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BACKGROUNDANDOBJECTIVES: There has been a rise inminimally invasivemethods to access the intervertebral disk space
posteriorly given their decreased tissue destruction, lower blood loss, and earlier return to work. Two such options include the
percutaneous lumbar interbody fusion through the Kambin triangle and the endoscopic transfacet approach. However, without
accurate preoperative visualization, these approaches carry risks of damaging surrounding structures, especially the nerve roots.
Using novel segmentation technology, our goal was to analyze the anatomic borders and relative sizes of the safe triangle, trans-
Kambin, and the transfacet corridors to assist surgeons in planning a safe approach and determining cannula diameters.
METHODS: The areas of the safe triangle, Kambin, and transfacet corridors weremeasured using commercially available
software (BrainLab, Munich, Germany). For each approach, the exiting nerve root, traversing nerve roots, theca, disk, and
vertebrae were manually segmented on 3-dimensional T2-SPACE magnetic resonance imaging using a region-growing
algorithm. The triangles’ borders were delineated ensuring no overlap between the area and the nerves.
RESULTS: A total of 11 patients (65.4 ± 12.5 years, 33.3% female) were retrospectively reviewed. The Kambin, safe, and
transfacet corridors were measured bilaterally at the operative level. The mean area (124.1 ± 19.7 mm2 vs 83.0 ± 11.7 mm2

vs 49.5 ± 11.4 mm2) and maximum permissible cannula diameter (9.9 ± 0.7 mm vs 6.8 ± 0.5 mm vs 6.05 ± 0.7 mm) for the
transfacet triangles were significantly larger than Kambin and the traditional safe triangles, respectively (P < .001).
CONCLUSION: We identified, in 3-dimensional, the borders for the transfacet corridor: the traversing nerve root extending
inferiorly until the caudal pedicle, the thecamedially, and the exiting nerve root superiorly. These results illustrate the utility
of preoperatively segmenting anatomic landmarks, specifically the nerve roots, to help guide decision-making when
selecting the optimal operative approach.
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Over the past decade, the utility of anatomic segmentation,
whether automatic, manual, or machine learning based,
has demonstrated unparalleled potential for application in

the field of neurosurgery ranging from its diagnostic to its in-
traoperative usage. Widely applicable, segmentation research has
been used to characterize trigeminal nerves, odontogenic cysts,

ABBREVIATIONS: ENR, exiting nerve root; IAP, inferior articulating process; SAP, superior articulating process; TLIF, transforaminal lumbar interbody
fusion; TNR, traversing nerve root.
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thalamic nuclei, brain tumors, and cerebral arteries.1-7 Most notably,
there has been a surge of research interest surrounding deep seg-
mentation for brain tumors that has driven significant technological
advancement and incorporation of segmentation within the tumor
and vascular fields. For example, preoperative planning in con-
junction with 3-dimensional (3D) segmentation has allowed sur-
geons to better visualize the topographical relation of tumors to
important vessels and improve the delineation between normal and
abnormal tissues.8,9 The overarching goal of this research is to
augment certain elements of surgical planning and decision-making
with the hope of benefiting both the surgeon and patients alike.10

When examining the landscape of segmentation within spine
surgery, there is a clear delineation in the volume of segmentation
research and the scope of its usage intraoperatively. Most focus has
been placed on vertebral body segmentation and pedicle screw
placement, with studies showing that deep learning can assist both
the preoperative planning and intraoperative autonomous
placement of pedicle screws with high levels of accuracy.11 This
technology has been already used to help place pedicle screws with
the correct length, diameter, and angulation for correction sur-
gery, all calculated automatically from patient data.12,13 For
preoperative planning, there have been recent advancements in
generating 3D-printed models for interbody cages based on
segmented images of a patient’s vertebral body endplates to reduce
cage fitting time and improve radiographic correction parame-
ters.14,15 As spine surgery has advanced in conjunction with
imaging modalities, minimally invasive procedures have also
grown in popularity for their improved outcomes, smaller inci-
sions, and decreased surgical footprint. Namely, more minimally
invasive methods of lumbar interbody fusion continue to expand
as surgeons are being trained in the various approaches.16-19

One of the most common techniques for interbody fusion is
the transforaminal lumbar interbody fusion (TLIF). There are
many nuances around this technique including the increased use
of tubular retractors or endoscopic ports to decrease tissue, nerve,
and muscle retraction. In essence, there are 3 main pathways to
access the intervertebral disk during a TLIF (Figure 1).

