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Abstract

Objective: Our objective is to show how the use of Computer Tomography (CT) multiplanar displays (MPR) and 3D Stereoscopic
Imaging (3DSI), can provide precise anatomical landmarks to identify the location of the Anterior Ethmoid Artery (AEA) during
endoscopic sinus surgery (FESS).

Materials and Methods: The study comprised 48 patients, representing 96 nasal cavity/sinus sides. The anterior ethmoid foramen
was the landmark that defined the entry of the AEA into the ethmoid on CT MPR and 3DSI, and anatomic relationships closely
related to to the AEA were recorded.

Results: The anterior ethmoidal foramen (AEF) was associated with the bulla lamella (BL) in 46.9% of cases, and the basal lamella
of the middle turbinate (BLMT) in 31.6%. In 7.1% of cases, the AEF was associated with both lamellae. Similarly, at the AES, the
AEF was associated with the BL and BLMT in 72.5% and 46.9% of cases, respectively. In 29.6%, the AEA was associated with both
lamellae. In 48%, the AEF and AES were at or in the bone of the ethmoidal roof/ skull base. In 48%, the AEA, the AEF, and the AES
were in the same coronal plane, indicating a straight horizontal course across the ethmoid. In the remaining samples, the AES was
anterior to the AEF, indicating an oblique course of the AEA.

Conclusion: This study demonstrates that 3DSI imaging provides improved localization of the AEA, and establishes recognizable
anatomic landmarks for endoscopically guided surgery, thus, preventing inadvertent complications.

Key words: anterior ethmoidal artery, bulla lamella, basal lamella of middle turbinate, anterior ethmoid sinus artery landmarks,
3D stereoscopic imaging of sinuses, CT multiplanar reconstruction of sinuses

Introduction artery (AEA) at or close to the lamina papyracea, “carries the
Functional Endoscopic Sinus Surgery (FESS) has been practiced risk of the proximal stump of the artery to retract into the orbit
worldwide for the past four decades following the principles ini-  whilst continuing to hemorrhage, potentially leading to the
tially established by Messerklinger, Stammberger, Kennedy and serious consequence of visual loss” ©. Preoperative evaluation
others 3. Major complications — albeit relatively rare (between of the imaging information accurately and reliably identifies
0.4 - 1.5 percent), include lesions to the optic nerve, internal the location of the AEA and provides safe surgical guidance,
carotid artery, skull base , and dura, as well as intracranial and thus avoiding inadvertent lesions and their potential dramatic

intra-orbital injury “®. Surgical injury of the anterior ethmoidal sequelae.
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Figure 1. CT coronal plane demonstrating the site of the AEA foramen:
arrowheads outline the “funnel-shaped” AEA foramen; asterisk = orbital
artery; 1= optic nerve; 2 = superior orbital muscle; 3 = superior oblique

muscle; 4 = medial rectus muscle.

Since its introduction in the mid-1980s, CT imaging technology
has advanced significantly allowing improved diagnosis and
improved demonstration of the varied individual sino-nasal
anatomy . These advances have enabled surgeons to better
prepare for surgery and avoid complications. Nevertheless, a
persistent difficulty prevails in correlating the imaging informati-
on with the endoscopically viewed surgical field, which, in turn,
may be an underlying factor in continued surgical complicati-
ons, such as orbital injury and CSF leak “©.

The accurate identification of the AEA is cited on CT as a key
anatomic landmark in preventing orbital and intracranial
complications 38, A precise understanding of the AEA loca-
tion, its anatomic variations, and its relationship to the adjacent
anatomy, is, therefore, important. However, the information
currently provided by Computer X Ray Tomography Multiplanar
Reconstructed Images CTMPR images appears visually different
than the images presented to the surgeon via the endoscope.
This explains the difficulty in establishing specific and recogniza-
ble anatomic landmarks that could be followed during surgery
to avoid AEA-related complications.

The objective of this study was to show how to employ the cur-
rently available CTMPR, and the newly created 3DSI technology,
in both a static and dynamic mode, and identify anatomic land-
marks, which, in turn, locate the AEA, improve the correlation of
the information provided by CT and endoscopy, and enhance
pre-operative planning and intra-operative performance of
FESS.

The bulla lamella (BL), the basal lamella of the middle turbi-
nate (BLMT), and the base of skull (BS) serve as fundamental
landmarks for FESS and are known to be in close proximity to
the AEA and its course through the ethmoid. To date, using the
available standard CT information, the relationship of the AEA to
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Figure 2. Surgical instrument approaching a dehiscent AEA canal within
the ethmoidal sulcus: 1= site of intra-orbital anterior ethmoid foramen
opening; 2 - AEA in bony canal traversing the ethmoid; 3 = AEA after
penetration of lateral lamella of the cribriform plate in the “ethmoidal
sulcus”; 4 = lateral lamella of the cribriform plate; 5 = cribriform plate; 6

= nasal septum; 7 = crista galli; 8 = frontal bone; 9 = olfactory fossa.

surgically well identifiable structures—the skull base, the bulla
lamella, and the middle turbinate basal lamella—has not been
established.

