (Figures 2B-D,
middle panels) and correlated well with mRNA levels
(Figures 2B-D, right panels), suggesting that the mRNA levels
we measured accurately reflect protein levels.

Expression of Angiogenic Growth Factors
in Human Pituitary Tumors

The VEGF family of growth factors are master regulators of
sprouting angiogenesis, as they stimulate proliferation and guide
the migration of endothelial cells (24, 25, 27). VEGFA, VEGEFB,
VEGEFC, and PGF, as well as their receptor, VEGFR2, also known
as the kinase insert domain receptor (KDR), were examined. The
genes with the highest to lowest levels of expression were: VEGFB
(1.1 x 10° copies/ug total RNA), VEGFA (3.5 x 10*), PGF (1.8 x
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FIGURE 1 | Differentially expressed angiogenesis genes by the Qiagen RT? Profiler PCR Array. *Genes involved in sprouting angiogenesis.

10*), and VEGEC (8.3 x 10%), respectively. Compared with normal  all types of pituitary tumors was only observed with VEGFC and
pituitary tissue, genes with the highest to lowest expression levels ~ PGF. In contrast, VEGFA expression was increased in NFA and
in pituitary tumor tissue were VEGFC (19.3-fold, p<0.0001), PGF ~ ACTH-secreting tumors but not in GH and PRL-secreting tumors
(13.4-fold, p<0.0001), VEGFA (4.2-fold, p<0.0001) and VEGFB (Figure 3A). KDR expression was 7.8-fold (p<0.0001) higher in all
(2.2-fold, p=0.002) (Figure 3A). Moreover, elevated expression in  types of pituitary tumors combined than in normal pituitary tissue
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FIGURE 2 | Expression of endothelial markers in human pituitary tumors. (A) Expression of the indicated genes was quantified by the TaqMan® probe-based
gPCR. A total of 207 human pituitary tumors, including 140 NFAs, 38 GH-producing, 16 ACTH-producing and 13 PRL-producing tumors, and 12 normal pituitaries
were assessed. *p < 0.05 vs normal pituitaries; #p < 0.05 vs NFA. (B) CD31, (C) CD34 and (D) ENG: Correlation of their RNA and protein expression in an
additional 12 pituitary tumors, including 11 NFA and 1 GH-secreting tumors. Left panel, RNA levels of endothelial markers in pituitary tumors and normal pituitary
tissue. *p < 0.05 vs normal pituitaries. Middle panel, RNA and protein levels of individual pituitary tumors. RNA levels (open bars) are indicated on the left y-axis as
copies of transcript/ug total RNA. Protein levels (solid bars) are indicated on the right y-axis as pg/mg of tumor tissue. Right panel, correlation between RNA levels
determined by gPCR and protein levels determined by ELISA.

(Figure 3A). As a non-angiogenesis gene control, GAPDH
expression was determined to be 7.6 x 10° copies/ug total RNA.
Compared to the normal pituitary tissue, GAPDH expression was
higher by 3.5-fold (p<0.0001) in tumors (Figure 3A), which
confirmed the PCR array findings.

We next measured primary pituitary tumor production of PGF
and VEGFC proteins. We cultured fresh tissue from 12 tumors for
48 hours and assessed PGF and VEGFC in culture media using
ELISA. PGF and VEGEFC proteins were readily detected in the
culture medium (Figure 3B). Expression levels of mRNA and
protein correlated well (Figure 3B).

Angiopoietin-Tie signaling regulates the homeostasis of blood
vessels (5, 30). Angiopoietin 1 (ANGPTI1) and 2 (ANGPT2)

regulate angiogenesis via their common TEK tyrosine kinase
receptor (TEK, also known as TIE2) (30, 39). ANGPT1, which
is mainly produced from perivascular cells, such as pericytes and
vascular smooth muscle cells, activates TEK resulting in
endothelial cell survival and stabilization (30). ANGPT1 over-
expression inhibits angiogenesis (40). ANGPT?2, highly expressed
in endothelial tip cells (41, 42), promotes angiogenesis in
conjunction with VEGF by antagonizing ANGPT1 (30). The
overall expression of ANGPT1 was 5.4 x 10° copies/ug total
RNA in pituitary tumor tissue. Compared with normal pituitary
tissue, the overall expression of ANGPT1 was significantly lower
in pituitary tumor tissue by 2.1-fold (p=0.0043) (Figure 4A). The
ANGPT1 downregulation was observed in all types of tumors
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FIGURE 3 | Expression of VEGF family of growth factors in human pituitary tumors. (A) Expression of indicated genes was quantified by the TaqMan® probe-based
qPCR. Normal pituitary tissue, n = 12; NFA, n = 140; ACTH, n = 16; GH, n = 38; PRL, n = 13. *p < 0.05 vs normal pituitary tissue; #p < 0.05 vs NFA. (B) VEGFC
and (C) PGF, Correlation of RNA and corresponding protein expression in an additional 12 pituitary tumors, including 11 NFA and 1 GH-secreting tumors. Left panel,
RNA levels of endothelial markers in pituitary tumors and normal pituitary tissue. *p < 0.05 vs normal pituitary tissue. Middle panel, RNA and protein levels of
individual pituitary tumors. RNA levels (open bars) were indicated on the left y-axis as copies of transcript/ug total RNA. Protein levels (solid bars) were indicated on
the right y-axis as pg/mg of tumor tissue. Right panel, correlation between RNA levels determined by qPCR and protein levels determined by ELISA.

except for PRL-producing tumors. In contrast, expression of The PDGF and TGFp signaling pathways regulate blood vessel
ANGPT2 (3.6 x 10° copies/ug total RNA) and TEK (3.4 x 10%) maturation (43, 44). The expression of PDGFA, PDGFB, TGFB1
was significantly elevated in all types of pituitary tumors with an ~ and TGFB2 in pituitary tumor tissue was respectively 3.5 x10% 2.0 x
overall increase of 9.2 (p<0.0001) and 7.3-fold (p<0.0001),  10% 1.3 x 10> and 6.6 x 10° copies/ug total RNA (Figure 5A).
respectively (Figure 4A). The ANGPT2 protein was also ~ PDGEFB expression in all types of pituitary tumors was, on average,
detected in the culture medium of primary pituitary tumor  10.5-fold (p<0.0001) greater than that of normal pituitary tissue
tissue, and its protein levels correlated strongly with their  (Figure 5A). Significantly higher PDFA expression was only
corresponding RNA levels (Figure 4B). detected in NFA and ACTH-secreting tumors compared with
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normal pituitary tissue. TGFB1 was significantly higher in NFA
(4.2-fold, p<0.0001), ACTH-secreting tumors (3.5-fold, p=0.0017),
and GH-secreting tumors (2.96-fold, p=0.007), but not in PRL-
secreting tumors (Figure 5B) compared with normal pituitary
tissue. Conversely, TGFB2 expression was significantly higher in
GH-secreting (4.2-fold, p<0.0001) and PRL-secreting tumor tissue
(6.1-fold, p<0.0001), but not in NFA and ACTH-secreting tumor
tissue (Figure 5B), than in normal pituitary tissue.

