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Abstract

Background There is an inherently difficult learning curve
associated with minimally invasive surgical (MIS) approaches
to spinal decompression and fusion. The association between
complication rate and the learning curve remains unclear.
Questions/purposes We performed a systematic review
for articles that evaluated the learning curves of MIS pro-
cedures for the spine, defined as the change in frequency of
complications and length of surgical time as case number
increased, for five types of MIS for the spine.

Methods We conducted a systematic review in the Pub-
Med database using the terms “minimally invasive spine
surgery AND complications AND learning curve” followed
by a manual citation review of included manuscripts. Clin-
ical outcome and learning curve metrics were categorized
for analysis by surgical procedure (MIS lumbar
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decompression procedures, MIS transforaminal lumbar
interbody fusion, percutaneous pedicle screw insertion,
laparoscopic anterior lumbar interbody fusion, and MIS
cervical procedures). As the most consistent parameters used
to evaluate the learning curve were procedure time and
complication rate as a function of chronologic case number,
our analysis focused on these. The search strategy identified
15 original studies that included 966 minimally invasive
procedures. Learning curve parameters were correlated to
chronologic procedure number in 14 of these studies.
Results  The most common learning curve complication for
decompressive procedures was durotomy. For fusion proce-
dures, the most common complications were implant
malposition, neural injury, and nonunion. The overall post-
operative complication rate was 11% (109 of 966 cases). The
learning curve was overcome for operative time and compli-
cations as a function of case numbers in 20 to 30 consecutive
cases for most techniques discussed within this review.
Conclusions The quantitative assessment of the procedural
learning curve for MIS techniques for the spine remains
challenging because the MIS techniques have different
learning curves and because they have not been assessed in a
consistent manner across studies. Complication rates may be
underestimated by the studies we identified because sur-
geons tend to select patients carefully during the early
learning curve period. The field of MIS would benefit from a
standardization of study design and collected parameters in
future learning curve investigations.

Introduction

The ability to treat conditions of the spine through mini-
mally invasive surgical (MIS) techniques has garnered
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increased interest from spine surgeons and their patients
over the past two decades [17]. MIS for the spine includes a
wide variety of procedures designed to achieve decom-
pression and stabilization of the cervical, thoracic, or
lumbar spine while minimizing soft tissue damage. The
principle of soft tissue preservation in MIS for the spine is
largely accomplished by way of a carefully planned
approach to the surgical target site. MIS fusion of the
lumbar spine utilizes multiple paramedian incisions with
tubular dilation to prevent crush injury or detachment of
the stabilizing muscles of the spine. Important structures
spared with this approach, as well as with lateral approa-
ches to lumbar fusion, include the spinous process, the
tendinous attachments of the multifidus muscle, and the
supraspinous and interspinous ligaments [7, 9, 13]. Simi-
larly, an anterior approach to MIS cervical decompression
is utilized to prevent damage to the posterior cervical pa-
raspinal musculature [5]. These techniques may result in
less postoperative instability, less intraoperative blood loss,
a shorter hospital stay, and a lower infection rate than
traditional open procedures [5, 10, 14, 22]. Potential long-
term benefits include less postoperative instability, which
could lead to improved patient function.

A major challenge of MIS for the spine is the technical
difficulty of working through a narrow surgical corridor
with limited visualization of anatomic landmarks. A spine
surgeon trained in traditional open methods must overcome
a learning curve on the way to mastering MIS techniques
for the spine [2, 9, 26, 28]. Specialized retraction systems,
computer-assisted navigation technologies, and focused

cadaveric training courses have been developed to decrease
the MIS learning curve [28]. However, surgeons who adopt
these techniques must be prepared for a higher complica-
tion rate and prolonged operative times during the initial
experience with MIS procedures [20].

This systematic review evaluated the learning curves of
MIS procedures for the spine, defined as the change in
frequency of complications and length of surgical time as
case number increased, for five types of MIS for the spine.

Search Strategy and Criteria

We used the Cochrane methodology [4] to perform a sys-
tematic review of PubMed for the learning curve of five
categories of MIS procedures for the spine: MIS lumbar
decompression procedures, MIS transforaminal lumbar
interbody fusion (TLIF), percutaneous pedicle screw
insertion, laparoscopic anterior lumbar interbody fusion
(ALIF), and MIS cervical procedures. We used three suc-
cessive searches: “minimally invasive spine surgery”
(1960 results), “AND complications” (reduced to 986
articles), “AND learning curve” (reduced to 37 articles)
(Fig. 1).

