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Abstract: Among potential factors affecting the surgical resection in pituitary tumors, the role of
tumor three-dimensional (3D) features is still unexplored. The aim of this study is to introduce the use
of 3D virtual modeling for geometrical and morphological characterization of pituitary tumors and to
evaluate its role as a predictor of total tumor removal. A total of 75 patients operated for a pituitary
tumor have been retrospectively reviewed. Starting from patient imaging, a 3D tumor model was
reconstructed, and 3D characterization based on tumor volume (Vol), area, sphericity (Spher), and
convexity (Conv) was provided. The extent of tumor removal was then evaluated at post-operative
imaging. Mean values were obtained for Vol (9117 ± 8423 mm3), area (2352 ± 1571 mm2), Spher
(0.86 ± 0.08), and Conv (0.88 ± 0.08). Total tumor removal was achieved in 57 (75%) cases. The
standard prognostic Knosp grade, Vol, and Conv were found to be independent factors, significantly
predicting the extent of tumor removal. Total tumor resection correlated with lower Knosp grades
(p = 0.032) and smaller Vol (p = 0.015). Conversely, tumors with a more irregular shape (low Conv)
have an increased chance of incomplete tumor removal (p = 0.022). 3D geometrical and morphological
features represent significant independent prognostic factors for pituitary tumor resection, and they
should be considered in pre-operative planning to allow a more accurate decision-making process.

Keywords: pituitary tumors; 3D virtual modeling; outcome predictors; 3D morphological features;
biomedical image processing

1. Introduction

The ideal target of surgery for pituitary tumors is represented by their complete re-
moval [1,2]. However, this aim cannot be achieved in a consistent rate of adenomas, for
their location in the depth of the skull base and their close proximity to multiple relevant
anatomical structures, such as carotid arteries, optic nerves, cavernous sinuses, and di-
encephalon [1,3–7]. Indeed, despite the recent implementation of modern technological
devices for transsphenoidal surgery, such as neuro-navigation, intra-operative doppler,
dedicated echographic probes, intra-operative computed tomography (CT) or magnetic
resonance imaging (MRI), or three-dimensional endoscopes, the finding of tumor remnants
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at post-operative neuroimaging remains an open issue [1,3–7]. These neoplastic residu-
als may require a close follow-up, especially for peculiar histotypes, which have been
demonstrated to be at higher risk of progression (i.e., sparsely granulated somatotroph,
lactotroph, Crooke’s cell, silent corticotroph, or plurihormonal Pit-1-positive tumors), or
for tumors with higher Trouillas grades, such as 1B or 2B, according to a recently proposed
score [8–11]. Moreover, the incomplete tumor resection would lead to a lack of control of
hormonal hyper-secretion, requiring adjunctive therapies such as specific endocrinological
medications, radiation treatments, or second surgeries, or to the possible partial or full
persistence of compressive symptoms [12,13].

Many studies have focused on the possibility to pre-operatively predict the risk of
incomplete tumor resection, in order to improve the pre-surgical planning and the over-
all treatment strategy and to guide the patient’s counseling [14–19]. One of the more
relevant prognostic factors has been found to be the cavernous sinus (CS) invasion, ex-
pressed by the Knosp grade [14–19]. Indeed, the removal of adenomas extends into this
peculiar anatomical structure, which contains cranial nerves (CNs), the internal carotid
artery (ICA), and which receives the venous drainage from a large portion of the skull
base, is often impaired [14–19]. Moreover, the extensive infiltration of the bone or dural
structures, the large or gigantic size of the adenoma, previous surgeries or radiothera-
pies, and fibrous consistency are reported as other negative prognostic factors for tumor
resection [9,14,18,20–24].

Among these studies, few have focused on the possible predictive role of three-
dimensional (3D) geometry and morphology of the tumor [14–22,24]. In particular, they
have not investigated if any 3D morphological feature could be associated with a higher
risk of incomplete tumor removal, limiting to qualitative investigations [14–22,24].

