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Abstract

Purpose Our objectives were primarily to review the
published literature on complications in neuromuscular
scoliosis (NMS) surgery and secondarily, by means of a
meta-analysis, to determine the overall pooled rates (PR) of
various complications associated with NMS surgery.
Methods PubMed and Embase databases were searched
for studies reporting the outcomes and complications of
NMS surgery, published from 1997 to May 2011. We
focused on NMS as defined by the Scoliosis Research
Society’s classification. We measured the pooled estimate
of the overall complication rates (PR) using a random
effects meta-analytic model. This model considers both
intra- and inter-study variation in calculating PR.

Results Systematic review and meta-analysis were per-
formed for 68 cohort and case—control studies with a total of
15,218 NMS patients. Pulmonary complications were the
most reported (PR = 22.71 %) followed by implant com-
plications (PR = 12.51 %), infections (PR = 10.91 %),
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neurological complications (PR = 3.01 %) and pseudoar-
throsis (PR = 1.88 %). Revision, removal and extension of
implant had highest PR (7.87 %) followed by malplacement
of the pedicle screws (4.81 %). Rates of individual studies
have moderate to high variability. The studies were heter-
ogeneous in methodology and outcome types, which are
plausible explanations for the variability; sensitivity anal-
ysis with respect to age at surgery, sample size, publication
year and diagnosis could also partly explain this variability.
In regard to surgical complications affiliated with various
surgical techniques in NMS, the level of evidence of pub-
lished literature ranges between 2+ to 2—; the subsequent
recommendations are level C.

Conclusion NMS patients have diverse and high com-
plication rates after scoliosis surgery. High PRs of com-
plications warrant more attention from the surgical
community. Although the PR of all complications are
affected by heterogeneity, they nevertheless provide valu-
able insights into the impact of methodological settings
(sample size), patient characteristics (age at surgery), and
continual advances in patient care on complication rates.

Keywords Neuromuscular scoliosis - Complications -
Scoliosis surgery - Deformity surgery - Systematic review -
Meta-analysis

Introduction

Neuromuscular scoliosis (NMS) amplifies the complexity
of surgical intervention. While scoliosis surgery promises
improvement in functional level, cosmesis, respiratory
status, pain, health status, and overall quality of life [1-6],
it is also affiliated with a high risk of peri- and postoper-
ative complications [7-10].
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The high risk of complications arises because of con-
current risk factors from disease pathology and its associ-
ated co-morbidities [7, 11]. Patients with NMS have
significantly higher rates of morbidity and mortality com-
pared to other scoliosis etiologies [7]. A 2011 cohort
reports complication rates as high as 17.9 % for NMS
followed by 10.6 % for congenital and 6.3 % for idiopathic
scoliosis (IS); mortality rates follow the same trend at
0.34 % for NMS to 0.02 % for IS [7]. Higher complication
rates illustrate the fact that patients with NMS incur higher
costs ($66,953 vs. $47,463), lengthier hospitalizations (9.2
vs. 6.1 days) and a greater number of total procedures (4.2
vs. 3.0) compared to children with IS [10].

The high risk of complications raises fiscal concerns
about the benefits of scoliosis surgery in these patients [12].
In order to better understand the complexities of the rela-
tionship between benefits and complications, we propose a
view of complications literature in two broad categories:
(1) Patient-specific characteristics (cardiopulmonary—
neurological status, degree of deformity, disease diagnosis,
nutritional status and complications) and (2) Surgeon- and
surgery-related preferences (extent of surgery, surgical
approach, type of instrumentation). We expect that an
analysis of patient-related factors will help in improving
patient selection and evaluation of suitability for surgery as
well as minimize the risk of complications. In addition, an
analysis of surgery-related preferences would help both
surgeon and patient to make informed choices. Interpreta-
tion of the two categories in combination could later
facilitate the development of cost-benefit analysis of sur-
gery and outcomes.

Recently, large database studies on complications of
scoliosis surgery have been published [7, 9, 13, 14].
Although these studies benefit from large patient popula-
tions, they might be prone to underreporting. On the other
hand, smaller patient series based on a thorough follow-up
of the patients might reveal larger complication rates [7, 9].
Our meta-analysis utilizes studies with a diversity of
sample sizes.

The primary aims of the current work were to system-
atically review the published literature regarding compli-
cations in NMS surgery; to determine the overall pooled
estimates of rates (PR) of various complications associated
with NMS surgery by means of analytical meta-analysis,
and finally to perform a sensitivity analysis to discuss
variability in PRs in terms of the above-mentioned patient-
and surgery-related characteristics to facilitate a compre-
hensive understanding.

As complication rates can have a substantial impact on
decisions regarding allocation of medical resources, we
investigated complication rates following the use of newer
spinal instrumentation (from the late 1990s) to reflect
current clinical practice [15].

Methods
Search strategy

In order to list the available studies in PUBMED (advanced
search) and EMBASE, an electronic search was conducted
using controlled vocabulary and key word terms. For the
review we defined NMS in accordance with the Scoliosis
Research Society’s classification [16]. The combination of
key words and text word terms for diagnosis and compli-
cations such as neuromuscular scoliosis and pulmonary
complications were used (Tables 1, 2). The time frame for
the query was from 1 January 1997 to 31 May 2011. The
search was limited to English language publications. A
total of 992 records were identified through database
search. Two independent reviewers assessed these records
for the presence of relevant terms in titles and abstracts.
After removing unrelated and overlapping results from the
two databases, 429 records were localized. The reviewers
identified 78 relevant articles. In cases of disagreement
regarding inclusion at this stage, the entire text was ana-
lyzed to reach an agreement. The citations and reference
lists of all these articles were also referred to for the pur-
pose of obtaining cross references. Eighty-six full text
articles were subsequently analyzed by the first author in
agreement with the inclusion and exclusion criteria estab-
lished for the review.

