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Outcomes of Surgical Correction of Atlantoaxial Instability in Patients with Down

Syndrome: Systematic Review and Meta-Analysis
Ryan C. Hofler1, Nathan Pecoraro2, G. Alexander Jones1
-BACKGROUND: Atlantoaxial instability (AAI) is a com-
mon cause of neurologic dysfunction and pain in patients
with Down syndrome (DS), frequently requiring instru-
mented fusion of the upper cervical spine. Despite this,
optimal treatment strategy is controversial.

-METHODS: A systematic review of the literature was
performed according to the Preferred Reporting Items for
Systemic Reviews and Meta-Analysis statement to
identify patients with AAI and DS were treated with
upper cervical spine fusion. Patient demographics, pre-
operative symptoms, fixation type, and outcome mea-
sures including complications, neurologic outcomes, and
bony fusion status were gathered for patients in the
included publications. Meta-analysis was performed to
compare outcomes of different types of fixation
constructs.

-RESULTS: Of the 1191 publications retrieved, 51 met in-
clusion criteria, yielding 137 patients. Six fixation strate-
gies were identified: noninstrumented (n [ 6), wiring (n [
77), wiring with rods (n [ 14), screw fixation (n [ 33),
hook and rod fixation (n [ 2), and screw and wire fixation
(n [ 5). Constructs with screws and rods had greater bony
union (P [ 0.003) and a lower rate of revision surgery
(P [ 0.047), loss of reduction or pseudoarthrosis (P [
0.009), halo utilization (P < 0.001), and early neurologic
decline (P [ 0.004) compared with wiring alone. Con-
structs with wires and rods had greater bony union (P [
0.036) than wiring alone.
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Abbreviations and Acronyms
AOI: Atlanto-occipital instability
AAI: Atlantoaxial instability
BMP: Bone morphogenetic protein
DS: Down syndrome
HRF: Hook and rod fixation
NIF: Noninstrumented fusion
SF: Screw fixation
SWF: Screw and wire fixation
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-CONCLUSIONS: Numerous fixation strategies exist for
AAI in patients with DS. Using a combination of screws,
rods, and wiring in appropriately selected patients may
help reduce the high rate of surgical complications in
these patients.
INTRODUCTION
own syndrome (DS) is one of the most common genetic
disorders in humans, affecting roughly 1 in 700 live
Dbirths.1 In addition to developmental delay, short stature,

and distinct facial features, this condition is associated with
numerous orthopedic conditions.2-9 Atlantoaxial instability
(AAI), caused by ligamentous laxity, is a common cause of pain,
torticollis, and neurologic dysfunction, affecting an estimated
12%�20% of patients with DS.7,10,11 Although surgical interven-
tion with spinal cord decompression, deformity reduction, inter-
nal fixation, and fusion is often indicated to address AAI in
patients with DS, it is often plagued by complications, poor
neurologic outcomes, and need for revision surgery.4,12-15

To date, numerous case reports and case series have been
published on the surgical treatment of AAI in patients with DS,
employing a number of fixation strategies. However, no ran-
domized trials or meta-analyses have been performed to assess
overall outcomes from treatment of AAI or compare the efficacy of
different treatment strategies. In light of this paucity of literature
despite the available data, the present study was undertaken to
provide a thorough systematic review and meta-analysis of these
surgical treatments.
WOF: Wire-only fixation
WRF: Wire-and-rod fixation
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Figure 1. Preferred Reporting Items for Systemic Reviews and
Meta-Analysis flow diagram.
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METHODS AND MATERIALS

