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Statistical Geometric Morphometric Shape Analysis of 
Ventricular Shape Changes in Giant Pituitary Adenomas 
Invading the Third Ventricle

ABSTRACT

AIM: To investigate the preoperative, early and late postoperative differences in the anterior callosal angle, lateral and third ventricle 
shapes of patients with pituitary macroadenoma operated via the transsphenoidal approach.
MATERIAL and METHODS: Shape data of the third and lateral ventricles were collected from the two-dimensional digital images. 
The generalised Procteus analysis was used to obtain mean shapes in the preoperative, early and late postoperative phases. The 
shape deformation of the ventricles from pre-to postoperative phases was evaluated using the thin plate spline method. Anterior 
callosal angle (ACA) was measured pre-to postoperative images and was analyzed statistically.
RESULTS: There was no significant lateral ventricle shape and ACA measurement difference in the pre and postoperative phases. 
The high-level deformations from the pre- to postoperative phase were seen in thin plate spline graphs. The highest deformation 
was observed at the third ventricle. Third ventricle deformation continued from the early to the late postoperative period, but this 
deformation is more limited than in preoperative comparisons.
CONCLUSION: We demonstrated that shape changes in the third ventricle of patients with pituitary macroadenoma persisted 
during the postoperative period through statistical geometric morphometric shape analysis. This phenomenon may result from 
dysfunction of the ventricular surface cilia due to chronic tumor compression and surgery-related neurotrauma. Additionally, we 
identified the diagnostic limitations of ACA in patients without radiological signs of hydrocephalus.
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In particular, patients with giant pituitary adenomas showing 
radiological evidence of third-ventricle indentation or partial 
intraluminal protrusion, without radiological or clinical signs of 
hydrocephalus, were considered for this study. Among these, 
patients with (i) Evans index of <0.30, (ii) absence of headache, 
papilledema, somnolence, or gait/cognitive disturbance, and 
(iii) no need for additional cerebrospinal fluid (CSF) diversion 
procedures, such as an external ventricular drain or a ventric-
uloperitoneal (VP) shunt, during follow-up, were included.

All included patients underwent contrast-enhanced pitu-
itary magnetic resonance imaging (MRI) (Philips Achieva, 
Best, Netherlands; 3T scanner with 32-channel head coil) on 
three occasions: preoperatively, postoperative day 3, and six 
months postoperatively. Pre- and postoperative scans con-
firmed patent CSF pathways and third-ventricle indentation 
by the suprasellar tumor. 

Ethical Considerations

The study was conducted in accordance with the principles of 
the Declaration of Helsinki. All participants provided informed 
consent before inclusion. Ethical approval for the study was 
obtained from the Bursa Uludag University local institutional 
review board (decision number: 2025/580-7/13, dated March 
19, 2025). 

Surgical Approach

All surgeries were performed by a single neurosurgeon using 
a binostril endoscopic endonasal transsphenoidal approach 
(EETA). Tumor removal was conducted without transventric-
ular or intraventricular manipulation and without intentional 
ependymal violation. Standard multilayer skull-base recon-
struction was used; no intra- or postoperative CSF diversion 
was required.

Collection of Two-Dimensional Ventricular Landmarks

Morphometric data were extracted from pre- and postoper-
ative two-dimensional midsagittal MR images of all patients. 
We identified 14 anatomical landmarks that represent the 
shape of the lateral and third ventricles (Figure 1). Detailed 
definitions of these ventricular landmarks are provided in Ta-
ble I. All landmarks were manually placed on each image us-
ing the TPSDIG 2.04 software.

Geometric Morphometric Analysis

Statistical shape analysis

The analysis focused on evaluating morphological changes 
in the lateral and third ventricles, which are anatomically in-
terconnected through the foramen of Monro. In this context, 
we applied the generalized Procrustes analysis, a method 
known for minimizing the sum of squared differences be-
tween homologous landmarks, to obtain the mean shape and 
corresponding tangent coordinates of the ventricular system 
across the three time points (8). The tangent coordinates so 
obtained were then subjected to principal component analy-
sis, and the resulting principal component scores were used 
for shape comparisons. 

Pairwise comparisons were conducted between preoperative 
versus early postoperative (day 3), preoperative versus late 

█ INTRODUCTION 

Pituitary adenomas are one of the most common brain tu-
mors, accounting for 14% of all intracranial central ner-
vous system tumors (10). Etiologically, these neoplasms 

are classified into functional (46%–64%) and non-functional 
(36%–54%) tumors (2,33). Although pituitary adenomas are 
histologically benign, especially the functional ones, they can 
lead to significant morbidities due to excessive hormone se-
cretion and compression of surrounding neurovascular struc-
tures (5,6). Hence, early diagnosis and effective treatment are 
key to reducing morbidity and minimizing mortality.

