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SUMMARY
Morphological characteristics of the foramen 

rotundum (FR) influence the feasibility and safety 
of cranial base (CB) procedures in which it serves 
as a surgical landmark. This study aimed to evalu-
ate FR morphometry and canal orientation using 
computed tomography (CT), and to propose an 
orientation-based classification relevant to endo-
scopic CB interventions. Temporal CT scans from 
114 adults (59 females, 55 males) were retrospec-
tively analyzed using multiplanar reconstruction. 
Measurements included FR width and length at 
the CB and pterygopalatine fossa (PF), maxillary 
strut thickness, and distances from the FR to the 
lingula sphenoidalis (FR-LS) and foramen ovale 
(FR-FO). A novel classification system was defined 
based on spatial orientation between the CB and 
PF apertures. Statistical analyses included t-tests, 
correlation analyses, and intraclass correlation 
coefficients to assess reliability. Four FR orienta-

tion types were identified: inferomedial, infero-
lateral, superomedial, and superolateral with 
the inferomedial type predominating (67%). FR-
LS was greater on the right (15.3 ± 2.1 mm) than 
the left (14.8 ± 2.1 mm; p = 0.002), as was FR-FO 
(11.7 ± 2.1 mm vs. 11.1 ± 1.9 mm; p = 0.008). FR 
width at the PF level correlated positively with po-
rion-to-porion distance on the left (r = 0.271, p = 
0.004). Reproducibility was good-to-excellent for 
most parameters. Orientation-based classifica-
tion reveals clinically relevant FR variability be-
yond size alone. Side- and sex-related differences 
in FR-LS and FR-FO may influence surgical expo-
sure and vascular risk, supporting individualized 
preoperative planning for transpterygoid-tran-
srotundal approaches.
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INTRODUCTION
The foramen rotundum (FR) is a short osseous 

canal within the sphenoidal bone of the cranial 
base (CB) that transmits the maxillary nerve from 
the middle cranial fossa to the pterygopalatine fos-
sa (PF). Owing to its close anatomical relationship 
with the nasopharynx and the cranial base, the FR 
is frequently involved in the spread of nasopha-
ryngeal carcinoma and intracranial malignancies 
(Fu et al., 2006). In addition, interventional pro-
cedures targeting the maxillary nerve, including 
nerve blocks and percutaneous approaches, are 
directly influenced by the morphology and orien-
tation of the FR.

Advances in endoscopic cranial base surgery 
have expanded access beyond traditional trans-
sphenoidal routes, enabling minimally invasive 
approaches to regions surrounding the sphenoi-
dal sinus, such as the PF, maxillary sinus, optic 
canal, and internal carotid artery (ICA) (Cavallo et 
al., 2007; Stajčić et al., 2010). As these techniques 
evolve, detailed anatomical knowledge of cranial 
base landmarks, including the FR, has become in-
creasingly important for optimizing surgical ex-
posure and minimizing complications.

Previous anatomical and radiological studies of 
the FR have primarily focused on linear measure-
ments, including distances to adjacent structures 
such as the pterygoid canal and optic canal, or on 
its relationship with sphenoidal sinus pneumati-
zation (Edouard et al., 2022; Papavasileiou et al., 
2020; Ramanna et al., 2020; Vaezi et al., 2015). 
These parameters were mainly evaluated in the 
context of transsphenoidal surgery. However, 
contemporary cranial base interventions increas-
ingly employ infratemporal, transpterygoid, and 
transorbital approaches, in which the FR serves 
as a key anatomical landmark (Dallan et al., 2013; 
Oyama et al., 2017).

These approaches provide access to previously 
challenging regions, including the infratemporal 
fossa, Meckel’s cave (cavum trigeminale), and the 
petroclival area (Kassam et al., 2005; Koutourou-
siou et al., 2017; Raza et al., 2015). Although some 
of these approaches require extensive bone re-
moval to create adequate surgical corridors, ana-
tomical data describing FR morphometry and ca-

nal orientation, specifically in the context of these 
techniques, remain limited (Best et al., 2015; De 
Lara et al., 2014). This gap is underscored by the 
work of Wong, who modified the endoscopic en-
donasal transpterygoid approach by mobilizing 
the maxillary nerve within the FR to expand the 
surgical corridor for medial meningeal tumor re-
section (Wong, 2018). These developments high-
light the need to reassess traditional anatomical 
descriptions of the FR. Beyond size and distance 
measurements, canal orientation may critically 
influence the feasibility and safety of emerging en-
doscopic procedures, particularly the transpter-
ygoid-transrotundal approach (Schwartz et al., 
2019). 

