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Background: Three-dimensional printing (3DP) is increasingly used to individualise surgery and may be
an effective tool for representing patient anatomy. Current literature on patient-specific anatomical models
(biomodels) for minimally invasive spinal surgery is a limited number of case series and cohort studies.
However, studies investigating 3DP in other specialties have reported multiple benefits.

Methods: This prospective study considered a series of patients (n=33) undergoing elective endoscopic
spinal surgery, including combinations of microdiscectomy (n=27), foraminotomy (n=7), and laminectomy
(n=3). These surgeries were conducted at vertebral levels ranging from L2/3 to L5/S1. The surgeon then
recorded the impact on preoperational planning, intraoperative decision-making and accelerating the
learning curve with a qualitative questionnaire.

Results: There were benefits to planning in 54.5% of cases (n=18), improved intraoperative decision-
making in 60.6% of cases (n=20). These benefits were reported more frequently earlier in the cases, with
improvements to learning reported in 60% of the first five cases and not in subsequent cases. The surgeon
commented that the biomodels were more useful on.

Conclusions: The rates of preoperative and intraoperative benefits are consistent with existing studies,
and the early benefit to the learning curve may be suitable for applications to surgical training. Additional
research is required to determine the practicality of biomodels and their impact on patient outcomes for

endoscopic spinal surgery.
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Introduction
Background

Three-dimensional printing (3DP) is an additive
manufacturing process that fabricates complex and
unique objects in layers and at lower costs than existing
manufacturing methods (1). Producing one-off objects
enables patient-specific materials, such as prosthetics, medical
implants, operative templates, and anatomical models which
further individualise surgeries (1,2). The most widespread
applications of 3DP are patient anatomical models known as
biomodels, which assist surgeons in understanding patient
anatomy (3). The field of spinal surgery stands to benefit
from biomodels as operations require understandings of
complex anatomy and increasingly utilises minimally invasive
techniques with endoscopic approaches (3). Endoscopic
spinal surgery presents unique operational challenges due
to complex anatomy with small exposure corridors, difficult
visualisation, minute working spaces, low tolerances for
error and a difficult learning curve (4). Therefore, there are
multiple challenges in endoscopic spinal surgery which may
be improved with biomodels.

One advantage of biomodels is that they represent
anatomy in a more easily understood form, which
accelerates surgical planning, intraoperative decision-
making, and surgical education. Routinely, surgical planning
is based off two-dimensional computerised tomography
(CT) and magnetic resonance imaging (MRI) scans which
are mentally constructed into three-dimensions. A biomodel
physically represents the anatomy without requiring mental
visualisation, circumventing a challenging and complex
task (2). In addition, handling a biomodel is reported to
shorten planning time through providing tactile feedback,
improving spatial awareness and by enabling simulated
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procedures with surgical equipment (5,6). Additionally,
surgeons require understandings of patient anatomy to plan
the surgical approach and trajectory of approach. For spinal
surgery, multiple approaches exist with varying advantages
and disadvantages, and a biomodel may help determine
the best choice for each patient (7). For example, surgeons
trained in interbody techniques for lumbar interbody fusion
tend to favour one technique, but biomodels may highlight
anatomical indications for another approach (7). In a
literature review, the most documented benefit of biomodels
across all fields of surgery was during preoperational
planning, such as aiding the selection of the most
appropriate equipment and helping surgeons anticipate
difficulties in the surgery (8). Of the limited spinal surgery
studies, Izatt et al. reporting vertebral anatomical details
were more visible on the biomodel in 65% of cases than
two-dimensional imaging scans and exclusively visible on
the biomodel in 11% of cases (9).