The alpha subunit of hypoxia-induced transcription factor 1
(HIF1A) is known to activate the expression of PGF, PDGFB,
VEGFA, and VEGEC (45, 46). RNA levels of HIF1IA were
significantly higher in all tumor types compared with normal
pituitary tissue, with an overall elevation of 2.4-fold
(p=0.0004) (Figure 5C).

We also determined the expression of fibronectin 1 (FNI) in
pituitary tumor tissue. PCR products of FNI containing EDA and
EDB domains are mainly found in newly formed blood vessels and
overexpressed in many human tumors (47). We found that the
FNI1 transcript level in human pituitary tumors was 3.4 x 10*
copies/ug total RNA, which was 89.6-fold (p<0.0001) that
observed in normal pituitary tissue and significantly elevated in
every tumor type (Figure 5C).

Sixteen of the 19 genes examined by absolute quantitative PCR
in individual samples were included in the RT* Profiler PCR
Array. The fold changes in pituitary tumors compared to normal
pituitary gland tissue by these two methods correlated strongly
(R=0.9815, p<0.0001). These data validate the RT* Profiler PCR
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FIGURE 4 | Expression of angiopoietins and their receptor, TEK, in human pituitary tumors. (A) RNA expression of ANGPT1, ANGPT2 and TEK was quantified by
TaqMan® probe-based gPCR. Normal pituitary tissue, n = 12; NFA, n = 140; ACTH, n = 16; GH, n = 38; PRL, n = 13. *p < 0.05 vs normal pituitary tissue; #p <
0.05 vs NFA; §p < 0.05 vs ACTH-secreting tumors; flp < 0.05 vs GH-secreting tumors. (B) Correlation of ANGPT2 RNA in tumor tissue and angiopoietin 2 released
by the corresponding tumors. A total of 12 pituitary tumors, including 11 NFA and 1 GH-secreting tumors were assessed. Left panel, RNA levels of endothelial
markers in pituitary tumors and normal pituitary tissue. *p < 0.05 vs normal pituitary tissue. Middle panel, RNA and protein levels of individual pituitary tumors. RNA
levels (open bars) are indicated on the left y-axis as copies of transcript/ug total RNA. Protein levels (solid bars) are indicated on the right y-axis as pg/mg of tumor
tissue. Right panel, correlation between RNA levels determined by gPCR and protein levels determined by ELISA.

Array findings and, more importantly, support the hypothesis that
angiogenesis is enhanced in human pituitary tumors.

Correlation of Vascular Endothelial
Markers and Angiogenic Growth Factors

in Human Pituitary Tumors

We calculated the expression ratio between endothelial markers
and the lymphatic endothelial marker LYVE] based on data in
Figure 2 to determine the contribution of vascular endothelial
cells and lymphatic endothelial cells to the increase in endothelial
marker expression in pituitary tumor tissue. In normal pituitary
tissue, the expression ratios of CD31, CD34, and ENG over LYVEL
were 3.9, 2.1, and 18.0, respectively. In pituitary tumor tissue, those
ratios were increased substantially to 8.4, 17.9, and 55.7,
respectively. This suggests that the elevated expression of
endothelial markers is mainly due to a higher number of
vascular endothelial cells, which reflects angiogenesis activity in
pituitary tumors. Therefore, we reasoned that the contribution of
angiogenic factors to angiogenesis in tumors could be evaluated by
analyzing correlations between their expression and the expression
of vascular endothelial markers. We performed a correlation
analysis with data from NFAs and GH-producing tumors.
Among 151 NFAs (Table 1), 140 tumor samples were used for
analysis because expression data of all 19 genes (Figures 2-5) were
available. For the same reason, 38 out of 39 GH-producing tumors
(Table 1) were used for the analysis. The sample numbers of
ACTH- and PRL-producing tumors were 16 and 13, respectively,
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FIGURE 5 | Expression of other angiogenic growth factors in human pituitary tumors. RNA of (A) PDGFA and PDGFB, (B) TGFB1 and TGFB2, and (C) HIF1A and
FN1 were quantified by TaqMan® probe-based gPCR. Normal pituitary tissue, n = 12; NFA, n = 140; ACTH, n = 16; GH, n = 38; PRL, n = 13. *p < 0.05 vs normal
pituitaries; #p < 0.05 vs NFA; §p < 0.05 vs ACTH-producing tumors.

which were too small to perform meaningful correlation analyses. =~ maturation. A similar pattern was also observed in GH-
The full Pearson’s correlation coefficient estimates for NFA and ~ producing tumors. Expression of at least one member from each
GH-secreting tumors are included in Supplementary Figure S1 of the four pathways positively correlated with endothelial marker
and S2. expression (Figure 6B). Although both TGFB1 and TGFB2

In NFAs, CD31, CD34, and ENG levels correlated very  correlated significantly with endothelial markers in NFAs
strongly with each other (Figure 6A). The correlations between  (Figure 6A), only TGFB1, not TGFB2, positively correlated with
their expression and LYVE1 were much weaker. Endothelial ~ endothelial markers in GH-producing tumors (Figure 6B).
marker levels did not correlate with GAPDH levels. Among  Moreover, neither expression of VEGFA nor VEGFB correlated
angiogenic growth factors, PGF, ANGPT2, PDGFB, and TGFB2  with the expression of any endothelial marker. However, VEGFC
correlated most strongly with each of the endothelial marker  expression correlated significantly with endothelial markers in
levels. These are members of four signaling pathways and play  both types of tumors (Figures 6A, B). Taken together, these data
essential roles in angiogenesis sprouting and blood vessel  strongly suggest that human pituitary tumors maintain an active
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angiogenesis program. These data also suggest that VEGFC and
PGF are the main members of VEGF family that regulate
angiogenesis in human pituitary tumors.

Pituitary Tumors Stimulate Angiogenesis
via the VEGF Signaling Pathway

We performed in vitro endothelial tube formation assays using
culture media conditioned with primary human pituitary
tissue. The assay is widely used to identify angiogenic and
antiangiogenic factors by mimicking multiple steps in
angiogenesis (48). Primary tumor tissue, which consists of
both tumor cells and the tumor microenvironment (TME),
was used. The TME is composed of non-tumor cells (such as
fibroblast, folliculostellate, and immune cells) and extracellular

matrix harboring enzymes, growth factors, and cytokines (49,
50). The TME is known to play an important role in tumor
angiogenesis (51). Three tumors, including 2 NFAs and 1 GH-
producing tumor, were included in the assay because we have
observed that both types of tumors contain active angiogenesis
programs (Figure 6). Media from primary pituitary tumor
cultures increased endothelial tube formation in Matrigel by
approximately 3-fold, measured as total tube length, and 4-fold
as total branching points (Figures 7A, B). Regorafenib is an
inhibitor of multiple receptor kinases, including VEGF
receptors 1, 2, and 3 (52). Cabozantinib predominantly
inhibits VEGF receptor 2 (23). When regorafenib (Reg) or
cabozantinib (Cab) was added to the conditioned media, tube
formation was significantly reduced (Figures 7A, B). These
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experiments suggest that angiogenesis induced by human
pituitary tumors is mediated by the VEGF signaling pathway.

