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Abstract
Study Design: Retrospective cohort study.

Objectives: The learning curve associated with the implementation of minimally invasive spinal surgery (MIS) has been the center
of attention in numerous publications. So far, these studies referred to a single MIS procedure. In our view, minimally invasive
surgical skills are acquired simultaneously through a variety of procedures that share common features. The aim of this study was
to analyze the skills progression of a single surgeon implementing diverse minimally invasive techniques.

Methods: We retrospectively collected all patients who underwent spinal surgery for thoracic or lumbar pathology by a single
surgeon between 2012 and 2015 at a single institute. Both minimally invasive as well as open surgical techniques were analyzed;
these groups were compared on the basis of surgical indications and outcomes. Skills progression analysis in reference to
minimally invasive technique was performed.

Results: A total of 230 patients met the inclusion criteria for this study. MIS group included higher percentage of lumbar dis-
cectomy and the open-surgery group included higher percentage of tumor resection surgery. Learning curve evaluation
demonstrated increased surgical complexity, evaluated by number of levels treated, over the 4-year period, which corresponded
with decreased complication rates.

Discussion: A gradual increase in surgical complexity over 4 years, together with careful patient selection, enables the surgeon to
maintain the rate of complication within acceptable limits. The main challenge facing the MIS community is constructing an
education program for MIS surgeons in order to reduce the learning curve—induced complications.

Conclusion: Advancement of educational aids for MIS surgical skill improvement, including spine models, virtual and augmented
reality aids and surgical simulators may reduce the learning curve of spine surgeons.
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Introduction a single type of operation, such as MIS discectomy,** MIS lami-
nectomy,”™* MIS transforaminal lumbar interbody fusion,”® and
MIS screw placement.9 However, in our view, these studies do not
faithfully represent real-life clinical practice, since surgical skills

Over the past decade, spinal surgery is constantly shifting toward
minimally invasive procedures. In 2010, approximately 15% ofall
spine operations in the United States were performed using mini-
mally invasive surgical (MIS) technique. Within 6 years, that
number has doubled, and it is expected that by 2020 more than
50% of all spine operations in the United States would be per-
formed in a minimally invasive approach.! This trend is partly zTeI'.A viv University, Tel-Aviv, lsral . .

. . AR ; Rabin Medical Center, Petach Tikva, affiliated to Sackler Medical School,
explained by a wider range of indications that are now considered Tl Aviv University, Tel-Aviv, Israel
operable by MIS technique, and by the increasing number of sur-  * Galilee Medical Center, Nahariya, Israel
geons who have begun implementing spine MIS in their clinical .
P ractice. Since t},le, i,ntegration Of minimally invasiv§ technique sR:21::1rllz|ezisr'l;’e:?nDd;::agrt’?:::r::(ZJ.;’:Neurosurgery, Sheba Medical Center, Ramat-Gan,
involves the acquisition of new skills, a learning curve is expected. 5767 |srael.
To date, numerous publications have portrayed learning curves for  Email: ran.harel@sheba.health.gov.il
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are acquired simultaneously through a variety of MIS procedures
that share common features, such as minimal exposure, identifi-
cation of anatomical landmarks in a limited surgical field and
development of microsurgery skills. The aim of this study was
to analyze the skills progression of a single surgeon during the
initial 4 years of implementing diverse minimally invasive tech-
niques for the treatment of various spinal pathologies.