Our aim is to define the relationship between these four
structures based on the information provided by new imaging
technologies, and show how these landmarks can guide a safe
surgical procedure.

Singer credits Eustachius (1520-1574) with the introduction of
the study of human anatomical variability; however, it has been
clear since Galen’s time that humans are not homogeneous with
respect to their anatomic construction ©. Rather, people some-
times cluster into distinct anatomic subtypes. It is our central
hypothesis that this is also the case for the anterior ethmoid ar-
tery. We, therefore, used a Gaussian mixture model approach to
formally elucidate the distinct subtypes of AEA morphology and
the variability within and between these subtypes. To the best
of our knowledge, this is the first example of a Gaussian mixture
model approach to illustrate clustering of anterior ethmoid and
skull base anatomy into distinct anatomic subtypes.

Anatomy of the AEA

The AEA originates from the ophthalmic artery. It then courses
between the superior oblique and medial rectus muscles to
reach the anterior ethmoidal foramen, which opens into the
lamina papyracea. This “opening”is pyramidal or funnel-shaped,
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Figure 3. The AEA is in between the bulla lamella and the basal lamella. (a-c) CTMPR images, with the green arrow pointing to the center of the “cross-

hairs,” the focal point, shared by the three orthogonal planes, along the lateral course of the artery. The white arrowhead points to the origin of the

AEA foramen. 3DSI images: (d) 3D volume viewing the axial plane from above, shows the origin of the AEA foramen as it “breaks” the lamina papy-

racea, and the course of the AEA is outlined with red arrowheads; (e) the 3D volume shows the somewhat oblique axial plane with the course of the

AEA (red arrowheads). The lateral nasal wall is shown in the sagittal perspective, revealing the relationship with the basal lamella (mustard color), and

the bulla lamella (blue).

and is well recognized on a CT coronal plane scan (Figure 1),

as well as on an artist’s representation (Figure 2), and on 3DSI
image in the axial plane (Figures 3d,4f,5d,6d).

The AEA subsequently crosses the anterior ethmoid complex

in a variable bony canal (anterior ethmoidal canal) to penetrate
the lateral lamella of the cribriform plate into the olfactory fossa.
Here, the AEA turns anteriorly and for 3 — 16 mm runs in a shal-
low groove of the lateral lamella, the so-called ethmoidal sulcus,
the site of origin of the anterior meningeal artery. The AEA then
reaches the nasal cavity through the cribriform-ethmoidal fora-
men and the lamina cribrosa. In the nasal cavity, it divides into
the anterior nasal artery and various smaller branches. During its
course along the ethmoidal sulcus, the AEA can be found intra
-as well as- extradural, with the bony sulcus thinning the lateral
lamella of the cribriform plate to 0.2mm. Thus, this area is the
thinnest and least resistant bone within the anterior skull base
219 (Figure 2).
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Methods

Imaging data

Axial CT scans were performed on a Siemens CT scanner using
0.7 mm thick slices, which yielded a volumetric image of the
maxillo-facial structures. Studies were performed without
administration of intravenous contrast material. The Multiplanar
Reconstruction (MPR) programs were performed with Cares-
tream Vue and Siemens Sygo.via software programs, which
provide a simultaneous display of axial, coronal, and sagittal
planes (Figures 3-6 a-c and Figure 4 d,e). Simultaneous display of
the intranasal/sinus anatomy, relevant to the surgeon’s planning
and execution of the FESS procedure, were available. Our study
primarily focused on the anatomy relevant for the identifica-
tion of the AEA foramen and the intra nasal and or intracranial
segment of the AEA. When necessary the Siemens Syngo.via
software program was used to provide non-orthogonal plane
reconstructions, as well as a dynamic displays of challenging
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Figure 4. The AEA merging with the bulla lamella and the basal lamella. (a-c) CTMPR images, with the green arrow pointing to the center of the “cross-

hairs,” the focal point, shared by the three orthogonal planes, along the medial course of the artery, and images (d,e) with the “cross-hairs” centered

along the lateral course of the AEA within the ethmoid sinus. The white arrowhead points to the origin of the AEA foramen, in image (d). The mustard

color outlines the basal lamella, and the blue color the bulla lamella. 3DSI images (f-k) reveal the course of the AEA (red arrowheads) from laterally to

medially. Green arrow (h), represents the opening of the frontal recess. Dashed red and green curved lines represent the hiatus semilunaris (i and j).

The course of the artery is best demonstrated from lateral to medial on the 3D image presented from the coronal point of view (k). The bulla lamella

is outlined in blue and the basal lamella is outlined in the mustard color. Note that medially (j), the artery adheres to both the bulla lamella and the

basal lamella.

anatomic detail.