In the last decades, new tools based on 3D imaging and advanced digital technologies
have become available to surgeons during pre-operative phases, and many experiences
have been reported in the field of surgical oncology, including maxillofacial surgery [25,26],
urology [27–29], and also neurosurgery [30]. In a recent study, the usefulness of a prognostic
model based on the quantitative 3D characterization of tumor size and shape in patients
with oral cavity squamous cell carcinoma has been demonstrated [31]. Based on this
previous experience, the present study aims to investigate whether a 3D analysis of tumor
shape may have an independent prognostic role to pre-operatively predict the extent of
tumor resection and to identify which 3D feature of the tumor could be more significantly
associated with a favorable surgical outcome.

2. Materials and Methods
2.1. Study Design

A total of 75 patients were selected for the subsequent study (41 male and 34 female).
All patients operated on through an endoscopic endonasal approach (EEA) since 2008
and 2018 for a pituitary tumor at our Institution have been retrospectively investigated.
Inclusion criteria were a size larger than 10 mm (macroadenomas), and availability of
pre-/post-operative clinical data and MRI with/without gadolinium. In order to collect a
homogenous series of cases, MRI scans with slice thickness greater than 1.0 mm or spacing
between slices greater than 1.0 mm were excluded from the study.

Each patient had pre-operatively undergone a complete endocrinological status as-
sessment, including serum LH, FSH, TSH, fT4, ACTH, cortisol, PRL, GH, and IGF-1 levels
evaluation, as well as serum and urinary electrolytes and osmolarity. In the case of a clinical
and bio-humoral suspect of hyper-secretion, specific tests were performed to confirm the
diagnosis. An ophthalmological evaluation with computerized visual field analysis was
performed for all patients, as well as a complete neurological examination. At pre-operative
MRI, the Hardy–Wilson and Knosp grades, which are two commonly used grading systems
based on the evaluation of planar (2D) diagnostic images, were considered [18]. The Zurich
score, a recent score proposed by Serra et al., was retrospectively obtained, calculating
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the ratio between the maximum horizontal diameter (HD) of the tumor and the minimal
inter-carotid distance (ICD) at the horizontal segment [23].

The 3D geometrical and morphological features of the tumor (volume, area, sphericity,
and convexity, respectively) were evaluated on pre-operative MRI, as described in the
following paragraphs.

All patients were operated on by the same team of neurosurgeons and ENT surgeons in
a tertiary referral center [1,32,33]. In all cases, a midline endoscopic endonasal approach was
adopted following the surgical approach previously described [34]. Surgical complications
were evaluated based on medical records.

Each patient had MRI with gadolinium performed 3 months after surgery to assess
the extent of tumor removal. Resection was considered “total” in case of no remnant
at MRI, “subtotal” if the volume of the remnant was inferior to 20% of the initial mass,
“partial” if it included between 20% and 50%, and “incomplete” if larger than 50%. At the
same follow-up, the endocrinological, visual, and neurological functions were reassessed,
repeating the pre-operative tests.

The study was approved by an inter-hospital Ethical Committee of Bologna City
(protocol #CE17143, February 2018).

2.2. 3D Characterization of Tumor

In order to provide a 3D characterization of the tumor, the pre-operative MRI images
(DICOM data) of the study population were uploaded into D2P™ software (3D Systems
Inc., Rock Hill, SC, USA), a modular software package designed to convert patients’ medical
images into 3D digital models, that we extensively used in previous studies to introduce
new volumetric virtual planning methods in the field of maxillofacial surgery and urological
surgery [35–39].

Starting from the obtained 3D models of the anatomic regions of interest, the fol-
lowing indexes were calculated. All calculations were performed in MATLAB R2019a
(The MathWorks, Natick, MA, USA).

2.3. Tumor Volume and Area

Multi-slice interpolation and threshold segmentation tools were used to segment the
volumetric tumor extension, which was then converted to a 3D mesh and exported in STL
format. For each 3D mesh of the segmented tumor mass, the corresponding volume (Vol)
and surface area (Area) were calculated (Figure 1).