Additionally, intraoperative benefits correlated to
biomodel use within surgical planning across multiple
studies, including more efficient, shorter operations
with reduced trauma, bleeding, and overall risk to the
patient (1,10,11). A systematic review noted biomodels
correlated to 15-20% reductions in operation time in
multiple procedures and studies (1). Furthermore, several
case series reported that surgeons favoured biomodels
over conventional imaging and noted biomodels reduced
the likelihood of altering surgical plans during tumour
resection operations (12,13). The extent of benefit from
biomodels are hypothesised to increase with the anatomical
complexity of the surgery, which may explain the early
uptake of biomodels in orthopaedic, oral and maxillofacial
surgery (11). In a study of complex spinal surgeries,
biomodels reduced the operating time by an average of
22%, slightly more than those reported in other systematic
reviews. Another study of Lenke type 1 adolescent
idiopathic scoliosis correction found significantly reduced
misplacement of pedicle screws compared to cases without a
biomodel (9,14). The same benefits may apply to endoscopic
techniques, with reduced postoperative complications
in 13 patients undergoing thoracic ligamentum flavum
ossification repair (15).

However, benefits are not always present when
biomodels are used in operational planning. A review of
89 studies noted 2.24% reported increases to operation
times (n=2), 41.6% reported no changes (n=37) and 53.9%
mentioned reduced operating room time (n=48) (16).
However, the reported benefits may not translate
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Table 1 Case characteristics

Case characteristics Number
Surgery included vertebral level
L2/3 3
L3/4 9
L4/5 19
L5/S1 4
Procedure type'
Microdiscectomy 27
Foraminotomy 7
Laminectomy 3
Total 33

. some operations include multiple vertebral levels and

procedures

practically because of positive bias in research publication.
Furthermore, biomodels are reported to be most useful
in patients with complex anatomy (17). In these cases, the
disadvantages of added expense and time delay for printing
the model are less significant (17). Additionally, one study
reported reduced operation time and blood loss without
changes in patient outcomes and complication rates in a
small sample size (n=37) (18). As a range of studies report
no changes in outcomes or varying benefit depending on
case complexity, further research is required on the practical
impacts of biomodels (18,19).

Biomodels may also benefit surgical education and the
learning process for operations. All operations involve a
learning curve, and it is critical to support trainees learning
new surgical procedures as the early learning phase exposes
patients to additional risk (20,21). Biomodels of normal and
pathological anatomy may improve trainees’ knowledge of
underlying structures and abnormalities. Trainees may then
practise on the biomodel to further improve understandings
of pathological anatomy and improve their operational
competence. It is well-documented that improved learning
speed is associated with increased patient safety, reduced
complications, reduced open procedure conversions,
shorter operations, and shorter hospital stays (21). In one
study, biomodels assisted trainee surgeon education in
89% of cases and enabled simulated endoscopic spinal
surgery procedures (9). This reflects reports of improved
resident performance in surgical simulations and medical
student performance in comprehension tests when provided
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biomodels (18,19). However, 3DP is currently unable to
imitate the texture of tissue for procedural training (18,19).

Rationale and knowledge gap

In addition to planning and operational benefits, there
are reported improvements to surgical education. This is
particularly valuable in neurosurgery due to the limited
focus on endoscopy training in Australia. Contrastingly,
other specialties such as orthopaedics mandate training in
knee and shoulder arthroscopy. However, the literature
consists of minimal, low-quality studies without clear
consensus regarding the extent to which biomodels
may improve spinal surgery education, planning and
intraoperatively.

Objective

To evaluate the preoperative, intraoperative, and learning
benefits when 3DP biomodels are provided for surgical
cases. We present this article in accordance with the
STROBE reporting checklist (22) (available at https://jss.
amegroups.com/article/view/10.21037/jss-23-103/rc).

Methods
Materials

This was a prospective study of biomodels produced for
a series of elective vertebral endoscopic surgeries (n=33),
including combinations of microdiscectomy (n=27),
foraminotomy (n=7), and laminectomy (n=3). These
surgeries were conducted at vertebral levels ranging from
L2/3 to L5/S1. Patient characteristics are represented in
Table 1, and patients were selected with no eligibility criteria
if the operation was performed between February 2022 and
February 2023 at Prince of Wales Private Hospital, Sydney,
Australia. This study was conducted in accordance with
the Declaration of Helsinki (as revised in 2013). This study
was approved by the South Eastern Sydney Local Health
District Human Rights Ethics Committee (HREC) (HREC:
2021/ETHI11998) and all patients (n=33) provided consent
with no patient follow-up conducted.