To establish and confirm the relationship of the AEA with the
frontal recess, the uncinate process, the ethmoid bulla, the bulla
lamella, and the supra-bullar recess spaces, a 3DSI display of the
CT data (an advanced evolution of the Dextroscope imaging
device) was used to validate and clearly show specific anatomic
landmarks that would identify the location of the AEA, given the
correlation between the 3DSI and the endoscopic view of the
surgical site (Figures 3,5,6 d,e, and Figure 4, f-j).

An essential, key feature of our software is that it provides a 3D
stereoscopic representation of the anatomy when viewed using
a pair of electronic glasses. This enables the viewer to appreciate
the depth of a structure, just as it would naturally be perceived,
in the “real-world.” Our challenge is to create the same effect as
we display the 3D stereoscopic formatted structure onto a “flat”
surface, without the necessity for electronic glasses, in a reaso-
nably practical or economic manner. Therefore, here, the results
are presented as volume-rendered images displayed on a flat
surface, without the stereoscopic, depth-perception effect, and
therefore, the images are a “simulated” 3D display.

Source of imaging data

The evaluated imaging data was of patients who had virtually
no inflammatory disease within the nasal cavity and paranasal
sinuses, and were selected by SJZ from his routine list of cases
he was assigned to evaluate. Forty-eight patients (96 sides) were
included in this study. A retrospective study was performed on
de-identified CT data in accordance with the Johns Hopkins IRB
regulations.

Evaluation methods

Computed X-ray Tomography with Multiplanar Reconstruction

Evaluation (CTMPR)

1. MPR (axial, coronal, and sagittal) images were simultane-
ously displayed.

2. The AEA foramen was identified as it “broke” the continuity
of the lamina papyracea, on the axial and/or the coronal
plane (Figsure 3-6a, 3b,4d)

3. The crosshair that correlated the specific anatomic point
on the axial, and /or coronal and sagittal image was placed
on the AEA foramen medial to the “break” into the lamina
papyracea, and the specific anatomic point was sponta-
neously displayed on all MPR images (axial, coronal, and
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Figure 5. AEA coursing along the bulla lamella. a-c) CTMPR images in the axial, coronal, and sagittal planes with green arrow pointing to the site of

“cross-registration” of the orthogonal planes, along the medial course of the artery. White arrow represents the site of origin of the AEA foramen. 3DSI
images: (d) 3D volume viewing the axial plane from above, shows the origin of the AEA foramen as it “breaks” the lamina papyracea, and the course
of the AEA is outlined by red arrows; (e) the 3D volume shows the somewhat oblique axial plane in the course of the AEA (red arrowheads), and the

lateral nasal wall in the sagittal perspective, which revealed the relationship with the bulla lamella (blue), and the basal lamella (mustard color).

sagittal) (Figures 3a-c, and 4d,e).

Similarly, a separate evaluation was performed with the
crosshairs placed at the medial point of the AEA within
the skull base or within the anterior ethmoid. This medial
“point” was established on the axial and coronal images,
with the sagittal plane at the most medial portion of the
anterior ethmoidal artery canal within the ethmoidal
complex (Figures 4-6a-c). The following distances were
recorded: AEA to bulla lamella; AEA to basal lamella; and
bulla lamella to basal lamella (Table 1).

The axial plane was used to evaluate the angulation of the
course of the AEA within the ethmoid sinus. When the AEA
was in the skull base, the angulation within the skull base
covering the ethmoid sinus was recorded, identifying the
least and most angled course of the artery (Figures 3a, 4d,
5a, 6a).

With the sagittal plane(s) just medial to the lamina papy-
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racea at the penetration of the AEA through the foramen,
as well as at the level of the AES the following distances
were recorded: AEA to bulla lamella; AEA to basal lamella;
and bulla lamella to basal lamella (Table 1).

3D stereoscopic imaging evaluation

1.

Stereoscopic 3D images (3DSI), were subsequently used
to provide an “en block” 3D evaluation of this regional
morphology.

The 3D imaged volume was “trimmed” medial to the nasal
septum to evaluate the right and left sides separately.
Thus, the “en block volume” was then positioned with the
nose pointing anteriorly, the axial plane superiorly, and the
lateral nasal wall anatomy revealed in the sagittal plane
exposed medially. The imaging data in the axial plane was
sequentially removed (in a scrolling manner) from superi-
orly to inferiorly until the AEA foramen within the lamina
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Figure 6. AEA coursing along the basal lamella. (a-c) CTMPR images, with the green arrow pointing to the center of the “cross-hairs,” the focal point

shared by the three orthogonal planes, along the medial course of the artery. The white arrowhead points to the origin of the AEA foramen.3DSI

images: (d) 3D volume viewing the axial plane from above, shows the origin of the AEA foramen as it “breaks” the lamina papyracea, and the course

of the AEA is outlined with red arrowheads; (e) the 3D volume shows the somewhat oblique axial plane in the course of the AEA (red arrowheads).