Accordingly, the present study aimed to evalu-
ate the morphometry and topographical orienta-
tion of the FR using computed tomography (CT), 
to propose a novel orientation-based classifica-
tion system, and to analyze clinically relevant dis-
tances between the FR and adjacent cranial base 
structures with potential implications for endo-
scopic cranial base surgery.

MATERIALS AND METHODS
Ethical approval was obtained from the Institu-

tional Clinical Research Ethics Committee, Balıke-
sir University, Faculty of Medicine (Approval No: 
2023/30; 22 February 2023). All procedures were 
conducted in accordance with the Declaration of 
Helsinki and its subsequent amendments. Writ-
ten informed consent was obtained at the time of 
imaging, and the requirement for additional con-
sent was waived by the ethics committee due to 
the retrospective nature of the study.

This retrospective study evaluated CT images 
of the temporal region from 146 individuals ar-
chived in the radiology unit of Balıkesir Universi-
ty, Training and Research Hospital. After applying 
exclusion criteria (evidence of sphenoidal bone 
tumors or trauma, inadequate visualization of 
relevant anatomical regions, and pediatric age) 
CT images from 114 participants (59 females, 55 
males) were included in the final analysis.

All examinations were performed using a Toshi-
ba Aquilion CT scanner (Canon Medical Systems, 
Japan) with an internal auditory canal high-res-
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olution protocol (IAC HCT 1 mm; 0.5 mm × 64 
detector configuration). Acquisition parameters 
included 120 kVp, 200 mA tube current, pitch of 
0.64, slice thickness of 0.5 mm, and a 512×512 
matrix. Multiplanar reconstructions were gener-
ated using RadiAnt DICOM Viewer software (Me-
dixant, Poland; version 2023).

To standardize head position, reference planes 
were established using standard cranial land-
marks. The glabella-opisthocranion line was used 
for sagittal reference, and the porion-porion line 
for axial reference. The coronal plane was defined 
as perpendicular to both sagittal and axial planes. 
Reference plane construction followed the meth-
odology described by Madsen et al., supplement-
ed by widely accepted craniometric landmarks 
(Madsen et al., 2008; Vigo et al., 2020).

Following image standardization, a compre-

hensive morphometric analysis of the FR and its 
surrounding structures was performed. Detailed 
anatomical landmarks and the specific linear and 
angular measurements used in this study are il-
lustrated in Fig. 1.

Briefly, these measurements characterized the 
maxillary strut thickness (MST) at both the PF and 
CB levels, the length of the FR (FRL), and the width 
of the FR ostium (FRW) at both PF and CB aper-
tures. 

For each foramen rotundum, the CB and PF 
apertures were identified on multiplanar recon-
structions, and two angulations were measured to 
characterize the orientation of the canal between 
the two apertures. The PF aperture served as the 
reference, and the position of the CB aperture rel-
ative to it defined the orientation type.

Fig. 1.- Depiction of measurements performed on skull base and sphenoid bone models. A: Superior view of skull base, exposed 
after removal of calvaria. B: Closer view of middle cranial fossa, showing relationship of anatomic relationships of reference struc-
tures. C: Oblique superior view of middle cranial fossa. Ptergopalatine opening represented anteriorly to cranial opening. D: Sphe-
noid bone ex situ, ventral view, showing pterygopalatine opening of the foramen rotundum. FR: foramen rotundum, FO: foramen 
ovale, SOF: superior orbital fissure, MST: maxillary strut, ACP: anterior clinoid process, FRL: length of the foramen rotundum, FRW-
FP: width of pterygopalatine opening of the foramen rotundum, FRW-CB: width of cranial base opening of the foramen rotundum, 
MST-FP: thickness of the maxillary strut at the level of pterygopalatine opening, MST-CB: thickness of the maxillary strut at the level 
of cranial base opening. Adapted from Anatomy Standard figures (https://www.anatomystandard.com), licensed under the Creative 
Commons Attribution-NonCommercial 4.0 International License (https://creativecommons.org/licenses/by-nc/4.0/).
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On the sagittal plane reconstruction passing 
through the long axis of the foramen rotundum, 
the inferior margin of the PF aperture was iden-
tified as the reference point. The horizontal line 
of the standard reference plane was projected 
through this reference point. The sagittal angula-
tion was measured as the angle between this pro-
jection and a line connecting the inferior margin 
of the PF aperture to the inferior margin of the CB 
aperture. A positive value (the CB aperture lying 
above the projection) was classified as superior; 
a negative value (the CB aperture lying below the 
projection) was classified as inferior.

