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Abstract

Objective: Atlanto-axial dislocations (AADs) are potentially fatal disturbances with high spinal
cord compression syndrome. As surgeons are still uncertain who is likely to benefit the most from
surgery, a prediction tool is needed to provide decision-making support.

Methods: The model was established based on 108 patients with AADs using multiple binary
logistic regression analysis and evaluated by calibration plot and the area under the receiver
operating curve (AUC). Bootstrapping was used for internal validation.

Results: The prognostic model can be expressed as: logit(P) =—2.2428 4 0.3168SCOPE
—2.0375SIGNAL, in which two covariates were accepted (SCORE represents the preoperative
modified Japanese Orthopedic Association (mJOA) score and SIGNAL represents the intrame-
dullary hyperintense T,-weighted imaging (T,WI) with AUC = 0.8081).

Conclusions: The model was internally valid, and the preoperative mJOA score and hyperintense
T,WI were important predictors of outcomes. The threshold was defined as logit(P) = —0.7282
according to the receiver operating curve (ROC).
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95% CI: 95% confidence interval
CT: computed tomography

Introduction

Atlanto-axial dislocations (AADs) are rare
and potentially fatal disturbances in the
normal occipital-cervical anatomy that
may cause a series of symptoms collectively
referred to as high spinal cord compression
syndrome. Possible symptoms include local
pain, numb limbs with dyskinesia, and
bladder and rectal dysfunction. Moreover,
AADs can result in respiratory failure,
circulatory collapse, and death if not
appropriately treated.' Although sufficient
decompression of the vertebral canal and
consistent reconstruction of spinal stability
have been recognized as possible methods of
surgical treatment,? accurate prediction of
which patients are most likely to benefit
from such interventions remains difficult
because AADs have several unique features
that distinguish them from subaxial cervical
spine injuries. The cranio-vertebral junction
is very mobile because of its unique bony
configuration and ligamentous attachments,
which allow for various complex movements
without compromising the neural tissue that
passes through the area.® Thus, a prediction
tool that provides decision-making support
would be valuable in the treatment of AADs.

Patients and methods

The study protocol was approved by the
Biomedicine Ethics Committee of Xi’an
Jiaotong University (clearance number
M152039). This was a retrospective study,
and the patients had already been dis-
charged; therefore, with the permission and
supervision of the Biomedicine Ethics
Committee of Xi’an Jiaotong University,
verbal (but not written) consent was
obtained from each patient by calling them
individually. All patients were verbally
informed that only their clinical data were

needed and that their real names and
identities would not be shared without
their permission. Those who did not want
to share their clinical data were excluded.
The entire process, including the verbal
consent, was recorded by the Biomedicine
Ethics Committee of Xi’an Jiaotong
University. This consent procedure was
approved by the Biomedicine Ethics
Committee of Xi’an Jiaotong University.

Sample for internal validation

From September 2005 through April 2015,
149 consecutive patients with clinically diag-
nosed and image-confirmed AADs were
admitted to the authors’ department.
Patients were eligible if they had no previous
spine surgery, presented symptomatically
with at least one clinical sign of myelopathy,
and were radiographically confirmed to
have complete relief from the spinal cord
compression after surgery (i.e., the oper-
ation was successful and the outcome was
favourable). Patients with a perfect pre-
operative modified Japanese Orthopaedic
Association (mJOA) score of 18 were
excluded because they had no room for
improvement.

