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Abstract: (1) Background: Obesity poses known risks in surgery, including a prolonged operation
time and postoperative complications. Given the rising obesity rates and frequent lumbar disc
surgeries, understanding these risks is crucial. This study aims to assess the impact of obesity on
operation duration and postoperative complications in lumbar disc prolapse surgery. (2) Methods:
We retrospectively analyzed 598 patients with monosegmental disc herniation, correlating their body
mass index (BMI) as a surrogate parameter for obesity with operation time. Excluding complex
cases (multi-segmental herniations or recurrent herniations), complication rates and hospital stays
were recorded. Simulated surgeries on 3D-printed models of varying obesity levels examined
operation times and instrument suitability. (3) Results: Of these patients, 438 patients had a BMI
of <30, and 160 patients had a BMI of ≥30. Complication rates showed no significant differences
between groups. Linear regression analysis failed to establish a sole dependency of operation time
on BMI, with R2 = 0.039 for the normal-weight group (BMI < 30) and R2 = 0.059 for the obese group
(BMI ≥ 30). The simulation operations on the 3D-printed models of varying degrees of obesity
showed a significant increase in the simulated operation time with higher levels of obesity. A
geometrically inadequate set of surgical instruments was assumed to be a significant factor in the
simulated increase in operating time. (4) Conclusions: While various factors influence operation
time, obesity alone does not significantly increase it. However, simulated surgeries highlighted the
impact of obesity, particularly on instrument limitations. Understanding these complexities is vital
for optimizing surgical outcomes in obese patients.

Keywords: obesity; spinal surgery; lumbar disc herniation; 3D printing; simulation; simulated surgery

1. Introduction

Surgical access to the lumbar spine ranks third in Germany in terms of the frequency
of all operative procedures performed [1]. Concurrently, the World Health Organization
(WHO) has reported a nearly threefold increase in the prevalence of obesity since 1975 [2].
Obesity, beyond its association with comorbidities such as diabetes mellitus, hypertension,
or mental disorders like depression, is also implicated in a heightened incidence of disc
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degeneration, spinal arthritis, and lower back pain [3,4]. Collectively, these factors suggest
a potential increase in spinal surgery for obese patients in the future. While obesity alone
poses a significant risk for wound infection, increased surgical blood loss, and an extended
operative time in general surgery [5], its impact on spinal surgery remains a subject of
controversy [6]. Existing evidence indicates a prolonged surgery time in severely obese
patients with disc herniation [7], and in obese patients, the clinical benefits and outcomes of
both surgical and nonsurgical treatments for lumbar disc herniation may be diminished [8].
Conversely, some studies suggest that obesity does not necessarily predict poorer symptom
control and quality of life after lumbar disc surgery [9].

When determining the indication for surgery in patients with lumbar disc herniation
(LDH), it is important to note that, as demonstrated by Gugliotta et al. [10], surgical
intervention can lead to a faster improvement in symptoms compared to conservative
treatment. However, it is also crucial to recognize that similar treatment outcomes can be
achieved in midterm and long-term follow-ups with conservative management, thereby
avoiding the risks associated with surgery.

To substantiate the relevance of the “obesity” factor in the decision or indication for
the conservative or surgical treatment of herniated discs, this study was conducted with
the hypothesis that the body mass index (BMI), as a surrogate parameter of obesity, directly
influences operation time. Secondarily, we aimed to explore the extent to which the BMI
might impact the intra- and postoperative complication rates, as well as the length of
hospital stay for patients undergoing monosegmental disc surgery in the lumbar spine.

Recent advancements in three-dimensional (3D) printing technology have significantly
impacted various fields, including medical research and practice. The use of 3D-printed
models has proven beneficial in pre-surgical planning, education, and the development of
patient-specific implants and prosthetics [11–13]. According to recent studies, 3D printing
allows for the creation of accurate and customizable anatomical models that can enhance
the precision of surgical procedures and improve patient outcomes [14]. “Bioadditive
manufacturing” and “bioprinting” have further expanded these capabilities, enabling the
fabrication of complex biological structures and tissues, which hold promise for regenera-
tive medicine and advanced surgical training [15]. These technologies provide a versatile
and cost-effective solution for replicating complex structures and have been increasingly
integrated into clinical workflows. The evolution of 3D printing from basic prototyping
to the development of sophisticated, functional models underscores its potential in trans-
forming surgical practices and advancing personalized medicine. This study aims to assess
the application of 3D-printed models in lumbar disc surgery, exploring their utility in
simulating surgical scenarios.