Materials and Methods

After obtaining the institution’s review board approval, we
retrospectively collected patients who underwent spinal sur-
gery for thoracic or lumbar pathology by a single senior neu-
rosurgeon (RH) between 2012 and 2015 at the Department of
Neurosurgery, Sheba Medical Center. Minimally invasive
approach surgery was initiated in our department in 2012. The
surgeon’s training in minimally invasive technique until 2012
was based on a 2-year general spine surgery fellowship that
included only limited exposure to MIS approaches. Throughout
the analyzed period, the decision on MIS versus open approach
was determined according to surgeon’s discretion. Surgical
goals included discectomy, decompression (laminectomy,
laminotomy and foraminotomy), instrumented stabilization,
fusion and tumor resection. MIS discectomies, laminectomies,
and foraminotomies were performed under microscopic vision
using the METRx System (Medtronic, Minneapolis, MN,
USA).'® MIS transforaminal lumbar interbody fusion proce-
dure was performed utilizing expandable X-TUBE retractor for
facetectomy and bilateral laminectomy, and instrumented
fusion with Cresent PEEK (polyetherether ketone) cage and
Sextant percutaneous screws (Medtronic, Minneapolis, MN,
USA)."' MIS tumor resection procedure was performed utiliz-
ing expandable X-TUBE retractor for trans-pedicular
approach, hemicorpectomy, and instrumentation with
longitude-FNS screws and PMMA (polymethylmethacrylate)
augmentation into the vertebral bodies (Medtronic, Minneapo-
lis, MN, USA).'? Lateral trans-psoas approach was performed
with XLIF (extreme lateral interbody fusion) retractor, electro-
physiologic monitor, cages, and lateral screws and plates (Nuva-
sive, San Diego, CA, USA). Full surgical descriptions are
beyond the scope of this article and are detailed in previously
published literature. Preoperative data was acquired by review-
ing records of admission files. Radiographic evaluation prior to
operation was based on all available imaging modalities. Patient
records were analyzed retrospectively and compared for demo-
graphics, preoperative clinical status, surgical goals, surgical
technique, postoperative complications, and clinical outcome.

Skills progression analysis in reference to minimally inva-
sive technique was performed by dividing the MIS cohort into
4 chronological groups; each group was analyzed separately for
complication rate and clinical outcome. In addition, the pro-
portion of operations involving multiple spinal levels (as
opposed to single-level disease) was assessed. We thus aimed
to plot a learning curve associated with MIS technique in view
of the growing complexity of the procedures and the expanding
experience of the surgeon.

1023
Table. |. Patients’ Demographic Data.
Open Surgery,
MIS, Absolute Absolute
Number (%) Number (%) P
N 115 (50) 115 (50) N/A
Age, years, mean + SD 547 + 16.1 57.0 + 143 254
Sex
Male 63 (54.8) 61 (53.0) 791
Female 52 (45.2) 54 (47.0)
ASA score
| 53 (46.1) 52 (45.2) .966
Il 30 (26.1) 33 (28.7)
1l 18 (15.7) 16 (13.9)
v 14 (12.2) 14 (12.2)
Diabetes mellitus 25 (21.7) 22 (19.1) .624
Hypertension 45 (39.1) 36 (31.3) 214
Ischemic heart disease 8 (7.0 10 (8.7) 623

Abbreviations: MIS, minimally invasive surgery; N/A, not applicable; ASA,
American Society of Anesthesiologists.

Statistical Analysis

Data is expressed as mean + SD for parametric variables and
frequencies, and percentages for nonparametric variables. Uni-
variate analysis was performed using independent Student’s ¢
test /chi-square test/Fisher’s exact test (where appropriate) to
identify significant variables (P < .05). Multivariate analysis
was performed using forward stepwise logistic regression in
order to control for potential confounders and to determine
independent predictors for major, minor, and total complica-
tions in each of the surgical techniques. Potential confounders
included age, gender, chronic diseases, American Society of
Anesthesiologists score, symptoms/signs at presentation, indi-
cation for surgery, goal of surgery, spinal level of surgery,
number of operated levels, and surgeon’s experience. In this
model, highly intercorrelated independent variables (» > 0.7)
were avoided. Odds ratios (OR) and 95% confidence intervals
(95% CI) were calculated. Methods were performed using
SPSS v.22 software (IBM Corp, Armonk, NY, USA).

Results

Patient Population

A total of 230 patients met the inclusion criteria for this study;
115 in each group. Population characteristics and demo-
graphics are displayed in Table 1. There were no significant
differences in age, gender, and comorbidities between the
groups. Patients’ presenting symptoms are displayed as well.
The proportion of thoracic myelopathic patients was signifi-
cantly higher in the open-surgery group compared with the MIS
group (34.8% and 5.2%, respectively, P < .001).

Operative Features and Patient Selection

The distribution of surgical goals within each group is
displayed in Table 2. The rate of discectomy operations was
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Table 2. Preoperative Symptoms, Operative Goals, and Spinal Levels.