Prolonged Survival by VEGF

Receptor Inhibitor Cabozantinib in

Mice With Pituitary Tumors

Inhibition of angiogenesis by anti-VEGF antibody or by VEGF
receptor inhibitor was tested in prolactinoma mouse models (53—
55). To test whether inhibition of angiogenesis suppressed a
broader spectrum of pituitary tumors, we chose the Rb
knockout mouse as our experimental model. The Rb pathway
plays an important role in the pathogenesis of pituitary tumors
(56). In humans, the RB pathway is silenced in approximately 90%
of pituitary tumors (56). In mice, inactivation of the Rb pathway
by deletion of the Rb gene, by overexpression of Rb inactivating

oncogenes, or by deletion of CDK inhibitors promotes the
development of pituitary tumors (57). For example,
overexpression of the SV40 T-antigen in the pituitary gland
resulted in GH-producing and null cell adenomas in mice (58,
59). For our study, we created RbAI9 mice in which the exon 19 of
the RbI gene had been deleted. The RbAI9 mice were derived from
RbI"P™ mice, which carry a floxed exon 19 of the RbI gene (22).
We observed that heterozygous RbA19 mice all developed
pituitary tumors, with a median survival of 412 days
(Figure 8A). To determine when to initiate antiangiogenesis
treatment in RbAI9 mice, we analyzed pituitary tumors from a
set of apparently healthy mice at 345 days after birth. We observed
that 16 out of 18 mice examined had visible pituitary tumors
(Supplementary Figure S3). Histological staining confirmed that
these tumors were adenomas. It also revealed that the other two
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pituitary glands contained micro tumors. Therefore, we chose 345
days as the age to begin antiangiogenesis treatment.

Three cohorts of RbA19 mice were included in the experiments.
Fifteen mg cabozantinib/kg body weight (Cab-15), 30 mg/kg body
weight (Cab-30) and PBS, respectively, was administered. The
drug has been approved for the treatment of human metastatic
medullary thyroid cancer, advanced renal cell carcinoma, and
hepatocellular cancer under the trade name COMETRIQ"". The
health of all animals was monitored closely. They were euthanized
when they became moribund. After euthanasia, causes of death
were determined by necropsy. Mice that died of causes not related
to pituitary tumors were excluded from the final analysis (see
Materials and Methods). The mice in the PBS group (n=23) died
between 9 to 204 days after the first dose was administered, with a
median survival of 77 days (ranging from 9 to 204 days) after
treatment initiation. In contrast, the median survival after the
treatment was 101 days (16 to 279 days) for mice in Cab-15 group
(n=22, vs PBS group, p = 0.0371) and 135 days (38 to 261 days) for
mice in the Cab-30 group (n=24) vs the PBS group p = 0.0017)
(Figures 8B, C).

There were no apparent adverse effects caused by Cab on wild-
type mice. The WT mice administered 30 mg Cab/kg body weight
lived well beyond 24 months, except for one mouse euthanized
365 days after treatment initiation. This animal developed a severe
eye lesion and had to be euthanized following IACUC rules. A side
effect that was only observed in RbA19 mice treated with Cab was
the development of grey patches on their fur. These patches slowly
disappeared a few months after drug administration.

DISCUSSION

Our data suggest that human pituitary tumors, regardless of tumor
type, are more vascular, have elevated expression of angiogenic
growth factors, and upregulate angiogenic pathways more than
normal pituitary gland tissue. In addition, we identified PGF and
VEGFC as the major angiogenic growth factors regulating
angiogenesis in human pituitary tumors. Furthermore, we show
that targeting VEGF receptors significantly improves the survival
of mice with pituitary tumors. These data provide a rationale for
studying whether agents that target these pathways may be
effective therapies for aggressive pituitary tumors.

In this study, we systematically quantified the expression of
multiple endothelial markers and angiogenic genes in a large
cohort of human pituitary adenomas. To the best of our
knowledge, this is the first study employing the TagMan®
probe-based absolute qPCR technique to assess the expression of
angiogenic genes in human pituitary tumors. One advantage of
using the absolute qPCR is that it avoids biases introduced by
internal reference genes. Another advantage is that data from
absolute qPCR makes it possible to perform correlation analyses to
analyze the roles individual angiogenic genes may play in pituitary
tumor angiogenesis. In contrast, the large majority of reports in
the literature investigating pituitary angiogenesis have examined
vascularization by MVD assays. Using this method, some studies
demonstrated decreased vascularization of pituitary tumors
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FIGURE 8 | Prolonged survival of RbA79 mice by cabozanitinib treatment.

(A) Survival of RbA719 mice and their WT littermates in the absence of
antiangiogenesis treatment. (B) Survival of RbA79 mice treated with Cab at 15
mg/kg body weight for two two-week regimens. Mice treated with PBS were as
controls. (C) Survival of RbA719 mice treated with Cab at 30 mg/kg body weight
for two two-week regimens. The treatment was initiated when mice reached
345 days old. Time designated as days after treatment initiation.

compared with normal pituitary glands, and others, even within
the same papers, were contradictory. For example, Turner et al.
demonstrated a lower density of blood vessels in benign pituitary
tumors than in normal pituitary tissue; however, macroadenomas
demonstrated greater vascularity than microadenomas (17). In
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contrast, Takada et al. reported that the capillary vessel number
per area in pituitary tumors was significantly higher than in
normal pituitary gland tissue (60). However, if MVD were
measured as the percentage of area, it was lower in the tumor
tissue than in normal pituitary gland tissue (60), suggesting that
pituitary tumors contain a greater number but smaller capillary
vessels. Similarly, Perez-Millan et al. reported that human pituitary
tumors contained more small blood vessels than normal pituitary
glands (61). Other published studies have used endothelial
markers to investigate angiogenesis in pituitary tumors. For
example, Rotondo et al. observed a higher MVD in human
pituitary tumors than in normal pituitaries when tissue sections
were stained with an anti-CD105 antibody (62). CD105 is encoded
by the ENG gene, which is believed to be expressed only in
proliferating endothelial cells (35). Therefore, some, but not all,
prior studies support our conclusion that angiogenesis is more
active in human pituitary tumors than in normal pituitary glands.

Sprouting angiogenesis is a well-established mechanism of
tumor angiogenesis (12). It is regulated by a signaling cascade of
multiple angiogenic pathways involving VEGF, ANGPT2,
PDGF, and TGFf (15, 24). VEGF initiates the sprouting of
endothelial cells by stimulating endothelial tip cell
transformation and migration (16). ANGPT2 destabilizes
vessels by antagonizing ANGPT]1 to facilitate tip cell sprouting
(30). TGFP and PDGF signaling contribute to the growth and
maturation of new blood vessels (24). Our data demonstrate that
human pituitary tumors highly express these angiogenic growth
factors (Figures 3-5). In addition, their expression levels
strongly correlate with the expression of vascular endothelial
markers (Figure 6). Therefore, our data strongly support that
sprouting angiogenesis is an angiogenic mechanism for
neovascularization in human pituitary tumors. Nevertheless,
our data do not exclude the existence of other vascularization
mechanisms in human pituitary tumors, such as vasculogenic
mimicry (63).