Consequently, we retrospectively evaluated the operation times for patients with
monosegmental disc herniation based on their degree of obesity, considering various
factors influencing surgical time. Additionally, we conducted surgical simulations on
differently configured, MRI-based 3D-printed models to assess obesity as a potential risk
factor for lumbar disc surgery.

2. Materials and Methods
2.1. Evaluation of Obesity-Dependent Complications and Surgery Duration

Following approval from the local ethical committee (IRB S-37/2024), we conducted a
thorough screening of our institutional database to identify patients who underwent initial
monosegmental disc surgery in the lumbar spine using microsurgical techniques between
July 2016 and July 2020 at a single center for retrospective analysis. We hypothesized that an
increased BMI, as a surrogate for obesity, may be associated with an increase in operating
time. The STROBE statement for observational studies was followed.

The exclusion criteria encompassed cases of recurrent disc herniation, multi-segmental
surgery, the necessity for spondylodesis, individuals below the age of 18, and those in-
capable of providing informed consent. These exclusion criteria were designed to pin-
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point variables unrelated to the patient’s BMI that could potentially inflate or decrease
operation time.

Data extraction was performed using the ORBIS electronic patient record system (Agfa
HealthCare, Mortsel, Belgium). The gathered data encompassed patient demographics,
including gender, age, and BMI. Additionally, pre- and post-operative clinical information
such as paresis, cauda symptoms, post-operative hemorrhage, wound healing, and the
length of hospital stay after surgery were recorded. In addition, important surgical criteria
included in the analysis were the duration of the procedure in minutes, the surgical height,
the orientation of the herniated disc, whether a nucleotomy was performed, the intraopera-
tive occurrence of dura and nerve injuries, and the identity of the surgeon who performed
the procedure.

2.2. Creation of 3D-Printed Models

We systematically screened our institutional database for MRI scans of the lumbar
spines from patients who had undergone decompressive surgery for disc protrusion or
prolapse. We specifically selected four representative scans from patients with varying
BMIs and differing subcutaneous fatty tissue thicknesses (Table 1). The chosen DICOM
files were then imported into a dedicated 3D post-processing and engineering software
(3D Slicer image computing platform, Version 4.11, open-source software, provided by the
Brigham and Women’s Hospital, Boston, MA, USA) [16]. Subsequently, a semi-automatic
segmentation process was employed to delineate bones and soft tissue.

Table 1. Segment height, surgical situs depth in mm, measured from the skin surface to the center
of the intervertebral disc space, body mass index (BMI), and intraclass correlation coefficient (ICC)
derived from linear correlation analysis of the five 3D-printed surgical situs models.

Model 1 2 3 4 5

Segment LVB 4/5 LVB 4/5 LVB 4/5 LVB 4/5 LVB 5/SVB 1

Surgical Situs Depth (mm) 106 127 155 169 172
BMI (kg/m2) 32.1 32.7 52.6 44.2 44.2
ICC 0.973 0.940 0.912 0.931 0.879

LVB = lumbar vertebral body, SVB = sacral vertebral body, and ICC = intraclass correlation coefficient.

In essence, we segmented the soft tissue volume, encompassing the subcutaneous
tissue, intervertebral discs, and dural sac, along with the major bones of the lumbar spine,
including vertebral bodies, spinous processes, and joints. We then formed a hollow channel,
serving as a preformed access point to the spinal canal of the 3D model to enable the
placement of retractors and instruments.

Subsequently, a 3D file (.stl) was generated and printed using a high-resolution PolyJet-
technology 3D printer (Objet 350 Connex3, Stratasys, Rehovot, Israel). The 3D model in-
cluded both flexible components (representing soft tissue) and solid elements (representing
bones). Agilus®30, a liquid photopolymer with a proprietary composition, polymerized by
UV light-curing, was utilized for the soft tissue (density (polymerized) 1.15 g/cm3, tensile
strength 2.4–3.1 MPa, hardness (ShoreA) 30–35; Stratasys, Rehovot, Israel) and VeroWhite®

was used for the bones (density (polymerized) 1.18 g/cm3, tensile strength 50–65 MPa,
hardness (ShoreD) 83–86; Stratasys, Rehovot, Israel).