Study Inclusion
A systematic search was performed in PubMed, Scopus, and the
Cochrane Library. The last search was performed on 18 May, 2018
and went back as far as data were available. The PRISMA
(Preferred Reporting Items for Systemic Reviews and Meta-
Analysis) statement was followed.16 References derived from the
included studies were evaluated to find additional studies. The
search of all fields was performed with the following string:
("down syndrome") AND (("cervical fusion") OR
("craniovertebral fusion") OR (("atlantoaxial" OR "atlanto-axial")
AND ("fusion" OR "instability" OR "dislocation" OR
"subluxation"))), yielding a total of 1170 records. Duplicate
records were removed, and the rest were screened for inclusion
by title and abstract review. Full-text article review was per-
formed for any surgical case reports, case series, or trials
pertaining to open fusion of the upper cervical spine for AAI in
patients with Down syndrome.
Studies were included in the meta-analysis if they presented

detailed and complete information on the patients involved. Ar-
ticles were excluded if individual patient information was lacking
for gender, age, preoperative diagnosis, neurologic function,
surgical instrumentation used, follow-up neurologic status, or
status of arthrodesis at last follow-up. Additional exclusion criteria
included publications in languages other than English and follow-
up <3 months. Patients from the included studies were compiled
into a database for analysis if they had a diagnosis of DS and
underwent open surgical fusion of the upper cervical spine.
e126 www.SCIENCEDIRECT.com WORLD NE
Individual patients were subsequently excluded from analysis if
they lacked preoperative, operative, or postoperative details; had
follow-up <3 months; or had fusion extending to the thoracic
spine. Patients presented in >1 manuscript were only included
once in the database and were excluded from the articles with the
shorter follow-up period.

Preoperative and Operative Data
Age, gender, preoperative neurologic status, presenting symp-
toms, and year of publication were identified for each patient
included. Neurologic status was consolidated into normal or any
degree of dysfunction. Other presenting symptoms included
torticollis and neck pain. Operative details included type of
instrumentation used, most rostral level instrumented (occiput or
atlas), and postoperative immobilization device (halo, cervical
collar, other orthosis, or none).
Noninstrumented fusion (NIF) was defined as open fusion

without placement of internal hardware. Wire-only fixation (WOF)
includes any open fusion using only wires or cables. Wire-and rod-
fixation (WRF) denotes open fusion with wires or cables securing
rigid rods to the spine. Screw fixation (SF) involves the use of
screws, with or without connecting rods, and without wires or
cables. Hook and rod fixation (HRF) was defined as fixation using
hooks and connecting rods, without use of screws, wires, or
cables. Screw-and-wire fixation (SWF) denotes fixation using
screws and wires or cables, with or without connecting rods.
Certain data were not available for every patient but were

recorded when available: timing of symptomatology (noted as
acute, progressive, and/or transient); graft material used (auto-
graft, allograft, bone morphogenetic protein [BMP]); and number
of motion segments fused.

Outcome Measures
Outcome measures included need for revision surgery (including
total number of revisions), bony union status at last follow up,
complications, mortality, and neurologic outcome. The following
were considered complications: loss of reduction, pseudoarth-
rosis, early neurologic deterioration (within 1 year of the index
operation), late neurologic deterioration (greater than 1 year after
the index operation), intracranial hemorrhage, postoperative
radiculopathy, hardware failure, surgical site infection, cardiac
event, respiratory failure, adjacent segment degeneration, cere-
brospinal fluid leak, halo complications, deep venous thrombosis,
urinary tract infection, pneumonia, and dysphagia. Neurologic
outcome was graded as worse than preoperative examination, no
change in preoperative deficit, partial improvement of preopera-
tive deficit, and normal neurologic function.