A surprising finding was that expression levels of VEGFA and
VEGEFB did not correlate with the expression of endothelial
markers (Figure 6). In contrast, Cristina et al. reported a
positive correlation between VEGFA expression and CD31 in
NFAs with an R? of 0.49 (p=0.010) (64). The discrepancy may be
due to differences in data collection between the two studies. They
quantified protein levels using Western blotting, and data were
normalized against the internal control gene actin. In contrast, we
quantified mRNA levels using absolute qPCR, and data are
presented as copy numbers per ug total RNA. Our data indicate
that PGF and VEGEFC expression correlate strongly with
endothelial marker expression (Figure 6). This suggests that
PGF and VEGFC are the main angiogenic growth factors
initiating angiogenesis in human pituitary tumors.

VEGF family of growth factor signaling is mediated by three
receptors: VEGFR1 (encoded by the FLT1 gene), VEGR2 (KDR),
and VEGFR3 (FLT4). These receptors form homo or heterodimers
and are activated by autophosphorylation upon binding to VEGF
ligands (29, 65). VEGF1 is predominantly expressed on blood
vessel endothelial cells (66), and PGF binds only to VEGF1 (67). In
addition to VEGFR2, VEGFA also binds to VEGFRI1 with high

affinity (67). Because it is characterized by very weak kinase
activity, VEGFRI1 is thought to be a negative regulator of the
VEGEF signaling by acting as a decoy receptor (29). We found that
its expression in human pituitary tumors is approximately 2-fold
that of normal pituitary tissue (FLT1 in Figure 1). VEGFR2 is
expressed mostly in vascular endothelial cells (68). Both VEGFA
and VEGFC bind to VEGFR2. VEGFR2 is the predominant
receptor mediating VEGF-induced vascular angiogenesis (29,
68). Consistent with this, we found that VEGFR2 expression is
more than 8-fold higher in pituitary tumors than in normal
pituitary tissue (KDR in Figure 3A). Its expression correlated
positively with levels of vascular endothelial markers in both NFAs
and GH-secreting tumors (Supplementary Figures S2 and S3),
suggesting that VEGFR2 plays an important role in pituitary
tumor angiogenesis. VEGFR3 only binds to VEGFC. VEGEC/
VEGFR3 normally regulates lymphatic angiogenesis (69). We did
not investigate VEGFR3 expression in our study, and its role in
pituitary tumor angiogenesis is not known.

In pituitary tumors, PGF may regulate angiogenesis via several
mechanisms. PGF binds to the VEGFR1 to free VEGFA from its
receptor, thereby increasing interactions between VEGFA and
VEGFR2 (70). PGF forms a heterodimer with VEGFA, which
induces VEGFR1/VEGFR2 receptor dimers, thereby activating
VEGFR2 by transphosphorylation (71). Therefore, VEGFA
likely stimulates angiogenesis in human pituitary tumors in a
PGF-dependent manner. PGF can also stimulate angiogenesis
independently of VEGF by activating VEGFR1 (71). VEGFC has
long been considered to be the main regulator of
lymphangiogenesis (72). However, multiple studies indicate that
it also plays an important role in regulating endothelial sprouting
(73-75). These data raise the possibility that treatment with the
anti-VEGFA antibody, bevacizumab, may not be sufficient to
inhibit angiogenesis in pituitary tumors. VEGF-inhibition
resistance has been reported in a number of cancers (76), and
induction of PGF is believed to be one of the causes (76). Ideally, a
panel of angiogenic factors could be assessed in surgically removed
tumors and specific antiangiogenesis drugs selected according to
the expression profile of the angiogenic growth factors observed in
a specific tumor.

Anti-VEGF treatment has been demonstrated to successfully
treat pituitary tumors in mouse models. Korsisaari et al. used the
anti-VEGF antibody G6-31 to treat pituitary tumors in Menl™"
mice (53). After 67 days, they observed that G6-31 treatment
reduced the tumor volume by 72% compared to the control
group and significantly extended their survival. All pituitary
tumors in MenI™" mice were later identified as prolactinomas
(53). The G6-31 antibody was also used to treat Drd2(-/-) mice
with hyperplastic pituitary glands by Luque et al. (54). A group of
female Drd2(-/-) mice were treated with G6-31 for six weeks
(54). Pituitary hyperplasia was significantly reduced at the end of
the treatment period compared to the placebo group. A
reduction in MVD in G6-31 treated pituitary glands was also
observed (54). Axitinib is a VEGF inhibitor targeting all three
VEGEF receptors (77), and it has been approved by the FDA to
treat human renal cell carcinoma. Chauvet et al. tested axitinib
on a transgenic mouse model expressing a truncated form of
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Hmga2 protein (55). Hmga2 mice develop prolactinomas
between 9-11 months. Axitinib was administered to animals
with a high circulating prolactin level for six weeks. At the end of
the treatment period, they observed a significant reduction in
tumor size and improvement in vascular structure (55). The
main shortcomings of these studies were: 1) all tumors included
in the treatment were prolactinomas, and 2) a small number of
mice were used. For example, the survival curves after treatment
in the study by Korsisaari et al. only included 8 and 9 mice for
G6-31 and the control group, respectively (53). However, these
studies suggest that the efficacy of such agents may merit
investigation for the treatment of aggressive pituitary tumors.

Mice carrying a heterozygous allele of the mutant RbI gene
are known to develop anterior pituitary tumors on the C57BL/6
background (78). We found that approximately 70% of RbA19
mice of the 8™ or greater generation after backcrossing with
C57BL/6 developed anterior pituitary tumors, with about 25% of
all tumors expressing ACTH, 25% PRL, 35% GH, 25% TSH, 10%
LH and 25% expressing no hormones (data not shown). In
addition, some tumors expressed more than one hormone.
Therefore, the RbAI9 model may be seen as representative of
all types of pituitary tumors. We also had a minimum of 22 mice
in each treatment group, which is adequate for statistical
analysis. Treatment with 15 mg or 30 mg Cab/kg body weight
(the latter dose has been used previously to treat cancers in
mouse models (23, 79)) for two two-week regimens significantly
extended the survival of the RbAI9 mice (Figure 8).
Interestingly, the prolonged survival appeared to be dose-
dependent (Figure 8). However, there was no statistically
significant difference in survival between the two doses.
Although two two-week treatments did not seem to have
resulted in any side effects in WT mice, we did not investigate
whether mice with pituitary tumors could tolerate long-term
administration of this agent. Another limitation of our study was
our inability to randomize mice with similar tumor sizes to
different treatments. Due to the prohibitive cost associated with
scanning a large number of mice, it was impossible for us to
select mice with tumors of specific sizes. Our goal was to
determine whether inhibition of angiogenesis by targeting the
VEGF pathway could suppress pituitary tumor growth, and we
were able to show that this was the case by demonstrating
prolonged survival. We also showed that inhibition of
angiogenesis can shrink or slow tumor growth but does not
entirely eradicate tumors. However, in practice, tumor
eradication is not necessary, as shrinking or even arresting
tumor growth can preserve vision, prevent mass effect and is
often adequate treatment. Therefore, if such therapy were to
achieve these goals in humans with aggressive pituitary tumors, it
could have a significant impact.