Retrospective and prospective cohort studies and case—
control studies were included. Studies reporting and

Table 1 Literature search in PubMed: text words and mesh terms

Search words Number of hits using

text words and MeSH

terms
Text words Text words in Title
combination and abstract

1 “Neuromuscular scoliosis” 248

and “Complications”
2 “Neuromuscular scoliosis” 27

and “Pulmonary

Complications”
3 “Neuromuscular scoliosis” 10

and “Neurological

Complications”
4 “Neuromuscular scoliosis” 0

and “Infections”
MeSH Terms MeSH term

combination
5 “Scoliosis/Surgery” 46
[MAIJR] and “Surgical
wound infection/etiology”
[MeSH term]
Total = 331
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Table 2 Literature search in Embase: text words and Emtree words

Text words in Number

quick search of hits

1 “Neuromuscular scoliosis” and 154
“surgical complications” limit
“English”

2 “Neuromuscular scoliosis” and 98
“surgical complications”

Emtree terms

added to
advanced search

1 “Scoliosis” and “neurological 86
complications”

2 “Scoliosis” and “infection 10
complications”

3 “Scoliosis” and “pneumonia” 42
and “spine surgery”

4 “Pedicle Screw” and “scoliosis” 78
and “postoperative
complications”

5 “Pseudoarthrosis” and 193
“scoliosis” and “spine
surgery”

Total = 661

elaborating on the complications of NMS surgery follow-
ing the use of newer spinal instrumentation (since the late
1990s) were considered. We investigated the types and
frequencies of these complications to reflect current clini-
cal practice. Follow-up cohort studies had to have a min-
imum average follow-up of 1 year. Average follow-up in
included studies ranged from 1 to 6.2 years. Details of the
included studies are shown in Appendix 1. Characteristics
of excluded studies are shown in Appendix 2. Studies
listing complications not associated with surgery and
reporting on a sample with a mean age of less than 10 years
at the time of surgery were excluded. Multiple publications
reporting the same group of patients along with case
reports and case series were excluded. The review did not
include unpublished literature, theses and commentaries,
and retracted studies. Meta-analysis was performed on a
total of 68 studies. Frequency distributions and summary
statistics were calculated for the follow-up data on
complications.

Data extraction and management

Information contained in the included articles pertaining to
study design, sample size, surgical age, and instrumenta-
tion type (Appendix 1) was extracted.

Frequency of adverse effects and complications was
categorized into 5 major groups: pulmonary complications,
neurological complications, infections, implant-related
complications and pseudoarthrosis. The complications
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detailed in the review adhered to the criteria classified by
Hod-Feins et al. [17].

Statistical analysis

Because our review brings together clinically and method-
ologically diverse studies, we expected heterogeneity in
results. Therefore, we used a random-effects analytical
meta-analysis model to combine individual prevalence rates
into a single pooled estimate (PR) of rate for all compli-
cations [18, 19]. Single pooled estimate of various estimates
of concern (incidence rates, effect size, odds ratio, relative
risk) is used to report results from meta-analysis [20-25].
The use of a pooled estimate of complication rate (PR) in
our meta-analysis is justifiable on the grounds as it keeps us
from relying on results from a single study, provides
opportunity for small and insignificant results to contribute
to the overall picture, and represents results of a large
sample of patients [26]. The limitation with PR is that it is
affected by the quality of the individual data; we believe
that the optimal methodological selection of studies
addressed this concern [26, 27]. Cochran Q and I? statistics
were calculated to assess heterogeneity between studies
[28]. Of these, I* statistic was used to quantify the extent to
which the results are affected by heterogeneity. It describes
the percentage of total variation across studies (inconsis-
tency) due to heterogeneity and not due to chance.

Quality scoring for individual studies was not feasible;
therefore, we extracted relevant study characteristics for
exposure (surgery), outcome (complications), follow-up time,
sample size and age at surgery, a priori, as potential sources of
heterogeneity. Of these, we performed exploratory sensitivity
analysis for age at surgery, sample size, diagnosis, and pub-
lication year for all the complication groups. Sensitivity
analysis involved undertaking the meta- analysis under char-
acteristics of “different age at surgery”, “sample size”,
“diagnosis subtype”, and “publication year” to determine if
these explain the heterogeneity in PRs. All the statistical
analyses were performed using STATA 11 for Windows.

Results
Pulmonary complications

Thirty-seven studies, with a total of 7,710 NMS patients,
were included. A total of 849 complications were reported,
mainly comprising pneumonia, pneumothorax, atelectasis,
pleural effusion, prolonged mechanical ventilation and
longer stay in intensive care unit (ICU).

Figure 1 depicts the overall PR of pulmonary compli-
cations as 22.71 % (CI = 18.83-26.60). Substantial



Eur Spine J (2013) 22:1230-1249

1233

heterogeneity of PR was observed (Q = 1,632.50 at
p < 0.001), with 97.8 % of the variation in PR attributable
to heterogeneity. The rates of pulmonary complications
among studies vary between 0.00 and 93.55 %. For many
studies, precision was poor because of wide confidence
intervals. PR from sensitivity analysis with respect to age
(<13 years; 19.50 % and >13 years; 22.93 %) at surgery,
sample sizes (0 < 50, 23.44 %; > 50 < 100, 19.70 %; and
> 100, 23.30 %) and publication year (1997-01, 14.58 %;
2002-06,21.85 %;2007-11,29.43 %) suggests no significant
difference in complication rates compared to overall PR
(22.71 %). A statistically non-significant increasing trend of
complications with passing years is present (Figure la,
supplement). Sensitivity analysis for diagnosis depicts
significantly lower pulmonary complications in myelome-
ningocele (2.83 % at p < 0.001) compared to DMD
(20.83 %), cerebral palsy (CP) (30.20 %), and overall
(Figure 1b, supplement).

