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Simulated spinal durotomy repair GEE

for orthopaedic resident training:
a perfusion-based porcine cadaveric specimen
as an in vitro animal model

Chiu-Ming Chen', Fu-Huang Lin? and Jui-Jung Yang'"

Abstract

Background Training in delicate spinal dura mater suturing techniques poses significant challenges due to patient
safety and medicolegal concerns, driving the need for alternative training methods beyond traditional mentorship
models. This study aimed to introduce and validate a training model for orthopaedic residents using perfusion-based
porcine spines to simulate intraoperative durotomy and subsequent repair.

Methods Nine junior orthopaedic residents were invited to participate. Three attending orthopaedic spine surgeons
were included in the control group. Fresh porcine spines were used for the simulation, and a perfusion-based system
was implemented to replicate cerebrospinal fluid circulation and apply hydrostatic pressure to the dura. Duroto-
mies were made and mended with 6-0 prolene sutures, and the participants’ performance was assessed across six
trials for repair speed and leakage pressure. Additionally, the self-confidence levels of the residents were analyzed
before and after the training.

Results While attending surgeons showed consistent performance across trials, residents demonstrated a 70%
reduction in mean total time and a 62% increase in mean leakage pressure after training. Residents showed significant
improvements in repair speed from Trial 4 and in repair quality from Trial 3 compared with Trial 1 as the baseline. The
difference compared with attending surgeons became insignificant in repair speed from Trial 4 and in repair quality
from Trial 2, indicating that the residents’ performance approached that of the attending surgeons. Residents’ self-
confidence increased significantly from a mean pre-training score of 1.1 to a mean post-training score of 4.3.

Conclusions This simulation model, which utilizes fresh porcine spines and a perfusion-based system, is an accessi-
ble, cost-effective, and high-fidelity training method for dural repair during spinal surgery.

Keywords Cerebrospinal fluid (CSF) leakage, Spinal durotomy repair, Surgical simulation, Orthopaedic resident
training, Perfusion-based model, Porcine spine animal model
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with application of tissue glue, but large defects require
surgical repair [2]. A structured ten-step guideline, sum-
marized with the acronym “Bird Dove, MD;” provides a
comprehensive approach of dural repair: Bone removal
to expose the tear, Intradural inspection, Repositioning
extruded fibers, Dural closure, Outside patch application,
Valsalva maneuver for leak testing, Epidural pedicled
muscle flap placement, Multilayer closure, and Drainage
[3]. The consequences of a suboptimal repair that allows
persistent CSF leakage include pseudomeningocele,
headache, postoperative meningitis, myelocutaneous
fistula, nerve rootlet entrapment, wound infection and/
or dehiscence, and intracranial hemorrhage [4—6]. Dural
closure and suture repair require a considerable fine
surgical technique in a narrow space to achieve “water-
tightness”, and avoid the complication of nerve rootlet
entrapment.

Traditionally, surgical skills are acquired and developed
through a mentorship model, i.e. residents gain hands-
on experience by performing procedures on live patients
in real-time under supervision [7]. As suturing the dura
matter requires experience to avoid inadequate water-
tightness and prevent complications such as nerve rootlet
entrapment, senior surgeons may be unwilling to allow
junior surgeons to suture the dura mater due to patient
safety and medicolegal concerns [8, 9]. As such, there has
been much pressure on training institutions to develop
alternative training methods. Technique simulation with
an in vivo animal model or a human cadaveric model
can be an alternative when opportunities to learn certain
skills are not otherwise readily available [10].