Statistical Analysis
Patients were grouped by construct type into 1 of the 6 treatment
groups defined earlier. Comparative statistics were performed to
compare the preoperative, operative, and postoperative data for
patients in the WOF, WRF, and SF groups. The group with wire or
cable-only constructs (WOF) was used as the reference to indi-
vidually compare the efficacy of the other 2 construct types (WRF
and SF). For continuous variables including age, follow-up time,
year of publication, and number of motion segments fused, a
2-sample t-test was employed. All other variables were analyzed as
UROSURGERY, https://doi.org/10.1016/j.wneu.2019.01.267
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Table 1. Included Studies as Identified by System Review of Literature

Author and Year

Number of Patients by Construct Type

Noninstrument Wire or Cable Only Wire and Rod Screw and Rod Hook and Rod Screw and Wire

Dzenitis, 196617 1

Curtis et al., 196818 2

Finerman et al., 197619 1

Holmes et al., 197820 2

Dawson et al., 197920 2

Giblin et al., 197921 1 1

Nordt et al., 198122,* 1

Shield et al., 198123 1

Herring et al., 198224 1

Sherk et al., 198225 1

Koop et al., 198426 1

Kobori et al., 198627 2

Chaudhry et al., 198728,* 3

Shikata et al., 198915 8

Segal et al., 199114,y 1 8

Smith et al., 199129 3

Briggs et al., 199210 1

Menezes et al., 199230,* 2

Higo et al., 199531 4

Kohno et al., 199532 1

Doyle et al., 199612 2 13

Hui et al., 199733 6

Lowry et al., 199734 4

Tseng et al., 199835 1

Brockmeyer et al., 199936 5

Pait et al., 199937,z 1

Cohen et al., 200138 1

Parisini et al., 200339 1 1

Masuda, et al., 200340 1

Singh et al., 200341 1

Visocchi et al., 200342,x 1

Yamazaki et al., 200443 1

Nader-Sepahi et al., 200513 8 1 3

Reilly et al., 200644 1 2

*1 patient excluded for follow-up <3 months.
y1 patient excluded due to lack of atlantoaxial instability.
z1 patient excluded due to lack of neurologic status.
x2 patients excluded due to duplication in another included study.
k2 patients excluded for lack of demographic data.
{2 patients excluded due to extension of fusion to the thoracic spine. Continues
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Table 1. Continued

Author and Year

Number of Patients by Construct Type

Noninstrument Wire or Cable Only Wire and Rod Screw and Rod Hook and Rod Screw and Wire

Lu et al., 200745 1

Magrini et al., 200846 1

Giussani et al., 200947,k 1

Heuer et al., 200948 2

Visocchi et al., 200949 5

Hankinson et al., 201050 1

Hedequist et al., 201051 2

Kuroki et al., 201252 2

Dedlow et al., 201353 1

Johnson et al., 201354 1

Kosnik-Infinger et al., 201455 1

Odent et al., 201456 1

Siemionow et al., 201457 2

Molinari et al., 201558 1

Ito et al., 201759 2

Siemionow et al., 20174,{ 1 6 3

Takeshima et al., 201760 1

*1 patient excluded for follow-up <3 months.
y1 patient excluded due to lack of atlantoaxial instability.
z1 patient excluded due to lack of neurologic status.
x2 patients excluded due to duplication in another included study.
k2 patients excluded for lack of demographic data.
{2 patients excluded due to extension of fusion to the thoracic spine.
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binary data using N-1 two proportion tests on pairs. The NIF,
HRF, and SWF groups yielded an insufficient number of patients
for comparative statistical analysis.
RESULTS

A total of 1191 publications were identified (Figure 1), of which 211
duplicates were removed. Of the remaining 980 articles, 900 were
eliminated after title and abstract screening, yielding 80 articles
that underwent full text review. A total of 29 of these were
deemed unusable and removed: lack of demographic data
(2 articles); no preoperative neurologic status (2); clinical details
not assigned to individual patients (7); no recorded
postoperative follow-up data (12); inadequate description of the
type of fusion construct used (3); and only included duplicate
patients (3). The remaining 51 case reports and case series, pub-
lished from 1966e2017, were included for analysis (Table 1). All
included studies were level IV evidence.61