Neurological complications

Thirty-three studies, with a total of 7,369 NMS patients, were
included. A total of 199 neurological complications were

Fig. 1 Pulmonary complication Author Pubyear Sample Cases
Gilletal 2006 8
Takaso et al 2010 10
Tsirikos et al 2008 287
Tsirikos et al * 2003 288
Reames et al 2011 4657
Frischhut et al 1997 42
Geiger et al 1998 77
Marco Teli et al 2005 56
Wimmer et al 2005 52
Rodgers et al 1997 24
Hahn et al 2008 20
Tsirikos et al 2011 45
Benson et al 1998 50
Heller et al 2001 31
Modi et al * 2009 52
Bentley et al 2001 101
Udink Ten Cate etal 2008 46
Muharrem Yazici et al 2000 47
McCall et al 2005 55
Comstock et al 1998 79
Master et al 2011 13
Modi et al 2010 27
Szoke et al 1998 172
Fazir Mohamad etal 2007 175
Sarwahi et al 2001 111
Whitaker et al 2000 23
Ramirez et al 1997 30
Modi et al 2008 26
Modi et al 2009 50
Barsdorf et al 2010 437
Tsirikos et al 2003 45
Marsh et al 2003 30
Nectoux et al 2010 28
Mohamad.H et al 2010 236
Yuan et al 2005 57
Kang et al 2011 74
Hod-Feins et al 2007 31

Overall (l-squared = 97.8%, p = 0.000)

NOTE: Weights are from random effects analysis

reported, mainly comprising neurological compromise with
partial or complete recovery, sensory motor deficits, and
complete and incomplete spinal cord deficit.

Figure 2 depicts the overall PR of neurological compli-
cations: 3.01 % (CI = 1.61-4.40). Substantial heterogeneity
of PR was observed (Q = 177.80 at p < 0.001), with 82.0 %
of the variation in PR attributable to heterogeneity. Rates of
neurological complications among studies vary between 0.00
and 61.39 %. Sensitivity analysis suggests higher complica-
tion rates (15.1 %; p < 0.001) with age at surgery <13 years
compared to overall PR. A high rate (6.20 %) was seen in
studies with a sample size >100. A higher rate was also seen
in the studies from the late 1990s (1997-01, 10.28 %) com-
pared to the overall PR (Figure 2a, supplement). Sensitivity
analysis with respect to diagnosis subgroups suggests that
myelomeningocele patients have higher neurological com-
plications (5.02 %) compared to CP (0.58 %) and overall
(Figure 2b, supplement).

Infections

Fifty-eight studies, with a total of 14,098 NMS patients,
were included. A total of 1,096 infection complications

Rate (95% CI)

0.00 (0.00, 36.94)
0.00 (0.00, 30.85)
0.35 (0.01, 1.93)
0.69 (0.08, 2.49)
1.98 (1.60, 2.42)
2.38 (0.08, 12.57)
2,60 (0.32, 9.07)
3.57 (0.44, 12.31)
3.85 (0.47, 13.21)
417 (0.11, 21.12)
5.00 (0.13, 24.87)
6.67 (1.40, 18.27)
8.00 (2.22, 19.23)
12.90 (3.63, 20.83)
13.46 (5.59, 25.79)
14.85 (8.56, 23.31)
15.22 (6.34, 28.87)
19.15 (9.15, 33.26)
20.00 (4.33, 48.09)
20.25 (12.04, 30.80)
20.61 (14.04, 28.55)
22.22 (8.62, 42.26)
23.84 (17.68, 30.92)
25.14 (18.90, 32.25)
25.23 (17.46, 34.35)
26.09 (10.23, 48.41)
26.67 (12.28, 45.89)
26.92 (11.57, 47.79)
32.00 (19.52, 46.70)
38.67 (34.08, 43.42)
40.00 (25.70, 55.67)
43.33 (25.46, 62.57)
57.14 (37.18, 75.54)
62.29 (55.77, 68.49)
70.18 (56.60, 81.57)
83.78 (73.39, 91.33)
93.55 (78.58, 99.21)
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Fig. 2 Neurological Author Pubyear Sample Cases Rate (95% CI)

complication Takaso et al 2010 10 0 #— 0.00 (0.00, 30.85)
Peelle et al 2006 40 0 - 0.00 (0.00, 8.81)
Mehmet Ayvaz etal 2007 22 0 -— 0.00 (0.00, 15.44)
Takaso et al * 2010 20 0 +— 0.00 (0.00, 16.84)
Benson et al 1998 50 0 0— 0.00 (0.00, 7.11)
Telietal 2006 60 0 - 0.00 (0.00, 5.96)
Tsirikos et al 2011 45 0 - 0.00 (0.00, 7.87)
Phillips et al 2007 50 0 - 0.00 (0.00, 7.11)
Muharrem Yazicietal 2000 47 0 0— 0.00 (0.00, 7.55)
Tokala et al 2007 9 1] 0.00 (0.00, 33.63)
Gill et al 2006 8 0 - 0.00 (0.00, 36.94)
Eagle et al 2007 100 0 - 0.00 (0.00, 3.62)
Barsdorf et al 2010 437 5 . 1.14 (0.37, 2.65)
Comstock et al 1998 79 1 - 1.27 (0.03, 6.85)
Reames et al 2011 4657 64 . 1.37 (1.06, 1.75)
Tsirikos et al 2008 287 5 *> 1.74 (0.57, 4.02)
Sarwahi et al 2001 111 2 :- 1.80(0.22, 6.36)
Modi et al * 2009 52 1 -— 1.92 (0.05, 10.26)
Qiu et al 2008 559 16 . 2.86 (1.64, 4.61)
Master et al 2011 131 5 ‘_¢- 3.82 (1.25, 8.68)
Modi et al 2008 26 1 — 3.85(0.10, 19.64)
Modi et al 2009 50 2 — 4.00 (0.49, 13.71)
Whitaker et al 2000 23 1 f— 4.35 (0.11, 21.95)
Fazir Mohamad etal 2007 175 8 * 4.57 (1.99, 8.81)
Banit et al 2001 50 3 —— 6.00 (1.25, 16.55)
Wimmer et al 2005 52 4 — 7.69 (2.14, 18.54)
Rodgers et al 1997 24 3 —— 12.50 (2.66, 32.36)
Sponseller et al 1999 14 2 :—0— 14.29 (1.78, 42.81)
Modi et al 2010 27 4 —— 14.81 (4.19, 33.73)
Hod-Feins et al 2007 31 5 l—— 16.13 (5.45, 33.73)
Greggi et al 2010 6 1 e — 16.67 (0.42, 64.12)
Accadbled et al 2008 16 4 : —_—— 25.00 (7.27, 52.38)
Bentley et al 2001 101 62 I —— 61.39 (51.18, 70.91)
Overall (l-squared = 82.0%, p = 0.000) ] 3.01 (1.62, 4.40)
NOTE: Weights are from random effects analysis : T i