Open Surgery,
Absolute
Number (%) P

MIS, Absolute
Number (%)

Preoperative symptoms

significantly higher in the MIS group compared with the
open-surgery group (27.8% and 4.3%, respectively, P < .001).
Tumor resections and instrumented stabilization procedures
were more prevalent in the open surgery group. The number
of treated spinal segments and their levels are summarized in
Table 2. In the open-surgery group, 2.3 average spinal levels

E/Iadilcprhathy 82 (272'6) iz (gi'g) <gg? were treated, compared with 1.3 spinal levels in the MIS group
o .- § 4'6.?3) » 560:9; 080 (P<.001). Estimated blood loss (EBL) was 340 + 589 mL for
Neurogenic claudication 40 (34.8) 42 (512) 783 open surgery compared with 40 + 169 mL for minimal invasive
Surgical goals surgery (P <.001).
Decompression 35 (30.4) 27 (23.5) 235
Stabilization 29 (25.2 45 (39 .024 PO
Discectomy 32 §27.8; 5 54.3)) <01 Complications
Tumor resection 19 (16.5) 38 (33) 004  Overall postoperative complication rate was 26.1% for the
Number of levels, mean 131 23| <00l open-surgery group compared with 14.8% for the MIS group
; ::z::s g ; ggg; ig ggz; <00l (p — 03). Univariate analysis of complications is displayed in
>3 levels ) (|_7') 40 (35:” Fig}lres 1 anq 2..Mu1tivariat.e analysis revealed .the following
Thoracic 1 (9.6) 40 (34.8) <002 Variables as significant predictors for postoperative complica-
Lumbar 101 (87.8) 74 (64.3) tions: diabetes mellitus (P < .005; OR 4.19, CI 1.89-9.30),
myelopathy (P =.001; OR 4.27, CI 1.87-9.77), and instrumen-
Abbreviation: MIS, minimally invasive surgery. ted stabilization surgeries (P = .006; OR 2.72, CI 1.33-5.56).
20.00% 21 (18.3%)
18.00% MIS B Open
16.00%
14.00%
12.00% 13 (11.3%)
10.00% 0(8.7%)
8.00% ol 8 (7.0%)
6.00% 5 (4 3%
4.00% 3 (2 6%
2.00% 1 (0.9%)
0.00%
Infections CSF Leak = Revision operations Dural tear

Figure |. Minimally invasive surgery (MIS) versus open postoperative complications. Rate of postoperative infections, cerebrospinal fluid (CSF)
leaks, revision operations, and witnessed dural tears over time; univariate analysis. *Statistically significant (P < .005).
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Figure 2. Minimally invasive surgery (MIS) versus open postoperative complications, overall analysis (univariate analysis). Minor complications
included urinary tract infection (UTI), pneumonia, neurological deterioration to a minor extent, cerebrospinal fluid (CSF) leak that resolved
without revision surgery, superficial wound infection, need for postoperative inhalations of steroids and bronchodilators. Major complications
included death, score drop on ASIA (American Spinal Injury Association) impairment scale, postoperative revision surgery, deep wound
infection, meningitis, operated epidural hematoma, prolonged ventilation. *Statistically significant (P < .005).
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Table 3. Outcomes.

Open Surgery,
Absolute
Number (%) P

MIS, Absolute
Number (%)

Neurologic outcome

Improved 57 (54.8) 54 (49.5) 470
Stable 38 (36.5) 40 (36.7)
Deteriorated 9 (8.7) 15 (13.8)

Length of admission, days, 29 + 32 7.1 + 62 <.00I
mean + SD

Estimated blood loss, mL, 39.1 + 169.5 339.1 + 589.9 <.0001
mean + SD

Discharged to home 104 (92) 82 (73.2) .002

Follow-up period, months, 62 + 10.1 80 + 95 017

mean + SD

Abbreviation: MIS, minimally invasive surgery.

0% 2% f Tk

012 2013 2014 2015
—2 Levels Percentage (MIS) = ASIA Improvement (MIS) === Complications (MIS)

Figure 3. Minimally invasive skills analysis over time. Surgical learning
curve demonstrating the surgeon’s skills progression over a 4-year
period. Rate of operations involving 2 spinal levels, rate of patients who
improved by at least | ASIA (American Spinal Injury Association) score
following surgery, and rate of overall complications are presented.

Outcome

Table 3 presents the various postoperative outcomes. The
symptomatic change (improvement/deterioration) was not sig-
nificantly different between the groups (P = .47). Average
postoperative stay at the hospital following open surgery was
7.1 days compared with 2.9 days following MIS (P < .001).

Learning Curve

Learning curve was initially evaluated by inspecting surgical
complexity of cases in itself. Figure 3 demonstrates the gradual
increase in 2-level surgeries over the first 2-year period. While
surgical complexity is on the rise, complication level decreases.
Over the third year, frequency of 2-level surgeries increased to
61% of cases with a slight rise of complication rate. During the
fourth study year, the rate of 2-level surgeries was reduced to
25% with further reduction of complication rates.