On the axial plane reconstruction passing 
through the long axis of the foramen rotundum, 
the medial margin of the PF aperture was identi-
fied as the reference point. A sagittal line parallel 
to the midsagittal plane of the standard reference 
plane was projected through this reference point. 

The horizontal angulation was measured as the 
angle between this projection and a line connect-
ing the medial margin of the PF aperture to the 
medial margin of the CB aperture. When the CB 
aperture lay medial to the projected sagittal line, 
the orientation was classified as medial; when it 
lay lateral to the projected line, it was classified as 
lateral.

The combination of sagittal and horizontal an-
gulations for each FR defined four orientation 
types: inferomedial (FR-IM), inferolateral (FR-IL), 
superomedial (FR-SM), and superolateral (FR-SL) 
(Fig. 2).

Additional measurements were conducted to 
define the spatial relationship between the FR and 
adjacent cranial base landmarks: the distance to 
the lingula sphenoidalis (FR-LS), and both the dis-
tance (FR-FO) and angle between the FR and the 

Fig. 2.- Head CT multiplanar reconstruction (MPR) images in horizontal (axial) and sagittal sections demonstrating FR inclination 
between the pterygopalatine fossa and cranial base. Scale bar equals 2.5 cm. Each row represents the same participant. A-B: Su-
peromedial type FR on the right side; medial orientation in the horizontal section (A) and superior orientation in the sagittal section 
(B). C-D: Inferomedial type FR on the left side; medial orientation in the horizontal section (C) and inferior orientation in the sagittal 
section (D). E-F: Superolateral type FR on the right side; lateral orientation in the horizontal section (E) and superior orientation 
in the sagittal section (F). G-H: Inferolateral type FR; lateral orientation in the horizontal section (G) and inferior orientation in the 
sagittal section (H). Ant: Anterior, Post: Posterior, R: Right, L: Left, S: Superior, I: Inferior. 
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foramen ovale (FR-FO-A). Finally, a suite of stan-
dardized craniometric parameters including in-
terzygomatic, interpterion, nasion to dorsum sel-
lae and glabella to opisthocranion distances were 
measured to provide an anatomical context for 
neuronavigation (Mladenovski, 2018). 

Statistical analyses were performed using SPSS 
Statistics (IBM Corp., Armonk, NY, USA). Data are 
presented as mean ± standard deviation. Normal-
ity was assessed using the Kolmogorov-Smirnov 
test. Sex-related differences were evaluated with 
independent samples t-tests, and laterality was 
analyzed using paired samples t-tests. The dis-
tribution of FR orientation types was expressed 
as percentages. Correlation analyses were per-
formed to evaluate the relationships between FR 
dimensions, participant age, and craniometric 
neuronavigation parameters using Pearson or 
Spearman correlation coefficients. Pearson’s cor-
relation coefficient was used for variable pairs 
in which both variables were normally distribut-
ed, as assessed by the Kolmogorov-Smirnov test; 
Spearman’s rank correlation coefficient was used 
when one or both variables deviated from normal-
ity. A p-value < 0.05 was considered statistically 
significant.

Measurement reliability was assessed in a ran-
domly selected subset of cases using intra- and 
inter-observer intraclass correlation coefficients 
(ICC) calculated with a two-way mixed-effects 
model and absolute agreement. Reliability was 
classified as poor (<0.50), moderate (0.50-0.75), 
good (0.75-0.90), or excellent (>0.90).

RESULTS 
The study included 114 individuals (59 females, 

55 males). Mean age was 43.44 ± 15.43 years 
(range 18-88) for females and 47.55 ± 16.26 years 
(range 21-79) for males.

Bilateral FR measurements are summarized in 
Table 1. Paired samples t-tests revealed statisti-
cally significant lateral asymmetry in three mea-
surements. FR-LS was significantly greater on the 
right than the left side (15.3 ± 2.1 mm vs. 14.8 ± 
2.1 mm; p = 0.002, d = 0.29), representing a small 
but reliable effect. The FR-FO-A was significant-
ly larger on the left than the right (20.8 ± 7.2° vs. 

18.7 ± 7.3°; p = 0.001, d = 0.31), also a small effect. 
Similarly, the FR-FO distance was significantly 
greater on the right than the left (11.7 ± 2.1 mm vs. 
11.1 ± 1.9 mm; p = 0.008, d = 0.26), representing a 
small but reliable effect. None of the other paired 
comparisons reached statistical significance.