All manuscripts returned from this search strategy were
reviewed in full for inclusion. Additionally, a manual
review of the citation sections within included articles was
performed. All case reports, case series, and clinical
learning curve studies that pertained to decompression or
fusion procedures of the cervical, thoracic, or lumbar spine

Minimally Invasive Spine Surgery: 1960 Results

Filter: Complications — >

986 Results

Filter: LearningCurve—

‘ 37 Manuscripts Reviewed in Full ‘

——> 30 Failed to Meet Inclusion Criteria

‘ 7 Manuscripts ‘

Citation Tracking _ 8 Unique Results

15 Total Manuscripts
Included

Fig. 1 A flow diagram illustrates the search and selection process.
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were included. Studies that focused on revision procedures,
corpectomy, or treatment of traumatic fracture or malig-
nancy were excluded. The search strategy identified 37
total manuscripts that were reviewed in full. Twenty of
these articles were excluded for not discussing complica-
tions during the learning curve period. An additional eight
publications were excluded because they focused on
treatment for fracture, malignancy, revision surgery,
corpectomy, or cervical disc replacement. Two articles
were excluded for only presenting cadaveric data. Manual
review of the reference sections of included studies yielded
eight additional publications that met inclusion criteria and
were included in this review. Thus, a total of 15 articles
were included in our systematic review, none of which
were case reports [1, 3, 6, 8, 11, 12, 15, 16, 18, 19, 21, 23—
25, 27] (Table 1).

The mean publication year was 2007 (median 2008). We
included three microendoscopic decompression studies,
two tubular microdiscectomy studies, one percutaneous
endoscopic lumbar discectomy study, one percutaneous
pedicle screw study, four MIS TLIF studies, one laparo-
scopic ALIF study, one endoscopic anterior cervical
decompression study, one MIS posterior cervical decom-
pression study, and one imaging technology study in this
review.

Of 966 MIS procedures for the spine included in this
review, data were collected prospectively on 827 cases and
retrospectively on 139 cases. We included nine publica-
tions with Level IV evidence (case series without
comparison group) [3, 6, 12, 15, 16, 21, 23, 24, 27], four
with Level III evidence (retrospective comparative study)
[1, 8, 11, 18], and two with Level II evidence (prospective
comparative study) [19, 25].

MIS learning curve parameters that were assessed rela-
tive to chronologic case number were operative time
(n = 11), complication type/frequency (n = 10), and esti-
mated blood loss (n = 2). The overall postoperative
complication rate was 11% (109 of 966 cases).

All findings were summarized qualitatively without
statistical pooling or performing meta-analysis. Statistical
findings from relevant studies are listed individually
(Table 1).

Results
Decompression Procedures

Results from 528 decompression procedures (428 pro-
spective, 100 retrospective) were included from six
publications [6, 12, 15, 16, 18, 23] (Table 1). Five studies
had Level IV evidence [6, 12, 15, 16, 23] and one had
Level III evidence [18]. There were 195 microendoscopic

discectomy cases, 282 tubular microdiscectomy cases, and
51 percutaneous endoscopic lumbar discectomy cases
included in this review [6, 12, 15, 16, 18, 23].

All cases of durotomy, neurologic injury, and conversion
to open procedures in these publications occurred within the
initial 30 cases. When adverse events were recorded relative
to sequential case number, there were combined complica-
tion rates of 11% (31 of 283) during the initial 30
decompression cases performed and 0% (0 of 117) after the
30th consecutive case by the learning surgeon. An overall
complication rate of 6% (37 of 580) was reported in this
collection of studies. The most frequently reported compli-
cations were durotomy (n = 25), nerve root compromise
(n = 3), and incorrect level operation (n = 2). There was a
combined reoperation rate of 3% (19 of 580) and a rate of
conversion to open technique of 2% (five of 247).

Procedure length was also reported as a function of
chronologic case number in four publications [15, 16, 18,
23]. The operative time was observed to decrease
throughout these case series and approached an asymptote
between the 15th and 30th procedure.

Percutaneous Pedicle Screw Insertion

A single percutaneous pedicle screw insertion learning curve
study (Level IV evidence) met the inclusion criteria [3]
(Table 1). That prospective study reported data on 52 succes-
sive percutaneous pedicle screw insertions in 12 patients. The
authors of that study discovered loosening of the fixation con-
struct after the first chronologic case that required revision
surgery. There were no subsequent complications in that study.