1. Hemilaminectomy, medial facetectomy, or the traditional
pathway: This requires retraction on the exiting nerve root
(ENR) and diskectomy through the safe triangle.20,21

2. Transfacet: This uses the natural pathway between the
superior articulating process (SAP) and the inferior artic-
ulating process (IAP) to enter the disk.22,23

3. Trans-Kambin: This uses the previously described
boundaries of the Kambin triangle to enter the disk.24 This
corridor has been defined by the ENR, SAP, and the su-
perior endplate of the caudal vertebral body.

To date, the choice of which pathway to use has been mostly due
to surgeon preference and comfort. In addition, each method in-
troduces a risk for postoperative ENR injury depending on the
distance between the nerve and the facet joint, with rates having being
reported of up to 45% in the literature.25 Studies have also speculated

the safety of these minimally invasive procedures given the lack of
intraoperative visualization and apparent higher rates of ENR injuries
when compared with their open counterparts.26 With the advent of
new segmentation software, it is now possible to know the exact
dimensions of these working corridors and hence preoperatively
make an assessment of the safety of each depending on the desired
interbody dimensions, cannula sizes, and proximity to key struc-
tures.27,28 Our study’s goals were to (1) illustrate the ability of using
segmentation technology to define these 3 key anatomic corridors in
3D, (2) clearly define the borders of the transfacet approach, and (3)
compare the surgically relevant dimensions of the safe triangle,
Kambin triangle, and the transfacet corridor.

METHODS

Study Design
The authors performed a single-center retrospective review of patients

being evaluated for low back pain at a major academic research institution
from August 2021 to August 2023. Informed consent was obtained
before each procedure. Patient permission to publish deidentified data
was not necessary because this study fell under the university’s Institu-
tional Review Board’s guidelines for “exempt” patient research. Data were
collected by electronic health record review.

Kambin Triangle With ENR Segmentation
3D isotropic T2-weighted magnetic resonance imaging (MRI) sequences

acquired at 1-mm slice thickness were used during the preoperative planning

FIGURE 1. Oblique illustrations of the 3 pathways: The safe
triangle is bordered superiorly by the inferior margin of pedicle,
laterally by ENR, and anteriorly by a line drawn inferiorly from
anterior margin of pedicle. The Kambin triangle is bordered medially
by the superior articular process, superiorly by the ENR, and inferiorly
by the superior endplate of the caudal vertebral body. The transfacet
corridor is bordered medially by the thecal sac, superiorly by the ENR,
and inferiorly by the TNR extending to the caudal pedicle. ENR,
exiting nerve root; TNR, traversing nerve root.
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phase. First, the individual ENRswere identified in the axial and sagittal planes
with the Smartbrush feature in BrainLab (BrainLab) completing segmentation
based on a region-growing algorithm. Each ENR was “drawn out” bilaterally
starting from where they became individually visible in the thecal sac to as far
lateral as seen clearly on the image (Figure 2). In addition, the caudal/rostral
vertebrae, TNR, thecal sac, and disk were all segmented to obtain a clear 3D
view of the operative level. Tomaximize the cross-sectional area of the triangle,
the Align tool was used to manipulate the images in each plane (Figure 2).
BrainLab then created a 3D model of the segmented objects to help visualize
their spatial proximity to each other (Figure 3). A board-certified neurora-
diologist and neurosurgeon confirmed each segmentation. We used an ap-
proximation of the largest triangle that contained every part of the outlined
space and calculated the area using the formula: 0.5 × base x height.27 For
cannula diameter, we drew the largest circle that can be confined to the
Kambin triangle and measured its diameter. During surgery, MRI scans were
fusedwith an intraoperative computed tomography (CT) scan to help plan the
trajectory into the disk space as described in our previous work28,29 (Figure 4).

Transfacet Corridor Segmentation
Key anatomy was segmented in the same way as described above. The

Align feature was used to orient the images based on a trajectory through
the facet joint between the SAP and IAP into the disk space (Figure 5). By
segmenting the ENR and TNR, it helped ensure that we were not
overlapping the outlined corridor with any parts of the neural anatomy
(Figure 6). To measure area and cannula diameters, the same method-
ology as stated above was used.