Both intra- and inter-observer measurements 
demonstrated reasonable reproducibility, with 
the majority of variables reaching good-to-excel-
lent reliability (Fig. 3). Intra-observer consistency 
was generally higher than interobserver agree-
ment, particularly for FRL and MST-PF, indicating 
stable repeatability within a single rater. Variables 
such as FR-FO and FR-LS exhibited lower reliabil-
ity, suggesting these measurements may be more 
prone to observer-related variability.

When the FR measurements were analyzed by 
sex (Table 2) the strongest sex difference was ob-
served in the left FRW-PF distance, with males 
showing higher values than females (3.2 ± 0.5 mm 
vs. 3.0 ± 0.4 mm; p = 0.004, d = 0.55), represent-
ing a medium effect. The right FRW-PF distance 
showed a comparable, small-to-medium effect in 
the same direction (3.2 ± 0.6 mm vs. 3.0 ± 0.5 mm; 
p = 0.02, d = 0.44). FR-LS was significantly higher 
in males on the left side (15.2 ± 1.9 mm vs. 14.4 ± 
2.2 mm; p = 0.045, d = 0.38), corresponding to a 
small-to-medium effect.

The topographical distribution of FR types is 
shown in Fig. 4. The inferomedial (FR-IM) type 
predominated in both sexes and on both sides, 
followed by the inferolateral (FR-IL) and supero-
lateral (FR-SL) types; the superomedial (FR-SM) 
type was the rarest. Of note, the FR-SL type was 
more frequent in females than in males. Due to 
the limited sample size within the superior orien-
tation categories, these variations were not sub-
jected to comparative statistical analysis to main-
tain the robustness of the data interpretation.

FRW-CB demonstrated a weak but statistical-
ly significant positive correlation with the pori-
on-to-porion distance (r = 0.233, p = 0.013). In 
contrast, FRW-PF showed a comparable positive 
trend on the right side; however, this association 
did not reach statistical significance (r = 0.286, 
p = 0.20). Notably, left-sided FRW-PF exhibited a 
statistically significant positive correlation with 
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the same parameter (r = 0.271, p = 0.004), indi-
cating lateral asymmetry in FR morphology. The 
distances from the FR to adjacent cranial base 
landmarks were also significantly correlated with 
the distance between glabella and opisthocran-
ion. Specifically, FR-LS was positively correlated 
on both the right (r = 0.356, p < 0.001) and left (r 
= 0.423, p < 0.001). FR-FO showed a weaker but 
statistically significant positive correlation with 
glabella-opisthocranion distance on both the 
right (r = 0.286, p = 0.04) and left sides (r = 0.194, 
p = 0.04). Finally, age showed a significant nega-
tive correlation with MST-PF on the right side (r = 
-0.250, p = 0.008); the corresponding correlation 
on the left side and at the CB level did not reach 
statistical significance.

DISCUSSION
We used CT images from 114 participants to 

perform a radio-anatomical evaluation of the 
morphometric and topographical variations of 
the FR and its relationships with adjacent crani-
al base structures. We also introduce a novel ori-

entation-based classification system describing 
the course of the FR between the PF and the CB, 
demonstrating that the inferomedial orientation 
is the most prevalent variant.

Three questions frame the present findings. 
First, why have prior reports of FR dimensions 
disagreed, and what does a two-level measure-
ment approach add? Second, do FR dimensions 
and their relationships with neighbouring struc-
tures scale with craniofacial size or differ sys-
tematically by sex or side, in ways that matter for 
preoperative planning? Third, can the direction-
al course of the FR be classified to anticipate the 
neurovascular structures at risk along each surgi-
cal corridor? The following sections address these 
in turn.

Quantitative assessment of FR dimensions is 
inherently challenging due to the canal’s irregu-
lar morphology and oblique course, and reported 
values differ substantially across the literature. 
CT-based measurements have produced mean di-
ameters around 3.0 mm (Sepahdari et al., 2013), 
photographic morphometry of dry skulls has 

