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The association of CM-I with osseous abnormalities, 
such as scoliosis and anomalies of the cranioverte-
bral junction (including retroflexed odontoid pro-

cess, basilar invagination, and platybasia), has long been 
recognized.3–5,12,13,16,22 Such patients often present with 
bulbar symptoms, including vertigo, diplopia, dysphagia, 
and apnea,7–9 and demonstrate ventral brainstem com-
pression on MRI.8,10–12 These symptoms are especially 
common in younger patients (0–2 years old).2 Many pa-
tients with this constellation of radiographic findings fail 
to improve after standard suboccipital decompression.8,11

Significant variability persists among surgeons re-
garding specific radiographic criteria used to identify 
patients for ventral decompression and occipitocervical 
fusion.8,9,11,14,27 The pB–C2 line is a clinical measure de-
veloped to quantify ventral brainstem compression,11 and 
pB–C2 ≥ 9 mm is often associated with clinical symp-
toms,11 but not all patients with CM and pB–C2 ≥ 9 mm 
require ventral decompression. In addition, as many as 
12% of patients with CM-I may have connective tissue 
disorders associated with occipitocervical instability and 
progressive cranial settling, often associated with a ret-
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CXA < 125° (HR 3.9, 95% CI 1.2–12.6).

Conclusions. Patients presenting with basilar invagination, CM 1.5, and CXA < 125° are at increased risk of 
requiring an occipitocervical fusion procedure either as an adjunct to initial surgical decompression or in a delayed 
fashion. Patients and their families should be counseled in regard to these findings as part of a preoperative CM 
evaluation.
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roodontoid pannus and pathologically flat craniocervical 
angle without bone ventral compression.15,25,30 Further-
more, some patients experience cranial settling after pos-
terior decompression, and ultimately require stabilization 
and fusion of the craniovertebral junction.8,25

Recently, the term “CM 1.5” has been used to iden-
tify a subgroup of patients with brainstem herniation (de-
fined as the obex below the level of the foramen mag-
num) in addition to tonsillar herniation.31,32 Data suggest 
patients with CM 1.5 frequently present with bulbar signs 
and symptoms, have distortion of the brainstem on sagit-
tal MRI, and fail standard posterior decompression sig-
nificantly more frequently than patients with CM without 
these features.31 The high failure rate coupled with the 
presence of brainstem herniation suggests a more com-
plex pathophysiology, possibly including ventral brain-
stem compression, in the absence of osseous anomalies 
of the craniovertebral junction.

Chiari malformation represents a spectrum of patho-
logical conditions, with significant anatomical variation 
among individuals.1 Patients with complex CM—includ-
ing brainstem herniation, abnormalities of the craniover-
tebral junction, and ventral brainstem compression—may 
ultimately require occipitocervical fusion. The broad 
spectrum of causes and radiographic appearances makes 
the early identification of these patients challenging, and 
their definitive surgical management remains controver-
sial.7–11 We sought to identify common radiographic risk 
factors predisposing patients to occipitocervical fusion 
that were present at the time of diagnosis among children 
who underwent surgery for CM at a single pediatric neu-
rosurgical center over a 16-year period.

Methods
Data Collection

Prior to data collection, the study was approved by 
the Institutional Review Board at the University of Utah 
School of Medicine and Primary Children’s Medical 
Center. A search of the pediatric neurosurgical opera-
tive database was conducted for the 16-year study period 
(1995–2010), and 206 patients were identified who under-
went surgical management of CM-I. Patients managed 
nonoperatively were excluded from the study. Preopera-
tive and postoperative MRI studies were available for 
review in 101 patients, who comprised the study popula-
tion. The study period for each patient began at the time 
of preoperative neurosurgical evaluation. We noted clini-
cal variables, including sex, age at diagnosis, presenting 
symptoms, and neurological findings; secondary diagno-
ses, including the presence or absence of scoliosis, age at 
surgery, and operation performed; surgical complications, 
including stroke, hemorrhage, new neurological deficit, 
infection, pseudomeningocele, hardware misplacement, 
pseudoarthrosis, or new deformity; and clinical follow-
up, including duration, neurological status, and require-
ment for reoperation.