MIS TLIF

Results from 99 MIS TLIF procedures (60 prospective, 39
retrospective) were included from five publications [1, 8,
11, 19, 25] (Table 1). The evidence was classified as Level
II in two of these studies [19, 25] and as Level III in three
studies [1, 8, 11].

For these studies, there was an overall complication rate
of 20% (20 of 99), which included instrumentation mal-
position/migration  (n = 6), perioperative  infection
(n = 4), nonunions (n = 5), durotomy (n = 1), and post-
operative contralateral stenosis (n = 1). There were no
reported conversions from MIS to open TLIF procedures.
There was a cumulative complication rate of 33% (10 of
30) in three separate studies that evaluated complication
rate relative to chronologic case number within the initial
10 cases performed by the learning surgeon [1, 11, 25].

There were two MIS TLIF studies that reported proce-
dure time as a function of chronologic case number and

@ Springer



Clinical Orthopaedics and Related Research®™

Sclafani and Kim

1714

(I = u) uorunuou
‘(1 = u) uonoojur punom dosp ‘(T = u) uonerru
100eds ‘(1 = u) uonisodjewr maIds {(f = u)

$9SBO 7¢ [BNIUT oY) UL el %¢] :suoneordwo) II [43 2A1122ds01 AI'TL SIN (L002) [61] BH pue yred
(1 = u) uonexadoar Surnnbar uonisodew
uoneudWNNsul (] = u) sisorylrepnasd
‘(1 = u) uonoajur punom [eroyradns (] = u)
uonoojur punom dodp pue Judad Areuowrndorpreds
(y = u) sesed O] [enmur ur :suonedrdwo) I 01 aandadsonay dI'TL SIN (1102 [11] T8 19 ne
A[1e0130[0UOIYD PISBAIOIP QW INPIJ0IJ
(1 @se)) uruasoo| MIOS (2002)
arempirey Ioj uoneradoar 9[3urs :suonedrdwo) Al (sma10s) 76 aanoadsorg 9ro1pad snosuendIdg [¢] madno pue K304
QousLadxa 2I0W YIM dUWI0IINO
[BOIUI]d 1919q PIEMO) PUAL) :QUWIOJINO [BITUI[D
G¢ ase) Je payoear 9j0)dwAse oW 2INPId0Iq
(z = u) sampadoxd AW01090SIp Tequun|
G [enIul 9y} Ul Parndoo [[e :suonedrdwo) Al IS aanoadsoid o1doosopua snosueInddg (8002) [1] 2971 pue 2971
€T 9seD 0] aSeD [BNIUl WOIJ Awojoourwre] ST
wn INpadold Ul AsLaIdAP 9GS W) AINPIJ0IJ 11 0€T aanoadsorg pue AUI0)99SIPOISIA (8002) [81] ‘T8 19 YyLrRg
GT ase) 18 payoeral 910)dwAse oW 2INpadold
(97 ‘g ‘7 seseD) sIed) [eanp (¢ = u) sampasoxd AW03999SIpOIdTW (8002) [S1] Aouinog
0€ [enIul 9y} Ul paunddo [[e :suoneordwo) Al S aanoadsorg Ienqng, pue ury3no o
Juou :suoneradoay
0z 9seD 18 payoear joydwihse :7gq
0T 9seD 1e payoear djoidwAse :owi) 2INpadoid
(¢ = u) sampadoid
0 [eDIUL 3Y) Ul PALINId0 [ :suonedrdwo))
19)JeaIay) duou Au10199981p
‘sampoooxd ()] [enur ay) ur | :uado 0} UOISIOAUOD) Al 09 aanoadsoig o1doosopuaoIdI (8002) [€£2] ‘T 10 Suoy
(L 9seD) 1e9) TeInp ‘(S ase)) jurof
1908] JO [BAOWAI papuauiun ‘(f ase)) snosip (|
3S8))) UOTSISAU0D M AIn[ur JooI 9AIdU (4 = U) Aw03090S1p 0102)
SISO ()] [BNIUL UI PALINJJ0 [ :suonedidwo)) Al 001 dAnoadsonay 91d09SOPU0IDIN [9] AnsiA pue efeyr
AwW01090S1p
0€ 9seD 1e payoear djoydwAse :owr) AINPad0Id Al S¢ aanoadsorg 91d09sOpUR0IdTIA (5002) [91] oz3moN
JOUIPIAD z1s
s3urpuy oAId JuruIed| JO [oAQT ordureg ugisop Apmg UOTIUQAIU] Apmgs