The lateral nasal wall is shown in the sagittal perspective, which revealed the relationship with the basal lamella (mustard color), and the bulla lamella

(blue).

papyracea was revealed (Figures 3, 5, 6 d, and 4f).

With the AEA foramen revealed on the axial image, the 3D
volume was angled to expose the structures of the lateral
nasal wall from the sagittal viewpoint. The 3D volume con-
tinued to be slightly angled in the medial direction (toward
the evaluator), to maintain a view of the AEA foramen, but
with greater focus on the anatomic structures to be best
displayed within the lateral nasal wall (Figures 3, 5, 6e, and
4h,j).

A dynamic “scrolling,” from medially to laterally, into the
sagittal anatomy revealed the structures of the anterior
ethmoid, and details about the morphology of the ethmoi-
dal bulla, the bulla lamella, the uncinate process, the frontal
recess, the supra orbital recess space(s), and the intercon-
nectivity of the anterior osteo-meatal channels (OMC)
(Figures 3, 5, 6e, and 4h-j).

Attention was directed to determine the specific relati-
onships identified on the CTMPR evaluation, as detailed
above, to corroborate and clarify, as well as add to the
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previously observed results obtained from the medial- and
lateral-positioned sagittal orthogonal planes on the CTMPR
evaluation. This also provided a 3D display of the structures
directly related to the AEA, thus establishing the landmarks
associated with the AEA.

Data analysis

We analyzed our data using Stata 15 (Stata Corp LLC, College
Station, TX, USA). Our data had a bimodal distribution, so we
used a finite mixture model regression with two classes to fit our
data. We used a multinomial logistic distribution to estimate the
probabilities for the latent classes. We estimated the posterior
probability of class membership for all the data and assigned
class membership based on the optimal decision rule. To deal
with discretization of measurements that occur when measuring
distances on a pixilated graph, we added subpixel Gaussian
white noise to the measurements. This aided with the conver-
gence of our regressions.



Results

In Table 1, we list the average distances measured from the AEA
to the bulla lamella (BL), the basal lamella of the middle turbina-
te (BLMT), and the base of the skull (BS). We present both lateral
and medial measurements. Positive numbers indicate that the
structures of interest were anterior to the AEA while negative
numbers indicate that they were posterior to the artery. In the
case of the base of the skull measurements, positive numbers
signify that the skull base was superior to the artery. In the same
table, we also list the average distance measured between the
medial and lateral AEAs. For these measurements, we used the
lateral AEA as a reference and positive numbers indicate that the
medial AEA measurement point was anterior to the lateral point.
In Figure 7, we plot a sample histogram for the lateral measure-
ments, i.e., those made along the lamina papyracea, the AEA to
BL measurements, to illustrate the key feature of this data set.
This histogram is not unimodal (Hartigan’s dip test: D=0.059, p
=0.011); rather, it is bimodal with a narrow hump centered at
zero and a second wider one centered somewhere between 0.5
and 1.0 cm. The large sharp peak concentrated at zero signified
that a fair number of our measurements were zero or near-zero.
This indicates that, in a large number of subjects, the BL and AEA
were either touching or nearly touching at the anterior ethmoi-
dal foramen. The remaining data is broadly distributed. For
these subjects, the AEA was distinct and separate from the BL.
All measurements revealed this bimodal behavior, suggesting
there are two distinct varieties of human anatomy in this area -
those in whom the AEA is associated spatially with the lamella
and structures we were studying and those in whom the AEA

is separate. We formalized these observations with a Gaussian
mixture model approach.

We present the results of these regressions in Tables 2 and 3. The
finite mixture model results were used to estimate the proba-
bility of being in one of the two classes (touching or separate),
while the class response model provided the mean or mode
distance and variance of the measurements for each class. From
Table 3, we see that the average lateral AEA to BL measurement
for the touching and separate groups were 0.004 cm (-0.008-
0.001) cm, and 0.632 cm (0.540-0.725) cm, respectively, for
example. The 95% confidence intervals are shown in parenthe-
ses. The spread, i.e,, standard deviation, in the touching group
was very low, at 0.001 cm. We found the separate group spread
to be much larger, at 0.107 cm. The corresponding medial and
lateral class response regression coefficients tended to mirror
each other while the finite mixture model coefficients did not.
This implies that the average distances measured between
corresponding medial and lateral structures were similar, e.g.,
the medial and lateral AEA to BLMT coefficients were -0.819 cm
and -0.873 cm, respectively. The consequence of the unmat-
ched, finite, mixture model coefficients results in different class
membership probabilities laterally to medially. We present this
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Histogram of Lateral AEA to BL Measurements
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Figure 7. Histogram of the lateral anterior ethmoid artery (AEA) with
regard to the bulla lamella (BL) measurements (bar graph), and the esti-

mated density from a finite, mixture model regression (point plot).

data next.