Fig. 3.- Forest plot displaying intraclass correlation coefficients with 95% confidence intervals (error bars) for interobserver (blue 
circles) and intra-observer (orange squares) reliability. The vertical dashed lines represent standard categorical thresholds for 
reliability interpretation: 0.50 (moderate), 0.75 (good), and 0.90 (excellent). Most morphometric parameters demonstrated good 
to excellent agreement, with MST-PF and FRL exhibiting the highest reliability across both assessments. Abbrevations: MST-PF: 
maxillary strut height at the level of pterygopalatine fossa opening of the foramen rotundum, MST-CB: maxillary strut height at the 
cranial fossa opening of the foramen rotundum, FRL: length of the foramen rotundum, FRW-PF: the width of foramen rotundum at 
the pterygopalatine fossa opening, FRW-CB: the width of foramen rotundum at the cranial base opening, FR-FO: distance between 
Foramen rotundum and foramen ovale, FR-LS: distance between the anterior opening of foramen rotundum and the starting point 
of the lingula sphenoidalis that limits the sulcus caroticus laterally.
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Fig. 4.- Grouped bar chart displaying the frequency (percentage) of the four FR variations: inferomedial (FR-IM), inferolateral (FR-
IL), superomedial (FR-SM), and superolateral (FR-SL) stratified by sex and laterality. The FR-IM type is the predominant anatomical 
variant across all subgroups. Data labels represent the specific percentage of each type within its respective group.

Table 1. Mean and ranges of the FR measurements and associations with laterality 

Measurements Right (N=114) pa Left (N=114)

MST-PF (mm)
Mean (SD)

Range
0.202.4 ± 0.8 2.5 ± 1.0

0.8 - 5.5 0.8 - 6.3

MST-CB (mm)
Mean (SD)

Range
0.412.8 ± 1.3 2.7 ± 1.3

0.7 - 7.4 0.5 - 7.0

FRL (mm)
Mean (SD)

Range
0.442.9 ± 1.2 2.8 ± 1.2

0.3 - 6.2 0.3 - 5.8

FRW-PF (mm)
Mean (SD)

Range
0.903.1 ± 0.5 3.1 ± 0.5

1.9 - 4.7 2.0 - 4.9

FRW-CB (mm)
Mean (SD)

Range
0.703.0 ± 0.5 3.0 ± 0.6

1.6 - 4.6 1.3 - 5.1

FR-LS (mm)
Mean (SD)

Range
0.00215.3 ± 2.1 14.8 ± 2.1

6.2 - 19.4 6.4 - 19.7

FR-FO-A (degrees)
Mean (SD)

Range
0.00118.7 ± 7.3 20.8 ± 7.2

0 - 39.2 4.6 - 45.2

FR-FO (mm)
Mean (SD)

Range
0.00711.7 ± 2.1 11.1 ± 1.9

5.4 - 21.9 1.2 - 16.1
aPaired sample t-test. MST-PF: maxillary strut height at the level of pterygopalatine fossa opening of the foramen rotundum, MST-
CB: maxillary strut height at the cranial fossa opening of the foramen rotundum, FRL: length of the foramen rotundum, FRW-PF: 
the width of foramen rotundum at the pterygopalatine fossa opening, FRW-CB: the width of foramen rotundum at the cranial 
base opening, FR-FO-A: oblique angle between the horizontal planes in which both foramina can be observed, FR-FO: distance 
between Foramen rotundum and foramen ovale, FR-LS: distance between the anterior opening of foramen rotundum and the 
starting point of the lingula sphenoidalis that limits the sulcus caroticus laterally.
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yielded 2.3-2.6 mm depending on side (Pavlović et 
al., 2021), and direct measurement on dry skulls 
has generally produced larger values of 3.2–3.3 
mm (Berge et al., 2001; Unver Dogan et al., 2014). 
A separate strand of CT work in patients with tri-
geminal neuralgia has reported narrower means 
of 2.0 ± 0.4 mm (Kastamoni et al., 2021). These 
discrepancies are usually attributed to imaging 
modality or cohort differences, but our two-lev-
el measurement suggests a simpler explanation: 
canal width varies along its course, and prior val-
ues reflect where it was measured, not who was 
measured. FRW-PF in our cohort aligned with the 
larger dry-skull values reported by Berge and Un-
ver Dogan et al., whereas FRW-CB aligned more 
closely with CT-based measurements taken at the 
cranial base aperture (Sepahdari et al., 2013). The 
same logic applies to FR length, where Kastamoni 
et al. reported 2.1 ± 0.4 mm and Aksoy et al. ex-
ceeded 3 mm (Kastamoni et al., 2021; Aksoy et al., 
2022): our values fall between these results and 
likely reflect our use of inferior canal length as the 
reference axis. This reframes the apparent incon-
sistency in the literature as a methodological arte-
fact rather than population variability, and argues 
for explicit reporting of measurement level in fu-

ture morphometric work.