010203040 100

were reported; these included wound infections, decubitus
ulcers, and chronic infection with delayed healing.
Figure 3 depicts the overall PR of infection complications:
10.91 % (CI = 9.36-12.46). Substantial heterogeneity of
PR was observed (Q = 329.76 at p < 0.001) with 82.7 %
of the variations in PR attributable to heterogeneity. Rates
of infection complications among the studies vary between
0.00 and 46.67 %. Infection rates from sensitivity analysis
(age at surgery, sample size, publication year) were not
significantly different from overall PR. Infection rates
showed a statistically non-significant decreasing trend
with increasing year of publication (1997-2001, 14.83;
2002-2006, 13.91; 2007-2011, 8.64 %) (Figure 3a, sup-
plement). Infection rates in the myelomeningocele sub-
group were significantly higher (20.32 % at p < 0.001)
compared to DMD (6.96 %) and overall (Figure 3b,
supplement).

Implant-related complications
Fifty-one studies, with a total of 7,612 NMS patients, were

included. A total of 465 implant- related complications
were reported; they included implant malplacement

@ Springer

causing perforation and penetration, revision of implant for
infection and skin irritation, implant breakage, loosening or
cut-out of implant.

Figure 4 depicts the overall PR of implant-related
complications: 12.51 % (CI = 9.82—-15.20). Substantial
heterogeneity of PR was observed (Q = 350.18 at
p < 0.001) with 85.7 % of the variation in PR attributable
to heterogeneity. Rates of implant complications among
the studies vary from 0.00 to 66.67 %. Different age at
surgery, publication year, and diagnosis type (Figure 4a,
supplement; Figure 4b, supplement) had no effect on the
rate of observed implant complications, whereas studies
with a sample size >100 show low implant complication
(6.54 %; p < 0.001) rates.

To facilitate clinical judgment, we categorized implant
complications into malplacements, loosening, implant
breakage, cutout/pullout/migration, implant removal,
revisions, or extension (RRE), and implant prominence.
Meta-analysis for these subcategories (Table 3) shows no
evidence of significant heterogeneity, with variability
across studies ranging from none to moderate. Cut-out/
pullout/migration has the lowest PR of 2.38 % while RRE
has the highest PR of 7.87 %.
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Guetal 2006 8 ] 'O—l— 0.00 (0.00. 36.94)
Toia etal 2007 9 ] — 0.00(0.00, 3363)
Tamsoetal” 2010 20 0 >—— 0.00(0.00, 16.84)
Taasoetal 2010 10 0 ~— 0.00(0.00. 30.35)
Barsoortetal 2010 a7 1 * 1.37 (051, 2.96)
Eageetal 2007 100 2 [ 200 (024, 7.04)
Arranetal 1999 43 1 >~ 208 (0.05. 11.07)
Comstock etal 1958 -] 2 > 253 (0.31.388)
Moal et al 2008 % 1 0|— 3.85(0.10. 19.64)
Plazzola etal 2m 24 1 -— 417 (011, 21.12)
Peene ety 2006 ] 2 - 5.00 (061, 16.92)
Masteretal - 2011 151 3 > 530(2.31.1017)
Reames etal 20m 4657 258 * 5.56 (492 6.26)
Smmetal 2011 s147 23 [ ] 569 (5.08. 6.36)
Bermey etal 2001 101 [ - 564 (221, 1248)
Senguaetal 2002 50 3 - 6.00 (125, 16.55)
Margn et al 2003 20 2 |—~— 667 (082, 22.07)
MoCatetal 2005 5 4 - 727 (202.17.59)
Moot et al - 2009 52 I - T8 (214, 1854)
Prlligs etal 2007 50 ¢ | 800 (222, 19.23)
Mzl et al 1857 15 13 & 844 (4.57.14.00)
Munarrem Yazicl et al 2000 &7 4 —— 851(237.2038)
Armetal 2011 a I —-— 930 (259, 22.14)
Telrikos et al 2008 7 n + 9.41(6.29,13.39)
Asizsaetal ] (<] 6 - 9.52 (358 19.59)
Hoo-Fers et al 2007 N 3 —— 965 (204, 25.75)
Munarren Yazicl et al 1897 @0 ¢ —— 10.00 (279, 23.66)
Masteretal 20m m 11 o 10.69 (5.97. 17.28)
Tenetal 2006 2] 7 — 1167 (482 2257)
e Giorgl etal 1959 b1 2 —— 1176 (1.46, 36.40)
Fazir Monamad et al 2007 175 n - 1200 (7.58, 17.76)
Tracker et al 2002 2 3 —— 1250 (266, 32.36)
Wi et 3l 2000 ] 3 — 13.04 (278, 3.59)
Menmat Apaz et al 2007 2 3 —— 1364 (291, 3491)
Necwow etal 2010 % H —— 14.29 (4.03, 3267)
Sponseler et 3l 1959 1 2 —— 1429 (1.78, 42.81)
Telletal 2005 % 8 —r— 1429(6.38 26.22)
Sarwanietal 2001 m 16 —— 14.41 (B47.2235)
Cametal 2010 2 " +* 1455 (10.89, 18.88)
Sponseler etal 2000 210 » o 15.24 (10.66, 20.83)
Sponseler et al 2010 157 % - 1592 (1053, 22 60)
Teirkos etal 201 &5 . S 17.78 (3.00, 32.085)
Heller et al 200 R & A 19.35 (7.45, 37.47)
Geigeretal 1989 i 15 —— 19.43 (11.33, 30.09)
Moramen H etal 2010 2% o | 19.92 (1502 25.59)
Roogers etal 1997 2 s —— 2083 (7.13,42.15)
Friscnt etal 1997 2 9 ——— 21.43(10:30, 36.31)
Sweizetal 1955 2 7 e 2414 (1030, 4354)
Gremanetal 2008 12 3 o S 25.00(5.49,57.19)
Mol et 3l 2010 7 7 :—.— 2593 (11.11, 46.25)
Mool etal 2009 %0 13 1 —— 26.00 (1463, 40.34)
Banmetal 2001 50 13 |+ 26.00 (1463, £0.34)
Faminez et al 1887 0 8 |—0— 26.67 (1228, 45.89)
Szokeetal 1953 172 &3 | = 2791 (21.35,3524)
Bensonetal 1958 0 15 | ——— 30,00 (17.86, L4.61)
Wimmer et al 2005 52 19 | —— 36.54 (2362, 51.04)
Accamoies etal 2005 1% 1 | ——— 37.50(15.20, B4.57)
Teirkos et al 2003 [ n | —— 46,67 (31.66,62.13)
Owerall (-squared = 82 7%, p=0.000) Q 1091 (9.36, 12.46)
NOTE: WWelgres are fom rangom eMects 3nalsls :