These 51 articles yielded 148 patients with DS who underwent
upper cervical fusion (Figure 2). Of these, 11 were excluded from
analysis: 2 for fusion to the thoracic spine, 1 for atlantooccipital
instability (AOI) without AAI, 3 for follow-up <3 months, 2 for
e128 www.SCIENCEDIRECT.com WORLD NE
duplication in other included studies, 2 for lack of demographic
data, and 1 for lack of documented preoperative neurologic status.
The remaining 137 patients with DS and AAI treated with upper
cervical fusion were included in the final analysis. The mean age
was 13.2 years (standard deviation [SD]: 10.6), 54.7% of patients
were female, and mean follow-up time was 37.6 months.
Wire-Only Fixation
A total of 77 patients underwent upper cervical fusion with
WOF.4,10,12-15,18-30,33-35,38,39,47 The mean age was 12.1 years (SD: 9.
9), 58.4% were female, mean follow-up was 36.5 months, and
mean year of publication was 1992 (range: 1966e2017). Three
patients had concurrent AOI. Arthrodesis was performed to the
occiput in 64.5% of patients, the mean number of motion seg-
ments fused was 1.4, and 75.3% of patients were placed in a Halo
orthosis. Of the 60 patients with grafting materials listed, 96.7%
had autograft, 3.3% had allograft, and none had the addition of
BMP. Preoperative neurologic dysfunction was present in 71.4%
(Table 2). Loss of reduction or pseudoarthrosis occurred in 41.6%,
early neurologic deterioration occurred in 24.7%, and late
neurologic deterioration occurred in 2.6%. A total of 34 revision
UROSURGERY, https://doi.org/10.1016/j.wneu.2019.01.267
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Figure 2. Flow diagram of patient inclusion and exclusion.
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operations were performed in 29 (37.7%) patients, with 11.7%
having multiple revision surgeries. The bony union rate was 80.
5% at last follow-up, at which time 7.8% of patients were
neurologically worse, 7.8% had no change in preoperative deficit,
15.6% had partial improvement of their deficit, and 59.7% had
normal neurologic function. The mortality rate was 9.1% (Table 3).

Wire-and-Rod Fixation
A total of 14 patients underwent upper cervical fusion with
WRF.13,31,42,43,49,51 The mean age was 9.7 years (SD: 6.4), 64.3%
were female, mean follow-up time was 36.1 months, and mean
year of publication was 2004 (range: 1995e2010). One patient had
concurrent AOI. Arthrodesis was extended to the occiput in all
patients, the mean number of motion segments fused was 2.6,
and 57.1% of patients were placed in a Halo orthosis. Of the 12
patients with grafting materials listed, all had autograft and none
had allograft nor BMP. Preoperative neurologic dysfunction was
present in 71.4% of patients (see Table 2). Loss of reduction or
pseudoarthrosis occurred in 50%, early neurologic deterioration
occurred in 7.1%, and late neurologic deterioration was not seen
in any patients. A total of 4 revision surgeries were performed
in 3 (21.4%) patients, with 7.1% having multiple revisions. The
bony union rate was 100% at last follow-up, at which time no
patients were neurologically worse, 7.1% had no change in pre-
operative deficit, 14.3% had partial improvement of their deficit,
and 78.6% had normal neurologic function. No mortalities were
reported (see Table 3).
Compared with patients with WOF, there was no significant

difference in age (P ¼ 0.25), gender (P ¼ 0.34), or rate of pre-
operative neurologic dysfunction (P ¼ 0.5). The number of motion
segments fused (P < 0.001) and rate of fusion to the occiput (P <
0.001) were significantly higher. There was no difference in the
types of grafts used or mean follow-up time. There was a trend
toward lower rates of Halo use (P ¼ 0.08) and early neurologic
WORLD NEUROSURGERY 126: e125-e135, JUNE 2019
decline (P ¼ 0.07), but neither was significant. The mean year of
publication was significantly more recent (P < 0.001). There was
no significant difference in rates of complications, mortality, or
revision surgery. Neurologic outcomes were similar between the 2
groups. Patients with wire-and-rod constructs had a significantly
higher rate of bony union (P ¼ 0.036).