Appl. Sci. 2022, 11, x FOR PEER REVIEW 3 of 13 
 

considered [18]. The Zurich score, a recent score proposed by Serra et al., was retrospec-

tively obtained, calculating the ratio between the maximum horizontal diameter (HD) of 

the tumor and the minimal inter-carotid distance (ICD) at the horizontal segment [23].  

The 3D geometrical and morphological features of the tumor (volume, area, spheric-

ity, and convexity, respectively) were evaluated on pre-operative MRI, as described in the 

following paragraphs.  

All patients were operated on by the same team of neurosurgeons and ENT surgeons 

in a tertiary referral center [1,32,33]. In all cases, a midline endoscopic endonasal approach 

was adopted following the surgical approach previously described [34]. Surgical compli-

cations were evaluated based on medical records.  

Each patient had MRI with gadolinium performed 3 months after surgery to assess 

the extent of tumor removal. Resection was considered “total” in case of no remnant at 

MRI, “subtotal” if the volume of the remnant was inferior to 20% of the initial mass, “par-

tial” if it included between 20% and 50%, and “incomplete” if larger than 50%. At the same 

follow-up, the endocrinological, visual, and neurological functions were reassessed, re-

peating the pre-operative tests.  

The study was approved by an inter-hospital Ethical Committee of Bologna City 

(protocol #CE17143, February 2018). 

2.2. 3D Characterization of Tumor  

In order to provide a 3D characterization of the tumor, the pre-operative MRI images 

(DICOM data) of the study population were uploaded into D2P™ software (3D Systems 

Inc., Rock Hill, SC, USA), a modular software package designed to convert patients’ med-

ical images into 3D digital models, that we extensively used in previous studies to intro-

duce new volumetric virtual planning methods in the field of maxillofacial surgery and 

urological surgery [35–39]. 

Starting from the obtained 3D models of the anatomic regions of interest, the follow-

ing indexes were calculated. All calculations were performed in MATLAB R2019a (The 

MathWorks, Natick, MA, USA). 

2.3. Tumor Volume and Area  

Multi-slice interpolation and threshold segmentation tools were used to segment the 

volumetric tumor extension, which was then converted to a 3D mesh and exported in STL 

format. For each 3D mesh of the segmented tumor mass, the corresponding volume (Vol) 

and surface area (Area) were calculated (Figure 1). 

 

Figure 1. Example of segmented pituitary gland tumor obtained using D2P™ software, from MR 

scan. Vol = tumor volume; Area = tumor area. 
Figure 1. Example of segmented pituitary gland tumor obtained using D2P™ software, from MR
scan. Vol = tumor volume; Area = tumor area.



Appl. Sci. 2022, 12, 4275 4 of 12

2.4. Tumor Sphericity

Defined by Wadell in 1935 [40], the sphericity is a geometric measurement of how
closely the shape of an object approaches that of a mathematically perfect sphere: the
sphericity of a particle (p) is the ratio of the surface area of a sphere (with the same volume
as the given particle) to the surface area of the particle (see Equation (1)).

S =
π

1
3 (6VP)

2
3

Ap
(1)

where Vp is the volume of the particle (p) and Ap is the surface area of the particle. The
sphericity of a sphere is equal to 1, so any particle that is not a sphere will have sphericity
less than 1. We applied the sphericity measurement to the segmented tumor mass in order
to obtain the tumor sphericity (Spher) index. Examples of Spher calculated for two different
pituitary gland tumor masses are shown in Figure 2.

Appl. Sci. 2022, 11, x FOR PEER REVIEW 4 of 13 
 

2.4. Tumor Sphericity 

Defined by Wadell in 1935 [40], the sphericity is a geometric measurement of how 

closely the shape of an object approaches that of a mathematically perfect sphere: the 

sphericity of a particle (p) is the ratio of the surface area of a sphere (with the same volume 

as the given particle) to the surface area of the particle (see Equation (1)). 