Based on size, pituitary adenomas are classified into mac-
roadenomas (>10 mm) and microadenomas (<10 mm) (6); 
however, those measuring ≥40 mm are defined as giant pi-
tuitary adenomas (11). In macroadenomas, mass effect is the 
most common finding, including visual disturbances; occa-
sionally, hydrocephalus may be observed due to obstruction 
of the ventricular system and cranial nerves (15,31,35). It is 
known that tumors with suprasellar extension that destroy the 
floor of the third ventricle may lead to obstructive hydroceph-
alus (16–18).

With recent developments in imaging technologies and sta-
tistical modeling, it is possible to objectively assess changes 
in the shape of anatomical structures using landmark-based 
morphometric data. Anatomically significant reference points 
called “landmarks” can be translated using coordinate sys-
tems, making detecting subtle morphological differences 
through multivariate analysis possible. This is done using 
statistical shape analysis, a subfield of geometric morpho-
metrics; this technique is increasingly becoming popular in 
clinical disciplines owing to its capacity to describe and visu-
alize structural adaptations in anatomical features related to 
growth, pathology, or treatment. It has been applied to vari-
ous anatomical regions, such as the sacroiliac joint, prostate, 
brainstem, and spine, effectively identifying disease-related 
structural variations and treatment-associated morphologi-
cal changes (24–28,32,36). Likewise, existing studies suggest 
that shape-based evaluation methods may enhance our un-
derstanding of both pathological alterations and physiological 
adaptations in the female pelvis, contributing to obstetric risk 
assessment and surgical planning.

Accordingly, this study employed the landmark-based geo-
metric morphometric method to investigate the preoperative 
and postoperative changes in ventricular morphology and ra-
diological features in patients with giant pituitary adenomas 
who did not originally meet the radiological or clinical criteria 
for hydrocephalus.

█ MATERIAL and METHODS
Study Patients and Selection Criteria

We included patients who underwent tumor removal surgery 
for pituitary macroadenomas with suprasellar extension (Har-
dy-Vezina grades C and D) at the Department of Neurosur-
gery, Faculty of Medicine, Bursa Uludag University between 
September 2016 and March 2020. 
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mally distributed (p > 0.05). Therefore, descriptive statistics 
for these variables were expressed using mean ± standard 
deviation. To evaluate differences in measurements across 
the time points, a repeated measures analysis of variance 
(ANOVA) was used. Throughout the analysis process, the type 
I error rate was set at 5%. This analysis was performed using 
SPSS (IBM SPSS Statistics for Windows, version 25.0; IBM 
Corp., Armonk, NY).

Landmark reliability

Based on generalizability theory, the reliability coefficient (G) 
was calculated for a two-facet crossed design. The same re-
searcher marked all landmarks; after two weeks, 10 randomly 
selected patients were re-marked by the same researcher to 
compute the G coefficient. The resulting G value reflected a 
high level of repeatability (G = 0.946). Calculations related to 
landmark reliability were performed using the calculator avail-
able at: http://biostat.home.uludag.edu.tr/landmark_reliabili-
ty/G_coefficient.html. 

█ RESULTS 
The study included 25 patients (14 females and 11 males) with 
a mean age of 50.1 ± 14 years (range: 17–76 years) whose 
MRI data were used for geometric morphometric analysis.

The mean shapes of the third and lateral ventricles generated 
using Procrustes analysis were compared across the preop-
erative, early postoperative, and late postoperative periods 
in patients with giant pituitary adenomas (Figure 2). Pairwise 
comparisons revealed p-values of  0.048, 0.245, and 0.982 
for the preoperative versus early postoperative period, pre-
operative versus late postoperative period, and early versus 
late postoperative period, respectively. Considering the Bon-
ferroni-adjusted significance threshold due to multiple com-
parisons, none of these differences reached statistical signif-
icance.