Traditional Safe Triangle Segmentation
Key anatomy was segmented in the same way as described above. The

Align feature was again used to orient the image based on a trajectory lateral
to the facet joint to give a clear path toward the neural foramina. Based on
previous literature, the roof of the safe triangle was the inferior margin of
pedicle, the hypotenuse was the ENR, and anterior border was created by a
line drawn inferiorly from anterior boundary of pedicle.30 Because the ENR

had already been segmented, it helped ensure that we were not overlapping
the outlined corridor (Figure 3). To measure mean area and maximum
cannula diameters, the same methodology as stated above was used.

Statistics
When comparing the 3 different approaches, the 1-way analysis of

variance test was used to assess for any significant differences in mean area
of cannula diameter size. A Tukey Honestly Significant Difference test
was then used to further assess differences between each group. Values are
reported as mean ± standard deviations unless otherwise specified. Sig-
nificance was determined if P < .05 with a confidence interval of 95%.

RESULTS

A total of 11 patients (65.4 ± 12.5 years, 33.3% female, bodymass
index 27.3 ± 4.3 kg/m2) were included. Each of them underwent a
percTLIF through the Kambin triangle with the assistance of pre-
operative nerve segmentation and intraoperative MRI/CT fusion. At
the 11 operative levels, the Kambin triangle, safe triangle, and the
transfacet corridor were outlined in 3D bilaterally, resulting in a total
of 22 areas measured for each approach. The most commonly
operated level was L4-L5 (8/11), followed by L5-S1 (2/11) and L3-
L4 (1/11). The borders for the Kambin and safe triangle approaches
are what has been predefined in the literature.30 Of note, no fac-
etectomies were done, thus themedial border for the Kambin triangle
was the SAP instead of the thecal sac. To define the transfacet
approach, neurosurgeons worked in tandem with our neuroradiol-
ogists to identify the ENR above, the TNR inferomedial, the thecal
sac medially, and the caudal pedicle laterally. Based on these borders,
the areas and cannula diameters for each approach were recorded
bilaterally at the operative level for the 11 patients.

FIGURE 2. Exiting nerve root segmentation. The Smartbrush feature with its built-in region growing algorithm was used to segment out the exiting nerve roots bilaterally
(left). The Align feature was then used to mimic the intraoperative trajectory to maximize the area of each anatomic corridor, with the safe triangle being shown here (right).
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As hypothesized, the mean area (124.1 ± 19.7 mm2 vs 83.0 ±
11.7 mm2 vs 49.5 ± 11.4 mm2) and maximum permissible cannula
diameter (9.9 ± 0.7 mm vs 6.8 ± 0.5 mm vs 6.05 ± 0.7 mm) for the
transfacet triangles were significantly larger than the Kambin and the

traditional safe triangles, respectively (P < .001). In addition, based on
Turkey Honestly Significant Difference tests, each group’s mean
values differed significantly from each pairing, with the safe triangle
having the smallest area and maximum cannula diameter (Figure 7).

FIGURE 3. 3D-model using segmented objects. These segmented anatomy (left) is automatically converted to a
3D model using the software to visualize the corridors (right). 3D, 3-dimensional.

FIGURE 4. MRI/computerized tomography fusion with overlaying trajectories for each approach. A, The safe
triangle (green) is visualized with the ENR (orange) traveling inferiorly. B, The Kambin triangle (blue) is seen
with the ENR traveling superiorly.C, The transfacet approach (orange) with the ENR traveling superiorly and
the traversing nerve root (green) coursing inferiorly. ENR, exiting nerve root.

4 | VOLUME 00 | NUMBER 00 | MONTH 2023 operativeneurosurgery-online.com

TABARESTANI ET AL

© Congress of Neurological Surgeons 2023. Unauthorized reproduction of this article is prohibited.

http://www.operativeneurosurgery-online.com


The 95% CI for the mean difference in area between the transfacet
and Kambin was 28.1, 53.6; 61.8, 87.3 between the transfacet and
safe triangle; and 21.0, 46.5 between the Kambin and safe tri-
angles. The 95% CI for the maximum cannula diameter dif-
ference between the transfacet and Kambin was 2.92, 3.24; 3.65,
3.97 between the transfacet and safe triangle; and 0.57, 0.89
between the Kambin and safe triangles. The range of cannula
diameters for the safe triangle was 4.7–8.7 mm, 6–8.3 mm for the
Kambin triangle, and 8–11 mm for transfacet the approach.