S =
π

1
3⁄ (6VP)

2
3⁄

Ap

 (1) 

where Vp is the volume of the particle (p) and Ap is the surface area of the particle. The 

sphericity of a sphere is equal to 1, so any particle that is not a sphere will have sphericity 

less than 1. We applied the sphericity measurement to the segmented tumor mass in order 

to obtain the tumor sphericity (Spher) index. Examples of Spher calculated for two differ-

ent pituitary gland tumor masses are shown in Figure 2. 

 

Figure 2. Examples of pituitary gland tumor with different sphericity (Spher) values: from high (left 

side) to low (right side) values. 

2.5. Tumor Convexity 

The tumor convexity (Conv) index is the ratio between the tumor volume and the 

convex hull volume. The convex hull of a set X of points in the Euclidean plane or in a 

Euclidean space is the smallest convex set that contains X [41]. In this specific case, the 

convex hull of a tumor is the smallest volume that fully encloses the tumor volume and 

that is convex at all points. The Conv index captures the degree of tumor surface regular-

ity, and therefore it decreases for shapes with many irregularities, such as hollows and 

indentations.  

For the 3D mesh of each tumor, we generated the tumor convex hull using the 

MATLAB function “convhull”. Then, we calculated the volumes of the tumor and the 

Conv index, as in Equation (2): 

Conv =  
Volume

ConvexHullVolume
 (2) 

Examples of the Conv index calculated for two different pituitary gland tumors are 

shown in Figure 3. 

 

Figure 3. (a) 3D rendering (in purple) of convex hull of a pituitary gland tumor. (b) Examples of 

pituitary gland tumor with different Conv values: from high (left side) to low (right side). 

Figure 2. Examples of pituitary gland tumor with different sphericity (Spher) values: from high (left
side) to low (right side) values.

2.5. Tumor Convexity

The tumor convexity (Conv) index is the ratio between the tumor volume and the
convex hull volume. The convex hull of a set X of points in the Euclidean plane or in a
Euclidean space is the smallest convex set that contains X [41]. In this specific case, the
convex hull of a tumor is the smallest volume that fully encloses the tumor volume and that
is convex at all points. The Conv index captures the degree of tumor surface regularity, and
therefore it decreases for shapes with many irregularities, such as hollows and indentations.

For the 3D mesh of each tumor, we generated the tumor convex hull using the MAT-
LAB function “convhull”. Then, we calculated the volumes of the tumor and the Conv
index, as in Equation (2):

Conv =
Volume

ConvexHullVolume
(2)

Examples of the Conv index calculated for two different pituitary gland tumors are
shown in Figure 3.
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2.6. Statistical Analysis

We presented continuous data as median, mean ± standard Deviation (SD). Correla-
tions were assessed using Pearson’s or Spearman’s method for normally or non-normally
distributed data, respectively. The Chi-square test (Fisher’s exact test for small numbers)
was used for comparisons of categorical variables. We firstly carried out univariate re-
gression logistic models, specific for each variable, to evaluate potential risk or protective
prognostic factors related to pituitary tumor surgery. Subsequently, we carried out a step-
wise backward regression analysis to select the variables mostly influencing the outcome of
interest, i.e., the incomplete tumor resection at follow-up. The significance threshold was
fixed at 0.05. Finally, a multivariate regression analysis, including variables that remained
significant, was performed. A p-value < 0.05 was considered statistically significant. Statis-
tical analysis was performed using STATA (Statistical software, Version 13—StataCorp LP.,
College Station, TX, USA).

Parameters included in the analysis were sex, age, tumor type, previous treatment,
2D-based parameters (HD, ICD, Zurich Pituitary Score, Hardy and Wilson grade, Knosp
grade), as well as 3D-based indexes (Vol, Area, Spher, Conv). For statistical analysis,
the endpoint (tumor removal) parameter was dichotomized as “total” or “incomplete”
(including subtotal, partial, or incomplete resection).

3. Results

The series includes 75 patients (41, 54.6%) were male, age: 55.9 ± 16). As reported in
Table 1, the majority were non-functioning tumors (58, 77.3%), followed by 9 (12%) PRL
tumors, 6 (8%) GH-secreting tumors, and 2 (2.7%) ACTH-secreting ones. Most of the cases
were naive (72, 96%) and 3 cases (4%) have undergone previous endoscopic endonasal
subtotal resection (in all cases, the second surgery was needed for the progression of
the remnant).