The TPS analysis was performed using the mean shapes 
obtained from Procrustes analysis. Figure 3 illustrates the 
morphological changes observed between the preoperative 
and early postoperative periods in the region connecting the 
lateral and third ventricles. Figure 4 demonstrates the shape 
differences between the preoperative and late postoperative 
periods, and Figure 5 highlights the morphological changes 

postoperative (six months), and early postoperative versus 
late postoperative periods using the multivariate paired Ho-
telling’s T² test. Statistical significance was assessed using 
a Bonferroni-adjusted threshold of α/3 = 0.05/3 ≈ 0.0167 to 
control for type I error due to multiple comparisons. Shape 
deformation across the time points was further evaluated us-
ing the thin plate spline (TPS) method; regions showing the 
most prominent expansion or contraction were identified as 
the primary deformation zones. All analyses were performed 
using R software (34) and PAST software (12).

General statistical analysis 

The anterior callosal angle (ACA; in degrees) was measured 
on coronal slices using the method described by Mantovani 
et al. (21). The normality of the distribution of angle measure-
ments was assessed using the Shapiro-Wilk test, according 
to which the measurements for all three time points were nor-

Table I: Descriptions of the Landmarks Used in the Study

Landmark No. Definition Landmark No. Definition

1 Right ventricle’s frontal horn 8 Right Rostrum of Corpus Callosum

2 Genu of Corpus Callosum 9 Right Stria Terminalis

3 Left ventricle’s frontal horn 10 Head of right caudat nucleus

4  Head of left caudat nucleus 11 Roof of Third Ventricle

5 Left Stria Terminalis 12 Left side of Third Ventricle’s floor

6 Left Rostrum of Corpus Callosum 13 Median side of Third Ventricle’s floor

7 İnferior of Septum Pellucidum 14 Right side of Third Ventricle’s floor

Figure 1: Landmark markings used for geometric morphometric 
analysis, targeting the sagittal plane of the ventricular system, in-
cluding the third and lateral ventricles and their connection via the 
foramen of Monro, as visualized on coronal magnetic resonance 
imaging scans.
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between the early and late postoperative periods. The TPS 
analysis visualizes shape deformations for each comparison, 
where the color gradient represents the degree of deforma-
tion; red and yellow regions indicate the highest degree of 
expansion, whereas blue regions indicate minimal change. In 
all analyses (Figures 3–5), the positions of the landmarks are 
indicated with black dots. 

When the mean shapes and deformation maps were evaluat-
ed together, we observed marked morphological changes in-
dicating expansion in the third ventricular region from the pre-
operative period to both early and late postoperative periods. 
Additionally, structural changes continued from the early to 
late postoperative period, although these changes were more 
limited compared to preoperative structures. A representative 
case demonstrating these temporal contour changes on cor-
onal MRI is shown in Figure 6; it illustrates the progressive 
expansion-oriented deformation of the third ventricle, partic-
ularly around landmarks 11–14 identified in the morphometric 
model.

The mean ACA value was 140.98° ± 4.95° in the preoperative 
period, 140.06° ± 5.10° in the early postoperative period, and 
139.46° ± 5.77° in the late postoperative period. For the re-

Figure 2: Procrustes mean shapes of the lateral and third ven-
tricles, interconnected through the foramen of Monro, obtained 
from coronal magnetic resonance images in the preoperative, ear-
ly postoperative, and late postoperative periods of patients with 
giant pituitary adenomas.

Figure 3: Thin plate spline 
analysis demonstrating the 
transformation of the mean 
shape of third ventricle region 
between the lateral and third 
ventricles from the preoperative 
to the early postoperative 
period.

Figure 4: Thin plate spline 
analysis demonstrating the 
transformation of the mean 
shape of third ventricle region 
between the lateral and third 
ventricles from the preoperative 
to the late postoperative 
period.
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procedures (such as EVDS or VP shunting). Using statistical 
shape analysis, we evaluated morphological changes in the 
ventricular system during the preoperative, early postopera-
tive, and late postoperative periods.

Tumors that completely occupy the third ventricle can ob-
struct the aqueduct of Sylvius, leading to hydrocephalus (17), 
whereas adenomas with a dumbbell-shaped growth pattern 
may obstruct the foramen of Monro, resulting in lateral ven-
tricular enlargement (9). Our cases did not fully obstruct the 
foramen of Monro, showed no signs of increased intracranial 
pressure, and did not completely occupy the third ventricle. In 
our shape analysis, no significant deformation was observed 
at landmarks 1 through 10, which represent the lateral ventri-
cles in coronal sections, across the preoperative, early post-
operative, and late postoperative periods. Significant shape 
differences were particularly noted between the preoperative 
and early postoperative periods at landmarks 11, 12, 13, and 
14, which define the boundaries of the third ventricle. Fol-
lowing the excision of the tumor that had invaded the third 
ventricle in the preoperative period, the ventricle was decom-

peated measures ANOVA, the assumption of sphericity was 
considered acceptable (Huynh-Feldt epsilon value = 0.946). 
This test revealed no statistically significant main effect of time 
(F = 1.47, p > 0.05), indicating no significant change in the 
ACA across the three time points. Further trend analysis also 
revealed that neither the linear trend (p = 0.154) nor the qua-
dratic trend (p = 0.802) was significant. 