We illustrate how class membership for different medial and
lateral structures relate to each other with contingency Tables
4,5, and 6. These tables show that, along the lamina papyracea,
the AEA will be associated with at least one lamella 71.4% of the
time, and that, 7.1% of the time, it will be associated with both
lamella, i.e., the AEA, BL, and BLMT fuse into one complex. Simi-
larly, with the medial measurements, we found that, in 89.8% of
our cases, the AEA was associated with at least one lamella, and
that, in 29.6% of the cases, it was associated with both lamella.
These tables also demonstrate that the AEA is more likely to be
associated with the BL than the BLMT. More specifically, the AEA
abuts the BL 72.5% medially and 46.9% laterally; while it only
touches the BLMT 46.9% medially and 31.6% laterally.

The BS contingency Table 5 tells a similar story. The chance that
the AEA was embedded in the BS both medially and laterally
was 40.8%. In 31.6% of cases, the AEA was separate from the

BS on both sides; while, in the remaining 27.5% of cases, it was
attached to the BS at one end, but not the other.

Table 6 illustrates how the probabilities that the AEA is associ-
ated with the BL and the BLMT both medially and laterally are
quite different. For example, 35.7% of the time, the AEA was as-
sociated with the BL at one end, but not the other. This pattern
holds for the BLMT, but with a slightly lower frequency of 27.5%.
In general, we found that it was more likely for an AEA that was
separate from a lamella laterally to join a lamella medially than
vice versa.

In 48.0% of subjects, the medial and lateral AEA measurement
points (anterior ethmoidal foramen and anterior ethmoidal
sulcus) existed in the same coronal plane. In the remaining
subjects, the artery ran in an oblique plane with the anterior
ethmoidal sulcus displaced, on average, 0.3 cm anterior to the
anterior ethmoidal foramen.
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Table 1. Table to raw measurements.

Standard 95% Confi-
Deviation (cm) dence Intervals
for mean (cm)

Structure Average

Distance (cm)

Lateral
Bulla Lamella 0.33 0.40 (0.26,0.42)
Basal Lamella -0.61 0.57 -(0.72,0.49)
Base of Skull 0.18 0.20 (0.13,0.22)

Medial
Bulla Lamella 0.19 0.36 (0.12,0.26)
Basal Lamella -0.46 0.54 -(0.56,0.35)
Base of Skull  0.14 0.19 (0.11,0.18)

Medial to

Lateral

AEAto AEA 0.17 0.20 (0.13,0.21)

To illustrate how well our model fit the data, we superimposed
the estimated density for our AEA to the BL model over the raw
data histogram in Figure 7. For the wide mode, there was excel-
lent agreement. It is important to appreciate that the area under
the curve is the essential measure of comparison. The histogram
bar at zero was much shorter than predicted because the base
of the bar had a relatively wide fixed interval. The remaining
data showed similar behaviors.

Discussion

In the early 1980s, Endoscopic Sinus Surgery (ESS), now referred
to as Functional Endoscopic Surgery (FESS), replaced external
approach procedures and is the treatment of choice for sinus
and nasal pathologies, as well as skull base and orbital lesions
-3 The introduction of advanced endoscopes, surgical instru-
ments, and imaging techniques, including image guidance,
aided surgery procedures and improved the safety 737, Over
the past four decades, there has been a steady increase in the
number of FESS procedures @,

Unfortunately, given the close proximity of the surgical site to
the orbit and the intracranial compartment, even though consi-
derably reduced since the early days, the FESS procedure conti-
nued to be associated with a variety of complications, including
inadvertent damage to the AEA, which resulted in intra-orbital
and intracranial bleeding and epistaxis 102",

Lund et al. reported that if the AEA is traumatized at the foramen
of the artery (at the penetration through the lamina papyracea),
this invariably results in retraction of the bleeding artery into the
orbit, and that the injury is more frequent if the artery courses in
the ethmoidal sinus below the skull base ©. Hosemann and col-
leagues concurred and stated that the likelihood of damage to

Table 2. Finite mixture model results for the lateral and medial bulla
lamella, basal lamella, and base of skull regressions and the medial to

lateral AEA regression.

Finite mixture model

Coefficient Standard 95% Confidence
error Intervals
Lateral
Bulla Lamella
Class: Touching Base
Class: Separate 0.143 0.2075 (-0.263,0.550)
Basal Lamella MT
Class: Touching Base
Class: Separate 0.828 0.227 (0.1272,0.384)
Base of Skull
Class: Touching Base
Class: Separate -0.117 0.203 (-0.515,0.281)
Medial
Bulla Lamella
Class: Touching Base
SR Concs'ta;:‘t‘ -0.961 0.226 -(-140,0.517)
Basal Lamella MT
Class: Touching Base
e Concsltzs:t‘ 0.130 0.203 (-0.268,0.528)
Base of Skull
Class: Touching Base
SR Concs'ta;:‘t‘ -0.239 0.204 (-0.639,0.162)
Medial to Lateral
AEA to AEA
Class: Touching Base
class: 4 597 0.204 (-0.303,0497)

Separate Constant

the artery increases the greater the distance from the skull base,
and if in the basal lamella “.