Analytical methods

Extensive data were collected for each
patient, including their age at surgery; sex;
smoking status; preoperative and postopera-
tive mJOA scores; co-morbidities in the
spine or nervous system, such as syringo-
myelia or subaxial cervical spondylotic
myelopathy; duration of symptoms; and
intramedullary hyperintense T,-weighted
imaging (T,WI) findings. According to
Techy and Benzel, 12-months period was
chosen as the clinically threshold of the
symptom durations, and patients were then
divided into two groups.* The mJOA score
evaluated at the 6-month follow-up visit was
dichotomized for use as a dependent
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variable for logistic regression. A successful
outcome was defined as a final mJOA score
of >16, and failure was defined as a score of
<16. This 18-point scale was modified from
the validated JOA assessment scale of
Hirabayashi et al.,” as described in Benzel
et al..® and measures the motor and sensory
function of the upper extremities, the motor
function of the lower extremities, and the
sphincter function. The threshold of 16
points was deemed clinically appropriate
because it is within the range of mild
impairment according to Tetreault et al.’
The other items listed above were considered
to be independent variables.®

Missing data were assumed to be missing
completely at random and were replaced
with the third set of plausible values using a
multiple imputation procedure with five
iterations. This procedure is more efficient
than removing patients with incomplete
variables.’

Internal validation was used as a strategy
in the present study. Specifically, the model
was developed based on the entire datasets,
and bootstrapping, a technique for data re-
use, was applied to assess performance
considering the limited data available.!
There were 10,000 individual bootstrap rep-
licates in the bootstrap re-sampling
procedure.

The model’s calibration was assessed by
plotting the observed proportions of success-
ful outcomes against the predicted probabil-
ities for each of 10 groups that were defined
to have ranges of predicted risk of equal size.
A calibration plot with all points on a
diagonal line indicated perfect calibration,
and positions relative to this line indicated
whether the predictions were too high or too
low. The model’s discriminatory power was
assessed by integrating the area under the
receiver operating curve (AUC) using the
trapezoidal rule. An AUC of 1.0 reflects
perfect discriminatory power, and 0.5 indi-
cates zero discriminatory power. Generally,
the AUC is sufficiently high if it is >0.8.

Calculation of the AUC was performed by
calculating the average area of 10,000 repli-
cates. The area of the raw data and the
standard error obtained via bootstrapping
are helpful for computing the 95% confi-
dence interval (95% CI) of a normal distri-
bution, whereas the percentile method is
more suitable for a skewed distribution.'*"!

Data entry and multiple imputation were
implemented using IBM SPSS Statistics
Version 22 (IBM Corp., Armonk, NY,
USA). The additional processes were exe-
cuted through a self-compiled program in
SAS 9.3 (SAS Institute Inc., Cary, NC,
USA).

Results
Sample

A total of 108 patients met all of the
inclusion criteria and underwent surgical
treatment for AAD (Table 1). The sample
included 46 males and 62 females, and the
patients’ ages ranged from 12 to 76 years
(mean =43.7 years, P,s=23 years, P;5 =54
years). The duration of their symptoms
ranged from 8 hours to 33 years. The
symptoms comprised neck pain in 75
patients, dizziness in 4, limited cervical
movement in 56, pathologic reflexes in 71,
sensory disturbances in 75, impaired gait in
68, quadriplegia after trauma in 13, defeca-
tion disorder in 32, and respiratory dysfunc-
tion in 1. The causes of AAD were
congenital malformation or maldevelop-
ment in 80 patients, trauma in 17, and
pathological dislocation in 11 (of whom 6
had an infection, 2 had rheumatoid arthritis,
2 had ankylosing spondylitis, and 1 had an
atlanto-axial tumour). No AADs were
caused by idiopathic dislocation, which
generally occurs during early childhood.
According to the practical classification
described by Wang et al..'* 36 AADs were
classified as instabilities (type I), 19 as
reducible dislocations (type II), 33 as irre-
ducible dislocations (type III), and 20 as



Guo et al.

1477

Table |. Patient characteristics.