Table 1. Patients’ pre-operative features. GH = growth hormone; PRL = prolactin; ACTH = adreno-
corticotropic hormone.

No. of Patients %

Previous Treatment none 72 96%
surgery 3 4%

radiotherapy 0 0%

Tumor GH-secreting tumors 6 8%
PRL-secreting tumors 9 12%

ACTH-secreting tumors 2 2.7%
Non-functioning tumors 58 77.3%

Endocrine Functions none 36 48%
anterior hypopituitarism 26 34.7%
Diabetes Insipidus (DI) 1 1.3%

Acromegaly 6 8%
Cushing disease 2 2.7%

HyperPRL (>200 ng/mL) 9 12%

Visual Symptoms no 35 46.7%
present 40 53.3%

Ophthalmoplegia no 69 92%
present 6 8%

At pre-operative bio-humoral assays, 36 (48%) patients presented a normal pituitary
function. In the remaining patients, anterior hypopituitarism was present in 26 (34.7%)
cases and isolated Diabetes Insipidus (DI) was evident in 1 (1.3%), already operated on in
the past. Acromegaly, i.e., hyper-secretion of GH and insulin-like growth factor 1 (IGF-1),
was demonstrated in 6 cases (8%), while a central Cushing disease was confirmed in
2 (2.7%). For elevated levels of serum prolactin (>200 ng/mL) in tumors not responding to
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cabergoline treatments, the diagnosis of resistant prolactinoma was suspected in 9 cases
(12%). As reported in Table 1, visual disturbances were present pre-operatively in 40 (53.3%)
cases, while 6 (8%) patients presented ophthalmoplegia, due to pituitary apoplexy.

As shown in Table 2, most of the tumors were classified as grade 2 according to the
Hardy scale (43, 57.3%) and as A or B according to Wilson (respectively, 33 (44%) and
30 (40%)). No CS invasion was suspected in 26 (34.7%) patients (Knosp grade 0), 28 (37.3%)
patients presented a low Knosp grade (1 or 2), and 21 (28%) a high grade (3 or 4). The
mean maximum horizontal diameter (HD) of the tumor was 23.9 ± 6.3 mm and the mean
minimal inter-carotid distance (ICD) was 23.2 ± 3.9 mm; therefore, in the Zurich Pituitary
Score system, most of our series were grade 2 (59, 74.7%).

Table 2. Neuroradiological pre-operative features of the patients.

No. of Patients %

Hardy 1 6 8%
2 43 57.4%
3 16 21.3%
4 10 13.3%

Wilson A 33 44%
B 30 40%
C 3 4%
D 1 1.3%
E 8 10.7%

Knosp 0 26 34.7%
1 10 13.3%
2 18 24%
3 16 21.3%
4 5 6.7%

Zurich Score 1 5 6.7%
2 59 78.6%
3 6 8%
4 5 6.7%

According to our proposed 3D characterization of the tumor, the mean Vol was
9117 ± 8423 mm3, mean Area was 2352 ± 1571 mm2, mean Spher was 0.86 ± 0.08, and
mean Conv was 0.88 ± 0.08 (Table 3). Total tumor removal was achieved in 57 (75%) cases,
subtotal in 15 (20%), partial in 1 (1.3%), and incomplete in 2 (2.7%) (Table 3). Surgical
complications consisted of 2 (2.7%) post-operative cerebrospinal fluid (CSF) leaks, that
have been promptly repaired to avoid meningitis. Other complications were 1 (1.7%)
subarachnoidal hemorrhage and 1 (1.7%) surgical field hematoma, which were treated
conservatively with the patient’s favorable outcome, and 1 (1.7%) transient CN III palsy,
which recovered spontaneously after 3 months. Biochemical remission of hyper-secretion
was observed in 2 GH adenomas, 5 PRL adenomas, and 1 ACTH adenoma. All patients not
presenting a post-operative remission of hyper-secretion started medical therapy, obtaining
control of the disease in all cases.