Screw Fixation
A total of 33 patients underwent fusion using
SF.4,13,36,37,41,44,48,50,52,54-60 The mean age was 15.7 years
(SD: 11.1), 45.5% were female, the mean follow-up time was
33.2 months, and mean year of publication was 2009 (range:
1999e2017). One patient had concurrent AOI, and 2 had concur-
rent subaxial degeneration. Arthrodesis was performed to the
occiput in 39.4% of patients, the mean number of motion seg-
ments fused was 1.7, and 39.3% of patients were placed in a Halo
orthosis. Of the 28 patients with grafting materials reported, 89.
3% had autograft, 10.7% had allograft, and 10.7% had BMP.
Preoperative neurologic dysfunction was present in 60.6% of pa-
tients (see Table 2). Loss of reduction or pseudoarthrosis occurred
in 18.2%, early neurologic deterioration occurred in 3.0%, and
later neurologic dysfunction occurred in 6.1% of patients. A
total of 7 revision surgeries were performed in 7 patients. No
patients had multiple revisions. The bony union rate was 100%
at last follow-up, at which time 3% of patients had worsened
neurologically, 6.1% had a stable preoperative deficit, 12.1% had
partial improvement of a deficit, and 75.8% had normal neuro-
logic function. The mortality rate was 3% (see Table 3).
Compared with patients with WOF, there was no significant

difference in age (P ¼ 0.12), gender (P ¼ 0.11), or rate of pre-
operative neurologic dysfunction (P ¼ 0.13). The number of
motion segments fused was greater (P ¼ 0.039), but the rate of
fusion to the occiput was not (P ¼ 0.33). There was no difference
in the types of grafts used or mean follow-up time, although
www.journals.elsevier.com/world-neurosurgery e129
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Table 2. Comparative Statistics for Preoperative and Operative Data by Construct Type

Wire Fixation* Wire-and-Rod Fixation Screw Fixation

Result Result P Value Result P Value

Number 77 14 — 33 —

Mean age (years)y 12.1 (9.9) 9.7 (6.4) 0.25 15.7 (11.1) 0.12

Pediatric patients 65 (84.4%) 24 (72.7%) 0.15 13 (92.8%) 0.41

Gender

Female 45 (58.4%) 9 (64.3%) 0.34 15 (45.5%) 0.11

Symptoms

Neurologic 55 (71.4%) 10 (71.4%) 0.5 20 (60.6%) 0.13

Torticollis 9 (11.7%) 2 (14.3%) 0.39 2 (6.1%) 0.18

Pain 15 (19.5%) 0 0.036 8 (24.2%) 0.29

Acute 15 (19.5%) 1 (7.1%) 0.134 4 (12.1%) 0.18

Progressive 13 (16.9%) 3 (21.4%) 0.34 6 (18.2%) 0.43

Transient 4 (5.2%) 0 0.51 1 (3.0%) 0.31

Surgery

Motion segmentsy 1.4 (0.6) 2.6 (0.6) <0.001 1.7 (0.7) 0.039

Fusion to occiput 27 (35.1%) 14 (100%) <0.001 13 (39.4%) 0.33

Graft reported 60 12 28

Autograftz 58 (96.7%) 12 (100%) 0.69 25 (89.3%) 0.08

Allograftz 2 (3.3%) 0 0.69 3 (10.7%) 0.34

BMPz 0 0 3 (10.7%) 0.34

Orthosis

Halo 58 (75.3%) 8 (57.1%) 0.08 13 (39.3%) <0.001

Collar 0 4 (28.6%) <0.001 8 (24.2%) <0.001

Other 16 (20.8%) 2 (14.3%) 0.29 1 (3.0%) 0.009

None 3 (3.9%) 0 0.60 11 (33.3%) <0.001

Mean follow-up (months)x 36.5 (3e131) 36.1 (3e79) 0.96 33.2 (3e156) 0.69

Year of publicationx 1992 (1966e2017) 2004 (1995e2010) <0.001 2009 (1999e2017) <0.001