The printing resolution was set to maximum, with a layer resolution of 16 µm. Post-
printing, a meticulous cleaning process was undertaken, including the removal of the
support material. This process consistently produces 3D-printed models with a high
anatomical fidelity, exhibiting minimal spatial deviation (±120 µm) [17]. An example of
this process is depicted in Figure 1A–C.

2.3. Simulation of a Herniated Disc Operation

To assess the potential impact of obesity or surgeon-specific factors on operation
times, simulations of herniated disc surgeries were conducted using the 3D-printed models.
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A total of five different models were generated, representing four distinct patients and
accounting for variations in the depth of the situs. The key parameters are detailed in
Table 1. Notably, models 4 and 5 were constructed based on magnetic resonance images
from the same patient.

Figure 1. Cont.
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Figure 1. Three-dimensional slicer-based segmentation (A), 3D-printed model (B), and corresponding
sagittal lumbar T2-weighted MRI scan (C). The patient suffered from an intraforaminal lumbar disc
prolapse that was evident on more lateral slices, which are not presented here.

In a simulation closely mimicking real-world conditions, the models were positioned
on the operation table of the operating theatre. Alongside a KINEVO 900 surgical mi-
croscope (Karl Zeiss, Jena, Germany), the setup included both a standard microsurgical
tray designed for LDH operations and a bariatric operating tray (Aesculap, Tuttlingen,
Germany). The microsurgical tray comprised various instruments such as nerve hooks
(200 mm), Kerrison bone punches (180 mm), and grasping forceps (curved, length 150 mm;
straight, 150–200 mm). Muscle retractors (CASPAR, Aesculap, Tuttlingen, Germany; depth
40–75 mm) were also part of this tray. The bariatric operating tray featured similar tools,
including different nerve hooks (200 mm), Kerrison bone punches (200–250 mm length),
grasping forceps (curved, length 150–230 mm; straight, 150–280 mm), and muscle retractors
(CASPAR, Aesculap, Tuttlingen, Germany; depth 40–100 mm).

Ten neurosurgeons, each with substantial experience in lumbar disc prolapse surgeries,
were tasked with a series of steps during the simulation. The objective was to (1) appropri-
ately insert a suitable retractor into the models, arranged in ascending order according to
their degree of obesity, (2) aspirate a colored saline fluid with the aspirator, (3) manipulate
a small tissue fragment using the nerve hook, (4) excise a portion of it with the punch, and
(5) retrieve the excised tissue with the grasping forceps.

2.4. Questionnaire-Based Assessment of the Simulation Process

To gauge the realism of the simulation and assess the effectiveness of the available
surgical instruments, a comprehensive questionnaire was employed.

2.5. Statistics

Data were statistically analyzed using the SPSS software package (version 28.0, IBM
Corp., Armonk, NY, USA). The normality of the data was assessed using the Shapiro–Wilk
test. Data are expressed as median with interquartile range (IQR) for nonparametric data
and as mean with standard deviation for parametric data. The Mann–Whitney test for
independent and Wilcoxon signed-rank test for dependent samples were used to compare
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continuous variables, and the chi-square test was used to compare categorical variables.
One-way analysis of variance (ANOVA) was used to determine whether a relationship
existed between more than two variables. Linear regression and multivariate correlation
analyses were performed to evaluate the factors potentially influencing the operation
time in addition to BMI, and the intraclass correlation coefficient was used to determine
inter-rater reliability. A p value of <0.05 was regarded as significant.

3. Results
3.1. Evaluation of Obesity-Dependent Complications and Surgery Duration

Out of the 598 patients meeting the specified inclusion criteria, n = 438 had a BMI
less than 30, while n = 160 had a BMI of 30 or more. Among these patients, a balanced
gender distribution was observed, with n = 87 males (54%) and n = 73 females (46%). Their
demographics are shown in Table 2.

Table 2. Demographics of included patients.

All Patients (n = 598) BMI < 30 kg/m2 (n = 438) BMI > 30 kg/m2 (n = 160) p-Value

Age in years 50 (40–61) 51 (40–62) 48 (39–60) 0.143

Female gender 263 (44.0) 190 (43.4) 73 (45.6) 0.624

BMI (kg/m2) 26.9 (23.9–30.2) 25.0 (23.0–27.4) 32.8 (31.1–35.6) <0.001

Data are presented as median (IQR) or n (%); BMI = body mass index.