Radiographic variables recorded from MR images 
obtained at the time of diagnosis and prior to any surgi-
cal intervention included CM type (I or 1.5, 1.5 defined 

as the obex below the level of the foramen magnum on 
preoperative MRI);31 distance of tonsillar descent below 
the level of the foramen magnum; presence of syringomy-
elia, a medullary kink, basilar invagination, or retroflexed 
odontoid; and pB–C2 (as described by Grabb et al.)11 and 
CXA (as described by Smoker)30 measured on midsagittal 
T1- or T2-weighted images.

Surgical Indications and Technique
The indications for decompressive CM surgery were 

abstracted from the preoperative clinic notes or the opera-
tive notes themselves when documented. The indications 
varied according to surgeon preference and training, but 
the most common indications included headache, bulbar 
or myelopathic symptoms, paresthesias, syringomyelia, 
and scoliosis, which were consistent with published re-
ports in similar populations.1,3,7,13,21,26 The indications for 
occipitocervical fusion included prior transoral odontoid-
ectomy, significant ventral brainstem compression, severe 
unresolved headache or headache exacerbated by prior 
decompressive surgery, bulbar or myelopathic symptoms, 
and progressive or unresolved syrinx despite prior de-
compressive surgery.17 Patients who met these criteria at 
the time of initial neurosurgical evaluation underwent oc-
cipitocervical fusion at the time of initial decompression. 
Patients who met these criteria only after an initial CM 
decompression underwent reexploration of the decom-
pression followed by occipitocervical fusion.

The surgical technique for standard CM decompres-
sion consisted of suboccipital craniectomy (including 
bone removal of the posterolateral foramen magnum), 
C-1 laminectomy, dural opening with exploration of the 
fourth ventricle, tonsillar shrinking, and duraplasty. The 
multistep surgical technique for posterior occipitocervical 
fusion consisted first of either a standard CM decompres-
sion or reexploration of a prior decompression, including 
a watertight duraplasty. Second, posterior cervical screw 
fixation was performed bilaterally using polyaxial screws 
that were 3.5 mm in diameter (Vertex, Medtronic Inc.), 
inserted under fluoroscopic guidance in either the C-2 or 
C-3 pars interarticularis, depending on the presence of a 
congenital segmentation anomaly. Next, bilateral occipi-
tocervical rod-plates (Vertex) were cut to size and con-
toured to fit between the occiput and C-2 or C-3 on either 
side of the decompression. Two posterior rib autografts 
were harvested in all fused patients and shaped to fit the 
occipitocervical space between the rod-plates. Finally, 
the ribs were held in place using the combination of a 
multistranded titanium cable (Songer cable, Medtronic 
Inc.) and 1.5-mm (diameter) × 12-mm (length) screws in 
their cranial ends. Demineralized bone matrix (Medtron-
ic Inc.) was placed around the graft at the conclusion of 
the procedure, and the incision was closed in layers.

Postoperatively, patients who had undergone fusion 
were maintained in a hard cervical collar for 2–3 months 
or until radiographic evidence of successful arthrodesis 
was achieved. No patient was placed in an external halo 
orthosis after surgery. Radiographic follow-up for each 
patient requiring fusion consisted of plain radiographs 
obtained once a month for the first 2 months, followed 
by a noncontrast CT scan of the occipitocervical junc-
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tion with thin-slice sagittal and coronal reconstructions 
obtained 4 months after surgery to document successful 
arthrodesis.

Statistical Analysis
Patients were stratified according to the primary out-

come of whether they underwent occipitocervical fusion 
during the study period. For univariate analysis, the chi-
square test was used to compare categorical variables, 
and t-tests were used to evaluate continuous variables in 
view of the primary outcome. Colinearity was examined 
between continuous variables using Pearson correlation 
coefficients. A multivariate stepwise Cox proportional 
hazards regression analysis was performed using time to 
fusion for causal outcome and time to follow-up other-
wise. A probability value < 0.05 was considered statisti-
cally significant. 