rrrr 1Tl
010203040 6 20 100

Fig. 3 Infections

Pseudoarthrosis

Thirty-three studies, with a total of 2,196 patients, were
included. A total of 74 cases of pseudoarthrosis were
reported. The included studies report the rates of pseudo-
arthrosis based on radiographic diagnosis.

Figure 5 depicts the overall PR of pseudoarthrosis: 1.88 %
(CI = 0.90-2.86). Substantial heterogeneity of PR was

observed (Q = 53.65 at p < 0.001) with 40.4 % of the vari-
ation in PR attributable to heterogeneity. Rate of pseudoar-
throsis among the studies vary between 0.00 and 42.86 %.
When operated at age <13 years, the pseudoarthrosis rate is
significantly higher (11.64 %; p < 0.001) compared to the
overall PR, with no such variation evident with sample size
and publication year (Figure 5a, supplement). Pseudoarthro-
sis rates were significantly higher in myelomeningocele

@ Springer
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Fig. 4 Implant complication Buithor Pubyear  Sample  Cases Rate (35% CI)
Modi et 3l 2008 ) 0 — 0.00 (0.00, 13.23)
Takaso et al 2010 10 [ — 0.00 (0.00, 30.85)
Hahn et al 2008 2 [ — 0.00 (0.00, 18.84)
Takaso etal® 2010 2 0 ~—r 0.00 (0.00, 16.84)
Giletal 2008 8 (] — 0.00 (0.00, 36.94)
Szoke et al 1938 172 2 | 1.16 (0.14, 4.14)
Sponseller et al 2010 157 2 . ! 1.27 (0.15, 4.53)
McCall et al 2005 55 1 o—: 1.82 (0.05, 9.72)
Modi et al = 2009 52 1 -—, 1.92 (0.05. 10.26)
Eagle et al 2007 100 3 -, 3.00 (0.62, 8.52)
Fazir Mohamad et al 2007 175 [ > 3.43(1.27.7.31)
Miadi et al 1597 154 8 - 3.90 (1.4, 8.29)
Alman et al 1333 4 2 pre 4.17 (0.51, 14.25)
Piazzolla et al 2m 24 1 -— 417 (0.1, 21.12)
Whitaker et al 2000 n 1 -~ 4.35 (0.1, 21.95)
Spenseler et al 2000 210 1 - .67 (3.69, 10.53)
Tsirkos et al 20m ) 3 -— 6.67 (1.40, 18.27)
Peelle et al 2008 ) 3 - 7.50 (1.57. 20.39)
Benson et al 1958 £ 4 = 200 (222, 19.23)
Rodgers et al 1557 24 2 ———— 8.33 (1.03, 27.00)
Thacker et al 2002 2 2 ——— 8.33 (1.03, 27.00)
Gitelman et al 2008 12 1 ————— £33 (0.21, 38.48)
Telietal 2005 £ 5 - 893 (2.96, 19.62)
Arun et 3l 2011 4 4 —+— 9.30 (2.59, 22.14)
Master et al 20m 131 " -4 10.69 (5.97, 17.28)
Bentiey et al 2001 101 1 -~ 10.89 (5.56, 18.85)
Tokala et al 2007 5 1 e 11.11 (0.28, 48.25)
Wimmer et 3l 2005 2 8 —-— 11.54 (4,35, 23.44)
Muharrem Yazici et al 1957 ) 5 —— 12.50 (4.19, 26.80)
Mehmat Ayvaz et al 2007 2 3 —— 13.84 (2.91, 34.91)
Geigeretal 1959 m 1 —— 14.29 (7.35, 24.13)
Teietal 2008 80 3 —-— 15.00 (7.10, 26.57)
Banit et al 2001 £ H —— 16.00 (7.17, 29.11)
Frischhut et al 1897 42 H —— 19.05 (8,80, 34.12)
Sponseler et al 1539 14 3 —_— 21.43 (4.6, 50.80)
Reames et al 201 4857 100 | 21.51 (17.85, 25.52)
Tsirikos et al 2008 87 83 | = 21.95 (17.30, 27.19)
Modi et al 2008 0 1 Le—0 22,00 (11.53, 35.98)
Heller et al 2001 3 7 e 2258 (9.59, 41.10)
Sengupta et al 2002 0 13 :—-0-— 26.00 (1463, 40.34)
Teirkos et 3l 2003 45 12 —— 26,67 (14.80, 41.94)
Ramirez et al 1957 0 3 —— 268,67 (12.28, 45.89)
Muharrem Yazici et al 2000 47 13 | —— 27.68 (15,62, 42.64)
Dominik Parsch et al 2001 54 18 | —— 29.63 (17.8, 43.61)
Nectoux et al 2010 28 L] | e 32.14 (15.88, 52.35)
Comstock et al 1988 7 27 | —— 34.18 (23.87, 45.71)
Prilips et al 2007 £ 13 I —— 38.00 (24.85, 52.83)
Accadbeid et al 2008 18 H : — 50.00 (24.85, 75.35)
Modi et al 2010 n 14 " —_— 51.85 (31.95, 71.33)
Milbeandt et al 2005 7 4 | ———— 57.14 (18.41, 90.10)
Greggi et al 2010 8 4 | ——————  60.57 (22.28, 95.67)
Overal (I-squared = 85.7%, p = 0.000) ) 12.51 (9.82, 15.20)
NOTE: Weights are from random effects analysis :

5 I | |
01020 30 40 100
Table 3 Subcategories of implant complications
Implant complications No. of studies Pooled rate PR (%) PR range in studies (%) Cochran’s Q Variability across studies (/ 2)

1 Malplacement 8 4.81 1.92-14.29 No No

2 Loosening 16 2.39 1.14-22.22 No No

3 Implant breakage 18 4.6 0.0-25 Yes Moderate

4 Cutout/pullout/migration 4 2.38 1.27-13.33 No Moderate

5 Removal/revisions/ 12 7.87 3.57-43.75 No Moderate

extension
6  Prominence 13 3.72 2.0-6.25 No No

subgroup (12.63 % at p < 0.001) compared to CP (0.05 %), infections; P =820 %, neurological; P = 40.4 % lowest
DMD (2.97) and overall PR (Figure 5b, supplement). for pseudoarthrosis).