SOIpN)S PapN[oul JO SONSLIOLIRYD T d[qel

pringer

A's



1715

Complications With the MIS Learning Curve

Volume 472, Number 6, June 2014

'SSO] POO[q PABWNSI = TGH ‘UOISnJ ApoqIdul Jequun| JoLue = J[ TV ‘uoisnj Apoqiojul Jequin| [eurwueIojsuen = J[ 1L ‘A103Ins oAlseAur Ajfewriuiur = SN

SOLIAS [ENIUL JOAO 9 [{ PASEAIOdP :OUWIl} AINPI0I]
QeI UOISNY 9] :9Jel UoIsnj

poyrodar quou :uado 0} UOISIOAUOD)

0g 9se) 1e payoear djojdwAse :own 2I10pad0Ig

(sased
QAY 1SB[ SA $aSBO IAY 1S1Y) Suodins Jurured| [[v
10J own 9ANeIddo Ul ISBAIOAP 9, ¢T QW AINPIJ0I]

own aanerado
[[e19A0 3urseaIour Jnoy)im aInsodxa uoneipel pue
own Adodsoiony s2oNpar UOIBIIABU 19T INPAJ0IJ
SOLIdS [enIul Ul duou :suonedrduwo)
syuaned uado 03 paredwos
syuoned STIA JO soLIes [entul ul TgH Iomol TgHq
(9seo TenIUI WOIJ ASBAIOP
%0S) 0T 2seD 18 payoeal 9jo)dwAse 9w 2UNPId0I]
(1 = u) stsorpaepnasd ‘(] = u) MmaIos
pauonisodjew ‘(T = u) uoneidu 1ooeds (¢ = u)
SOsBD ()7 [eNIUI 9Y) UI dJel 9| :suonedrjdwo)
dnoi3 uado 03 paredwoo
dnoi3 SN Jo souas [entul ul TgH Iomol :TgH
(9seo [enIUI WOIJ ISBAIIAP
9%0¢€) S1 aseD Je payoear 9joydwAse 9w 2INPId0Id
dnoi3 uado 03
poredwod sased SN [eniul 3uump suonesrduwod
pasearour jo uraped ou :suonesrdwo)

Al

Al

Al

1

il

II

9¢

(24

8/01

81

aanodadsold

aanoadsoig

aanoadsoig

aAnoadsonar
JEINSRE NG S

aanoadsonoy

aandadsord

I0 T—@umom SnoaueIndIod

uorssardwooop

[EOTATOD (L00D) [¥7l
YOSITY] pue I9PNaYdS

AWO}90STP [BOTATD

Jourdyue drdoosopuyg (8002) [L2] ‘T8 19 uey,

ATV otdoosoredey (6661) [12] T2 10 uedoy

K3oouro9)

SurSewr-JI'LL SIN (8007) [8] 'Te 10 wry

AI'TL SIN (8002) [1] 1e 19 TIRUQ

(6007)

AI'TL SIN [Tl Te 10 sezigog

s3urpuy 9AINd JuruIed|

Q0UIPIAD
Jo [oAQ]

718
ordwes

ugisop Apmg

UOTJUIAIU] Apms

penunuod °f JqeL,

pringer

A



1716  Sclafani and Kim

Clinical Orthopaedics and Related Research®

they demonstrated mean decreases in operative time of
33% (360 minutes to 240 minutes) and 50% (250 minutes
to 125 minutes) over the initial 20 MIS TLIF cases [1, 25].
These results suggest that the MIS TLIF learning curve in
terms of operative time is approximately 20 cases.

ALIF

A single prospective collection of 240 laparoscopic ALIF
procedures (Level IV evidence) met inclusion criteria and
was included in the review [21] (Table 1). A total of 19
surgeons participated in this study. Collectively, there was
a rate of intraoperative conversion to a traditional ALIF of
10% (25 of 240) and a reoperation rate of 5% (10 of 215).
Complication rate was not assessed relative to chronologic
procedure number. There was a mean decrease in operative
time of 23% (215 minutes to 165 minutes) between the first
five and last five procedures performed by each partici-
pating surgeon.