In summary, our data indicate that human pituitary tumors
are characterized by upregulation of angiogenesis compared
with normal pituitary glands. Our data also suggest that
pituitary tumor angiogenesis may follow the well-established
sprouting angiogenesis model. Furthermore, we identified PGF

and VEGFC, but not VEGFA or VEGFB, as the major
angiogenic growth factors regulating angiogenesis in human
pituitary tumors. Finally, we demonstrate that targeting VEGF
receptors, thus inhibiting angiogenesis significantly improves
the survival of mice with pituitary tumors. Our data suggest
that angiogenesis inhibition as a therapy for the treatment of
aggressive human pituitary tumors merits further investigation.
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High Histone Deacetylase 2/3
Expression in Non-Functioning
Pituitary Tumors

Wenxiu Zhao '™, Xiaobin Jiang '™, Karrin Weisenthal'*, Jun Ma’, Erin M. Botticelli’,
Yunli Zhou, E. Tessa Hedley-Whyte?, Baiyao Wang ", Brooke Swearingen?,
Roy J. Soberman®, Anne Klibanski’ and Xun Zhang"*

" Neuroendocrine Unit, Massachusetts General Hospital and Harvard Medical School, Boston, MA, United States,
2 Neuropathology Unit, Massachusetts General Hospital and Harvard Medical School, Boston, MA, United States,
3 Neurosurgical Service, Massachusetts General Hospital and Harvard Medical School, Boston, MA, United States,
4 Nephrology Division, Massachusetts General Hospital and Harvard Medical School, Boston, MA, United States

Epigenetic modification of chromatin is involved in non-malignant pituitary neoplasia by
causing abnormal expression of tumor suppressors and oncogenes. These changes are
potentially reversible, suggesting the possibility of targeting tumor cells by restoring the
expression of epigenetically silenced tumor suppressors. The role of the histone
deacetylase (HDAC) family in pituitary tumorigenesis is not known. We report that
HDAC2 and 3, Class | HDAC members, are highly expressed in clinically non-
functioning pituitary adenomas (NFPAs) compared to normal pituitary (NP) samples as
determined by RT-PCR and immunohistochemical staining (IHC). Treatment of a human
NFPA derived folliculostellate cell line, PDFS, with the HDACS3 inhibitor RGFP966 for 96
hours resulted in inhibition of cell proliferation by 70%. Furthermore, the combination of
RGFP966 with a methyltransferase/DNMT inhibitor, 5’-aza-2’'-deoxycytidine, led to the
restoration of the expression of several tumor suppressor genes, including STAT1, P16,
PTEN, and the large non-coding RNA tumor suppressor MEGS, in PDFS cells. Our data
support the hypothesis that both histone modification and DNA methylation are involved in
the pathogenesis of human NFPAs and suggest that targeting HDACs and DNA
methylation can be incorporated into future therapies.

Keywords: human clinically non-functioning pituitary adenomas, class | histone deacetylases, growth suppression,
epigenetic modifications, regulation of tumor suppressor expressions

INTRODUCTION

Pituitary adenomas are one of the most common intracranial neoplasms, comprising approximately
10% of all surgically resected intracranial tumors, with a prevalence of 22.5% in the general population
(1). Cross-sectional studies have shown that the prevalence of symptomatic pituitary adenomas ranges
from 7.76 in 10,000 to 9.4 per 10,000 individuals (2, 3). Non-functioning pituitary adenomas (NFPAs)
that do not secrete hormones are common and are mainly derived from gonadotroph cells. The
majority of these tumors are benign. However, patients can experience increased morbidity due to
mass effect, causing neurologic complications, and a subset are aggressive (4-6). These tumors are
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routinely treated with surgery and radiation. However, a subset of
these requires additional therapies, such as temozolomide. The
vast majority of these tumors escape from these temozolomide,
and additional options are needed (7). There are no effective or
FDA-approved pharmacologic therapies to treat these tumors.
Therefore, it is critical to identify novel targets in NFPAs for the
future development of medical therapy.

In sporadic pituitary adenomas, genetic mutations of
oncogenes or tumor suppressors are extremely rare, and
epigenetic dysregulation is the major factor dictating the
expression of multiple tumor suppressor genes (8, 9). Studies
have focused on how aberrant hypermethylation of CpG islands
within promoters contributes to the inactivation of several
important genes, including RBI, CDKNI1A(P21), CDKN2A,
CDKN2B, GADD45y, and MEG3 (9). The role of histone
modification, though firmly linked to the genesis of other
tumors such as breast and colorectal cancer, has not been
explored in pituitary tumorigenesis, especially in NFPAs.

Histone deacetylases (HDAC:s) are responsible for removal of
acetyl groups from specific lysine residues located within the
protein tails of histones (10, 11) as well as many non-histone
proteins, including transcription factors (10, 11). The family of
Class I HDAC includes HDAC1, HDAC2, HDAC3, and
HDACS8. HDAC2 and HDAC3 are important for control of
cell cycle regulation, cardiac function, and neural cell regulation
(12, 13). Abnormal expression of HDACI has been reported in
breast, gastric, colon, liver, renal and prostate carcinomas (14-
16). High levels of HDAC2 expression have been shown in
cervical, gastric (17, 18), breast, and other cancer types (16,
19). In addition, high levels of HDAC3 expression have been
reported in colon cancer (20). Furthermore, the expression of
HDACI has been reported to correlate with the progression and
prognosis of gastrointestinal malignancies (21, 22); and HDAC3
also has been suggested as a prognostic marker in gastric (21),
colorectal (23), and pancreatic cancer (24). In vitro experiments
have shown that high levels of HDACI expression promotes
migration and invasion of gallbladder (25) and breast tumor cell
lines (26). Similarly, overexpression of HDAC2 has been shown
to promote the migration and invasion of non-small cell lung
cancer cell lines (27), and overexpression of HDAC3 has been
reported to promote the proliferation of cholangiocarcinoma and
pancreatic cancer cell lines (28, 29). Therefore, there is
compelling evidence that high levels of HDACI, 2 and 3
expression is implicated in the pathogenesis of several
malignant tumors. However, there is no reported link between
Class I HDAC and benign tumors such as NFPAs.

Because there is no reliably effective medical therapy for
human clinically non-functioning pituitary adenomas, we
focused our study on this type of pituitary tumor. We
hypothesized that Class I HDAC RNA levels would be higher
in NFPAs compared with normal human pituitary samples. We
found that HDAC3 and HDAC2 RNA, but not HDACI RNA,
were significantly higher in NFPAs compared to normal human
pituitaries; increased HDAC3 protein expression was also
confirmed by immunohistochemical (IHC) staining. The
HDAC3-specific inhibitor RGFP966 suppressed PFDS [a

folliculostellate cell line derived from a human NFPA (30),]
cell proliferation by 70% at 96 hours after treatment. Treatment
of PDFS cells with RGFP966 restored expression of MEG3,
a long non-coding RNA tumor suppressor, whose expression
is lost in NFPAs but not in hormone secreting pituitary
adenomas (9). Furthermore, the combination of the DNA
methyltransferase (DNMT) inhibitor 5’-aza-2’-deoxycytidine
(5-AZA) with RGFP966 further enhanced MEG3 expression
and also activated expression of several well-known tumor
suppressors including P16, PTEN, and STAT1. Therefore, we
demonstrate that suppression of histone deacetylation and DNA
methylation restores epigenetically silenced tumor suppressors
such as MEG3, P16, PTEN and STAT1, resulting in inhibition of
tumor cell growth. This study suggests HDAC3 inhibition may
be a potential therapeutic approach for NFPAs.

