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1 | INTRODUCTION

Cervical intervertebral disc disease (IVDD) is a common
cause of neurologic dysfunction and accounts for 14%-
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Abstract

Objective: To evaluate the accuracy of ventral slot creation in canine cadavers
with a three-dimensional (3D)-printed drill guide compared to the freehand
technique.

Study design: Ex vivo study.

Sample population: Eight canine cadavers (23.4-39.8 kg).

Methods: Computed tomography (CT) data was used to create patient-specific
3D-printed surgical guides for ventral slot creation. Intervertebral sites were
randomized to undergo either a guided (n = 12) or freehand (n = 12) ventral
slot by a novice surgery resident. Postoperative CT images were used to com-
pare ventral slot dimensions, shape, and position.

Results: Free-hand ventral slots were significantly shorter than the intended
dimensions (p < .01). Dimensions of the guide-assisted ventral slots were not
statistically different from the planned dimensions (p = .88, p =.72). Use of
the guides resulted in improved accuracy for ventral slot positioning relative to
midline and slot shape (difference in coefficient of variations, 32%, and 40%,
respectively).

Conclusion: Ventral slot dimensions were more accurate when created with
the patient-specific 3D-printed guide compared to the freehand technique.
Clinical significance: Use of a 3D-printed patient specific surgical guide
improves accuracy of ventral slot creation in canine cadavers and improves surgi-
cal precision when used by a single novice surgical resident. The results of this
study support evaluation of the guides in small breed cadavers and live patients.

25% of intervertebral disc lesions in dogs.'™* Ventral slot
decompression is considered the treatment of choice for
most patients with severe cervical pain, neurologic defi-
cits, and those who fail to respond to medical manage-
ment.">>® Complications associated with ventral slot
have been reported in 9.9% of cases and include vertebral
instability and subluxation secondary to excessive slot
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width, hemorrhage from the vertebral sinus or vertebral
artery, and failure to improve neurologically.>’ A critical
component of ventral slot decompression is achieving
appropriate ventral slot dimensions and position. Ventral
slots should be centered on midline and should not
exceed 33% of the length or 50% of the width of the verte-
brae, though 33% of the width is considered ideal.>*”*

Patient-specific three-dimensional (3D)-printed guides
have been successfully used to improve surgical accuracy
for sacroiliac luxation, humeral intercondylar fissure fixa-
tion, and cervical stabilization.”™'! Based on successful out-
comes following the use of 3D-printed guides in veterinary
surgery, the primary objective of this study was to develop a
patient-specific 3D-printed guide for ventral slot creation in
dogs and to evaluate the accuracy and precision of ventral
slot dimensions created using the 3D-printed guides com-
pared to the traditional freehand technique. We hypothe-
sized that ventral slots created using the 3D-printed guides
would be more accurate and have less variability than free-
hand ventral slots. We also hypothesized that use of the
drill guides would not have a significant effect on
drilling time.

2 | MATERIALS AND METHODS

2.1 | Cadaveric specimen

Nine large breed canine cadavers weighing 23.4-39.8 kg
were used. Cadavers were obtained from regional animal
shelters. All cadavers were euthanized for reasons unre-
lated to the current study. Cadavers were stored at —20°C
and thawed at room temperature for 48-72 h prior to
imaging and ventral slot surgery. Cadavers with cervical
pathology based on CT imaging were excluded.

2.2 | Imaging and guide design

Cadavers were positioned in dorsal recumbency with the
head and neck extended. The cervical spine was imaged
using computed tomography (CT) with a 64-slice multi-
detector scanner (Toshiba Aquilion 64, Canon Medical
Systems Corporation, Otawara, Japan). Images were
obtained using a bone algorithm with a slice thickness of
1 mm and stored in DICOM format.

Using randomization software (https://www.random.
org/), intervertebral sites (C2-C3, C4-C5, and C6-C7)
from each cadaver (n = 24 sites) were randomized to
receive a freehanded ventral slot (FHVS) (n = 12) or
guide-assisted ventral slot (GAVS) (n = 12). Alternating
intervertebral spaces were chosen such that adjacent disc
spaces would not have a visible ventral slot which could

bias the resident during drilling. For the GAVS group, CT
scans were transferred to an open-source image analysis
software platform (Invesalius, version 3.1.1).