█ DISCUSSION
Hydrocephalus in pituitary macroadenomas can be observed 
both clinically and radiologically, and the condition can be 
monitored via radiological follow-up imaging (15,31,35). To 
the best of our knowledge, there is no prior study in the liter-
ature analyzing ventricular changes using geometric morpho-
metric measurements in giant pituitary adenomas with third 
ventricular invasion. In our study, we wanted to address this 
issue and analyze the ventricular shape changes during the 
follow-up period. The patient cohort consisted of individuals 
without radiological signs of hydrocephalus (Evans index<0.3) 
who did not require additional cerebrospinal fluid diversion 

Figure 5: Thin plate spline analysis 
demonstrating the transformation 
of the mean shape of third ventricle  
region between the lateral and third 
ventricles from the early to the late 
postoperative period.

A B C

Figure 6: Representative case demonstrating the evolution of the third ventricle contour at three different time points on coronal mag-
netic resonance imaging (MRI) scans. A) Preoperative coronal T1-weighted image: A giant pituitary adenoma with suprasellar extension 
(asterisk) has invaded the third ventricle, nearly filling it. B) Early postoperative (day 3) coronal MRI: Following endoscopic endonasal 
decompression, the ventricle appears decompressed, the optic chiasm has returned to its normal position, and cerebrospinal fluid path-
ways are clearly re-established. C) Late postoperative (6-month) coronal MRI: The third ventricle exhibits a progressive, expansion-ori-
ented contour deformation corresponding to landmarks 11, 12, 13, and 14 in the morphometric model (yellow arrows). Arrows indicate 
ventricular boundaries and areas of deformation.
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This study is the first to demonstrate the temporal shape 
changes of the ventricular system in by third ventricular in-
vasion of giant pituitary adenomas using a landmark-based 
geometric morphometric method. Our findings suggest that 
ventricular deformation is not solely related to tumor excision, 
but may also be associated with postoperative alterations in 
CSF dynamics. Although no significant shape changes were 
observed in the lateral ventricles, the expansion-oriented de-
formation of the third ventricle persisted, which may be at-
tributed to impaired cerebrospinal fluid dynamics secondary 
to ciliary dysfunction, as previously discussed.

Clinical Relevance of Non-hydrocephalic Shape Change

In the absence of radiological or clinical hydrocephalus, the 
observed third-ventricle deformation most likely reflects lo-
calized CSF–ependymal remodeling secondary to chron-
ic suprasellar compression, rather than a global intracranial 
pressure elevation. Persistent expansion after decompression 
may further indicate ependymal ciliary dysfunction, as pro-
longed tumor indentation can alter cilia-mediated CSF pro-
pulsion and the mechanical compliance of the ventricular wall.

Given that all patients underwent endoscopic endonasal trans-
sphenoidal surgery without transventricular manipulation, any 
direct operative contribution is expected to be minimal. Alto-
gether, these findings support a local, cilia-driven biomechan-
ical remodeling process rather than a pressure-driven hydro-
cephalic mechanism.

Accordingly, the landmark-based shape descriptors present-
ed here should be regarded as physiomorphologic, subclinical 
markers, reflecting subtle CSF–ependymal interactions rather 
than symptomatic hydrocephalus. At present, these parame-
ters are not proposed as diagnostic thresholds; instead, they 
may (i) provide quantitative monitoring of ventricular con-
tour evolution after decompression and (ii) serve as hypoth-
esis-generating variables for prospective studies correlating 
shape with neurocognitive outcomes, endocrine status, visual 
performance, and longitudinal CSF metrics. Elucidating these 
associations will be essential before any clinically actionable 
cut-points can be defined.

Limitations and Future Directions

This study has several limitations. It represents a single-cen-
ter, retrospective series with a relatively small sample size, 
focusing exclusively on non-hydrocephalic giant pituitary ad-
enomas with third-ventricle involvement. While this homoge-
neity minimizes confounders, it also limits the generalizability 
of our findings to other pathologies with more pronounced 
clinical sequelae, such as craniopharyngiomas, colloid cysts, 
or intraventricular metastases.