MATERIAL AND METHODS

Tissue and Tumor Samples

Twenty-two human NFPA, as well as six GH-secreting, six
ACTH-secreting, and six PRL-secreting human pituitary
adenoma surgical samples were obtained at Massachusetts
General Hospital and used for RT-PCR analysis. The diagnosis
of NFPA was established by clinical, biochemical, and radiological
findings and was confirmed by immunohistochemistry after
surgery. Human pituitary tumors were collected in 0.9% saline
after transsphenoidal surgery and immediately frozen in liquid
nitrogen before analysis. Eleven normal human pituitary glands
were obtained 2-16 hours postmortem from the Harvard Tissue
Resource Center (Belmont, MA). This study was approved by the
Partners Human Research Committee. Immunohistochemical
staining on pituitary tumor slides was performed by Pathology
Department of Massachusetts General Hospital on formalin-fixed,
paraffin embedded sections for FSHf3, LHf, TSHp, prolactin, GH,
ACTH, and glycoprotein hormone o-subunit, to confirm the
tumor identities.

RNA Extraction, cDNA Synthesis and
Quantitative Real-Time PCR

Total RNA was isolated using the RNeasy Mini Kit (QIAGEN,
USA) according to the manufacturer’s instructions. Extracted
RNA samples were treated with DNase I to remove potential
DNA contamination. One microgram of total RNA was subjected
to reverse transcription using a ProtoScript®M—MuLV first-strand
cDNA synthesis kit (New England Bio-Labs, Ipswich, MA, USA).
All PCR reactions were performed in triplicate with an Applied
Biosystems® 7500 Fast Thermocycler (Foster City, CA, USA) with
the following protocol: 50°C for 2 minutes, 95°C for 5 minutes,
followed by 40 cycles of 95°C for 30 seconds and 60°C for 1
minute. Melting curve analysis was performed and a no-template
control was included in every qPCR using Invitrogen SYBR®PCR
Master Mix (Thermo Fisher, Waltham, MA, USA). GADPH was
used as internal controls. Expression levels for tested genes were
calculated using the formula 22, The fold changes were
determined by 2 AL The relative tumor expression levels for
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genes were calculated by normalizing the value from the tumor
against the mean average of values from the 11 normal pituitaries.
Primers used in this study are listed in Table S1.

Immunohistochemistry Staining

A tissue microarray (TMA) containing 12 human NFPAs and 4
normal human pituitaries, which were distinct from the samples
used in qRT-PCR, was constructed by the Department of
Pathology Service Core Facility of Massachusetts General
Hospital, and 4 um sections were prepared from the TMA.
Immunohistochemical staining was performed as previously
described (25), with mouse monoclonal anti-HDAC3 (Abcam,
ab219376, Cambridge, MA, USA) at 1:1000 dilution, or anti-
HDAC2 (Abcam, ab16032) at 1:500 dilution. HDAC3/HDAC2
staining was considered positive only when showing definitive
staining of tumor nuclei. Replacement of a primary antibody
with PBS served as the negative control. Positive HDAC3/
HDAC2 staining was assessed microscopically in 10 high-
powered fields (x200) and quantified on the basis of the color
intensity of photos (40x) converted to CYMK and split into
green/red/yellow/blue channels. To collect data,100 nuclei were
selected and averaged using CellProfiler3.0.0 software (Broad
institute, Cambridge, MA, USA, http://cellprofiler.org/).

PDFS Cell Culture and Treatment

With Inhibitors

The pituitary tumor-derived folliculostellate cell (PDFS) line (30)
was maintained in DMEM (Life Technologies) supplemented
with 10% FBS, 1% NEAA and PSG at 37°C with 10% CO,. DNA
methyltransferase inhibitor 5-aza-2’-deoxycytidine (5°-AZA)
was purchased from Sigma-Aldrich (Allentown, PA, USA).
The HDAC3-specific inhibitor RGFP966 was purchased from
Selleckchem (Houston, TX, USA) (31). To examine the effect of
HDAC inhibition on the growth of PDFS, 1x10° PDFS cells were
plated on 100 mm cell culture dishes. After 24 hours, cells were
treated with 10uM RGFP966 and/or 1uM 5’-AZA; with DMSO
as a control. Culture medium was changed daily with fresh drug
added. RNA was extracted from cells at Day 5. Cell proliferation
was monitored at 24, 48, 72, and 96 hours by CCK8 Assay
(see below).

Cell Growth (CCK8 Assay)

Cell proliferation was evaluated by a CCK8 Assay (Dojindo
Molecular Technologies, Rockville, MD, USA). PDEFS cells were
plated into a 96-well plate in triplicate, with 100 I pL cell
suspension (2000 cells/well) in each well. Cells were incubated
for 24 hours at 37C, with 10% CO2, before the treatment drug was
added. At each time point, 10 UL of CCK-8 Solution was added to
each well of the plate. The plates were further incubated for 4
hours. The absorbance at 450 nm was measured using a Versamax
Tunable Microplate Reader (Molecular Devices, San Jose, CA,
USA). The experiment was repeated three times.

Statistical Analysis

Differences between quantitative parameters were expressed as
mean * SD (normal distribution) or medians with inter-quartile
range (IQR). The statistical significance of gene expression was

assessed by a two-tailed Student ¢ tests. Associations between
clinical, biological, imaging and HDAC3 expression were
evaluated by Spearman’s correlations, ) tests, or Fisher’s exact
tests. A p < 0.05 was considered statistically significant. All
statistical analyses were performed with Prism 6 (GraphPad
Software, La Jolla, CA, USA).

RESULTS

Expression of HDAC2 and HDAC3

in NFPAs

We detected the expression of HDAC2 and HDACS3 in 22 human
NFPA specimens and 11 normal pituitary specimens by qRT-
PCR. As shown in Figure 1A, higher HDAC2 and HDAC3
mRNA expression was observed in 82% of NFPAs. When
compared to the average HDAC3 mRNA level in the normal
pituitary, there was a 64-fold higher HDAC3 mRNA expression in
NFPAs (Figures 1A, B, 64.0 = 20.5, p < 0.0001). The average
HDAC2 mRNA level in NFPAs was by 45-fold higher than in the
normal pituitary samples (Figure 1B, 44.7 + 15.5, p < 0.001).
HDAC1 mRNA expression was also observed by qRT-PCR; but
there was no significant difference in its expression levels between
NFPAs and the normal pituitary samples (Figures 1A, B). No
HDACS expression was detected in either NFPAs or normal
pituitaries (data not shown). Immunohistochemical staining
revealed higher nuclear staining of HDAC3 protein in NFPAs
compared with the HDAC3 staining in normal pituitary
(Figure 2A), The HDACS3 staining results were quantified on
the basis of color intensity (Figure 2B). Similar results were
observed for HDAC2 immunostaining (Figures 2C, D). These
findings demonstrate the upregulation of HDAC3 and HDAC2
in NFPAs.