Dimensions of the FR in our cohort were large-
ly symmetric between sides, consistent with the 
absence of significant lateral differences reported 
by Bhattarai et al. (2023). Sex influenced width 
but not length: FRW-PF was significantly higher in 
males, in agreement with Kastamoni et al. (2021), 
whereas this difference disappeared at the CB 
level. The more informative finding is the positive 
correlation between porion-to-porion distance 
and FR width, which indicates that FR morphol-
ogy scales with overall craniofacial dimensions. 
Practically, this means that patients with smaller 
skulls present with proportionally smaller FR ap-
ertures and, as developed below, proportionally 
narrower neighboring safety margins. Preopera-
tive craniometric assessment may therefore com-
plement direct FR measurement in patients at the 
lower end of the size distribution.

The maxillary strut (MST) is a clinically de-
fined bony partition separating the FR from the 
superior orbital fissure (SOF), and it represents 
a critical landmark in approaches to the PF and 
orbital apex. Prior studies reported mean MST 
thickness of approximately 3.0-4.4 mm (Grewal 
et al., 2014; Stamates and Wong, 2017). Drilling 

Table 2. Mean of measurements of the right and left foramen rotundum in each sex and their associations with the sex

Measurement Position Male (n=55) Female (n=59) pa

MST-PF (mm)
Right 2.3 ± 0.7 2.5 ± 0.9 0.205

Left 2.3 ± 0 2.7 ± 1.1 0.089

MST-CB (mm)
Right 2.7 ± 1.2 2.8 ± 1.4 0.634

Left 2.6 ± 1.3 2.7 ± 1.2 0.602

FRL (mm)
Right 2.6 ± 1.1 3.1 ± 1.3 0.052

Left 2.7 ± 1.0 2.9 ± 1.3 0.317

FRW-PF (mm)
Right 3.2 ± 0.6 3.0 ± 0.5 0.021

Left 3.2 ± 0.5 3.0 ± 0.4 0.004

FRW-CB (mm)
Right 3.1 ± 0.6 2.9 ± 0.5 0.089

Left 3.1 ± 0.6 2.9 ± 0.5 0.151

FR-LS (mm)
Right 15.6 ± 2.2 15.0 ± 2.0 0.180

Left 15.2 ± 1.9 14.4 ± 2.2 0.045

FR-FO (mm)
Right 11.8 ± 2.2 11.6 ± 2.0 0.697

 Left 11.1 ± 1.6 11.0 ± 2.2 0.830
aIndependent sample t-test. MST-PF: maxillary strut height at the level of pterygopalatine fossa opening of the foramen rotun-
dum, MST-CB: maxillary strut height at the cranial fossa opening of the foramen rotundum, FRL: length of the foramen rotundum, 
FRW-PF: the width of foramen rotundum at the pterygopalatine fossa opening, FRW-CB: the width of foramen rotundum at the 
cranial base opening, FR-FO: distance between foramen rotundum and foramen ovale, FR-LS: distance between the anterior 
opening of foramen rotundum and the starting point of the lingula sphenoidalis.
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of the MST is the step that opens the anterome-
dial triangle and laterally extends the transptery-
goid corridor toward Meckel’s cave (Grewal et al., 
2014), and this triangle is bounded anatomically 
by a line connecting the SOF to the FR, with the 
MST forming its bony floor (Locatelli et al., 2016). 
Strut thickness therefore directly determines how 
much protective bone separates the drill from 
the SOF contents, including the ophthalmic, oc-
ulomotor, trochlear, and abducens nerves. In our 
cohort, MST thickness differed between the PF 
and CB levels, with the right-sided MST-PF be-
ing significantly thinner. A thinner anterior strut, 
particularly on the right side, narrows this safety 
margin and may warrant a more cautious drilling 
technique and earlier use of nerve-stimulation 
monitoring. Although sex did not significantly in-
fluence MST thickness, an age-related decrease 
in right-sided MST-PF was observed. This finding 
may potentially increase procedural risk in elder-
ly patients, in whom thinner struts have less re-
serve before SOF contents become exposed.

To our knowledge there are limited data on the 
topographic relationship between FR and the 
ICA. In an earlier study, the median distance be-
tween the carotid siphon and FR was reported 
as 13.2 mm (Gao et al., 2015). However, the ca-
rotid siphon remains a radiological finding with 
uncertain anatomical boundaries to date. For a 
clearer definition of the FR-ICA distance, it would 
be more appropriate to use the anterograde 7 seg-
ment classification system. The clinical stake is 
high: ICA injury complicates approximately 1% 
of endoscopic transsphenoidal procedures, and 
up to 9% in extended endonasal approaches to 
the clivus and petrous apex (Chin et al., 2016). We 
therefore defined the FR-LS as a reproducible sur-
rogate. The lingula sphenoidalis projects laterally 
from the sphenoidal bone and shields the CB from 
the paraclival (C4) segment of the ICA, so FR-LS 
quantifies the depth of bone protecting the ICA 
from a medially directed corridor and serves as a 
preoperative estimate of the safe medial working 
margin in transpterygoid approaches.