At statistical analysis, the logistic regression demonstrated that Knosp grade and two
indexes referring to 3D characterization (i.e., Vol and Conv) were independent significant
predictors of the extent of tumor resection (Table 4). Other considered 3D-based factors,
including Spher and Area, were not significantly associated with the extent of tumor
resection and thus were not included in the final model.
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Table 3. Distribution of cavernous sinus (CS) invasion expressed by Knosp grade, tumor volume
(Vol), and convexity (Conv) in relation to complete/incomplete surgical resection.

Parameter Mean ± SD Complete Tumor Removal Incomplete Tumor Removal

Vol 9117 ± 8423 mm3 8400 ± 7792 mm3 11,365 ± 10,086 mm3

Conv 0.88 ± 0.08 0.91 ± 0.06 0.80 ± 0.10
Knosp grade 0 26 24 2
Knosp grade 1 10 8 2
Knosp grade 2 18 14 4
Knosp grade 3 16 11 5
Knosp grade 4 5 0 5

Table 4. Results of logistic regression. The three factors that were independently significantly
associated with the extent of tumor resection were Knosp grade, the tumor volume (Vol), and the
tumor convexity (Conv). The other potential predictors (Age, Wilson grade, Horizontal Diameter,
Sphericity, Area, Zurich Score) were not statistically significant in univariate analysis and they were
not included in the final model. For Knosp grade, Odds Ratios referred to Knosp grade 1 (ICD: inter-
carotid distance, Vol: volume, Conv: convexity, Pre-Treat: previous treatment, Conf.: confidence).
The bold data indicating a statistically significant result.

Parameter z p 95% Conf. Interval Odds
Ratio

Sex −1.43 0.15 0.31 1.72

Pre-treat 1.07 0.29 0.15 582.45

Hardy
grade −0.74 0.46 0.19 2.09

Knosp
2 0.54 0.59 0.45 743.09 18.2
3 1.06 0.29 0.20 205.21 6.5
4 1.94 0.05 1.6 1582.61 50.5

Tumor
PRL 0.53 0.59 0.05 158.28

ACTH −0.09 0.93 0.01 177.43
NF −1.52 0.13 0.01 2.06

ICD −0.47 0.54 0.68 1.27 0.9

Vol 2.44 0.01 1.01 1.03 1.02

Conv −2.35 0.02 0.69 0.97 0.8

Knosp grade is significantly correlated with the extent of tumor resection, and the
logistic regression permitted to identify that grade 4 is associated with an increased risk of
incomplete tumor resection (z score = 1.94, p = 0.05).

Among 3D-based parameters, the Vol was found to be directly associated with the risk
of incomplete tumor resection (z score 2.44, p = 0.01), confirming that for smaller tumors,
the chances of complete tumor resection are higher. Particularly, the Odds Ratio was 1.02,
meaning that for each increase of 100 mm3 of Vol, the probability of incomplete tumor
resection increases by 2%.

Conversely, the Conv was found to be inversely associated with the risk of incomplete
tumor resection (z score = −2.35, p = 0.02). Indeed, this index increases for more convex
tumors and decreases for lesions with many irregularities in the shape, such as hollows or
indentations. Therefore, our result demonstrates that adenomas with a reduced Conv, i.e.,
with a more irregular shape, have an increased chance of incomplete tumor removal.

To investigate the role of these three parameters (Vol, Conv, and Knosp grade) in
determining the more favorable outcome, we observed that at univariate logistic regression,
only the Conv confirmed its statistical significance (Table 5). Bivariate analysis combining
the extent of total tumor resection with Vol and Conv, as well as with Conv and Knosp
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grade, shows that, even if both factors are independently involved in the determination of
the tumor resection, for tumors with a similar Vol and CS invasion (i.e., Knosp grade), the
presence of irregularities in their shape (expressed by a low Conv value) has a major role in
the determination of the tumor resection extent (Table 5).