The biomodel was present as a tool to understand
patient anatomy and to conduct simulated surgeries. At the
preoperative planning stage, both the biomodel and imaging
scans were available to determine the characteristics of the
surgery, such as the approach angle, incision location and
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Figure 1 Amount of aspects of preoperative planning improved by biomodel by case.

the angle of scope insertion. Each model was sterilised
for use as an intraoperative reference. The Elliquence
endoscopic system (Elliquence, Baldwin, NY, USA) was
used to access the foramen.

Biomodel production

Patient CT scans were acquired for model generation
and was limited to the patient’s pathology to minimise
radiation exposure. Following this, the CT digital imaging
and communications in medicine (DICOM) images were
reconstructed into digital three-dimensional models using
3 Matic (vs. 14.0) software (Materialise, Leuven, Belgium).
This digital model was then 3DP with stereolithography
from Form 2 clear resin (Formlabs, Somerville, MA, USA)
at a local biomodel supplier (Specifica Pty Ltd., Caringbah,
Australia). One vertebral model typically required 4 hours
to process for model production.

Data collection

After completing all procedures, the surgeon completed
a structured, qualitative post-surgical assessment
questionnaire regarding how the biomodel impacted
preoperative planning, intraoperative decision-making and
learning the operation. To reduce recall bias and selection
bias, each questionnaire was completed immediately
after the operation and all patients were invited to the
study without selection. At the conclusion of the study,
an unstructured interview recorded the surgeon’s overall

© Journal of Spine Surgery. All rights reserved.

opinion on the usefulness and effectiveness of the biomodel.

Statistical analysis

The data from the questionnaire provided the number
of cases with preoperative (n=18), intraoperative benefit
(n=20) or benefit to learning the operation (n=3), with some
cases reporting multiple categories of benefit (Figure I).
These totals were then divided by the total number of cases
(n=33) to provide the percentages of preoperative (54.5%),
intraoperative (60.6%) and operational learning (9.09%).

Results

There was a reported preoperative benefit in 54.5% of cases
(n=18), with some operations having multiple reported
benefits. The most frequent benefit was an improvement to
foraminal drill understanding (n=11). Other preoperative
benefits were improving anatomy comprehension (n=9) and
determining the angle of scope introduction (n=9), while
an improved understanding of disc herniation position
was the least reported benefit (n=7) (Table 2). Preoperative
benefits were more frequent in the first third of the cases
(n=8) than in the middle (n=6) and last thirds (n=4) (Table 3).
Additionally, more aspects of preoperative planning were
improved earlier in the cases (Figure I).

Intraoperatively, biomodels assisted decision-making in
60.6% of cases (n=20). These improvements result from
the improved planning process and the intraoperative
reference biomodel. For example, one case was assisted
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Table 2 Benefits of biomodels for all aspects of the operation

Number (N=33)

Benefit on operation

Assisted with preoperative planning in any way" 18
Foraminal drill understanding 11
Understanding patient anatomy 9
Angle of scope introduction 9
Understanding disc herniation position 7

Assisted with intraoperative decision-making 20

Assisted with the learning curve 3

', some operations reported more than one form of preoperative
benefit.

Table 3 Distribution of benefits over the cases

Preoperative Intraoperative Operation learnin
Case number P P P 9

benefits' benefits' curve benefit"
1-11 (n=11) 8 10 3
12-22 (n=11) 6 4 0
23-33 (n=11) 4 7 0

T, some cases reported no benefit or more than one type of benefit.

with the biomodel during bone exposure difficulties due
to large, sequestered bone fragments. Overall, all forms of
benefits were more frequently reported in the first third
of cases.