HDAC2 and HDACS3 Expression in
Hormone-Secreting Pituitary Adenomas

We also examined HDAC1, HDAC2, and HDACS3 expression by
qRT-PCR in six GH-secreting, six ACTH-secreting, and six PRL-
secreting human pituitary adenomas. Increased mRNA expression
of Class I HDAC members was also found in a limited number of
hormone-secreting human pituitary adenomas (Figure 3),
although no statistically significant difference was found in RNA
expression levels between normal human pituitaries and
hormone-secreting pituitary tumors. Because the increase of
HDAC2 and HDACS3 levels in pituitary tumors were similar,
and there is no HDAC2-specific inhibitor available, we decided to
focus our subsequent studies on HDAC3.

HDACS Inhibitor RGFP966 Suppressed
PDFS Cell Growth

Because the high expression of HDAC3 RNA and protein in
NFPAs suggested that HDACs could play a role in tumorigenesis
of NFPAs, we examined whether RGFP966 (31), a specific
HDACS3 inhibitor, could inhibit proliferation of PDEFS; which
also showed very high levels of HDAC3 expression (Figure 4A)
compared with normal pituitary. Treatment of PDFS cells with
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FIGURE 1 | HDAC1, 2, and HDAC3 mRNA expression in human NFPAs.
(A) HDAC1 (Upper Panel), HDAC 2 (Middle Panel), and HDAC 3 (Bottom
Panel) RNA expression were determined by gRT-PCR in 22 non-functioning
pituitary adenomas. (B) The average expression levels of HDACT, 2, and 3
mMRNA in NFPAs compared to the average level in the normal pituitaries. Fold
changes were determined by comparing the HDAC levels in tumors with that
in normal pituitaries (NP, n = 11), which was set as 1. NFPA, non-functioning
pituitary adenoma; **P < 0.001; **P < 0.0001.

10 uM RGFP966 suppressed cell proliferation by 64 + 2.8%, 55.2 +
2.3%, and 72.1 £ 1.2% (p<0.01) at 48, 72, and 96 hours,
respectively, comparing with PDFS treated with DMSO
(Figure 4C). We also found that 5-aza-2’-deoxycytidine (5-
AZA), a demethylation reagent, was also able to suppress
proliferation of PDFS, although its effect was not as strong as
RGFP966. As shown in Figures 4B, C, treatment of PDFS cells
with 1 uM of 5-AZA suppressed cell proliferation by and 41.3 +
2.8%, 21.9 + 4.8%, and 42 + 3.5% at 48, 72, and 96 hours,
respectively. A synergistic effect was observed when RGFP966
was combined with 5°-AZA, suppressing PDFS proliferation by
61.4 + 2.4%, 82 + 4.3% (p<0.001), and 92 + 6.1% (p<0.001) at 48,
72, and 96 hours, respectively (Figures 4B, C).

Restoration of MEG3 Expression by
HDACS3 Inhibition and DNA Demethylation
MEGS3 is a large non-coding RNA (IncRNA) tumor suppressor
whose expression is lost in NFPAs (32). PDFS cells lack expression

of MEG3 due to gene silencing by DNA methylation (33, 34). To
understand the molecular events related to growth suppression by
RGFP966 and 5°-AZA, we examined the expression of MEG3 in
PDES cells treated with RGFP966 and 5-AZA. As shown in
Table 1, treatment of PDFS cells with 10 uM RGFP966 resulted
in a 9-fold increase in MEG3 RNA expression compared to
untreated cells. The demethylation reagent 5-AZA (1uM)
increased MEG3 RNA expression by approximately 28,000-fold.
When RGFP966 and 5-AZA were used together, MEG3 RNA
expression increased by almost 140,000-fold compared to controls,
confirming the synergistic effect of RGFP966 and 5’-
AZA (Table 1).

Activation of the Retinoblastoma Pathway
and Other Tumor Suppressors

RGFP966 functioned as a strong growth suppressor, but a weak
inducer for MEG3 RNA. However, the demethylation reagent 5’-
AZA was a strong inducer of MEG3 expression but a weak
growth suppressor (Figure 4 and Table 1). These data suggest
that RGFP966 may also affect expression of additional tumor
suppressors. It has been reported that the signaling pathways of
retinoblastoma (Rb) have been compromised in human NFPAs
(9). As shown in Figure 5A, treatment of PDES cells with
RGFP966 significantly increased the mRNA expression of two
important components of Rb pathway, p16™** and E2F1, by 3.4-
and 3.2-fold, respectively. Consistent with its strong growth
suppressive function, RGFP966 was more potent than 5-AZA
in inducing p16™** and E2F1 mRNA expression, thus activating
Rb signaling pathway. Treatment of PDES cells with RGFP966
and 5’-AZA also significantly increased the mRNA expression of
other tumor suppressors, including EGR1, PTEN, STAT1, and
immune stimulatory receptor CD40 (Figures 5B, C). We also
detected an increase in mRNA expressions of cell cycle related
genes, such as CCNBI, CDK1, and TSCI, and transcriptional
factors, such as C-Jun and C-Myc, upon RGFP966 and 5-AZA
treatment (Table 2). Therefore, change of chromosomal
modifications in PDFS cells by HDAC3 inhibition and DNA
demethylation led to activation of multiple tumor suppressors,
resulting in growth suppression.

DISCUSSION

In this study, we investigated the expression of Class I HDAC
family members in human NFPAs. We found a 40-60 fold
elevation of the expression of HDAC2 and HDAC3 mRNA in
NFPAs compared to normal pituitaries, suggesting their
involvement in the pathogenesis of NFPAs. Increased mRNA
expression of Class I HDAC members was also found in a limited
number of hormone-secreting human pituitary adenomas,
although no statistically significant difference was observed
between hormone-secreting pituitary tumors and normal
pituitaries. Further studies with a large number of such tumors
are needed to verify this observation. Histone modification and
abnormal expression of HDAC family members have been
shown to be involved in the pathogenesis of many different
human cancers. HDAC3 expression is not only elevated in these
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FIGURE 2 | HDACS3 protein staining in normal human pituitaries and NFPAs. (A) Representative immunohistochemical staining images of HDAC3 protein in 2 NPs and 4
NFPAs. (B) HDAC3 immunostaining was quantified on the basis of color intensity of converted photos (40x) to a subtractive color model CMYK and spiit into green/red/yellow/
blue channels. The intensities were averaged from 100 selected nuclei. (C) Representative immunohistochemical staining images of HDAC2 protein in 2 NPs and 2 NFPAs.

(D) HDAC?2 immunostaining was quantified on the basis of color intensity of converted photos (40x) to a subtractive color model CMYK and split into green/red/yellow/blue
channels. The intensities were averaged from 100 selected nuclei. NP, normal pituitary; NFPA, non-functioning pituitary adenoma; *P < 0.05; P < 0.001.
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cancers, but is also often associated with cancer cell
dedifferentiation (12, 17) and overall survival rate of patients
(35, 36). However, the role of HDAC family members in the
pathogenesis of human pituitary adenomas, a non-malignant
neoplasm, has not been previously studied to our knowledge.
Our study revealed the involvement of histone deacetylation in
the pathogenesis of human NFPAs for the first time and provides
a rationale for pursuing HDAC suppression as a possible
therapeutic target.
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FIGURE 3 | The expression of HDAC family HDAC1, HDAC2 and HDACS in
different types of pituitary tumors. HDAC family number HDAC1, HDAC?2 and
HDACS expressed in normal pituitary (NP, n = 11) and clinically non-functioning
pituitary adenomas (NFPA, n = 22), growth hormone secreting tumors (GH, n =
6), adrenocorticotropic hormone secreting tumors (ACTH, n = 6) and prolactin

secreting tumors (PRL, n = 6), **P < 0.0001.