In addition, the univariate and multivariate analyses 
were repeated after excluding patients who underwent fu-
sion at the time of their initial surgical decompression. 
Finally, Kaplan-Meier survival analysis was performed, 
with patients stratified according to variables demonstrat-
ing significance in the multivariate procedure. The resul-
tant model was secondarily tested excluding the subgroup 
of patients who underwent occipitocervical fusion as part 
of their initial surgical procedure to ensure the consis-
tency of our findings.

To ensure the reliability and reproducibility of the 
two novel radiological measurements (CXA and pB–C2), 
interclass correlation coefficients were used to measure 
agreement among 3 independent raters with varying lev-
els of neurosurgical training (an experienced pediatric 
neurosurgeon [D.L.B.], a pediatric neurosurgery fellow 
[R.J.B.], and an undergraduate student [M.M.B.]). The 
statistical software package SAS (version 9.2; SAS Insti-
tute, Inc.) was used for statistical analysis.

Results
Patient Characteristics

Baseline demographic data are presented in Table 1. 
For all patients, the mean age at surgery was 9.1 years, 
and mean follow-up was 2.3 years. Among 101 patients 
in the study group, 19 required occipitocervical fusion; 
in 11 patients this was the initial procedure. Three of the 
11 patients required a transoral odontoidectomy for irre-
ducible ventral brainstem compression, and 7 presented 
with atlantooccipital instability in the context of osseous 
anomalies of the craniovertebral junction. Eight patients 

required delayed occipitocervical fusion after 1 or more 
suboccipital decompressions (interval range 1.3–9.2 years, 
mean 4.1 years), because of either progressive cranial set-
tling or acquired occipitocervical instability. There was a 
nonsignificant trend toward older age among patients who 
underwent fusion.

Risk Factors for Occipitocervical Fusion
The results of the univariate analysis of risk factors 

of categorical and continuous variables associated with 
occipitocervical fusion are presented in Tables 2 and 3, 
respectively. A significant association between CM 1.5 
and occipitocervical fusion was observed (p < 0.001). The 
presence of a medullary kink, retroflexion of the odontoid 
process, and basilar invagination were also significantly 
more common in the fusion group. Table 3 demonstrates 
that the differences in the continuous variables of pB–
C2 (mean 10.2 mm in the fusion group vs 7.2 mm in the 
decompression-only group), CXA (mean 115.2° in the fu-
sion group vs 141.1° in the decompression-only group), 
and tonsillar descent (mean 16.3 mm in the fusion group 
vs 13 mm in the decompression-only group) reached sta-
tistical significance. The mean age at diagnosis, patient 
sex, time to follow-up, and the presence of either a syrinx 
or scoliosis were not associated with the need for occipi-
tocervical fusion.

When the commonly cited pB–C2 cutoff of ≥ 9 mm11 
was used to dichotomize this variable, statistical signifi-
cance was preserved: a pB–C2 ≥ 9 mm was noted in 24% 
of patients with decompression alone versus 74% in those 
who required an additional occipitocervical fusion (Table 
3). The relationship between occipitocervical fusion and 
pB–C2 is demonstrated in Fig. 1. Interclass correlation 
coefficients demonstrated good agreement between mea-
surements performed by a pediatric neurosurgeon and 
those by a pediatric neurosurgery fellow (ICC = 0.64, 

TABLE 1: Baseline demographic data of the study population*

Variable
Decompression 

Only (n = 82)
Decompression 

& Fusion (n = 19)

mean age in yrs ± SD 
  (range)

8.7 ± 5.1 (0.7–16.8) 11.1 ± 6.5 (1.9–21.9)

no. of males (%) 46 (56) 8 (42)
mean time to follow-up in 
  yrs ± SD (range) 

2.2 ± 1.9 (0.1–7.8) 2.6 ± 2.7 (0.1–9.3)

*  None of the comparisons between groups were significant.