*For the purposes of statistical analysis, wire-only fixation was taken as the reference.
yIndicates standard deviation is presented in parentheses.
zPercentages calculated as number reported for each graft type divided by total patients with graft reported.
xIndicates range is presented in parentheses.
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there was a trend toward decreased use of autograft in this group
(P ¼ 0.08). The rate of Halo usage was significantly lower with
screw-and-rod constructs (P < 0.001). The mean year of publi-
cation was significantly more recent (P < 0.001). The rate of
revision surgery (P ¼ 0.047) and number of patients with
multiple revisions (P ¼ 0.02) were significantly lower with screw-
and-rod constructs, and the rate of bony union was significantly
higher (P ¼ 0.003). Rates of loss of reduction and pseudoarth-
rosis (P ¼ 0.009) and early neurologic deterioration (P ¼ 0.004)
were also significantly lower. The rates of other complications
and mortalities, as well as neurologic outcome, were not
significantly different.
e130 www.SCIENCEDIRECT.com WORLD NE
Noninstrumented Fusion, Hook-and-Rod Fixation, and Screw-and-
Wire Fixation
Six patients underwent upper cervical NIF for AAI.12,14,21,45,46 Two
patients had fusion with HRF.32,38 Five patients had fusion with
SWF.4,44 Their characteristics are described in Tables 4 and 5.
DISCUSSION

This review of the literature demonstrates the numerous small
series that have been published on the surgical treatment of AAI in
patients with DS. No prior meta-analyses of these data have been
performed, but numerous fusion strategies including NIF,46
UROSURGERY, https://doi.org/10.1016/j.wneu.2019.01.267
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Table 3. Comparative Statistics for Postoperative Outcomes by Construct Type