Table 5. The upper section of the table: univariate logistic regression for convexity (Conv) and
volume (Vol). The lower section of the table: bivariate analysis showed that for tumors with a similar
volume, the presence of irregularities in their shape (expressed by low Conv values) has a major role
in the determination of the tumor resection extent. For Knosp grade, Odds Ratios referred to Knosp
grade 1.

Parameter z p 95% Conf. Interval Odds Ratio

Conv −3.87 0.00 0.73 0.90 0.81
Vol 1.61 0.11 1.00 1.01 1.01

Parameter z p 95% Conf. Interval Odds Ratio

Conv −3.02 0.03 0.73 0.93 0.83
Knosp 2 1.61 0.073 0.80 136.7 10.48
Knosp 3 1.81 0.108 0.66 65.31 6.56
Knosp 4 2.62 0.070 0.86 54.33 6.82

4. Discussion

Our study has shown that parameters derived from 3D modeling and 3D characteri-
zation of the tumor, i.e., the tumor volume (Vol) and the presence of shape irregularities
expressed by the Conv index, together with CS invasion (particularly for Knosp grade 4)
have an independent prognostic role in determining the extent of resection of a pituitary
tumor through an EEA.

Although modern technological advancements have permitted to improve the effec-
tiveness of the transsphenoidal route, allowing surgeons to achieve a total removal rate
between 50% and 80%, the persistence of remnants remains an issue, exposing the patient to
a higher risk of progression/recurrence, persistence of endocrinopathies, or of compressive
symptoms [18,23,42–44]. In the pre-surgical phase, it would be relevant to predict the
risk of incomplete resection, both for correct patient counseling and to eventually plan
post-operative treatments, such as medications for hyper-secretive tumors or radiother-
apies. However, it is a common experience in routine clinical settings that some tumors
being pre-operatively considered not radically resectable would have a better result than
expected, and vice versa. Based on these considerations, multiple studies have recently
investigated if pre-operative neuroradiological or clinical factors would be associated with
a different extent of tumor removal [14–19,23]. Many parameters have been demonstrated
to present a significant prognostic role, such as tumor invasiveness, particularly when the
mass extensively grows into the CS, the occurrence of previous surgeries or radiotherapies,
the hard or fibrous consistency of the tumor, and its size and diameter [14–17,19,43–49].
Furthermore, a Swiss group has recently proposed a score (Zurich Pituitary Score), which
considers the ratio between the ICD and HD of the tumor, and the presence of carotid
encasement, to pre-operatively estimate the extent of tumor removal [23].

We have observed that 3D morphological features also have a prominent role in the
determination of the tumor extension rate. Indeed, for tumors with a similar Vol and CS
invasion degree, the tumor’s 3D shape represents a relevant predictive factor. In our study,
we have evaluated two 3D-based morphological features of pituitary adenoma, i.e., the
Spher and the Conv. With the first, we aimed to consider how much the tumor shape would
be similar to that of a sphere, resulting in a round lesion. The second index (Conv) reflects
the presence of irregularities more than the Spher, as hollows or indentations, in the 3D
tumor shape, identifying lesions with a multi-lobular aspect or an excavated shape. At the
statistical analysis, the Conv resulted as the most significantly associated with the risk of
an incomplete tumor removal. This can be explained considering that in some cases, as for
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ovoidal or flat-geoidal lesions which do not present relevant surgical challenges, the Spher
may be low, even if the overall shape is quite regular (i.e., high Conv), and vice versa.

The observation that the resection of tumors invading the CS is challenging dates back
to 1955, when Jefferson et al. defined this, and it has remained valid until today [3,17,19,44].
Particularly, considering the predictive roles of the different Knosp grades, we have found
that the higher grade (grade 4) was associated with a significantly worse outcome. This
can be explained considering that, as shown by Frank et al. [3], and recently confirmed by
other studies, only for Knosp 4 grade is it possible to pre-operatively predict the presence
of an effective CS invasion by the tumor [3,17,19]. Indeed, in a previous paper of our group,
we found that for the grades from 1 to 3B, only 43% of cases were found to be invasive
at surgical inspection [19]. However, the Knosp grading system essentially remains an
evaluation performed on planar (2D) images. In previous works, the possible benefit of a
3D-based evaluation has been mainly limited to qualitative studies, mostly based on the
surgeon’s judgment of the tumor morphology at the pre-operative MRI, with consequent
limitations to correlate and quantify the role of specific 3D parameters with the tumor
resection rate [16,20–24,44].