TABLE 2: Univariate analysis of categorical variables 
associated with the need for occipitocervical fusion in patients 
who underwent surgical management of CM-I*

Categorical Variable
Decompression 

Only
Decompression 

& Fusion
Univariate 

p Value

CM 1.5 18 (22) 18 (95) <0.001
CM-I 64 (78) 1 (5)  
scoliosis 20 (24) 2 (11) NS
no scoliosis 62 (76) 17 (89)  
syrinx 42 (51) 9 (47) NS
no syrinx 40 (49) 10 (53)  
medullary kink 21 (26) 15 (79) <0.001
no kink 61 (74) 4 (21)  
odontoid process 
  retroflexion

30 (37) 13 (68) 0.01

no retroflexion 52 (63) 6 (32)  
basilar invagination 0 (0) 7 (37) <0.001
no basilar invagination 82 (100) 12 (63)  

*  Data presented as number of patients (%) unless otherwise stated. 
Abbreviation: NS = not significant. 
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95% CI 0.35–0.82); however, only 64% agreement (16/25) 
was observed for the dichotomized pB–C2 (< or ≥ 9 mm). 
When either were compared with measurements made by 
an undergraduate student, correlation was only fair (ICC 
= 0.46 and 0.56, respectively).

We selected a conservative CXA cutoff of 125° to 
dichotomize this variable, which represented 1 standard 
deviation above the mean for the entire cohort. Applying 
this cutoff to our data, 15 (79%) of 19 patients who un-

derwent fusion had a CXA < 125° at diagnosis, compared 
with 9 (11%) of 82 who underwent decompression alone 
(p < 0.001; Table 3). Interclass correlation coefficients 
again demonstrated good agreement between measure-
ments performed by a pediatric neurosurgeon and pediat-
ric neurosurgery fellow (ICC = 0.63, 95% CI 0.33–0.81), 
with 92% agreement (23/25) for the dichotomized vari-
able (< or ≥ 125°). Fair agreement was observed between 
measurements provided by either neurosurgeon or fellow 
and an undergraduate student (ICC = 0.37 and 0.22, re-
spectively).

All 7 patients with basilar invagination (100%) even-
tually underwent occipitocervical fusion, compared with 
12 (12.8%) of 94 patients without basilar invagination. 
We used stepwise multivariate Cox proportional hazards 
analysis to develop a model predicting the need for occip-
itocervical fusion in our study population (Table 4). Only 
CM 1.5 (HR 14.7, 95% CI 1.8–122.5), basilar invagina-
tion (HR 9.8, 95% CI 2.2–44.2), and CXA < 125° (HR 
3.9, 95% CI 1.2–12.6) retained statistical significance in 
the multivariate analysis. This model was both stable and 
robust. These relationships are further demonstrated via 
Kaplan-Meier curves with survival censored at the time 
of fusion (Figs. 2 and 3). The model was highly discrimi-
natory in our study population (area under the receiver 
operating characteristic curve [accuracy] = 0.87).

The results of our model remained unchanged in 2 
subgroup analyses: first, excluding patients with basilar 
invagination (n = 7), and second, excluding patients who 
underwent fusion as part of their initial surgical manage-
ment (n = 11). Table 5 presents the univariate analysis 
and Table 6 the multivariate analysis of risk factors for 
delayed fusion, excluding patients who underwent fusion 
as part of their initial procedure. The risk factors that pre-
dicted delayed fusion (basilar invagination, CM 1.5, and 
CXA < 125°), present at the time of initial neurosurgical 

TABLE 3: Univariate analysis of continuous variables associated 
with the need for occipitocervical fusion in patients who 
underwent surgical management of CM-I

Continuous Variable
Decompression 

Only
Decompression 

& Fusion
Univariate 

p Value

mean pB–C2 (mm) 
  ± SD

7.2 ± 2.1 10.2 ± 2.3 <0.001

   no. w/ ≥9 mm (%) 20 (24) 14 (74) <0.001
   no w/ <9 mm (%) 62 (76) 5 (26)
mean tonsillar descent 
  (mm) ± SD*

13.0 ± 5.1 16.3 ± 6.5 0.02

  no. w/ >15 mm (%) 24 (30) 9 (47) NS
  no. w/ ≤15 mm (%) 57 (70) 10 (53)
mean CXA (°) ± SD† 141.1 ± 14.6 115.2 ± 17.2 <0.001
  no. w/ <125° (%) 9 (11) 15 (79) <0.001
  no. w/ ≥125° (%) 70 (89) 4 (21)

*  Available imaging did not allow us to accurately determine these val-
ues for 1 patient in this group.
†  Available imaging did not allow us to accurately determine these val-
ues for 3 patients in this group.