The FR-LS was significantly higher on the right 
and correlated with porion-to-porion distance. 
The bony depth shielding the paraclival ICA there-
fore scales with overall skull size and is asymmet-

ric between sides. In practical terms, a right-sided 
transpterygoid corridor affords a thicker medial 
safety margin than a left-sided one, and patients 
with smaller craniometric dimensions present 
with a proportionally narrower margin through-
out. This metric remains an indirect anatomical 
surrogate rather than a direct measurement of 
FR-ICA distance, and should be interpreted as 
such.

The FR-FO distance carries a different clinical 
meaning. It defines the working window of the an-
terolateral cavernous triangle, which is bounded 
by the maxillary nerve, mandibular nerve, and 
the FR-FO line (Rosa et al., 2023; Hendricks et al., 
2022). This corridor is directly relevant to dural 
dissection around the maxillary nerve when mo-
bilizing it out of the FR (Schwartz et al., 2019), an 
intervention that expands cadaveric middle fossa 
exposure from roughly 50% to 95% of the medi-
al-to-lateral width (Wong, 2018). A shorter FR-FO 
crowds the maxillary and mandibular nerve dis-
section and brings the anterolateral cavernous 
triangle, the petrous ICA at the pterygoid canal 
and foramen rotundum junction, and Meckel’s 
cave closer to the working axis. The right-sid-
ed FR-FO predominance observed in our cohort 
therefore implies a wider surgical corridor on the 
right, with consequences for the safe mobiliza-
tion of the maxillary nerve and lateral exposure of 
Meckel’s cave during transpterygoid-transrotun-
dal approaches. Raguz et al. reported FR-FO 
means of 10.31 mm on the left and 10.55 mm on 
the right (Raguž et al., 2021); our slightly higher 
values (11.1 mm and 11.7 mm) most likely reflect 
their use of juvenile dry skulls.

Beyond morphometry, the proposed orienta-
tion-based classification offers clinically relevant 
insights for endoscopic cranial base approaches. 
As this is the first orientation-based classification 
of the FR, the surgical implications proposed be-
low are derived from anatomical geometry and 
known regional neurovascular relationships rath-
er than from validated surgical outcomes. They 
should be interpreted as a framework for hypoth-
esis-driven cadaveric and clinical evaluation.

The foramen rotundum is most often described 
as a passive surgical landmark, as the maxillary 
nerve exits through it into the PF and its bony 



A novel CT-based classification of the foramen rotundum

666

opening guides the surgeon in locating the nerve. 
However, the FR also helps surgeons judge the 
extent of sphenoidal bone drilling during mid-
dle cranial fossa approaches and define the safe 
limits of dissection (Kasemsiri et al., 2013). For 
targets posterior to the FR, the surgeon advances 
from the PF backward along the maxillary nerve 
toward the CB. Because the nerve obstructs the 
line of sight until mobilized (Wong, 2018), the di-
rection in which the FR canal projects from its PF 
opening to its CB opening is a central planning 
variable.

The maxillary nerve has been reported to follow 
an oblique, medial to lateral and inferiorly angu-
lated course rather than a straight path (Mohebbi 
et al., 2017). However, the degree and direction of 
this obliquity vary systematically. Our data resolve 
that variation into four reproducible types, de-
fined by the position of the CB aperture relative to 
the PF aperture. The inferomedial type predomi-
nates at 67%, which partially contradicts the clas-
sical description of the FR running “downwards 
and laterally” from the PF into the middle cranial 
fossa (Mohebbi et al., 2017). While the downward 
component is preserved, the CB aperture in our 
series most often sits medial, not lateral, to the PF 
aperture.

In the inferomedial (FR-IM) type, the corri-
dor angles posteromedially and downward. This 
brings the working axis close to the lateral wall 
of the sphenoidal sinus and, beyond it, the ca-
rotid sulcus and paraclival ICA. Most existing 
transpterygoid descriptions are implicitly framed 
around this orientation, including cadaveric work 
demonstrating that the paraclival ICA can be safe-
ly repositioned by approximately 4.75 mm during 
transmaxillary transpterygoid exposure of the 
petrous apex (Patel et al., 2018). The well-recog-
nized risk of medial vascular injury during deep 
drilling and maxillary nerve mobilization belongs 
to this type.