The optimal ventral slot dimensions were measured
by a single surgical resident. Ventral slot dimensions
were calculated as 33% of the vertebral width and 33% of
the vertebral length of the adjacent vertebra. A surgical
guide template was created using proprietary computer-
aided design (CAD) software (Solidworks, version SP2.1).
The guide was designed to fit to the ventral surfaces of
the adjacent vertebrae and contained a central channel
based on the calculated ventral slot dimensions. Two pin
holes were designed in the cranial and caudal aspects of
the guide to allow for placement of fixation pins in the
event tissue glue was not sufficient for stabilization of
the surgical guide on the ventral surface of the vertebra
(Figure 1). An STL file of each drill guide was created.
STL files of the drill guide and cervical spines were trans-
ferred to an open-source CAD software (Blender, version
3.6.1). The 3D guide was altered to conform to the exact
topography of the ventral aspect of the cervical vertebrae
and was centered over the dorsal aspect of the interver-
tebral disc (Figure 2). After completing the design of the
3D-drill guide, the STL file was transferred to the 3D
printer (Creality Halot Resin Printer).

2.3 | Drill guide pilot

Prior to using the surgical guide in cadavers, proof of
concept was achieved by performing guide-assisted
ventral slots on two 3D-printed cervical spinal models
based on one of the cadavers. The 3D drill guides, and
cervical spines were printed using resin (Siraya Tech
Sculpt photoreactive resin) using the Creality Halot
Sky Printer. Three guide prototypes were tested, one
with short outer walls, one with mid-height outer
walls, and one with tall outer walls, for C4-C5. The
models were taped to the operating table in dorsal
recumbency, and 3D-printed guides were glued to the
ventral surface of the spinal model using cyanoacrylate
glue. This resulted in adequate fixation of the guides to
the spinal models. A 0.035 mm Kirschner wire was cut
in half and advanced through the cranial and caudal
pin holes in the guide to document appropriate fit and
adequate fixation in the event cyanoacrylate glue was
not sufficient for guide fixation in cadavers. Ventral
slots were performed using an electric high-speed drill.
Drilling the short and mid-height walled guides
resulted in immediate destruction of the guides. A ven-
tral slot was successfully performed using the tall-
walled guide with no appreciable damage to the guide
(Figure 3).
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FIGURE 1 Surgical guide templates created using computer-
aided design (CAD) software. Two pin holes were created in the
cranial and caudal aspects to accommodate 0.035 mm Kirschner
wires for guide fixation, if required.

2.4 | Cadaver surgery

All ventral slot procedures were performed by a single
surgical resident under the direct supervision of a board-
certified surgeon. The board-certified surgeon did not
provide feedback on the appropriateness of slot location
or dimension to prevent bias. Two ventral slot procedures
were performed per session and included one free-
handed ventral slot and one guide-assisted ventral slot.

FIGURE 2 View of the drill guide over C4-C5 using computer-
aided design (CAD) software. The drill guide conforms to the
ventral aspect of the vertebrae and is centered over the dorsal
aspect of the intervertebral disc.

FIGURE 3 Completed drill-guide assisted ventral slot using a
three-dimensional (3D) printed cervical spine.

Free-handed ventral slots were performed first to prevent
biasing of the surgery resident. To prevent bias due to
natural acquisition of skill, a minimum of 7 days was
required between ventral slot sessions. Cadavers were
refrozen at —20°C between sessions.
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The cadavers were positioned in dorsal recumbency
on the operating table with the thoracic limbs pulled cau-
dally and held in place with tape. A standard approach to
the ventral cervical spine was performed in all cadavers.
Previously made ventral slots, if present, were covered
with gauze to prevent biasing of the surgery resident. For
the FHVS group, a standard ventral slot was performed
by visually estimating an appropriate slot dimension
based on the length and width of the adjacent vertebra
using a high-speed electric drill. For the GAVS group, the
3D-printed drill guide was fixed to the ventral aspect of
the vertebrae using cyanoacrylate glue applied through
the pin holes. This resulted in adequate fixation and
Kirschner wires were not used. Ventral slots were per-
formed using a high-speed electric drill within the con-
fines of the 3D-printed guides until the vertebral canal
was accessed (Figure 4). Surgical time was recorded from
the start of burring until the spinal canal was entered at
all aspects of the slot. Burr sizes and sleeves were chan-
ged intraoperatively at the discretion of the surgery resi-
dent. Time was not stopped during burr or sleeve
changes.

2.5 | Postventral slot CT and data
analysis

Postoperative CT was performed in all cadavers to
assess ventral slot morphology. Cadavers were posi-
tioned in dorsal recumbency with the head and neck
extended in an attempt to mimic preoperative position-
ing. Images were transferred to the open-source image
analysis software platform. One surgery resident made

FIGURE 4 (A) Intraoperative
drilling of a C4-C5 ventral slot using the
three-dimensional (3D) printed patient
specific drill guide. (B) Completed C4—
C5 guide-assisted ventral slot.

all measurements in triplicate and the mean value was
calculated. All measurements were linear and made in
millimeters.