Fig. 1.  Scatterplot of occipitocervical fusion according to the pB–C2. 
While a pB–C2 ≥ 9 mm is frequently cited as indicative of ventral brain-
stem compression, it was not a robust predictor of fusion in our study 
population.

TABLE 4: Multivariate regression analysis of variables 
associated with the need for occipitocervical fusion in patients 
who underwent surgical management of CM-I

Variable
Univariate 

p Value
Multivariate 

p Value HR (95% CI)

CM 1.5 <0.001 0.02 14.7 (1.8–122.5)
medullary kink <0.001 NS
retroflexed odontoid pro- 
  cess

0.01 NS

basilar invagination <0.001 <0.001 9.8 (2.2–44.2)
mean pB–C2 (mm)
  ≥9 <0.001 NS
  <9 <0.001 NS
mean tonsillar descent 
  (mm) 
  >15 0.02 NS
  ≤15 NS NS
mean CXA (°)
  <125 <0.001 <0.001 3.9 (1.2–12.6)
  ≥125 <0.001 0.04
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evaluation prior to any intervention, match exactly those 
for the entire fusion group as a whole.

Surgical Outcome
All 19 patients who underwent posterior occipitocer-

vical fusion attained a successful arthrodesis documented 
on 4-month postoperative CT. Surgical complications in 
both the fusion and nonfusion groups included 5 patients 
(5%) who developed pseudomeningocele: 3 underwent 
reexploration of the wound with or without CSF diver-
sion via lumbar drainage, and 2 were observed and ex-
perienced resolution without further treatment. One of 
the 101 patients developed mild neutropenia in the post-
operative period, which was self-limited and resolved 
spontaneously without further treatment. There were no 
wound infections, and no patients experienced acute neu-
rological deterioration after surgery; however, 3 patients 
in the nonfusion group underwent repeated decompres-
sion between 1 and 8 months after the original operation 
because of a persistent syrinx or clinical symptoms. One 
of these patients underwent placement of a syringoperito-
neal shunt as a third intervention because of progressive 
syrinx enlargement despite repeated decompression. All 
3 patients improved after reexploration or shunting of the 
syrinx.

Discussion
We have shown that specific radiological features 

present at diagnosis, prior to any surgical intervention, 
strongly predicted the need for occipitocervical fusion in 
a retrospective analysis of children who underwent surgi-
cal management of CM at a single institution. Together, 
CM 1.5, basilar invagination, and CXA < 125° were de-
fining features of complex CMs. All patients with basilar 
invagination ultimately experienced unsuccessful poste-
rior decompression alone. Among patients with both CM 
1.5 and CXA < 125°, 83.3% required occipitocervical 
fusion. Figure 4 illustrates midsagittal T2-weighted MR 
images from patients in the high-, intermediate-, and low-
risk groups in our study population. Notably, interclass 
correlation determined good agreement between trained 
professionals (pediatric neurosurgeon and pediatric neu-
rosurgery fellow), but not between professionals and a 
layperson (undergraduate student).

Previous authors have recognized the broad spec-
trum of pathological conditions associated with CM; 
the association between CM, brainstem compression, 
and craniovertebral junction anomalies; and the need for 
individualized treatment, including ventral decompres-
sion, posterior decompression with open reduction, and 
occipitocervical fusion in a select group of complex pa-
tients.6,9–12,19,20,25,33 However, early identification of com-
plex patients by specific radiographic criteria remains 
challenging. Although patients with CM 1.5 are known 
to be significantly more likely to fail posterior decom-
pression alone,31 previous studies have not analyzed the 
impact of CM 1.5 together with other radiographic in-
dicators of brainstem compression and anomalies of the 
craniovertebral junction.