DISCUSSION

With the continuing evolution of imaging modalities,
machine-based learning programs, and minimally invasive pro-
cedures, segmentation technology will undoubtedly play a
growing role in both the preoperative planning and intraoperative
execution. Therefore, our study aims to illustrate the feasibility of
using commercially available software to help redefine the way
surgeons visualize Kambin, safe triangle, and the newer transfacet

FIGURE 5. Establishing the borders of the transfacet corridor. Using the Align feature, a trajectory was made
through the facet joint. With the vertebrae removed, the disk space was easily visualized on the 3-dimensional
model. The boundaries of the approach were determined to be the exiting nerve root above, the traversing nerve
root below, the thecal sac medially, and the caudal pedicle as the furthest point laterally.

FIGURE 6. Transfacet corridor visualized in 3-dimensional. Using BrainLab’s features, objects can be hidden
and shown on command depending on which configuration is needed. These panels illustrate sequentially
removing each vertebrae, above and below, to reveal the transfacet corridor confined by the nerve roots.
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approaches. We show that segmentation not only provides a clear,
3D model to help with trajectory planning but also enables
surgeons to decide on the ideal laterality, angle, and type of
approach depending on a patient’s specific spinal landscape.
Since its coining in 1973, the Kambin triangle has been a point

of interest among minimally invasive spine surgeons.24,31 It has
become one of the most popular approaches for assessing the disk
space percutaneously, and for that reason, it has been the target of
some initial segmentation work.32Most notably, Su et al33 recently
reconstructed the Kambin triangle based on automated MRI
segmentation using a machine learning protocol. They also used
T2-SPACE MRI sequences, given its high-resolution multiplanar
reformatted images and thin slice thickness. However, these seg-
ments were not reported to have been used in surgery. Taking this
technology one step closer to the operating room, Fan et al34 used
CT images to reconstruct the Kambin triangle to help plan for
epidural spinal injections. The major limitation of their study was
the sole use of CT scans, which did not reveal the remaining soft
tissues structures as accurately as MRI.35 To build on this previous
work, we have implemented both segmentation and MRI/CT
fusion to show that when taking nerves and pathology into con-
sideration, the area of the Kambin triangle can decreased sub-
stantially leading to more pause for trans-Kambin procedures.27

Given the conglomeration of the current literature, we believe the
future of spinal segmentation lies in the field of deep based learning
and image fusion; however, it is also important to have these
segmentations done manually as a basis for comparison.35,36

Even with segmentation technology, the areas of the Kambin
triangle and the safe triangle remain the limiting factor for cage
placement in patients needing an interbody fusion.37 Anatomic
studies have shown that in more than 400 measured Kambin
triangles, only 2% were able to safely accommodate a cannula
diameter of 8 mm, which is a common size chosen by surgeons for
interbody placement.38 It has also been reported that making 3 or
more attempted passes through the Kambin triangle during a
TLIF can increase the rate of nerve root irritation.39 For this

reason, the transfacet approach was introduced as an alternative
option for patients who require larger cage dimensions or have
anatomy which makes accessing the disk space through the other
pathways more risky. First described by Khalifeh et al,23 the
proposed transfacet approach was a modification to the standard
minimally invasive TLIF for the treatment of lumbar degenerative
diseases and low-grade spondylolisthesis. However, its usage in the
literature has lagged behind its alternatives. There have been no
radiographic or 3D representations published in the literature
examining the transfacet approach as we have described in this
study. Although the transfacet approach does place the ENR
further away from the working corridor, it also brings the TNR
into the scope (Figure 8). However, the transfacet approach does
boast significant advantages compared with the traditional TLIF.
As demonstrated in our work, the maximum permissible diameter
size is significantly larger when using the transfacet approach. In
cases where more coronal or lordotic change is needed, the
transfacet approach may be more appealing than the TLIF because
it would allow larger interbody devices to be placed.22,23 Of note,
the original paper by Khalifeh et al described the transfacet ap-
proach as a bony resection of the SAP while leaving the medial
IAP, lateral SAP, and rostral pars intact to provide a working
corridor that protects the TNR and ENR. Our proposed
boundaries extend these borders superiorly to the ENR and in-
feriorly to the TNR because the use of preoperative segmentation
allows surgeons to accurately visualize the full extent of how far
they can drill the facet. That being said, although the corridor’s
borders may be larger than the one described previously, that does
not mean the whole area that we outlined needs to be removed
when operating. That decision falls on the surgeon based on the
size of their preferred interbody cage and the diameter of cannulas
needed to place them safely.
Looking forward, the applications of segmentation in spine