In recent years, there has been a decrease in the use of
in vivo animal model simulations. This can be attributed
to an increased emphasis on animal ethical concerns, and
the high expense of live animal models [11]. A perfusion-
based simulation using a fresh human cadaver had been
proposed to recreate the conditions of CSF circulation,
and apply hydrostatic pressure to the dura mater. This
model involves the use of infusion tubes to deliver fluid
into the subdural space, replicating the in vivo CSF cir-
culation. This perfusion-based system aims to mimic the
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physiological conditions and hydrostatic pressure of the
dura in real life [12—14]. Although the use of this method
is an ideal approach, its accessibility is impeded by the
limited availability of fresh human cadavers. To overcome
this limitation, fresh animal cadavers can be used with
some modifications of this method. Various animal spine
models, including those of calf, sheep, deer, pig, and cow
have been employed for training purposes [15]. Of these
animal models, porcine specimens are frequently chosen
due to their similarities to human tissue, particularly in
terms of spine structure [16]. Moreover, porcine models
offer the highest accessibility for research purposes, pri-
marily due to their comparatively lower cost.

To develop a simulation of intraoperative durotomy,
we used fresh porcine spines as a large animal model.
Perfusion of infusion fluid into the subdural space was
used for recreation of CSF hydrostatic pressure. For the
simulation, a durotomy was made and then repaired.
The feasibility of this model was evaluated by exam-
ining orthopaedic resident’s pre- and post-training
performance improvement, and self-confidence enhance-
ment. Attending surgeons served as a control group for
comparison.

Methods

Porcine spine preparation and CSF reconstitution

Fresh 9-month-old porcine spines were obtained from
a local slaughterhouse, and consisted of the whole spi-
nal column from lumbar to coccygeal region. After
carefully removing the soft tissue and the lamina while
ensuring dural integrity, the intact thecal sac was fully
exposed (Fig. 1). The bilateral accompanying nerve
roots were ligated with a suture. A 20G catheter con-
nected to the infusion tube was inserted into the
cephalic end of the subdural space of the spinal canal,
and fixed with a suture. Physiologic hydrostatic pres-
sure of CSF was simulated through saline infusion,
with adjustments made via the altitude of the saline
reservoir. A pressure transducer (Asahi Keiki, Tokyo,
Japan) was connected in parallel to the infusion sys-
tem to record the pressure within the system at the

Fig. 1 Spinal column with exposed thecal sac
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Fig. 2 Schematic illustration of porcine spine with infusion system
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Fig. 3 a 1.5-cm dural defect for durotomy simulation (black
arrowhead). b Dural repair with suture (black arrow)

height of the spinal canal (Fig. 2). The watertightness of
the whole infusion system was checked by saline infu-
sion to exclude any leakage, thereby ensuring accurate
hydrostatic pressure measurements within the subdural
space.

Simulated durotomy and suture repair

Every two spinal segments were sequentially used as a
test unit to maximize the use of the entire specimen. A
midline 1.5-cm durotomy was made using a #15 scal-
pel blade. Monofilament 60 prolene sutures (Ethicon,
Somerville, NJ, USA) were used for repair in an inter-
rupted pattern. The sutures were placed approximately
4 mm apart, and each suture was tied using a surgeon’s
knot (Fig. 3).

Study participants

Junior orthopaedic residents (R1, R2, and R3) were
invited to participate in the study. Attending orthopaedic
spine surgeons were also included in the control group.
After receiving a brief overview from the senior author,
participants were instructed about the fundamentals of
dural repair, including instrument handling and suture
techniques. Each participant performed the simulation
six times on a new test unit.

Performance improvement and self-confidence
enhancement

The performance of each participant was evaluated based
on the speed and quality of suture repair. The speed of
repair was measured by recording the time to completion
of closure in seconds. After the completion of each suture
repair, the saline bag was elevated to increase the simu-
lated CSF pressure. Leakage pressure was defined as the
pressure at which fluid began to leak from the repaired
dural defect. Before and after completing all six repairs,
the residents were asked to rate their confidence levels
on a 5-point Likert scale, with 5 indicating very confident
and 1 indicating very unconfident in performing the pro-
cedure (Supplementary Table 1).