In our study, treatment of PDFS cells with the HDAC3
inhibitor RGFP966 resulted in a 70% suppression of cell
proliferation at 96 hours. Consistently, HDACs have been
shown to control cell growth, differentiation, and apoptosis by
regulating histone modification and acetylation of transcription
factors including as p53 and E2F (37, 38). Multiple mechanisms
have been revealed for HDAC3-mediated growth regulation. In
colon cancer cells, silencing of HDAC3 expression by RNA
interference (RNAi) resulted in growth suppression,
accompanied by increased expression of p21 and apoptosis
(39). In acute myeloid leukemia (AML), oncogenic protein c-
myc recruits HDAC3 to form a suppressive complex binding to
the promoter of miR-451 gene, inhibiting the expression of this
tumor suppressive microRNA (40). Wells et al. showed that in
cutaneous T cell lymphoma cells, HDAC3 was associated with
chromatin around DNA replication forks; and inhibition of
HDACS3 significantly reduced DNA replication, disrupting
cycling of tumor cells (41). Moreover, all Class 1 HDACs:,
including HDAC2 and HDACS3, are known to down-regulate
p53 by deacetylation at KK373/K382, reducing the binding of
p53 to the promoters of its downstream targets such as p21 (42,
43). Consistent with these results, we have shown here that
HDAC3 inhibition led to activation of several tumor
suppressors, including EGR1, PTEN, STAT1, all downstream
targets of p53. In addition, suppression of HDAC3 also resulted
in the upregulation of MEG3, a IncRNA tumor suppressor
specifically silenced in NFPAs, as well as components in the
Rb signaling pathway such as P16 and E2F1, both of which have
been suggested to be involved in the pathogenesis of NFPAs.
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FIGURE 4 | HDACS3 inhibition and DNA demethylation decreases PDFS cell proliferation. (A) HDACS expression in PDFS cells and normal pituitary. ****p < 0.00001.
(B) PDFS treated with HDACS inhibitor RGFP966 (10 uM) and DNMT inhibitor 5’-AZA (1 uM), alone and in combination, at 24, 48, 72, and 96 hours. DMSO was
added as a control. (C) Growth curves of PDFS cells as determined by CCK8 Assays. *P < 0.01; **P < 0.001; ***P < 0.00001. Scale Bar = 100um.

In addition, epigenetic regulation of protein expression of P16,
PTEN, and STAT1 has been well documented (44-46). As
deacetylation and demethylation are global events, several
studies have explored the epigenomics of pituitary adenomas,
as summarized in a few excellent recent reviews (47, 48). Our
results are consistent with these global transcriptomic analyses.
Taken together, our data strongly suggest a role of HDAC3 in the
development of NFPAs.

TABLE 1 | Induction of MEG3 expression by 5’-AZA and RGFP966.

Histone modifications and DNA methylations are two
important layers of epigenetic regulation and are often
connected. There are many studies exploring the involvement
of DNA methylations in pituitary adenomas, but substantial
investigations of histone modification are yet to be done in
pituitary tumors. After we found the increase expression of
HADC2/3 in these tumors and observed changes in gene
expression by the inhibitor RGF966, it is logical to explore the
combined effect of RGP966 and 5’-AZA so we would see the
corporative or synergistical functions of histone modifications
and DNA methylations in pituitary tumors. Indeed, the
combination of HDAC3 inhibitor RGFP966 with a DNA

Treatment MEG3(Mean Fold Change) SD Pvalue  demethylation reagent, 5-aza-2-deoxycytidine, synergistically
VSO ; 0110 enhanced the expression of several tumor suppressors such as
5-AZA 8842 se5362  <00001 P16 PTEN, STAT1, CD40, and large non-coding RNA MEG3,
RGFP966 9 2.890 0.0084 accompanied by growth suppression. These data further
5'-AZA+RGFPI66 135512 1709.604  <0.0001 emphasize the importance of epigenetic abnormalities in
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FIGURE 5 | The expression of tumor suppressors induced by HDAC3 and 5’-AZA. (A) Induction of E2F1, P16"™@ by 5’-AZA and RGFP966. (B, C): The expression
of EGR1 and PTEN (B), and CD40 and STAT1 (C) induced by 5'-AZA and RGFP966. *p < 0.001, ***p < 0.00001.

human NFPAs. A future study should investigate the combined
effects of histone modification and DNA demethylation on
global transcriptomic changes to understand the mechanisms
by which histone modification and DNA demethylation regulate

TABLE 2 | Changes in gene expression changes by 5’-AZA and RGFP966 treatment.

tumor growth. Because of the pivotal roles of HDACs in cancers,
they have become targets for the development of novel cancer
therapies. Indeed, Class 1 HDACs are targets for several cancer
treatment drugs currently in use (49, 50). Some recently

Genes Category DMSO (Mean = SD) 5°-AZA (Mean = SD) RGFP966 (Mean = SD) 5’-AZA + RGFP966 (Mean + SD)
CCNB1 Cell cycle 1.001 + 0.071 1.732 + 0.0484 1.194 + 0.081 0.930 + 0.0169

CDK1 Cell cycle 1.001 + 0.030 0.396 + 0.257 1.356 + 0.113 1.051 +0.116

TSC1 Cell cycle 1.001 + 0.037 1.327 + 0.068 3.118 £ 0.532 1.791 £ 0.129

EGR1 TranscriptionFactor 1.340 + 0.088 3.977 + 0.097 0.884 + 0.062 5.612 + 0.077

C-JUN TranscriptionFactor 1.038 + 0.394 1.383 + 0.049 2.322 £ 0.094 2.223 +0.072

STAT1 TranscriptionFactor 0.915 + 0.001 1.920 + 0.646 162.579 + 14.801 698.954 + 52.707
C-MYC TranscriptionFactor 1.000 + 0.014 2.604 + 0.106 0.718 + 0.069 2.074 + 0.089
pie'nkia CDK inhibitor 1.019 £ 0.247 3.417 = 1.221 9.314 + 3.570 18.485 + 1.278

CD40 Membrane Receptor 1.264 + 0.175 559.435 + 31.045 9.534 + 2.226 1762.570 + 72.253

PTEN Tumor suppressor 1.001 + 0.053 3.473 £ 0.054 2.469 £ 0.101 8.676 + 0.051

IL-6 Cytokine 1.008 + 0.177 2.353 + 0.055 3.730 + 0.265 4.820 + 0.0189

E2F1 P16 downstream 1.000 + 0.0271 3.273 £ 0.280 4.484 £ 0.478 7.880 + 1.051
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developed HDAC inhibitors have shown promising results in
preclinical studies, either working alone (51-55) or in
combination with other compounds (56, 57). In addition, it
has been reported that suppression of HDAC3 sensitized cancer
cells that had developed resistance to chemotherapies (58, 59).
These data, together with our data reported here, suggest that
HDACS3 is a potential target for use in therapy of NFPAs. Further
studies will be needed to confirm our findings, explore the
mechanisms in detail, and validate our findings in animal
models and other pre-clinical models.
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