Wire Fixation* Wire-and-Rod Fixation Screw Fixation

Result Result P Value Result P Value

Number 77 14 — 33 —

Revisions 34 4 7

Patients with any 29 (37.7%) 3 (21.4%) 0.12 7 (21.2%) 0.047

Patients with >1 9 (11.7%) 1 (7.1%) 0.31 0 0.02

Bony union 62 (80.5%) 14 (100%) 0.036 33 (100%) 0.003

Complications

LOR or pseudo 32 (41.6%) 7 (50.0%) 0.28 6 (18.2%) 0.009

Early neuro 19 (24.7%) 1 (7.1%) 0.07 1 (3.0%) 0.004

Late neuro 2 (2.6%) 0 0.71 2 (6.1%) 0.19

ICH 1 (1.3%) 0 0.85 0 0.51

Radiculopathy 0 0 1 (3.0%) 0.12

Hardware failure 5 (6.5%) 0 0.42 3 (9.1%) 0.32

Infection 4 (5.2%) 1 (7.1%) 0.57 2 (6.1%) 0.43

Cardiac 1 (1.3%) 0 0.85 0 0.51

Respiratory failure 7 (9.1%) 0 0.12 1 (3.0%) 0.13

Adjacent segment 6 (7.8%) 2 (14.3%) 0.22 2 (6.1%) 0.37

CSF leak 0 1 (7.1%) 0.15 0

Decubitus ulcer 1 (2.3%) 0 0.85 0 0.51

Halo complication 3 (3.9%) 0 0.60 0 0.25

DVT 0 0 1 (3.0%) 0.12

UTI 1 (1.3%) 0 0.85 0 0.51

Pneumonia 2 (2.6%) 0 0.71 2 (6.1%) 0.19

Dysphagia 0 0 1 (3.0%) 0.12

Mortality 7 (9.1%) 0 0.12 1 (3.0%) 0.13

Outcome

Worse 6 (7.8%) 0 0.36 1 (3.0%) 0.18

No change 6 (7.8%) 1 (7.1%) 0.47 2 (6.1%) 0.37

Partial 12 (15.6%) 2 (14.3%) 0.45 4 (12.1%) 0.09

Full 46 (59.7%) 11 (78.6%) 0.09 25 (75.8%) 0.055

LOR, loss of reduction; ICH, intracerebral hemorrhage; CSF, cerebrospinal fluid; DVT, deep venous thrombosis; UTI, urinary tract infection.
*For the purposes of statistical analysis, wire construct was taken as the reference.
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WOF,4,47 WRF,49,51 SF,4,48,50,52-58,60 and SWF4 have been described
and used within the past decade. This reflects the diversity of
opinion regarding optimal treatment strategies for these
patients. That many of these patients are treated as children or
adolescents only amplifies this lack of consensus.
This work demonstrates greater rates of fusion with lower rates

of revision surgery, halo utilization, early neurologic deterioration,
and loss of reduction and pseudoarthrosis for screw and rod
constructs compared with wiring alone. This finding is intuitive
WORLD NEUROSURGERY 126: e125-e135, JUNE 2019
given the greater rigidity provided by pedicle and transarticular
screw fixation, compared with hook-and-wire constructs in cra-
niocervical fixation, as demonstrated by Oda et al.62 It should be
noted, however, that these patients were more likely to have a
fixation construct that extended beyond C1 and C2. It has been
hypothesized that extending the atlantoaxial fixation to the
occiput leads to greater stability, resulting in better maintenance
of reduction and fusion.57,63 Rates of fusion to the occiput were
similar between these groups.
www.journals.elsevier.com/world-neurosurgery e131
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Table 4. Descriptive Statistics for Preoperative and Operative Data for Noninstrumented Fusion, Hook-and-Rod Fusion, and Screw-and-
Wire Fixation

Noninstrumented* Hook-and-Rod Fixation Screw-and-Wire Fixation

Result Result Result

Number 6 2 5

Mean age (years)y 10.9 (9.4) 7.5 (6.4) 27 (18.9)

Gender

Female 2 (33.3%) 2 (100%) 2 (40.0%)

Symptoms

Neurologic 4 (66.7%) 1 (50.0%) 4 (80.0%)

Torticollis 0 0 0

Pain 1 (16.7%) 1 (50.0%) 0

Acute 1 (16.7%) 1 (50.0%) 0

Progressive 2 (33.3%) 0 2

Transient 1 (16.7%) 0 0

Surgery

Motion segmentsy 2.3 (1.0) 1.0 (0.0) 2.2 (1.6)

Fusion to occiput 5 (83.3%) 0 2 (40.0%)

Graft reported 4 2 5

Autograftz 4 (100%) 2 (100%) 4 (80.0%)

Allograftz 0 0 1 (20.0%)

BMPz 1 (25.0%) 0 1 (20.0%)

Orthosis

Halo 5 (83.3%) 1 (50.0%) 5 (100%)

Collar 0 0 0

Other 0 1 (50.0%) 0

None 1 (16.7%) 0 0

Mean follow-up (months)x 50.2 (5e142) 82 (8e156) 61.6 (25e88)

Year of publicationx 1996 (1979e2008) 1998 (1995e2002) 2012 (2006e2017)

*For the purposes of statistical analysis, wire-only fixation was taken as the reference.
yIndicates standard deviation is presented in parentheses.
zPercentages calculated as number reported for each graft type divided by total patients with graft reported.
xIndicates range is presented in parentheses.
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Adding stabilizing rods to a wire/cable construct resulted in a
greater rate of bony union but had no impact on other outcome
measures. This result is confounded by an increased number of
motion segments fused and increased rate of fusion to the
occiput. In addition, these patients had a significantly lower rate
of preoperative pain compared with those who received wiring
alone. Although statistically significant, it is unclear if this is
clinically meaningful but could be suggestive of a reporting bias.
An additional confounding factor in these 3 groups is the year