Our results show significant heterogeneity; PR for pul- Among the study characteristics, sensitivity analysis for
monary complications is most affected by heterogeneity  age, sample size, publication year and diagnosis type
(7 = 97.8 %) in comparison to the remaining complication ~ suggest interesting trends of variation in the PRs, partially
groups (I* = 85.7 %, implant complications; I* = 82.7 %,  explaining the observed heterogeneity.
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Fig. 5 Pseudoarthrosis Author Pubyear
Sponseller et al 2010 157
Tsirikos et al 2011 45
Hahn et al 2008 20
Modi etal 2008 26
Whitaker et al 2000 23
Szoke et al 1998 172
Miladi et al 1997 154
Tsirikos et al 2008 287
Fazir Mohamad etal 2007 175
Telietal 2006 60
Telietal 2005 56
Sponselller et al 2000 210
Benson et al 1998 50
Alman et al 1999 48
Peelle et al 2008 40
Master et al 2011 131
Ramirez et al 1997 30
Aleissa et al 1998 57
Thacker et al 2002 24
Mehmat Ayvaz et al 2007 22
Phillips et al 2007 50
Accadbeld et al 2008 16
Frischhut et al 1997 42
Sponseller et al 1999 14
Muharrem Yazicietal 1997 40
Andrea Piazzollaetal 2011 24
Rodgers et al 1997 24
Muharrem Yazicietal 2000 47
Tokala et al 2007 9
Ko et al 2007 9
Banit et al 2001 50
Geiger et al 1999 7
Milbrandt et al 2005 7

Overall (l-squared = 40.4%, p = 0.010)

NOTE: Weights are from random effects analysis

Sample Cases

Rate (95% CI)

0.00 (0.00, 2.32)
0.00 (0.00, 7.87)
0.00 (0.00, 16.84)
0.00 (0.00, 13.23)
0.00 (0.00, 14.82)
0.00 (0.00, 2.12)
0.65 (0.02, 3.56)
1.05 (0.22, 3.02)
1.14 (0.14, 4.07)
1,67 (0.04, 8.94)
1.79 (0.05, 9.55)
1.90 (0.52, 4.80)
2.00 (0.05, 10.65)
2.08 (0.05, 11.07)
2.50 (0.06, 13.16)
3.05 (0.84, 7.63)
32.33(0.08, 17.22)
3.51(0.43, 12.11)
447 (0.11,21.12)
4.55(0.12, 22.84)
6.00 (1.25, 16.55)
6.25 (0.16, 30.23)
7.14 (1.50, 19.48)
7.14(0.18, 33.87)
7.50 (1.57, 20.39)
8.33(0.21, 38.48)
8.33 (1.03, 27.00)
8.51(2.37, 20.38)
11.11 (0.28, 48.25)
11.11 (0.28, 48.25)
16.00 (7.17, 29.11)
22.08 (13.42, 32.98)
42.86 (9.90, 81.59)
1.88 (0.90, 2.86)
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Discussion

The diagnosis of NMS itself is the most significant risk
factor for peri-and postoperative complications [11, 29,
30]. NMS is associated with lengthier hospital stay and a
five-fold higher frequency of death [10]. NMS patients
have a seven-fold higher risk of losing >50 % of their
blood volume during surgery compared to those without
NMS, and curve progression might eventually reduce the
patient’s functional status to “fully dependent” [8, 31].

Pulmonary complications

Pulmonary complications are a prominent cause of mor-
bidity and mortality in these high-risk patients [8, 32], with
complication rates as high as 39 % [14].

In the current review, the overall PR is 22.71 % with
97.8 % variability. We observed a set of 6 studies (Fig. 1)
reporting higher complication rates than the overall and
remaining studies, but in a recheck of the individual
studies we observed that these studies investigate severe
CP and Duchenne’s muscular dystrophy (DMD) (inves-
tigated by Marsh et al.). These two etiologies have an

established high risk of pulmonary complications

L
0 1020 30 40 50

secondary to their disease pathology [10, 33, 34], which is
also reflected in complication rates from the diagnosis
sensitivity analysis (Figure 1b, supplement). In addition,
the main objective of these studies was to analyze pul-
monary complications solely in association with detailed
pulmonary function testing. We hypothesize that the high
rates in these studies are due to the specific and pure
diagnosis of the patients they investigated coupled with
the clear objective of reporting pulmonary complications
and risk factors alone.

We found 1.98 % pulmonary complications in a large
database study from Davis Reamers et al., which lies in
the lower spectrum of complication rates shown in
Fig. 1. This varies significantly from rates in large
sample (>100) studies in the middle of the spectrum [35,
36]. One likely explanation for low rate could be the use
of standardized surgical protocols, post-surgical care and
data documentation in the American study compared to,
among others, Bentley and Szoke et al.’s single-center
studies [35, 36]. On the contrary, single-center studies
are more likely to have meticulous documentation of all
major and minor complications and hence higher rates. It
was not feasible to segregate major and minor compli-
cations, as some authors report major complications and
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some report the overall number of complications.
Therefore, we suggest that these variations in rates are
attributable to the studies’ diverse methodologies and
sample populations.

Few studies in the higher spectrum of complication rates
cite age >16 years at the time of surgery as a prominent
risk factor for prolonged mechanical ventilation [30, 37].
While such a specific pulmonary complication and age
relationship cannot be analyzed by means of our sensitivity
analysis, our analysis suggests no significant difference
between complication rates and overall PR with respect to
age at surgery. Moreover, rates with different sample sizes
did not differ from the PR; hence, other methodological
characteristics in combination could likely explain the wide
heterogeneity.