2.51 | Slot dimensions

For each ventral slot, measurements were taken in the
coronal plane at the ventral aspect of the slot and dorsal
aspect of the slot. Length was measured from the most
cranial to most caudal aspect of the slot. Width was mea-
sured at the level of the caudal and cranial vertebral end-
plates (Figure 5). Comparison of realized slot dimensions
to target slot dimensions was performed using a two-
sample t-test for freehand and guide-assisted ventral
slots.

2.52 | Slot shape

For each ventral slot, measurements were taken in the
coronal plane at the ventral and dorsal aspects of the slot.
Approximate slot area was measured by multiplying slot
length by slot width. Slot shape (rectangular vs. conical)
was approximated by calculating the ratio of the area at
the ventral aspect to the area of the dorsal aspect of the
slot. A slot ratio of 1 represented a slot with the same
area at the ventral and dorsal aspects and thus a rectan-
gular shape. Slots with ratios >1 represented larger ven-
tral areas and thus a conical shape. Slots withs ratios <1
represented smaller ventral areas and thus an inverted
conical shape. Slot ratios were compared using a two-
sample t-test.
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FIGURE 5
ventral slot and (B) freehand ventral slot. Length of the ventral slot

Coronal views of (A) a C4-C5 guide-assisted

was measured from most cranial to most caudal aspect of the slot.
Width was measured at the level of the vertebral endplates.

2.5.3 | Slot divergence from midline
Measurements of slot divergence were measured in the
axial plane at the cranial aspect and caudal aspect of
the ventral slot. A linear measurement tool was used to
create a straight line through the midline of the vertebral
body, bisecting the dorsal spinous process. Slot diver-
gence angle (angle A) was measured using the formula
tan A = measurement a/measurement b, where mea-
surement a represented divergence of the center of the
slot from vertebral midline and measurement b repre-
sented depth of the ventral slot (Figure 6). Divergence
angles were compared using a two-sample ¢-test.

2.54 | Slot position

Slot position was measured in the coronal plane at the
ventral aspect of the ventral slot at the caudal and cranial
endplates. The width of bone to the left and right of the
slot were measured and the ratio was calculated. A ratio
of 1 represented a slot that was positioned on midline. A
ratio <1 represented a slot that was positioned to the left
of midline. A ratio >1 represented a slot that was posi-
tioned to the right of midline. Slot position was compared
using a two-sample t-test.

2.6 | Statistical analysis

Statistics were performed using SAS software (SAS Insti-
tute, North Carolina, USA). Normal distribution of data

FIGURE 6 Axial views used to measure slot divergence from
(A) midline of C4 for a guide-assisted ventral slot and (B) freehand
ventral slot. The blue line bisects the center of the dorsal spinous
process and vertebral body. The yellow line (measurement a)
measured the distance between the center of the ventral slot and
midline at the dorsal aspect of the slot. The red line (measurement
b) measures the depth of the ventral slot. The slot divergence angle
was measured using the formula tan A = measurement
a/measurement b. The slot divergence angles for the above ventral
slots were (A) 7.1° to the right and (B) 8.4° to the right.

was confirmed using a Shapiro-Wilk test. Surgical time
was compared between groups using a two-sample t-test.
Surgical precision related to slot position, divergence
from midline, and shape was compared using coefficient
of variation.

3 | RESULTS

3.1 | Cadaveric specimen

One cadaver was excluded due to cervical pathology
noted on preoperative CT. Eight canine cadavers were
included. Mean bodyweight was 30.4 kg (range 23-
40 kg). The age at time of euthanasia was not available;
however, all dogs were skeletally mature.

3.2 | Surgical time

There was no significant difference between surgical
time for GAVS (20.15 + 13.7 min) and FHVS (11.9
+ 4.8 min; p = .071).

3.3 | Slot dimensions

Relative and absolute ventral slot dimensions are sum-
marized in Table 1. FHVS were significantly shorter in
length at both the ventral and dorsal aspects compared to
the intended dimensions (p < .01). There was no signifi-
cant difference in FHVS width at either the ventral or
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dorsal aspect of the slot compared to the intended
dimensions (p = .592, .897, respectively). Dimensions
of the GAVS were not statistically different at either
the ventral or dorsal aspects from the intended dimen-
sions for both length (p = .722, .172, respectively), and
width (p = .875, .651, respectively). Post hoc power
analysis using parameters of slot length revealed a
power of 1.0 (100%).

3.4 | Slotshape, divergence, and position
A total of 13 of 24 ventral slots had a shape ratio >1
indicating an inverted conical shape (1.17 + 0.58).
Mean shape ratio of the GAVS was 1.12 + 0.28 which
was not significantly different from FHVS (1.23 + 0.79;
p = .636). No significant difference in divergence from
midline between GAVS (7.73 + 3.94) and FHVS (6.59
+ 3.53) was identified (p = .463). There was no bias in
direction of deviation between right (12/24) or left
(12/24). A significant difference in slot position relative
to midline was not reported for either group
(p = .235). Use of the guide reduced the coefficient of
variation for slot position from 63% to 29% (32% reduc-
tion) and slot shape from 65% to 24% (40% reduction).
Use of the guide reduced the coefficient of variation for
slot divergence from midline from 54% to 50% (4%
reduction).