The incidence of intraoperative complications, including dura leakage (3.9% vs. 2.5%,
p = 0.223), post-operative hemorrhage (0.7% vs. 1.9%, p = 0.092), paresis (0.5% vs. 0.6%,
p = 0.969), and cauda equina syndrome (0.5% vs. 1.3%, p = 0.770), in relation to the degree
of obesity measured by BMI, revealed no statistically significant distinction between the
two BMI groups (<30 and ≥30). Additionally, the groups did not differ regarding the
length of hospital stay, with a median (IQR) stay of 3 (2–3) days in both groups (p = 0.326).
However, univariate analysis showed a prolonged surgery duration in patients with a BMI
of 30 or more, with median (IQR) durations of 51 (34–70) min in patients with a BMI under
30 and 60 (44–82) min in patients with a BMI of 30 or more (p < 0.001).

The consideration of additional factors that might potentially impact operation time,
including the patient’s gender, segment height, herniated disc orientation (medial, medio-
lateral, intraforaminal, extraforaminal), whether a nucleotomy was performed, duroplasty
application in cases of dura leakage, and the individual dexterity of the surgeon, revealed a
co-explanatory effect of 44% for fluctuations in operation time, alongside obesity. This was
determined by the calculation of the determination coefficient (R2). Linear regression anal-
ysis, however, failed to establish a sole dependency of operation time on BMI in either of
the two groups, with R2 = 0.039 for the normal-weight group (BMI < 30) and R2 = 0.059 for
the obese group (BMI ≥ 30).

Surgeries were performed by 13 surgeons in total and the mean individual oper-
ating times ranged from 26.9 (±10.2) to 92.9 (±27.11) minutes. A one-way ANOVA re-
vealed statistically significant differences in the mean operating times between surgeons
(F(12, 585) = [41.372], p < 0.001).

In subsequent subgroup analyses, the impacts of these individual factors were ex-
plored in conjunction with the BMI grouping. Apart from a moderate correlation (R2 = 0.338)
between BMI and operating time in surgeries for intraforaminal disc herniation among
female patients and a weak correlation between BMI and operating time in 5 out of
13 surgeons (R2 between 0.11 and 0.274), the linear regression analysis indicated that
none of the other analyzed factors significantly influenced the operating time (Table 3). The
dependency of the operation time on the surgeons did not appear to be contingent on their
individual levels of experience.
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Table 3. Linear correlation evaluation of factors potentially influencing operation time in addition to
the body mass index.

BMI < 30 BMI ≥ 30

All patients All

all
0.039

(p = 0.001;
n = 438)

0.059
(p = 0.002;
n = 160)

Age

<60
0.046

(p = 0.001;
n = 302)

0.104
(p = 0.001;
n = 117)

≥60
0.027

(p = 0.035;
n = 136)

0.008
(p = 0.057;

n = 43)

Gender

Male Age

<60
0.054

(p = 0.001;
n = 176)

0.156
(p = 0.001;

n = 66)

≥60
0.087

(p = 0.005;
n = 72)

0.11
(p = 0.141;

n = 21)

Female Age

<60
0.041

(p = 0.08;
n =126)

0.055
(p = 0.102;

n = 51)

≥60
0.01

(p = 0.792;
n = 64)

0.02
(p = 0.846;

n = 22)

Orientation

Medial/mediolateral
0.042

(p = 0.001;
n = 363)

0.05
(p = 0.01;
n = 135)

Intraforaminal
0.014

(p = 0.421;
n = 38)

0.261
(p = 0.242;

n = 7)

Extraforaminal
0.058

(p = 0.307;
n = 13)

0.12
(p = 0.447;

n = 7)

Segment

LVB 2/3
0.01

(p = 0.962;
n = 20)

0.57
(p = 0.19;

n = 9)

LVB 3/4
0.045

(p = 0.147;
n = 51)

0.062
(p = 0.29;
n = 21)

LVB 4/5
0.012

(p = 0.151;
n = 179)

0.082
(p = 0.027;

n = 70)

LVB 5/SVB 1
0.02

(p = 0.576;
n = 178)

0.043
(p = 0.127;

n = 60)

R2 values represent the determination coefficient indicating the proportion of variability in operation time
explained by the respective factor (significance parameter p; occurrence n). LVB = lumbar vertebral body and
SVB = sacral vertebral body.