The medical history of seizures in NMS patients has a
positive association with higher pulmonary complications
[33, 38]. Mohamad et al. [33] found that 22 out of 45
pulmonary complications occurred in patients taking sei-
zure medication. Most of the studies in our review do not
investigate this relationship in detail. We assume that the
observed rates of pulmonary complications are influenced
by the fact that NMS patients typically take antiepileptic
medications.

High postoperative pulmonary complications of 31.08
and 46.6 % have been reported [16, 39] previously. Lung
infiltrations and pneumothorax following a transthoracic
approach contribute to these high complication rates [17,
39, 46]. All included studies report complications in a
well-defined NMS population treated with a diverse
surgical procedures (anterior, posterior spinal fusion,
anterior and posterior combined approach). A majority
of these studies do not stratify the complication rates
based on the surgical procedure performed. Only Hod-
Feins et al. [17] performed a surgical procedure sub-
group analysis for complication rates and found that
combined fusions correlated with higher pulmonary
complications and longer ICU hospitalization in com-
parison to posterior spinal fusion (5.54, 4.05 days,
respectively) and that longer fusion correlated with
shorter ICU hospitalization.

In-depth investigation from our review suggests that the
choice of surgical protocol is determined by a variety of
factors: the patient’s preoperative health status, the sur-
geon’s preferred surgical approach and instrumentation,
and the caretakers’ preferred functional goals, to name a
few, and consequently, it is impractical to develop a uni-
form surgical protocol in NMS patients. Irrespective of
protocol choice, the objective should be to produce the
desired outcome with the fewest possible pulmonary
complications, as they are a prominent cause of morbidity
and mortality in these high-risk patients.

@ Springer

Neurological complications

The current review found an overall PR of 3.01 %, which
is comparable to rates from other studies (2.7, 4.6 %) [33,
40]. However, 5 studies in the lower spectrum of Fig. 2
report higher rates compared to the overall PR. Of these,
Sponseller [41], Greggi [42] and Accadbled et al. [43]
report about four- to eight-fold higher rates compared to
the overall PR. We interpret that these studies have poor
result precision with very wide confidence intervals and
thus they should not influence the interpretations of results
in totality. Moreover, because they have a small sample
size, generalization in relation to results is not advisable.
Although Modi et al, Sponseller et al. and Bentley et al.
report high prevalence, the complications are transitory
and, in comparison to permanent neurological complica-
tions, not disturbing. Bentley et al. point to curve severity
and immobility status to explain the high neurological
complication rate in their study. Many natural history
studies support the interdependence of curve severity and
immobility status [20]. Functional levels in patients with a
greater degree and progression of scoliosis (80 vs. 56
degrees and 4.4 vs. 3.0 degrees per year, respectively)
deteriorate sharply, leading in turn to increased nursing
needs [31, 44]. Both Bentley et al. and Mohamand et al.
suggest that the use of spinal cord monitoring and assess-
ment of pre-existing motor compromise lead to good
neurological outcome [35].

In the lower spectrum of rates, only a handful of studies
report no complications. We reviewed these to discover a
logical explanation. To our surprise, we found that all of
them deal with a limited number (20-22) of patients with
such challenging cases as congenital scoliosis with dysra-
phism, severe CP and non-ambulatory DMD with no
reported complications. It was evident that the surgeons
here used technically advanced instrumentations like third
generation CD instrumentation, Modified Luque-Galves-
ton, and segmental pedicle screw instrumentation [45—48].
As the authors explain, these instrumentations provide
better biomechanical advantage and stability resulting in
fewer implant failures and other implant-related compli-
cations, which are a significant cause of neurological
complications [7, 47, 49, 50].

Reames et al. and Qui et al. report rates within the
confidence interval of overall PR. Reames et al. found 64
neurological complications in a sample of 4,657 NMS
patients, with 49 (1.1 %) new neurological deficits and 19
(0.4 %) nerve and plexus injuries. New neurological defi-
cits were seen with revision procedures. Qiu et al. [13]
found that the use of combined procedures, Cobb angle
>90°, hyperkyphosis and revision surgery were risk factors
for neurological deficits.
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Our sensitivity analysis suggests that high complication
rates (15.1 %) are affiliated with lower age at surgery,
studies with >100 sample size and publications from the
late 1990s. From publication-year sensitivity analysis, we
can deduce that advances in anesthesia care, intensive care
facilities and surgical constructs over time are responsible
for the low complications in recent studies (2002-2011).
Neurological complication can present de novo as well as a
sequel to infections, implant-related problems and revision,
which may explain the higher rates in the large sample
studies.

Infection

Development of infection is unfavorable to the final
outcome of scoliosis surgery. We found an overall
infection PR of 10.91 %. Six studies report prevalence
rates higher than the overall and remaining studies; we
investigated this subset to identify likely reasons for the
high rates. Ramirez, Szoke, Benson, Wimmer and Tsiri-
kos et al. worked with severely afflicted non-ambulatory
CP and DMD patients having a mobility status with a
proven high infection risk [36, 51]. The patients in
Szoke’s et al. study were severely medically compro-
mised, with malnourishment, speech incapacity, muscle
release surgery, and seizure disorders exacerbating their
CP disorder. Benson et al. and others performed extensive
surgeries on high-risk myelomeningocele and spastic CP
patients and reported a high frequency of urinary tract
infections (5.3 vs. 0.7 %) and surgical wound infections
(1.3 vs. 0.3 %), respectively [10, 36, 52]. The high risk of
infections in myelomeningocele patients is also supported
by results of our sensitivity analysis, depicting an infec-
tion rate of 20.32 % in this subgroup. The authors suggest
that major surgery poses a high risk of infections in NMS
patients and the observed high rates are therefore not
surprising. It is interesting to note that the authors rec-
ommend surgery in these high-risk patients and they
defend this argument on the grounds of high rates of
satisfaction and functional improvement reported by the
patients and their caretakers.