Discussion

Despite numerous previous publications of learning curves asso-
ciated with minimally invasive spinal surgery, what constitutes an

acceptable learning curve has not been agreed upon as yet. 1313

Epstein, '® for instance, proposed a slightly vague definition: “the
number of cases required to become proficient for performing
various MIS spinal procedures.” A review of recent literature
reveals that authors include different parameters in their learning
curve analyses. Doherty et al® included measurements of EBL,
fluoroscopy time, and length of postoperative stay in their anal-
ysis. Silva etal'® emphasized the gradual decrease over time in the
duration of surgery. Staartjes et al'* recently published the learn-
ing curve for microdiscectomy at its later stages and measured the
rate of disc reherniation as an indicator of skills progression. The
purpose of our analysis is to describe the learning curve of versa-
tile MIS surgeries with increasing complexity by a single surgeon.
We will propose that this learning curve can be reproduced by
others and hence should be the base for constructing education
programs for surgeons performing MIS.

In the current study the MIS patient group had similar risk
factors to those found in the control open group; yet the number
of treated levels and their pathologies were significantly different
between the two groups. That difference is derived from the meti-
culous patient selection for MIS procedures and explains the insig-
nificant impact of MIS surgery on complication rate once
multivariable analysis is performed. As described in other articles
regarding MIS surgery, a significant reduction can be witnessed
on EBL and length of stay. Figure 3 demonstrates an initial steep
decline in complications followed by a plateau of approximately
8% to 16% of overall complication rate, despite the trend toward
an increment in the complexity of the procedures that is demon-
strated by the increase in the rate of 2-level operations. Impor-
tantly, a continuing increase in the percentage of patients who
improved neurologically is seen throughout the curve. The sharp
rise in 2-level surgeries over the third year followed by a decrease
in the fourth year might represent the pendulum swing in favor of
new technologies followed by the back swing after evaluation of
the technology limitation. Our interpretation of the data is that a
gradual increase in surgical complexity over 4 years, together with
careful patient selection, enables the surgeon to maintain the rate
of complication within acceptable limits. Possible interpretations
of the rapid increase of 2 levels surgery on the third year,
followed by a decline on the fourth year includes surgeon’s
understanding of MIS limitations at approaching multilevel
pathologies. To date, previous publications portrayed learning
curves of spine MIS that are associated with a single type of
procedure.®”” We believe that different surgical interventions
share common qualities when performed in a minimally inva-
sive approach. We therefore grouped in our analysis the entire
diversity of spine MIS, which takes into account the accumu-
lative experience of the surgeon and shows his skills progres-
sion over time as the operations were originally performed.
This type of eclectic learning curve has not yet been published.

As the demand for spine minimally invasive procedures is
constantly growing by patients and surgeons alike, the need
for designated training programs is now more prominent than
ever before.

It is safe to assume that spine surgeons graduating in the com-
ing years would benefit from gaining proficiency, or at least



1026

Global Spine Journal 10(8)

acquaintance with minimally invasive techniques. Spine mini-
mally invasive approaches pose unique challenges, such as the
limited access and orientation, the need to rely on fluoroscopy and
navigation, the use of microsurgical techniques and the limited
ability of the tutor to assist the trainee in a small surgical field. In
order to reduce learning curve—associated complications, there is
a need for an innovative training setup that would consider the
unique necessities of spine MIS. Developing educational pro-
grams with gradual increase in complexity, assisted by such learn-
ing aids as simulators, microsurgical training setups, cadaver
workshops, and instructional case presentations is pivotal in order
to minimize the learning curve associated complications.

Limitations

This study carries the limitations of retrospective data collec-
tion. The control group is significantly different in terms of
number of levels treated, symptoms, and surgical goals. We
attributed these differences to selection bias, since meticulous
patient selection for MIS is crucial for patients’ safety and
complication avoidance. However, as this study aims to
describe the learning curve of a single surgeon, the comparison
with the control group serves only as a base line for complica-
tions, hence does not impede this study’s strength.

Conclusion

This article demonstrates that gradual increase in surgical com-
plexity over four years was associated with favorable outcomes
and lower complication rates in the MIS group in comparison
to the open-surgery group. The main challenge facing the MIS
community is finding the optimal tools to teach MIS techniques
in order to reduce the learning curve—induced complications.
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