4 | DISCUSSION

3D-printed patient specific surgical guides improved the
accuracy of ventral slot creation in canine cadavers,
allowing acceptance of our hypothesis. Further, the
guides resulted in improved surgical precision of a novice
surgery resident.

Achieving accurate ventral slot dimensions is essen-
tial to successful spinal cord decompression following
cervical intervertebral disc extrusion. Inaccurate slot cre-
ation can lead to several complications which may neces-
sitate additional surgical procedures, longer durations of
hospitalization, and may result in worse surgical out-
comes.>*” Use of a surgical guide to improve ventral slot
accuracy may therefore reduce surgical complications. It
is interesting to note that freehand ventral slots in this
study were significantly shorter than the intended dimen-
sions. This may be a result of inherent fear in novice sur-
gery residents to create inappropriately large ventral
slots. Use of the 3D-printed guides may therefore pro-
mote the creation of more appropriate ventral slots to
allow for adequate spinal cord decompression. Further
investigation of inherent biases in multiple surgical resi-
dents and in board-certified surgeons is warranted.

In this study, there was no significant difference in
slot position, divergence from midline, or slot shape
between freehand and guided techniques; however, use
of the guides resulted in increased surgical precision for a

TABLE 1 Relative (%) and absolute (mm) ventral slot dimensions.
Absolute
Dimensions Relative dimensions (%) dimensions (mm) p-value
Ventral length FHVS Intended 33 19.0 + 4.7 p = .002
Postoperative 23 +2.6 13.0 + 3.5
GAVS Planned 33 20.3 + 5.0 p=.72
Postoperative 32+15 19.7 + 3.2
Dorsal length FHVS Intended 33 19.0 + 4.7 p = .0003
Postoperative 20+ 1.8 11.7 + 3.3
GAVS Planned 33 20.3 + 5.0 p=.17
Postoperative 30+ 6 17.7 + 4.2
Ventral width FHVS Intended 33 54+ 0.8 p=.88
Postoperative 35+ 44 55+19
GAVS Planned 33 53+0.38 p=.59
Postoperative 32+7.0 50+ 1.8
Dorsal width FHVS Intended 33 5.4+ 0.8 p = .65
Postoperative 36 +5.3 5.7 + 2.7
GAVS Planned 33 5.3+ 0.8 p=.82
Postoperative 33 + 6.5 52+ 1.1

Abbreviations: FHVS, freehand ventral slot; GAVS, guide-assisted ventral slot.
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novice surgery resident. It is possible that use of these
surgical guides may also improve confidence and compe-
tence in surgical residents when performing these proce-
dures during their training.

The surgical guides in this study were fixed to the
ventral surface of the vertebrae using cyanoacrylate tissue
glue, thus eliminating the need for additional instrumen-
tation or implants such as k-wires or screws. Adequate
soft tissue dissection was required for appropriate guide
fit and fixation. Subjectively, the authors found applica-
tion of the guides to be easy, added minimal time to the
procedure, and did not have a significant effect on dril-
ling time. While the lateral walls of the guide were tall
enough to limit some divergence, the surgeon remains
vulnerable to deviattion from midline while using the
guide and thus must always be cognisant of the trajectory
of their burr when using the guides.

Potential disadvantages to clinical use of the 3D-
printed surgical guides include limited availability of
CAD software and 3D-printing facilities and the potential
delay from presentation to surgery to facilitate guide
design, printing, and sterilization. Fortunately, most
patients with cervical intervertebral disc extrusion pre-
sent with cervical hyperesthesia alone, which may afford
time for guide preparation.>'**?

Limitations of this study include the use of cadavers
instead of live dogs. Further, the cadavers in this study
were all >20 kg and may less accurately represent the
population of small-breed dogs who also suffer from cer-
vical intervertebral disc extrusion. Positioning of the
cadavers between CT and surgery was subject to variabil-
ity and thus may have affected slot geometry. Addition-
ally, field of view was not constant for all CT studies thus
voxel size and resolution were variable. Future studies
are needed to evaluate the development and feasibility of
use of the 3D-printed surgical guides in small breed dogs
and live patients. Additionally, the benefit of the guide
was only evaluated by a novice surgery resident. Studies
evaluating the benefit of these guides in the hands of
additional surgery residents during training and experi-
enced surgeons are warranted.

In conclusion, use of a patient specific 3D-printed sur-
gical guide improves accuracy of ventral slot creation in
canine cadavers and improved surgical precision in a
novice surgery resident.
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