With regards to surgical learning, the surgeon stated
that biomodels accelerated the early learning curve of the
operation three times. However, these improvements only
occur within the first five operations in the series or 60%
for early cases. Additionally, the surgeon commented that
the biomodels were more frequently used early in the cases
and were more beneficial early as well. Overall, 75.8% of
cases reported some benefit (n=25) and a minority of cases
(n=8) recorded no benefit.

Discussion
Key findings

"This study reported preoperative and intraoperative benefits
in most cases. Similar studies of 3DP in endoscopic spinal
surgery reported more visible anatomy on the biomodel in
76% of cases (9). This figure is comparable to the finding
that the surgical planning of most cases in this study was
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improved with the biomodel (54.5%). Other systematic
reviews also note the preoperative benefits reported in this
study regarding understanding foraminal drill specifics,
angle of scope introduction, and understanding of disc
herniation position (23). Interestingly, Table 3 highlights
more benefits were reported early in the series. This trend
is consistent with the surgeon’s comments that the models
were more utilised and impactful at the beginning of the
cases.

Strengths and limitations

This study is limited to documenting pre-operative and
intraoperative benefits as post-operative outcomes for
patients was not investigated. Furthermore, one surgeon was
involved in this study, potentially introducing observer bias.

Comparison with similar vesearches

The incidence of intraoperative benefits (60.6%) does not
directly correspond to metrics of improved operation time
used in other studies. However, spinal surgery studies report
a similarly high incidence of operational time reduction (24).
For other surgical specialities, benefits of reduced operation
length and intraoperative guidance were reported in 32.9%
and 24.1% of papers within a literature review (8).

Explanations of findings

Interestingly, biomodels were more beneficial early in
the series, preoperatively and intraoperatively (Table 2
and Figure I). This trend is corroborated by the surgeon’s
comment that models were more useful early on, signifying
increased early benefit from biomodels in the cases.
Furthermore, this trend applied to improving the learning
of the operation as all benefits occurred in the first five
cases. The main components of a learning curve are
decision-making and technical factors, with endoscopic
surgeries known to have a particularly difficult learning
curve (20). This reported assistance to the early learning
curve agrees with previous studies reporting biomodels
improved the performance of surgical trainees learning
pedicle screw instrumentation technique (18,19).

Implications and actions needed

Overall, there is a significant incidence of improvements
to the operation reported preoperatively (54.5%) and
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intraoperatively (60.6%). In addition, biomodels assisted
for much of the early learning curve for a new technique
during the first five cases (60%) but not later in the series.
This supports increased use of 3DP in spinal surgery but
requires further investigation especially regarding the value
of intraoperative improvements.

Conclusions

3DP is a promising technology for spinal surgery with
documented advantages across surgical specialties. Printed
biomodels improved understandings of patient-specific
anatomy and reported benefits in this study of endoscopic
spinal surgeries. There was improved preoperative planning
and intraoperative benefits in most cases (54.5% and 60.6%,
respectively) and improved early surgical learning (60%)
for the first five procedures. Additionally, this study found
the biomodel was more beneficial in the earlier cases, and
improvements to learning the operation were only reported
in the first five procedures. This especially apparent for
improvements to the learning curve, with this trend
reflected in the comments of the spinal surgeon regarding
the study. The incidences and types of benefit are similar to
the literature, such as biomodels informing optimal scope
introduction angle. This study was limited by reporting
qualitative comments from a single surgeon. Further high-
quality research with standardised and more comprehensive
reporting of benefits and disadvantages is required. In
addition, investigation of the impacts on patient outcomes
may provide sufficient evidence to support biomodels
as a resource routinely utilised for endoscopic spinal
surgery. Furthermore, biomodels and virtual holographic
technologies may be used to improve the early phase of
surgical training for complex spinal surgeries. While this
technology is refined and increasingly adopted, further
studies are required to comprehensively assess the benefits
and disadvantages of biomodels and determine its viability
as a widespread resource.
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