3.2. Simulation of Surgeries using 3D-Printed Models

The 10 surgeons simulated the previously defined surgical steps using the provided
surgical instruments, and the individual steps and total operating times were subjected
to analysis.
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The assessment of the total time required for the surgical simulation demonstrated
a high level of interrater reliability, as indicated by the intraclass correlation coefficient
(ICC) in the comparison of the 10 surgeons. The ICC values revealed a high or very high
agreement of the required simulation time for all five models representing increasing
obesity (Table 1).

The utilization times of surgical instruments for each individual task and the total
operating times for the surgical simulation, depending on the five 3D-printed models
representing increasing obesity, are illustrated in Figure 2. While there was a certain trend
toward longer median utilization times of the instruments when performing individual sim-
ulated surgical steps with increasing adiposity models, a learning curve was apparent when
using the retractor for models with higher adiposity levels. The total time demonstrated a
significant increase with higher levels of obesity.

Figure 2. Mean surgical instrument utilization times for performing the individual tasks and total
operating times depending on 3D-printed models representing increasing obesity.

3.3. Questionnaire-Based Assessment of the Simulation Process

The interpretations of the median values from the responses given by the 10 surveyed
surgeons to the questionnaire are outlined below (Figure 3):

(A) A certain, but not too pronounced, increase in difficulty was reported toward the
models representing a higher obesity level.
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(B) The instruments were rated by the operators as ‘rather appropriate’, and, in some cases,
‘appropriate’ for carrying out the simulation tasks, even on the models representing a
higher obesity level.

(C) Although all operators stated an increased effectiveness of longer instruments in
carrying out the simulation tasks, the expected degree of increased effectiveness
varied considerably.

(D) Although the need for longer instruments for surgery on obese patients was recog-
nized, it was rated as rather moderate.

(E) The model was recognized as having a certain degree of realism, and the operators
were relatively consistent in this assessment.

(F) All surgeons agreed that the nerve hook was the least suitable option, and three out of
seven surgeons also mentioned the punch.

Figure 3. The responses to the questionnaire on the performance of the surgical simulations, showing
the median of the responses of all 10 surgeons surveyed, the minimum and maximum values
and the quartile intervals, in boxplot form with x = mean, horizontal line = median, 1st and 3rd
quartile intervals.

4. Discussion

To establish the relevance of obesity as a factor influencing the decision between
the conservative or surgical treatment of herniated discs, we conducted a retrospective
data collection correlating BMI with surgery time. Subsequently, using MRI-based 3D-
printed situs models, we aimed to evaluate the geometric and steric suitability of surgical
instruments for obese patients.

4.1. Evaluation of Obesity-Dependent Complications and Surgery Duration

Contrary to expectations, our data did not reveal a clear correlation between the
surgery time and the degree of obesity. Additionally, there was no observed correlation
between the frequency of surgery-related complications and the extent of obesity. This
indicated that obese patients did not experience significantly more complications than
non-obese patients during or after lumbar disc surgery. Notably, the influence of various
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factors on operation time could not be entirely eliminated. These included the complexity
of the case, the specific technique used, and the condition of the patient. These factors
may have contributed to the variability in the surgery times observed. Interestingly, when
analyzing the R2-values on the association between body mass index and the operative
time taken by different surgeons, there was remarkable variability in the strength of
this association. Although the overall impact of BMI on operative time was limited and
some experienced surgeons did not face significant challenges with obese patients, others
experienced a notable increase in operating time. This variability suggests that individual
surgeon experience and skill may play critical roles in the impact of obesity on surgery
duration. Experienced surgeons might be better equipped to handle the challenges posed
by obesity, leading to less variation in their surgery times. This underscores the importance
of personalized approaches and continual skill development in surgical practice. Future
research should continue to explore these dynamics to improve the surgical outcomes for
different patient populations.