Since the introduction of FESS, surgeons have used CT imaging
as a “road map”to guide the surgery in this complex and varied
anatomic area ®7#), Several authors have reported the use of
coronal CT images, and subsequently, MPR images, and finally,
Image -guided Surgery (IGS) based on MPRs of the CT informa-
tion to site a variety of anatomic “landmarks” that were meant
to determine the location of the AEA, and avoid inadvertent
damage to this structure 13120 The AEA foramen is still an
established imaging landmark 2. The “standard” coronal CT
plane will accurately display the location of the AEA foramen,
as demonstrated on the coronal images within the set of MPR
displays provided with each of the cases in Figures 3-6. Howe-
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Table 3. Class response model results for the lateral and medial bulla Table 4. Contingency table for class membership, medial AEA to BL vs
lamella, the basal lamella, and the base of the skull regressions and the medial AEA to BLMT on the left and lateral AEA to BL vs lateral AEA to
medial to lateral AEA regression. BLMT on the right.

Class Response Model Medial AEA to bulla lamella vs medial AEA to basal lamella of the
middle turbinate

Value (cm) Standard 95% Confi-

Error (cm) dence Intervals Basal Lamella of the Middle
(cm) Turbinate
Lateral Bulla Lamella Separate from AEA At AEA Total
Bulla Lamella Separate from AEA 10 (10.2)%) 17(17.4)%) 27 (27.6%)
Class: Touching Constant -0.004 0.002 (-0.008,0.001) At AEA 42 (42.9%) 29 (29.6%) 71 (72.5%)
Class: Touching Variance 0.001 <0.001 (0.0001,0.0003) Total 52 (53.1%) 46 (46.9%) 98 (100%)
Class: Separate Constant  0.632 0.047 (0.540,0.725) Lateral AEA to bulla lamella vs lateral AEA to basal lamella of the
Class: Separate Variance 0.107 0.022 (0.072,0.160) middle turbinate
Basal Lamella MT Basal Lamella of the Middle
Class: Touching Constant ~ -0.002 0.004 (-0.010,0.006) Turbinate
Class: Touching Variance  0.0004 0.00017  (0.0003,0.0008) Bulla Lamella Separate from AEA At AEA Total
Class: Separate Constant -0.873 0.060 (-0.991,0.754) Separate from AEA 28 (28.6%) 24 (24.5%)  52(53.1%)
Class: Separate Variance 0.235 0.041 (0.166,0.331) At AEA 39 (39.8%) 7 (7.1%) 46 (46.9%)
Base of Skull Total 67 (68.4%) 31(31.6%) 98 (100%)
Class: Touching Constant -0.001 0.003 (-0.007,0.004)
Class: Touching Variance 0.0004 0.00008  (0.0003,0.0006)
Class: Separate Constant 0.370 0016 (0.338,0.402) plane will show the angulation of the path the artery follows in
Class: Separate Variance 0012 0.003 (0.008,0.018) the ethmoid and/or skull base, and the sagittal plane will display
Medial with accuracy, especially if one” scrolls” back and forth through
Bulla Lamella the sagittal images, the relationship between the AEA and the

. bulla lamella and/or the basal lamella of the middle turbinate.
Class: Touching

The variability of the AEA correlates with the variability of the

Constant 0.004 0.006 (-0.017,0.008)
sinuses and particularly the ethmoid anatomy. The above-men-
Class: Touching Variance 0.0028 0.0005 (0.0019,0.0039) . . .
tioned authors, as well as others, used various displays of the CT
Class: Separate Constant 0.698 0.074 (0.554,0.843) L . .
data, and cadaveric dissection information in an attempt to esta-
Class: Separate Variance 0.107 0.037 (0.054,0.212)

blish anatomic “landmarks” that would aid the endoscopic sinus

Basal L lla MT S . . S
asattametia surgeon with identification and subsequently avoid inadvertent

Class: Touching Constant 0.002 0.008 (-0.014,0.017) traumatization to the AEA.
Qe e e 0.002 0.0006 (0.001,0.004) Several authors have described intraorbital, intracranial, and
s Sepeiete Corsini: DY g BB G intraethmoid structures as potential landmarks on CT images
Class: Separate Variance  0.220 e (0.147,0.329) defining the location of the AEA. However, most of these “poten-
Base of Skull tial landmarks “preclude accurate endoscopic guidance during
Class: Touching Constant  -0.0004 0.011 (-0.022,0.021) surgery and fail to adequately identify the location of the artery
Class: Touching Variance 0.004 0.001 (0.002,0.007) 4812131421) Saveral authors describe the AEA to be between the
Class: Separate Constant 0.324 0.047 (0.231,0.417) second and third lamellae, that it may course in the skull base,
Class: Separate Variance 0.028 0.010 (0.014,0.057) or bellow skull base, and that the distance from skull base to the
Medial to Lateral artery is greater on the right side *%'2. Erdogmus et al. descri-
AEA to AEA bed the positional relationship between the AEA and the PEA
Class: Touching Constant 0.004 0.004 (-0.002,0.011) to be 10-17 mm, with a mean distance of 13mm, and that the
Class: Touching Variance  0.0004 0.0001 (0.0003,0.0007) location of the AEA is immediately posterior to the frontal recess
Class: Separate Constant 0.300 0.026 (0.250,0.351) (3 Simmen et al., however, in their cadaveric study, found that
Class: Separate Variance  0.028 0.006 (0.019,0.042) the AEA was approximately 11 mm from the posterior wall of
the frontal recess (ranging from 6-15 mm), and concluded that
ver, using this plane alone would pose difficulties in accurately the artery is found between the second and third lamellae .
identifying the lamella to which the AEA is related. The axial In our study, we found the AEA to be adhearant or lose to either
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Table 5. Confusion matrix for class membership: medial vs lateral AEA to
the base of the skull.