Our studies also observed that prolonged preoperative
hospitalization, extended surgery duration, high blood
loss [53, 54], cognitive impairment, severity of deformity,
use of allograft [11, 51, 55], urinary tract infection and
[54, 56] and malnutrition [57-59] are some of the com-
plexities affiliated with surgical treatment of NMS
patients and are also proven risk factors for infections.
Szoke et al. [36] elaborate that the infected cases in their
series had spastic quadriplegia with severe mental retar-
dation, seizures and speech inability; these patients had

also received allogenic transfusion subsequent to high
blood loss.

At the lower spectrum of complication rates, a
couple of studies show convincingly low infection
rates. We observed lower rates of infections when
advanced surgical approach and instrumentation [60,
65] were used for smaller Cobb angles [61] in ade-
quately nourished patients [62]. The trend of
decreasing complication rates with an increase in
publication year suggests that advances in surgical
approach, instrumentation and patient care have yiel-
ded a positive impact. We believe that the low rate
reported by Barsdorf et al. [14] suffers from limita-
tions in the type of data analyzed; their reported rates
are calculated on the basis of hospital admissions due
to infections. It is doubtful that every infection is
reported to the same institute for treatment, hence the
lower rates.

Implant-related complications

NMS patients have problematic fusion outcomes at fol-
low-up. We report an overall implant complication PR of
12.51 %. Nine studies distinctly report much higher rates
for implant complications compared to the overall.
Accadbled et al. [42], Milbrandt and Johnston Ii [63],
Greggi et al. [43] report imprecise results with very wide
confidence intervals. We investigated the individual
studies to discern plausible explanations for the observed
results. Nectoux et al. [64] suggest that their spastic and
non-ambulatory CP patients had increased risk of frac-
tures with instrumented surgery. Phillips et al. [46]
reported implant breakages with two types of spino-pelvic
anchorages. They report 11 such complications with sin-
gle screw stabilization compared to two screws. Two
screws offer caudal stability, thus inhibiting the proximal
motion that is responsible for stress failures of the
implant. They prove that caudal stability diminishes
implant complications. Comstock et al. [62] had greater
than 5 years follow-up for 42 % of their patients, which
explains the high implant complications when compared
to studies which have a mean follow- up of approximately
2 years. On the other hand, Parsch et al. [65] attribute the
high rates to the high level of paralysis seen in their
myelomeningocele patients. They report that the higher
the level of paralysis, the higher was the implant failure
rate and correction loss. Again, Modi et al. [66, 67] and
Comstock et al. [62] make interesting recommendations
for surgery, which they argue on the basis of the patients’
improved function and parents’ satisfaction with the sur-
gical results.
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In the lower spectrum of complication rates, few
studies report no complications. They are very diverse in
objectives and surgical methods. As we were unable to
isolate any common study characteristics which could
explain the lower rates observed, we believe they are most
likely a product of chance. Our sensitivity analysis sug-
gests that a larger cohort exhibits lower implant compli-
cation rates (6.5 %). Sponseller et al. [56], whose main
objective was to study infection rates after surgery,
mention two cases of implant removal due to infection.
Since their main objective was to report infections, other
non-infection related implant complications, even if
present, were not likely to be mentioned. Miladi et al. [68]
and Tsirikos et al. [69] show low rates, consisting pri-
marily of such minor complications as loosening and

prominence with illiosacral and pedicle screws,
respectively.
Pseudoarthrosis

Lack of bony fusion 1 year after surgery is classified as
pseudoarthrosis or, in cases involving the spine, false
joint formation [70]. Banit and coworkers [71] opera-
tionally define pseudoarthrosis as a “radiographic lucency
or curve progression with hardware failure”. We report a
PR of 1.88 %. Strikingly high rates are seen in five
studies, three of which have large confidence intervals
and are therefore imprecise interpretations. Unlike other
studies investigating multiple diagnoses, Banit et al. [71]
and Geiger et al. [72] report high rates for myelome-
ningocele patients. Geiger et al. elaborate, that high
pseudoarthrosis was associated with implant infection,
loosening, fusion to sacrum, and high (48.7 %) correction
loss. NMS patients’ metabolism-related factors such as
mal-absorption syndrome, phosphate depletion, vitamin D
abnormalities, and anemia all have a detrimental effect on
fusion rates [73].

In the 2000s, Banit et al. report a pseudoarthrosis rate
of 16 % compared to 27-50 % in the late 1980s [74, 75],
which presumably is attributable to improvements in
surgical instrumentation and technique [71, 76]. Spon-
seller et al. [55] found an increased risk of pseudoarthrosis
following deep spinal infection. Studies from, for exam-
ple, Tsirikos et al. advise precautionary preventive mea-
sures and, if pseudoarthrosis develops, managing it by
means of instrumentation replacement and bone grafting,

@ Springer

whereas Phillips et al. discuss no influence of radiolu-
cencies on the final clinical outcome [46, 77]. Because
pseudoarthrosis in the included studies is radiologically
confirmed, the reported rates are unlikely to exhibit
disparity.

Conclusion

High rates of pulmonary, implant, and infection related
morbidity rates were determined among surgically treated
NMS patients. As expected, the PRs are affected by
heterogeneity. Sensitivity analysis suggests that age at the
time of surgery of <13 years is associated with high
pulmonary, neurological, and pseudarthrosis complication
rates. Large sample studies (>100) reported high rates of
implant and neurological complications and studies in the
late 1990s reported high pulmonary, infection and neu-
rological complication. Myelomeningocele patients had
high rates of infection, pseudoarthrosis and neurological
complications. Therefore, age at time of surgery, sample
size, publication year and diagnosis type partially explain
the variability in PRs. The studies in the review present
limitations with regard to relevant data variables (e.g.
categorization of complications, diagnosis-based compli-
cation compilation) thus rendering further investigation
impossible. We conclude that the meta-analysis presented
provides a valuable compilation of information on the
prevalence of surgical complication rates in NMS; it is
imperative that these be considered and addressed by the
surgeon during the decision-making process. The current
level of evidence in published literature regarding surgi-
cal outcomes and complications with various surgical
techniques in NMS ranges between 2+ and 2— and the
subsequent recommendations are level C. We propose
that these figures will assist the surgeon’s knowledge of
“what and how much to expect” when operating on these
complex patients.

Conflict of interest None.
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See Table 4.
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