The inferolateral (FR-IL) type angulates the cor-
ridor posterolaterally and downward, away from 
the carotid sulcus. The working axis instead points 
toward the foramen ovale and the petrous ICA at 
the junction between the pterygoid (vidian) canal 
and the FR. Kasemsiri et al. reported a mean hor-
izontal distance of 5.6 mm (range 2.8-11.5 mm) 

and a mean vertical distance of 6.22 mm between 
the pterygoid canal and the FR (Kasemsiri et al., 
2013); this is the interforaminal space the FR-IL 
corridor traverses. Risk therefore shifts from the 
paraclival ICA toward the mandibular nerve and 
the petrous ICA segment, with the pterygoid canal 
remaining the principal landmark for ICA protec-
tion (Vescan et al., 2007; Kassam et al., 2005).

The superomedial (FR-SM) type angulates pos-
teromedially and upward. This directs the in-
strument vector toward the SOF across the MST 
and into the anteromedial triangle, whose base 
is anatomically defined by the SOF-FR line (Rosa 
et al., 2023; Hendricks et al., 2022). The ophthal-
mic nerve and the remaining contents of the SOF, 
namely the oculomotor, trochlear, and abducens 
nerves, lie at the end of the working axis. Supe-
rior drilling along the upper rim of the FR may 
therefore be constrained by MST thickness, and 
the age-related right-sided MST-PF thinning ob-
served in our cohort is particularly relevant to this 
orientation.

The superolateral (FR-SL) type angulates pos-
terolaterally and upward, away from both the 
medial carotid sulcus and the SOF. The working 
axis projects toward the lateral greater wing of the 
sphenoidal bone and the temporal lobe dura. No 
major neurovascular structure lies in the imme-
diate posterior drilling vector. This makes it the 
most anatomically permissive corridor for mid-
dle-fossa access, although it was the rarest type in 
our series.

We were unable to perform formal statistical 
comparison of FR dimensions or topographic 
relationships across orientation subgroups. The 
non-inferomedial types occurred at frequencies 
too low to support such analysis, and this remains 
a target for multicenter confirmation.

In summary, the orientation of the FR modu-
lates three interrelated factors. First, it modulates 
the trajectory along which the maxillary nerve 
must be skeletonized from the PF toward the CB. 
Second, it modulates the direction and extent of 
bone removal along that trajectory. Third, it mod-
ulates the identity of the neurovascular structures 
most exposed at the deep end of the corridor. An 
orientation-based classification therefore com-
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plements existing schemes based on the relation-
ship of the FR to either the sphenoidal sinus or the 
lateral pterygoid plate (Papavasileiou et al., 2020; 
Edouard et al., 2022) by capturing the dimension 
most directly relevant to corridor planning. To 
our knowledge, no previous radiologic study has 
proposed a classification system based on the di-
rectional course of the FR between the CB and PF.

Limitations

This study has several limitations that should be 
considered when interpreting the results. First, 
the sample size, although relatively large, may 
not fully represent the broader population, as all 
participants were adults from a single geograph-
ic region. This could limit the generalizability of 
the findings to other populations with different 
demographic or anatomical characteristics. Sec-
ond, the study relied solely on CT imaging, which, 
while precise, may not capture the full complexity 
of the FR and surrounding structures in clinical 
settings. Third, because this is the first study to 
propose an orientation-based classification of the 
FR, no prior data exist against which to validate 
the surgical implications attributed to each type. 
The corridor-risk associations described here 
are anatomically reasoned from morphometric 
relationships in our cohort and from established 
regional neurovascular anatomy. They have not 
been confirmed by cadaveric dissection, intra-
operative navigation, or outcome data. Future 
studies could benefit from larger, more diverse 
cohorts and the integration of advanced imaging 
techniques or intraoperative data to enhance the 
understanding of FR variations.

CONCLUSION
The proposed orientation-based classifica-

tion demonstrates that the anatomical relation-
ships of the FR vary systematically according to 
its topographical course between the PF and the 
CB. Sex and laterality were additionally found to 
influence FR dimensions and topographic rela-
tionships within the middle cranial fossa, with 
potential implications for preoperative planning. 
Together, these findings provide a framework for 
individualized surgical decision-making and for 
the evaluation of novel endoscopic approaches. 

They support the use of the FR as a reliable land-
mark in modern cranial base surgery, including 
transpterygoid-transrotundal approaches.
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