4.2. Simulation using 3D-Printed Models

To further explore the isolated influence of obesity on surgery time, we utilized
3D-printed models in surgical simulations. The tasks to be performed by the surgeons
in simulating a prolapsed disc operation demonstrated a significantly longer operating
time for models representing a higher level of obesity. Additionally, the simulations
highlighted the limitations of surgical instruments, particularly in terms of geometric and
steric considerations, with shorter tools proving suboptimal.

4.3. Significance of 3D-Printed Models

The increasing importance of 3D-printed situs models in surgical simulations cannot be
overstated. Beyond our study, these models find utility in preoperative planning, providing
surgeons with a detailed understanding of patient-specific anatomy derived from CT or
MRI scans [18–21]. Furthermore, they contribute to medical education, offering a realistic
platform for training and continuing medical education [11]. In patient education and
consent processes, 3D models enhance understanding and compliance. In personalized
medicine, 3D-printed implants hold promise for optimized fitting and effectiveness tailored
to individual anatomy [22–24].

4.4. Addressing the Dilemma of Surgery for Herniated Discs

Surgery for herniated discs remains a complex decision, often presenting a dilemma,
especially when high-grade paresis is absent. Conservative approaches entail prolonged
pain symptoms, while surgery introduces inherent surgical risks. The existing literature
offers contradictory statements, reporting prolonged surgery times for severely obese
patients [7], lower clinical benefits regardless of surgical or nonsurgical treatment [8], and
conflicting findings on the impact of obesity on symptom control and quality of life after
lumbar disc surgery [9].

4.5. Limitations

Our study has inherent limitations. The retrospective data collection relied on BMI
as a surrogate for obesity, lacking consideration for individual body fat distribution. The
operation times were extracted from documentation rather than explicitly recorded. The
regression analysis failed to show any difference between groups and a propensity matched
score analysis was not attempted, as it would affect the representativeness of the cohort.
Larger cohort studies could probably provide more information and permit the identi-
fication of additional confounders. Simulation examinations, while valuable, involved
preformed 3D-printed models, and additional time expenditure related to obesity was
simulated only during retractor insertion.
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4.6. Future Research Directions

Due to the yearly increasing incidence of LDH in obese adolescents, further studies
are recommended to evaluate the optimal treatment outcome. Not only a comparison of
conservative and surgical treatment, but also a comparison of the surgical procedures with
each other.

While only open microsurgical discectomy was examined in the present study, the
results of Qu et al. from the evaluation of endoscopic lumbar discectomy in overweight
versus normal-weight patient cohorts showed a significantly longer operative time, in-
creased X-ray exposure, and longer time to ambulation, without a significant difference in
complications, with the latter in accordance with our results [25].

In addition, a more subtle differentiation of obesity grading into BMI (kg/m2) < 20
(underweight), 20–25 (normal weight), 26–30 (overweight), 31–35 (obesity grade 1), and >35
(obesity grade 2), as outlined in the German Spine Register [26], should be considered in
future studies with an adequate sample size. In order to capture the effect of the individual
or gender-specific fat distributions of patients and to predict the obesity-associated risk
more accurately, a newly defined assessment measure that approximates the extent of the
back fat layer thickness, such as the distance from the skin to the inner angle of the arcus
vertebrae, would be a variable with a significant influence on the access-related surgical
risk. Instead of a BMI-value-based evaluation, the back fat layer thickness determined in
this way would be an interesting parameter for comparing endoscopic and microsurgical
open surgical procedures in terms of the operating time in a 3D model-based simulation.

The production and evaluation of video recordings and the use of motion tracking
software during both real surgeries and simulated operations on 3D-printed models could
help to track the individual movements of different surgeons to understand the differences
in operation times more precisely [27].

4.7. Tissue Modeling Challenges

Attempting to precisely map tissue parameters in 3D, including damping, elasticity,
and viscoelastic properties, remains a significant challenge. While various tissue models
aim to describe physical behavior realistically [28], achieving accurate 3D representation
is complex.

5. Conclusions

Our study, while not conclusively resolving the debate on surgery for obese patients
with herniated lumbar disc prolapses, offers evidence that experienced surgeons may not
invariably encounter a substantial increase in operating time. For spinal centers routinely
conducting LDH surgeries in obese individuals, the establishment of a dedicated bariatric
tray emerges as a pragmatic step to optimize patient care. This conclusion underscores the
transformative impact of 3D printing in shaping surgical approaches and patient outcomes.
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