MIS Cervical Procedures

The search strategy captured prospectively collected data
for 36 endoscopic anterior cervical decompression [27] and
11 percutaneous posterior cervical decompression proce-
dures [24] (Table 1). The evidence in both studies was
categorized as Level IV.

There was a complication rate of 3% (one of 36) (wound
dehiscence) reported in the endoscopic anterior cervical
decompression learning curve study [27] and no perioper-
ative complications reported in a series of 11 percutaneous
posterior cervical decompression and fusion procedures
[24]. All cases were successfully completed without con-
version to open techniques.

Operative time decreased 41% (243 minutes to 143
minutes) over the initial 10 cases of the posterior cervical
decompression and fusion series [24]. Similarly, procedure
length decreased 50% (140 minutes to 70 minutes) as the
endoscopic anterior cervical decompression learning curve
was overcome and an operative time asymptote was ap-
proached by the 20™ procedure [27].

Discussion

There is an inherently difficult learning curve associated
with MIS approaches to spinal decompression and fusion
procedures. Since the association between important sur-
gical parameters such as complication rate and operative
time and the learning curve remains unclear, we conducted

@ Springer

a review to characterize complication rate and operative
time as a function of surgeon experience with MIS tech-
niques for the spine. All studies that met the inclusion
criteria of this review presented complication rate or
operative time in terms of chronologic case number for the
learning surgeon. The learning curve was overcome for
both parameters after 30 chronologic cases in this collec-
tion of studies representing several MIS techniques.

This systematic review had a number of limitations.
First, the learning surgeon may preferentially choose
straightforward cases early in their experience with a new
MIS technique, which could result in misleading compli-
cation rate and procedure time data. This selection bias
would be reduced in an unselected series or properly
designed randomized controlled study. Second, procedure
time and complication rate were measured inconsistently in
the included studies. In many cases, the operating surgeon
was responsible for detecting these end points, which could
greatly affect the frequency and severity of reported
adverse events. Given these limitations, data presented in
this review should be interpreted as merely an estimation of
surgeon progression through the MIS learning curve.

Perhaps the most clinically relevant parameter used to
assess surgeon progression through the procedural learning
curve is complication rate. All complications, adverse
events, and conversions to open techniques occurred within
the initial 30 procedures when these parameters were
reported as a function of chronologic case number. The
lack of clear anatomic landmarks appears to be a significant
limitation in the MIS approach to the spine. Jhala and
Mistry [14] attributed complications during the microen-
doscopic discectomy learning curve period to unfamiliarity
with endoscopic image orientation and suboptimal
approach to the surgical target. This resulted in injury to
neurologic structures, multiple durotomies, wrong-level
procedures, and unintended removal of facet joint struc-
tures in the initial series of patients. Multiple authors argue
the key step in overcoming the MIS learning curve is an
ideal entry point and trajectory during the surgical
approach [1, 19, 23]. Dhall et al. [1] and Park and Ha [19]
both assert that a correct initial placement of the tubular
dilator during the MIS TLIF approach prevents intraoper-
ative readjustments, which can lead to a high rate of
neurologic injury and inadequate decompression.

Procedure time is a frequently used parameter to assess
surgeon progression through the learning curve. Several
studies plotted operative time as a function of chronologic
case number and correlated surgeon comfort and technical
efficiency to a decrease in procedure length [1, 12, 15, 16,
21, 23-25, 27]. These studies demonstrated procedure time
rapidly decreased 23% to 58% during the initial series of
cases and approached an asymptote between the 10th and
30th case [1, 15, 16, 21, 23-25, 27].



Volume 472, Number 6, June 2014

Complications With the MIS Learning Curve 1717

In summary, we found that studies evaluated the learn-
ing curve very inconsistently. Most studies utilized
procedure time versus chronologic case number as the
main parameter to assess competence. Complication rate as
a function of chronologic case number, a key parameter,
was not always discussed. Standardization of studies on
this important topic would allow better assessment of
strategies to decrease learning curve problems, such as the
use of advanced intraoperative imaging technologies or
specialized training programs. Future studies should stan-
dardize learning curve assessment to include both
procedure time and complication rate as a function of case
number. Additional parameters such as health-related
quality-of-life outcomes, estimated blood loss, reoperation
rate, and conversion to open techniques should also be
evaluated in relation to sequential procedure performed
within the learning curve period.
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