Both Greenlee et al.12 and Goel et al.9 reported an 
increased incidence of transoral decompression and pos-
terior fusion among patients with severe basilar invagi-
nation. Greenlee and colleagues reported a series of 112 
patients with CM, of whom only 44% underwent poste-
rior decompression alone.12 They noted an increased re-
quirement for ventral decompression among patients with 
higher degrees of basilar invagination and a higher basal 
angle. Although they recommended posterior decom-
pression and fusion followed by transoral decompression 
when indicated in high-risk patients, they did not make 
specific recommendations based on a statistically validat-
ed combination of radiographic parameters.12 Goel and 
colleagues reported 190 cases of basilar invagination, of 
whom 102 had associated CM-I.9 Overall, 21% underwent 
transoral decompression, either alone or in conjunction 
with posterior suboccipital decompression of the foramen 
magnum; however, only 13% underwent posterior occipi-
tocervical fusion. Among patients with CM undergoing 
ventral decompression, improvement was observed in 
45% who underwent transoral decompression alone, and 
57% of patients who underwent transoral decompression 
in conjunction with posterior decompression of the fora-
men magnum. It is unclear which patients required oc-
cipitocervical fusion, even after both ventral and dorsal 
decompression.9 Other authors have stressed the use of 
posterior decompression and open reduction and fusion 

Fig. 2.  Kaplan-Meier survival curve illustrating time to fusion strati-
fied by CM type.

Fig. 3.  Kaplan-Meier survival curve illustrating time to fusion strati-
fied by CXA.
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in the context of symptomatic ventral compression result-
ing from basilar invagination.19

Grabb and colleagues11 analyzed the degree of ven-
tral brainstem compression among 40 patients with Chi-
ari malformation. Specifically, while only 5% of patients 
in their series had basilar invagination, 30% had a pB–
C2 ≥ 9 mm, emphasizing the variable pathophysiology 
of ventral brainstem compression in the context of CM-I. 
In contrast to our series, no patients in their study with 
a pB–C2 < 9 mm experienced a failure of posterior de-
compression. However, among 12 patients with a pB–C2 
≥9 mm, different treatment strategies were employed, in-
cluding posterior decompression alone, posterior decom-
pression and occipitocervical fusion, and circumferential 
decompression together with occipitocervical fusion. No 
objective radiographic criteria were explicitly outlined as 
a basis for surgical decision making in this high-risk sub-
group.11

In addition, the authors discussed potential drawbacks 
of using CXA as a measurement of ventral compression. 
Specifically, they noted that it is an indirect measurement 
of osseous structures only, and they reported variability 
in the measurement between studies in the same patient, 
likely because of dynamic changes in flexion and exten-
sion.11 The latter was not the case in our study popula-

tion. We agree that the pB–C2 is a more direct and less 
variable measurement of ventral brainstem compression; 
however, our analysis suggests that a more stringent cutoff 
of CXA < 125°, rather than 150° as described by previous 
authors,30 together with basilar invagination and CM 1.5, 
were the best predictors of a complex CM requiring an 

TABLE 5: Univariate analysis associated with the need for delayed occipitocervical fusion, excluding the patients who 
underwent fusion at the time of initial decompression

Variable
Decompression Only 

(n= 82)
Decompression & Delayed 

Fusion (n= 8)
Univariate 

p Value

mean age in yrs ± SD 9.7 ± 9.1 8.7 ± 5.1 NS
male sex (%) 46 (56) 2 (25) NS
CM 1.5 (%) 18 (22) 7 (87) <0.001
presence of scoliosis (%) 20 (24) 2 (25) NS
presence of syrinx (%) 42 (51) 4 (50) NS
medullary kink (%) 21 (26) 6 (75) 0.008
odontoid process retroflexion (%) 30 (37) 4 (50) NS
basilar invagination (%) 0 (0) 5 (62) <0.001
mean pB–C2 (mm) ± SD 7.2 ± 2.1 9.6 ± 2.8 0.003
pB–C2 ≥9 mm (%) 20 (24) 4 (50) NS
mean tonsillar descent (mm) ± SD 13 ± 5.1 14.3 ± 4.7 NS
mean CXA (°) ± SD 141.1 ± 14.6 120.4 ± 22.1 <0.001
CXA <125° (%) 9 (11) 5 (62) 0.002