In addition, our analysis relied solely on two-dimensional pi-
tuitary MRI sections. Future prospective, multicenter studies 
involving larger cohorts and incorporating three-dimensional 
volumetric reconstructions and statistical geometric morpho-
metric analyses may provide more comprehensive and repro-
ducible insights.

Moreover, integrating such morphometric data with exper-
imental animal models could contribute valuable mechanis-

pressed and refilled with CSF, resulting in changes in its mor-
phology. Moreover, deformation was observed to persist in 
the direction of expansion from the early to late postoperative 
period (Figure 5).

According to the current hypothesis of CSF dynamics, CSF 
exhibits a pulsatile flow regulated by cerebral circulation and 
respiration (4,14). This flow is also supported by a constant 
microcurrent generated by motile cilia on the ventricular wall 
surface (37). Several studies have reported that dysfunction of 
these cilia can lead to ventricular enlargement (3,7,20,29). In 
acquired conditions such as viral infections, loss of cilia and 
gliosis along the ventricular walls may result in secondary hy-
drocephalus (1). For instance, Omran et al., in an experimental 
animal study, examined ciliary activity in the brains of mice 
with chronic alcohol consumption and detected hydrocepha-
lus (30). The relationship between ciliary function and hydro-
cephalus has become a prominent research topic, supported 
by studies in rodent models demonstrating suppression of 
gliosis to prevent hydrocephalus (23), and genetic analyses 
examining ciliary function (13,19).

In our study, the continued deformation and expansion of the 
third ventricle from the early to late postoperative period may 
be explained by loss or reduction of ciliary function in the third 
ventricular ependyma due to chronic tumor compression/in-
vasion and neurosurgical trauma. This may disrupt CSF flow 
dynamics, contributing to third ventricular dilation. The ab-
sence of shape change in the lateral ventricles, which were 
unaffected by either the tumor or surgical intervention, further 
supports the notion of localized third ventricular impact. How-
ever, the deformation in the direction of expansion continued 
in the late postoperative period in the 3rd ventricle, which was 
the area affected by the surgery and the tumor (Figure 5). Our 
shape analysis using geometric morphometric measurements 
supports this notion and represents the first such analysis on 
this topic in the literature.

This study also evaluated whether the anterior callosal angle 
(ACA) might serve as an early morphometric marker of CSF 
flow disturbance, even in patients without radiological hy-
drocephalus. Mantovani et al. suggested that ACA could be 
used to differentiate idiopathic normal pressure hydrocepha-
lus (iNPH) from Alzheimer’s disease, reporting that a value of 
≤119° demonstrates high sensitivity and specificity for iNPH. 
The mean ACA value in healthy individuals was found to be 
133.85° ± 5.86, and this value was significantly lower in iNPH 
patients (21). A subsequent study noted that ACA can also 
serve as a radiological parameter for monitoring the response 
to shunt surgery in iNPH patients (22). In our study, the mean 
ACA value in the preoperative period was 140.98° ± 4.95, with 
no significant change in the early (140.06° ± 5.10) and late 
postoperative periods (139.46° ± 5.77) (F = 1.47, p > 0.05). All 
values were well above the diagnostic threshold reported in 
the iNPH literature. All ACA values were consistent with those 
reported in healthy adults, and none of the patients met the 
criteria for hydrocephalus. We suggest that future large-scale, 
prospective studies investigate the utility of ACA not only in 
differentiating iNPH from Alzheimer’s disease but also as a 
potential novel diagnostic parameter for hydrocephalus.
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tic information about ependymal ciliary function and its role 
in ventricular shape remodeling. Collectively, these exten-
sions will be essential to translate current physiomorpholog-
ic findings into clinically actionable and pathophysiologically 
grounded tools.

█ CONCLUSION
This study investigated ventricular shape alterations in patients 
with non-hydrocephalic pituitary macroadenomas treated via 
the transsphenoidal approach, utilizing a landmark-based 
geometric morphometric method across preoperative, early 
postoperative, and late postoperative time points. Addition-
ally, it assessed the potential applicability of the anterior cal-
losal angle (ACA)—a parameter traditionally used to differen-
tiate idiopathic normal pressure hydrocephalus (iNPH) from 
Alzheimer’s disease—in the diagnosis of non-hydrocephalic 
conditions. The observed persistent postoperative expan-
sion-related deformation of the third ventricle may be attribut-
ed to ciliary dysfunction within the ventricular epithelium. We 
hope the findings of this study will inform and inspire future 
research in this field.
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