Medial AEA to the base of the skull vs lateral AEA to the base of
the skull

Medial Base of the Skull

Lateral Base of the  Separate from AEA At AEA Total
Skull

Separate from AEA 31 (31.6%) 15 (15.3%) 46 (46.9%)
At AEA 12 (12.2%) 40 (40.8%) 52 (53.1%)
Total 43 (43.9%) 55 (56.1%) 98 (100%)

the bulla lamella or the basal lamella of the middle turbinate,
also that the bulla lamella in the predominant instances defined
the posterior boundary of the frontal recess. Stammberger loca-
ted the AEA 1-2 mm behind the junction of the posterior wall of
frontal recess and within the adjacent anterior ethmoid air cell
@, It has been reported that the AEA is missing in 5-10% of cases
4319 1n our study, there was a single side where the AEA could
not be identified (1%).

The anatomic landmarks that were identified and reported to
be related to the AEA location are part of the skull base, orbital,
and frontal-ethmoid anatomy, and are concealed in the initial
endoscopic view, and therefore, preclude the surgeon from ac-
curately identifying the location of the AEA, and thus, introduce
the possibility of inadvertent damage.

Our aim was to establish specific anatomic landmarks definable
at the initial steps of the endoscopic-guided procedure, and
provide the surgeon with a step-by-step guide that would lead
to the AEAOur suggested approach is outlined in our methods
section and describe a step by step guide in using CT MPR as
well as 3D CTSI to identify the AEA foramen and the AE sulcus
locations as well as the relationship to ethmoid structures.

We highlight a number of analysis features. As shown in Figure 7
all of our measurements displayed a bimodal behavior with a
sharp narrow peak centered at the lamella of interest or the skull
base and a second broader peak distributed a ways away from
the reference structure. The sharp peak suggests that in many
people the location of the AEA is not randomly located. We
conjecture that the correlation between ethmoid bone anatomy
and the AEA must be driven by an embryologic development
strategy. The second portion of the histogram has some recog-
nizable structure to it, in that it is shaped like a bell curve. This
suggests that, for the remaining patients, the distance measured
between the reference structure and the AEA is highly variable;
that the most likely separation between these two structures
will be at the mode or peak of the bell curve; and that we were
less likely to measure separations smaller than or larger than the
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Table 6. Contingency table for class membership medial vs lateral AEA to
BL on the left and medial vs lateral AEA to BLMT on the right.

Medial vs lateral AEA to bulla lamella

Medial Bulla Lamella

Lateral Base of the  Separate from AEA At AEA Total
Skull

Separate from AEA 22 (22.5%) 30 (30.6%) 52 (53.1%)
At AEA 5(5.1%) 41 (41.8%) 46 (46.9%)
Total 27 (27.6%) 71 (72.5%) 98 (100%)

Medial vs lateral AEA to basal lamella of the middle turbinate

Medial Basal Lamella of MT

Lateral Base of the  Separate from AEA At AEA Total
Skull

Separate from AEA 46 (46.9%) 21 (21.4%) 67 (68.4%)
At AEA 6 (6.1%) 25 (25.5%) 31 (31.6%)
Total 52 (53.1%) 46 (46.9%) 98 (100%)

mode. This second behavior suggests the driving factors during
development maybe weakly coupled rather than causal or there
maybe multiple strategies that leading to different morpholo-
gies.

one the less, the bimodal distribution implies that there are two
distinct morphologic classes of human anatomy. Since the data
is not unimodal, unimodal analysis techniques, such as those
presented in Table 1, result in uncontrolled averages of popula-
tion subtypes, and are, therefore, difficult to apply to individual
patients. The benefit of the Gaussian mixture model approach
is that patient subtypes are automatically defined. These results
are, therefore, applicable to individuals, as long as the subtype
can be identified by the operating surgeon. The finite mixture
model results, shown in Table 2, were used to estimate the pro-
bability that an individual would fall into one of the two classes
(touching and separate). Assuming the classes can be modeled
by a normal distribution, i.e., the bimodal distribution can be
deconstructed into two normal distributions, then the class
response model, Table 3, gives us the mean or mode distance
and variance of the measurements for each class. That is, the
regression constant provides the most likely distance between
the artery and the structure of interest for the class in question.
The variance term tells us how much spread there was in our
measurements - that is, how different subjects in the class of
interest were from each other.