TABLE 6: Multivariate regression analysis of variables 
associated with the need for delayed occipitocervical fusion, 
excluding patients who underwent fusion at the time of initial 
decompression

Variable Univariate p Value Multivariate p Value

CM 1.5 <0.001 0.02
medullary kink 0.008 NS
basilar invagination <0.001 <0.001
mean pB–C2 0.003 NS
CXA <125° 0.002 0.04

Fig. 4.  Midsagittal T2-weighted MR images of the brain and brain-
stem from patients in the high- (A), intermediate- (B and C), and low-
risk groups (D) in the study population.  A: High-risk patient with CM 
1.5 and CXA of 100°. Note the clear presence of ventral brainstem 
compression in the context of retroflexion of the odontoid process. This 
patient underwent transoral decompression followed by suboccipital 
craniectomy and occiput-to-C2 posterior fusion as an initial procedure. 
Within the 1-year follow-up, her symptoms resolved and she has not 
required further surgery.  B: Intermediate-risk patient with CM 1.5 and 
CXA of 135°. This patient underwent suboccipital decompression, but 
required reoperation 2 months after surgery for recurrent symptoms. He 
continues to do well after 4 years of follow-up.  C: Intermediate-risk 
patient with CM-I and CXA of 124°. Her symptoms resolved and her ho-
locord syrinx completely disappeared 1 year after posterior decompres-
sion, and she continues to do well 3 years after surgery.  D: Low-risk 
patient with CM-I and CXA of 148°. This patient underwent suboccipital 
decompression and remains asymptomatic at the 1-year follow-up.
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alternative treatment strategy (posterior decompression 
and occipital cervical fusion rather than decompression 
alone).

Fenoy et al.8 proposed a classification system for pa-
tients with hindbrain herniation requiring occipitocervi-
cal fusion. Specifically, they recognized patients with re-
ducible bone compression (I), irreducible bone compres-
sion requiring ventral decompression (II), occipitocervi-
cal instability in the absence of osseous anomalies (III), 
and ligamentous instability (IV). They relied on dynamic 
MRI and short tau inversion-recovery imaging to iden-
tify these groups.8 Comparatively, our study benefits from 
applying simple, reproducible measurements to routine 
static imaging and may identify high-risk patients who 
require further evaluation with dynamic studies.

Important limitations of our study include the fact 
that it was a retrospective analysis of the experience at a 
single pediatric center. Furthermore, the external valid-
ity of our analysis is limited because we only had pre-
operative imaging available for review on 101 of the 206 
patients who underwent surgical management of a CM-I 
during the study period. Finally, definitive conclusions 
may not be drawn because of the small number of pa-
tients with complex CMs requiring fusion in our group. 
Independent, prospective analysis of a separate study 
population is an essential next step in validating the clini-
cal significance of our results.

In light of previous work, our series suggests that 
specific radiographic criteria applied in a simple and ro-
bust model may identify patients with complex CM at the 
time of diagnosis and predict the need for decompression 
as well as open reduction and occipitocervical fusion. We 
understand that the underpinnings of these radiographic 
criteria are grounded in complex embryological, develop-
mental, and biomechanical principles22,24,29,30 and, further-
more, are highly variable from patient to patient.10,16,18,23,28 
However, the ultimate manifestations of these underlying 
principles may not be as complex as previously believed. 
Perhaps studies such as these may help guide further 
work in determining critical issues important for the 
early identification and definitive surgical management of 
patients with complex CMs.

Conclusions
We identified a specific profile of radiographic risk 

factors among patients with CM, present at the time of di-
agnosis, which are easily identified, reproducible among 
professionals, and significantly associated with the need 
for occipitocervical fusion in this study population. Pa-
tients with complex CMs with brainstem compression, 
anomalies of the craniocervical junction, or both, are 
identified by CM 1.5, basilar invagination, and CXA < 
125°. This is a simple model that may be used to counsel 
patients, determine surgical treatment, or identify patients 
in need of careful follow-up; however, this model requires 
validation in an independent study population.
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