Statistical analysis

Friedman’s tests were used to assess the improvement of
each participant’s performance, including both the speed
and quality of suture repair between each consecutive
trial and the initial trial. The change in the self-confidence
of each resident before and after all six repairs was ana-
lyzed using the Wilcoxon signed-rank test. The difference
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in performance between the resident and attending sur-
geon groups in each trial was analyzed using the Mann—
Whitney U test. All analyses were performed using the
SPSS version 20 for Windows (IBM Corp., Armonk, NY,
USA). The level of significance was set at P=0.05.

Results

Nine orthopaedic residents and three attending sur-
geons were included in the study. The performance of
all participants and the self-confidence levels of all resi-
dents are listed in Table 1. While no significant differ-
ences in performance were observed among attending
surgeons across different trials, residents demonstrated
significant improvements in both the speed and quality
of suture repair (Fig. 4). The mean total time required for
residents to perform dural repair decreased by approxi-
mately 70% from Trial 1 ( 203.4 s) to Trial 6 ( 60.8 s).
A significant decrease in time was noted from Trial 4
onwards, persisting through Trials 5 and 6, compared
with Trial 1 as the baseline. The significant difference
in repair speed between the resident and attending sur-
geon groups diminished with consecutive trials during
training and became insignificant from Trial 4 (Fig. 4A).
There was a 62% increase in the mean leakage pressure
after dural repair from Trial 1 (mean 25.1 mmHg) to Trial
6 (40.7 mmHg). A significant elevation in leakage pres-
sure was observed starting from Trial 3 and continued
through Trials 4, 5, and 6 when compared with Trial 1
as the baseline. The significant difference in repair qual-
ity between the resident and attending surgeon groups
became insignificant from Trial 2 (Fig. 4B). Regarding

Page 4 of 8

residents’self-confidence, there was a significant increase
from a mean pre-training score of 1.1 to a mean post-
training score of 4.3 (P=0.06) (Fig. 5).

Discussion

In this study, we developed and tested a dural repair
simulation model using fresh porcine spine specimens
combined with saline perfusion to simulate CSE. A durot-
omy was made for simulation of an intraoperative dural
injury. The model allowed residents to practice suturing a
dural defect and gain experience in using the instruments
required for dural repair. The effectiveness of the model
was demonstrated by significant improvements in resi-
dent performance and self-confidence through pre- and
post-training comparisons alongside comparisons with
attending surgeons. This model does not require the use
of human tissues or live animals.

With advances in technology, virtual reality and aug-
mented reality are being used in medical education to
provide 3-dimensional (3D) computer-based surgical
simulations [7]. However, whether this type of training
translates to improved outcomes remains to be inves-
tigated. Importantly, these simulations lack the tactile
feedback which is part of an actual surgical procedure.
Although efforts have been made to incorporate tactile
feedback into simulation systems, such as simulating the
insertion of pedicle screws using haptic feedback [17],
replicating the realistic touch sensation of soft tissues like
the dura mater and the CSF within has not been achieved.
Therefore, animal or human cadaveric simulation models

Table 1 Dural repair performances across 6 trials of participants and self-confidence of residents

Participant Total Time (sec)

Leakage Pressure (mmHg)

Self-Confidence®

Trial 1 Trial2 Trial3 Trial4 Trial5 Trial6 Trial1 Trial2 Trial3 Trial4 Trial5 Trial6 Pre-training Post-training
Resident 1 150 12 98 66 68 58 35 47 52 47 42 47 1 5
Resident 2 142 105 75 59 64 49 25 29 32 30 28 29 1 4
Resident3 200 150 99 87 46 57 24 25 39 41 38 37 1 4
Resident4 336 190 115 79 95 86 27 32 38 40 42 38 1 5
Resident 5 185 125 130 86 81 66 19 27 32 36 38 40 1 5
Resident 6 191 145 106 94 77 53 26 24 37 47 41 42 1 4
Resident7 220 188 140 97 62 68 28 27 39 42 32 47 1 3
Resident8 181 140 102 66 72 54 19 26 36 41 39 47 1 4
Resident9 226 134 145 83 97 56 23 28 41 52 41 39 2 5
Average 2034 1432 1122 797 73.6 60.8 251 294 384 418 379 40.7 1.1 4.3
Attending T 101 88 76 55 67 56 38 40 42 39 42 40 n/a n/a
Attending 2 121 79 85 67 74 56 34 43 38 44 42 50 n/a n/a
Attending 3 99 76 65 55 49 52 41 45 38 42 40 39 n/a n/a
Average 107 81 753 59 63.3 54.7 377 42.7 39.3 41.7 413 43 n/a n/a