The anterior ethmoidal sulcus and the anterior ethmoidal fora-
men are important surgical landmarks because improper or im-
precise surgery in these locations is associated with intracranial
and orbital complications “9. To perform safe surgery, a surgeon
must have a good understanding of the local anatomy surroun-
ding these structures and must maintain orientation at all times



while operating in these locations. We present a radiographic
study of the important lamellar landmarks: the BL; the BLMT;
and the surrounding structures. Our findings have a number of
important implications for safe surgery. Our most important fin-
ding is that not all people are created in the same fashion, rather
the anatomy can be classified into two distinct varieties: those
whose anterior ethmoidal sulcus and or anterior ethmoidal
foramen are associated with a lamella and those whose AEF and
AES are separate from a lamella. To complicate matters, the la-
mella associated with the AEF can be different from the lamella
associated with the AES. In addition, unlike inferiorly in the nose,
where the BL and the BLMT tend to be distinct structures, they
can fuse superiorly in the nose, making them less specific land-
marks. This coalescence of structures is more common medially.
Surgeons unaware of this behavior may be more apt to become
disoriented once the inferior lamella have been resected. It is
our recommendation that, if skeletonization of the AEA is neces-
sary, the surgeon comprehensively familiarizes him/herself with
the AEA and surrounding lamellar structures and the variability
presented in this paper to prevent disorientation and potential
injury to these structures.

Finally, there are two key anatomic findings of this study. First,
populations of humans have at least two distinct architectural
subtypes, in our case, subjects whose AEA, i.e., AEF and AES,

are intimately associated with one or more lamellae and those
whose AEA are distinct from these structures. This is important
because studies that fail to account for this observation are
subject to confusion. The second major finding is that, within
subpopulations, human anatomic design is quite ordered. This is
reflected by the fact that our measurements were easily mode-
led by a normal distribution. This implies that the measured se-
parations have a most probable value, and that, as one exceeds
or comes closer to the expected distance, the chance of finding
the AEA decreases. The rate that this chance decreases is defined
solely by the standard deviation of the distribution. This lends
itself to a natural strategy for searching for the artery, i.e., the
search should begin where the probability to find it is highest.
We hypothesize that expert surgeons naturally learn these rules
of anatomy through experience, but sometimes have difficulty
implementing these rules due to the complexities introduced by
the mixed nature of patient populations.

Conclusions

1. The AEA is directly related to the bulla lamella or the basal
lamella.

2. Using CTMPR, if the course of the artery is carefully traced
on the axial and the coronal displays, although time-consu-
ming, and necessarily mandates the use of the MPR display,
will show the relationship of the AEA to the lamellae, and
this can be used to guide the FESS procedure, and preclude
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incursion into the artery.

3. The 3DCTSI provides an improved, more realistic, and more
intuitive anatomic display of the regional anatomy, with
improved correlation between the imaging display and the
endoscopic view, affording improved endoscopic trailing
of an, at times, convoluted course, of the anterior border of
the ethmoid bulla and the bulla lamella.

4. Inalarge number of subjects, the BL and the AEA are either
touching or nearly touching at the anterior ethmoidal fora-
men. Defining the above-described imaging landmarks of
the AEA should be a prerequisite prior to performing FESS.

5. Along the lamina papyracea, 71.4% of the time the AEA
will be associated with at least one lamella and, 7.1% of
the time it will be associated with both lamellae, i.e,, the
AEA, the BL, and BLMT will fuse into one complex. Similarly,
with our medial measurements, we found that, in 89.8% of
our cases, the AEA was associated with at least one lamella
and that, in 29.6% of cases, it will be associated with both
lamellae.

6. The AEA is more likely to be associated with the BL than
with the BLMT. More specifically, the AEA abuts the BL
72.5% medially and 46.9% laterally; while it only touches
the BLMT 46.9% medially and 31.6% laterally.

7. The chance that the AEA is embedded in the BS both
medially and laterally is 40.8%. In 31.6% of cases, the AEA is
separate from the BS on both sides; while, in the remaining
27.5% of cases, it is attached to the BS at one end, but not
the other.

8. In35.7%, the AEA was associated with the BL at one end,
but not the other. For the BLMT, this finding occurred at
a slightly lower frequency of 27.5%. We found that it was
more likely for an AEA that was separate from a lamella
laterally to join a lamella medially than vice versa.

9. In 48.0% of subjects, the medial and lateral AEA mea-
surement points were in the same coronal plane. In the
remaining subjects, the artery ran in an oblique plane with
the anterior ethmoidal sulcus, displaced, on average, 0.3 cm
anterior to the anterior ethmoidal foramen.
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