As was expected, the tumor volume (Vol) also presented an independent prognostic
role. Indeed, larger tumors, particularly gigantic ones, are often a challenge for the surgeon.
Our observation that Conv has a major prognostic role for tumors with the same Vol
confirms the conclusion by Elshazly et al. that giant pituitary tumors can be effectively
approached through an EEA, when they present a regular profile [50].

Therefore, we can conclude that it could be extremely useful to analyze the tumor
using a 3D approach, since it allows to take into account the presence of a multi-lobular
shape or irregularities in its profile, as well as to evaluate possible CS invasion and size
via commonly used 2D-based grading systems. This may help the surgeon to plan a
correct treatment of a pituitary adenoma. With this study, we would like to emphasize the
prognostic role of tumor 3D geometry and morphology, which are usually underestimated
in comparison to standard parameters such as size or invasiveness.

As a future perspective of this pilot study, a software tool may be provided to auto-
matically calculate the Spher and Conv parameters starting from reconstructed 3D models
of the tumor. The adoption of this tool may be included in the clinical image-based eval-
uation path of the patient, thus allowing the surgeon to have an additional aid during
pre-operative planning for a more accurate decision-making process.

As previously suggested in similar experiences reported for urological surgery [51,52],
the proposed 3D-based approach should be considered complementary to the existing
staging/scoring system, since the 3D-derived features may provide additional volumetric
and morphological parameters that could not be evaluated on 2D images.

The combination of 3D and 2D indexes may be used to define new scoring systems
for better characterizing and understanding the complexity of tumors and for predicting
complications, thus helping surgeons in planning the surgical approach.

The major limitations of this study are its retrospective nature and the number of
cases enrolled. Indeed, although our very strict selection criteria for pre-operative MRI
quality have permitted us to collect a homogenous cohort, this has led to a reduction in
the sample size. Due to this limitation, the confidence intervals observed in the statistical
analysis for some parameters are large. Moreover, due to a possible selection bias, few
cases were not naive, and this may have affected the correct interpretation of the prognostic
role of this condition. A further bias is the lack of consideration of tumor consistency or
histotypes, which have not been included in the analysis because they are not predictable
before surgery, and our aim was to assess what pre-operative factors can be effectively
adopted to predict the surgical outcome. Finally, we dichotomized the surgical outcome
as total or incomplete tumor removal, limiting the possibilities of the statistical analysis,
which could be more meaningful with a more complete assessment of surgical outcomes
in future prospective larger studies aimed at confirmation of these presented preliminary
results. Moreover, we found that this quantitative method of analysis based on 3D virtual
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modeling to determine the prognostic role of tumor geometry and morphology could also
be extended to other lesions of neurosurgical interest, eventually also considering other
3D-based indexes.

5. Conclusions

In our study, we have observed that 3D morphological features of a pituitary tumor
represent a significant independent prognostic factor for total tumor resection. The quanti-
tative analysis and 3D characterization of different pituitary tumors have permitted us to
identify that the presence of irregularities, as expressed by a low Conv, has a major negative
impact, increasing the risk of incomplete tumor removal. As expected, the other main
significant prognostic factor was represented by the Knosp grade, particularly in the case of
carotid artery encasement (grade 4) and the tumor size (Vol). Interestingly, for comparable
Vol, the more relevant parameter determining the surgical outcome is represented by the
3D irregularity of the tumor shape (Conv).

Based on these results, the 3D geometrical and morphological characterization of the
tumor can be considered together with the basic features to achieve accurate pre-operative
planning and to guide the surgeon’s decision-making process. Further prospective studies
are needed to validate these results.
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