n/ano applicable
@ Based on a 5-point Likert scale: 1=no confidence; 5=high confidence
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Fig. 4 Performance improvement for dural repair among all participants over six trials. a Time to complete the task (second). b Leakage pressure
(mmHg). The dashed curve with filled circle and error bars indicates the performance of attending surgeons. The solid curve with filled square
and error bars indicates the performance of residents. An asterisk indicates significant comparisons between trial 1 and subsequential trials with P
value <0.05. A pilcrow indicates significant comparisons between residents and attending surgeons in each trial with P value <0.05
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Fig.5 Mean self-confidence score of residents for performing dural repair before and after simulation

remain necessary training methods before undertaking
actual surgical procedures.

The concept of a perfusion-based model by infusing
fluid into a tubular system to simulate physiologic hydro-
static pressure was first introduced for vascular surgery

applications. Circulation can be established through
cadaveric vessels [18], which facilitates education and
reduces the need for live experimental animals [19].
A similar application of a perfusion-based model was
developed for CSF reconstitution by infusing fluid into
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the ventricular system. A human fresh cadaveric study
demonstrated that the ventricular system can be dilated
postmortem [20]. As an extension of this approach, fluid
can be injected into the subdural space to produce hydro-
static pressure, and several models have been developed
using this method to fulfil the requirements of surgical
training. Calf spines were first used as a perfusion-based
model for performing laminectomies, and preserving the
integrity of the dura mater. 14F Foley catheter balloons
were used to occlude the proximal and distal ends of the
spinal cord, creating a closed circuit. A saline reservoir
was connected to the proximal catheter to provide adjust-
able hydrostatic pressure in the dura mater by infusing
saline. This allowed durotomy and repair to be performed
on the expanded dura mater [21, 22]. Modification of this
method was made by using a watertight tube to serve
as a dural substitute, which was placed in a sawbone to
mimic the theca sac. Human cadaveric specimens were
used to create similar perfusion-based models by inser-
tion of a 12-gauge arterial catheter in the subdural-suba-
rachnoid space to infuse fluid [12-14, 23]. Although this
novel model provides a more realistic surgical simulation
compared with animal models, the accessibility of fresh
human cadavers is limited.

It is important for simulation models to possess a high
level of reproducibility, closely resembling real surgi-
cal scenarios. The cost-effectiveness and accessibility are
equally important considerations. Porcine spines have
been commonly used as an alternative to human speci-
mens for both in vivo and in vitro experiments involving
spinal fusion and instrumentation techniques [24]. The
ready availability of porcine spines makes them a popular
choice for such experiments, especially when compared
to human cadavers, as they can be obtained from local
slaughterhouses without ethical concerns related to live
animals. Moreover, porcine spines are cost-effective, with
each specimen costing approximately $350 USD. Given
their accessibility and cost-effectiveness, we utilize fresh
porcine spines as a perfusion-based model for durotomy
simulation.