of publication. Patients with wire-and-rod or screw-and-rod
constructs were more likely to be presented in more recent
publications than those with wire-only constructs. This likely
e132 www.SCIENCEDIRECT.com WORLD NE
represents the overarching trend in fixation strategies for AAI in
DS (and in complex spine surgery in general), with surgeons
favoring the additional stability provided by rods and screws, as
an alternative to the high complication rates reported with
noninstrumented and wire-only constructs in earlier series. In
addition, more recent results may be better than those of earlier
series due to more rigorous patient selection, improved medical
therapies, and the advent of new technologies including
improved preoperative imaging, stereotactic navigation, elec-
trophysiologic monitoring, BMP, and endoscopic endonasal
odontoid resection,4,46,52,58,60 which may not have been uni-
formly reported in this series.
UROSURGERY, https://doi.org/10.1016/j.wneu.2019.01.267
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Table 5. Descriptive Statistics for Postoperative Outcomes for Noninstrumented Fusion, Hook-and-Rod Fusion, and Screw-and-Wire
Fixation

Noninstrumented* Hook-and-Rod Fixation Screw-and-Wire Fixation

Result Result Result

Number 6 2 5

Revisions 7 0 0

Patients with any 4 (66.7%) 0 0

Patients with >1 3 (50.0%) 0 0

Bony union 5 (83.3%) 2 (100%) 5 (100%)

Complications

LOR or pseudo 4 (66.7%) 0 0

Early neuro 3 (50.0%) 0 0

Late neuro 0 0 0

ICH 0 0 0

Radiculopathy 0 0 0

Hardware failure 1 (16.7%) 0 0

Infection 0 1 (50.0%) 0

Cardiac 0 0 0

Respiratory failure 1 (16.7%) 0 0

Adjacent segment 0 0 1 (20.0%)

CSF leak 0 0 0

Decubitus ulcer 0 1 (50.0%) 0

Halo complication 1 (16.7%) 0 0

DVT 0 0 0

UTI 0 0 0

Pneumonia 0 0 0

Dysphagia 0 0 0

Mortality 0 0 0

Outcome

Worse 2 (33.3%) 0 0

No change 0 0 1 (20.0%)

Partial 3 (50.0%) 1 (50.0%) 3 (60.0%)

Full 1 (16.7%) 1 (50.0%) 1 (20.0%)

LOR, loss of reduction; ICH, intracerebral hemorrhage; DVT, deep venous thrombosis; UTI, urinary tract infection.
*For the purposes of statistical analysis, wire construct was taken as the reference.
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This study is limited by the significant limitations inherent to
a meta-analysis: the data include case reports and small case
series, nonuniform surgical techniques and reporting, and var-
iable follow-up. Meta-analysis was not feasible for all fixation
strategies due to limited data for several construct types.
Although it is preferable to perform meta-analyses on collections
of studies with a high level of evidence, strong randomization,
and large sample size, no such data exist for this patient
WORLD NEUROSURGERY 126: e125-e135, JUNE 2019
population. The present work represents the first study to sys-
tematically review outcomes for patients with DS undergoing
upper cervical and craniocervical fusion for AIS and provides
important insight into the unique challenges associated with
treating this group. Further prospective study with larger patient
cohorts through interinstitutional cooperation is warranted in
order to further elucidate optimal treatment strategies for this
patient population.
www.journals.elsevier.com/world-neurosurgery e133
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CONCLUSION

This work demonstrates the benefit of screw-rod and wire-rod
constructs over wire-only constructs in the treatment of AAI in
DS with respect to rates of fusion, pseudoarthrosis, loss of
e134 www.SCIENCEDIRECT.com WORLD NE
reduction, and early neurologic decline. At this time, further
prospective study of surgical technique in this patient population
is necessary in order to reduce complications and improve
neurologic outcomes.
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