surgery are vast. Karandikar et al11 provide a summary of the
current literature surrounding this technology with a focus on the
diagnosis and treatment of various spine disorders ranging from

FIGURE 7. Comparing the operative approaches. The transfacet corridor had significantly larger areas compared to both the Kambin and safe triangles (left). Similarly, the
transfacet corridor had significantly larger permissible cannula diameters when compared with the other 2 approaches (right). * indicates significance of P < .05.
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deformity to trauma. Siemionow et al12 showed that neural
networks placed 99% of pedicle screws at Ravi grade 1 and
Gertzbein grade A, with no dural breaches noted. Augmented
reality headsets can allow real time 3D anatomy to be viewed
directly by the surgeon while they look at the patient instead of a
monitor.13,40-42 Although these technologies are still in their early
developmental stages like our nerve segmentation work, it is
important to note their potential in aiding surgical accuracy and
efficiency. Implementing these various modalities for the other
spinal fusion approaches, specifically the lateral interbody tech-
niques, could prove to be useful considering the high rates of
postoperative lumbosacral plexus injuries for those procedures.43-46

For example, if surgeons were able to preoperatively and intra-
operatively visualize how the plexus courses from medial to lateral,
they would have a better chance of avoiding them during dissection.

Limitations
As with any small retrospective cohort study, there are limitations.

Our small patient pool does not illustrate the wide variety of ana-
tomic variances including conjoined nerve roots, pars defects, etc.
Larger scale studies using this form of segmentation will be needed
before ultimately determining the clinical usefulness of this tech-
nique. Similarly, these segmentations were all done manually and
confirmed with both a board-certified, fellowship-trained

neurosurgeon and neuroradiologist. However, there is always room
for user bias and error when segmenting, outlining, and measuring
areas. Future work in automated segmentation may eliminate the
source of user error while also reducing the time it takes to segment
each level. For the segmentations themselves, MRI does not have the
best reliability for identifying boney structures, especially when
compared with CT imaging.47 For that reason, there is increased risk
for user error when determining the limits of the facet joint. One
option to avoid this in the future would be to use new technology,
like BoneMRI (MRIguidance), which can extrapolate CT data from
a preoperativeMRI sequence.48,49 Practically, the change in anatomy
based on patient positioning may be problematic when im-
plementing these segmentations in the operating room. To account
for this, we have used commercially available Curvature Correction
software (BrainLab) that can adjust for any positional changes after
fusing the preoperative MRI with an intraoperative scan.

CONCLUSION

Using commercially available segmentation software, we il-
lustrate the utility of preoperatively segmenting anatomic land-
marks, specifically the lumbosacral nerve roots, to help guide
clinical decision-making when selecting the optimal operative

FIGURE 8. Endoscopic view of the transfacet corridor intraoperatively. A, L4/5 facet joint after cauterizing and removing the soft tissue and muscle attachment. B, After
superficial drilling and stripping of the joint capsule with clear demarcation of the joint line (dashed line). C, After drilling into the joint and reaching the disk space, the
working channel (orange circle) can be seen with the bony boundary laterally (blue rectangle) protecting the theca and traversing nerve root. D and E, Initial diskectomy. F,
Introduction of the cage to the disk space. IAP, inferior articulating process; SAP, superior articulating process.
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approach for each patient. We identified key anatomic borders for
the novel transfacet corridor in 3D: the TNR extending until the
caudal pedicle as the base, the theca as the height, and the ENR as
the hypotenuse. When comparing the safe triangle, Kambin
triangle, and transfacet corridors, the area and maximal permis-
sible cannula diameter significantly increased in that order, re-
spectively. To improve time efficiency and cost-effectiveness, we
hope that, in the future, manual segmentations can be transi-
tioned to automated models using deep-based machine learning
algorithms.
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