Although there have been a few studies using the
perfusion-based model for durotomy simulation, only 2
focused on its potential for surgical training. In a study
using a synthetic material as dural substitute, all the par-
ticipants demonstrated technical improvements; how-
ever, the degree of improvements was not statistically
significant. The mean time to closure of the durotomy
showed improvement in both the first (490 s) and second
(456 s) closures, as did the median leak rate (14 drip/30 s
and 7 drip/30 s in the first and second closures, respec-
tively) [25]. In another study involving human cadaveric
spines for dural repair for minimally invasive spine sur-
gery, participants demonstrated consistent improvement
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across 3 trials, with a significant reduction in closure
time between their initial and the third final trial (12 min,
7 s to 7 min, 4 s in the first and third trials, respectively;
p=0.02). All trainees achieved a robust dural closure that
withstood simulated Valsalva maneuvers. Furthermore,
participants reported a high level of model realism, and
displayed significant increases in post-procedure confi-
dence scores [14].

The results of the current study revealed differing per-
formances between residents and attending surgeons
in pre-training and post-training comparisons. While
attending surgeons did not exhibit significant improve-
ments across the different trials, the training model sig-
nificantly enhanced the repair speed and quality of the
residents. Specifically, repair speed improved signifi-
cantly from Trial 4, and repair quality improved notably
from Trial 3 compared to Trial 1. Residents achieved
performance levels comparable to those of attending sur-
geons from Trial 4 for repair speed and from Trial 2 for
repair quality. Considering all comparative results, resi-
dents were able to achieve repair speed and quality com-
parable to those of attending surgeons with proficient
dural repair skills after the fourth trial of this simula-
tion. The mean total time required for residents to per-
form dural repair decreased by approximately 70% from
Trial 1 ( 203.4 s) to Trial 6 ( 60.8 s). The efficacy is fur-
ther emphasized for residents by achieving an average
leakage pressure of 40.7 mm Hg in the final trial, falling
within the range observed in previous studies examining
dural suture repair (ranging from 13.3 to 70 mm Hg) [23,
26-28]. Moreover, there was a significant increase in the
residents’ self-confidence ratings for performing dural
repair after completing the simulation exercises. Taken
together, these findings confirm the efficacy of this simu-
lation model in improving both residents’ performance
and confidence levels.

This perfusion-based model can be extended to
enhance its utility across different training and bench-
study scenarios. Incorporating minimally invasive tubu-
lar retractors into this simulation model could enhance
its applicability for durotomy repair in minimally invasive
spine surgery [14]. Moreover, this model holds potential
for further refinement to develop surgical techniques
specifically for full-endoscopic dural repair. Additionally,
it can be used in mechanical studies to analyze hydro-
static pressure, and quantify the sealing effectiveness of
various dural repair techniques or sealants [21, 22, 29].

This study has several limitations. First, we performed
extensive decompression, including facet joint excision,
to optimize nerve root ligation for achieving watertight
closure. However, this approach may not accurately
represent real-world clinical scenarios, in which bone
excision is often limited, resulting in a narrower and
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deeper surgical field. Second, the sample size of nine
residents and three attending surgeons is limited, war-
ranting further validation with larger cohorts. Third,
although we simulated a dural defect with CSF leak-
age, our protocol could not replicate epidural bleeding,
which is a common occurrence during intraoperative
durotomy. These factors can complicate dural closure
significantly. Therefore, achieving a good simulation
performance does not guarantee similar outcomes in
clinical practice.

Nevertheless, simulation training offers benefits to
residents with less experience and confidence, allowing
them to gain cumulative surgical experience without
the risk of nerve rootlet entrapment during dural sutur-
ing. Although it cannot replace actual clinical practice,
this simulation can serve as an important preparatory
step before performing hands-on procedures. Our
study provides valuable training for spinal durotomy
repair aimed at better equipping junior surgeons to
handle real-world complexities. It may also help reduce
the mental stress caused by unexpected intraoperative
dural injuries through prior practice.

Conclusion

In this study, a novel simulation model for intraopera-
tive spinal durotomy repair using fresh porcine spines
and perfusion-based CSF reconstitution was devel-
oped. Orthopaedic residents demonstrated significant
improvements in repair speed, quality, and self-confi-
dence after six simulation trials. The model offers cost-
effective, high-fidelity training for spinal surgery.
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