General characteristics

Age? (years)

Sex (Male/Female)

Symptoms for > 1| year (Yes/No)
Baseline mJOA score®

Six-month operative mJOA score > 16 (Yes/No)

Smoking (Yes/No)
Symptoms and signs (Yes/No)
Neck pain

Dizziness

Cervical movement limitation
Pathologic reflex

Sensory disturbance

Impaired gait

Quadriplegia after trauma
Defecation disorder
Respiratory dysfunction

Co-morbidities in spine or nervous system (Yes/No)

Causes

Congenital malformation or maldevelopment
Trauma

Pathological dislocation
Infection

Rheumatoid arthritis
Ankylosing spondylitis
Atlanto-axial tumour
Classifications

Instability (type I)

Reducible dislocation (type II)
Irreducible dislocation (type IlI)
Bony dislocations (type V)

Intramedullary hyperintensity on T,WI (Yes/No)

4374+17.6 (12-76)
46/62

80/28

10.943.6 (0-17)
66/42

10/98

75/33
4/104
56/52
71/37
75/33
68/40
13/95
32/76
17107
42/66

80
17
I
6

2
2
|

36
19
33
20
34/74

Values are presented as mean =+ standard deviation, with the range in parentheses.
mJOA, modified Japanese Orthopaedic Association; T,WI, T,-weighted imaging

bony dislocations (type IV). Notably, how-
ever, not all patients with type IV AADs had
osseous fusion between C1 and C2. Thus, we
modified the classification: AADs for which
we could not achieve complete reduction
with normal traction but for which we could
achieve complete reduction with high-
weight traction under general anaesthesia
were classified as type III (irreducible dis-
locations), and AADs for which we could
not achieve complete reduction with high-
weight traction under general anaesthesia or

that exhibited osseous fusion between ClI
and C2 on the reconstructive computed
tomography (CT) scan were classified as
type IV.

The patients subsequently underwent
various types of operations according to
their surgical classifications.'? Types I and II
AADs were fused in the reduced position
from a posterior approach. Type 111 AADs,
which are irreducible dislocations, were
converted to reducible dislocations using a
transoral  atlanto-axial  release  and
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subsequently treated by posterior fusion.
Type IV AADs exhibited bony dislocations
and required transoral osseous decompres-
sion prior to posterior fusion.'? All of the
operations were smoothly performed by the
corresponding author (a chief physician) to
ensure that the operation induced minimal
damage to the spinal cord or nerves.

Posteroanterior, lateral, and dynamic lat-
eral flexion and extension radiographic
views; CT scans; and magnetic resonance
images of the cervical vertebrac were rou-
tinely examined for all patients before the
operation. Open-mouth plain films were
obtained in patients with odontoid frac-
tures. The preoperative baseline mJOA
scores were also measured.

After the operations, the patients’ necks
were fixed with splints for 3 months, and their
mJOA scores were measured 6 months later.
During this period, we evaluated the effect of
reduction and internal fixation using X-rays;
rehabilitation exercises were under the direc-
tion of rehabilitation physiatrists, and early
ambulation was actively encouraged.

Model

The prediction model consisted of two stat-
istically significant predictors: the baseline
mJOA score and intramedullary hyperinten-
sity on T,WI. The following equation was
used to quantify the probability of a mild
impairment by combining these two clinical
variables (Eq. 1):

P = 1/[1 + exp(2.2428 — 0.3168SCORE 0
+2.0357SIGNAL)]

Equation 1 can also be expressed as
follows (Eq. 2):

logit(P) = —2.2428 4+ 0.3168SCORE 2
—2.0357SIGNAL

In both equations, SCORE represents the
baseline mJOA score (0-17) and SIGNAL

represents the presence of intramedullary
hyperintensity on ToWI (0 =No, 1 =Yes).

After standardization, the disharmony of
the various metric units was reconciled, and
the corrected partial regression coefficients
(i.e., bscorr’ and bgignar’) were as follows:
bSCORE’ =0.0137 and bSIGNAL’ =—0.6018.

The calibration plot and receiver operat-
ing curve are illustrated in Figures 1 and 2.
The AUC was 0.8081 (95% CI 0.7259,
0.8903) because the bootstrap replicates
obeyed a normal distribution.

Discussion

AAD refers to a loss of stability between the
atlas and axis, which results in a loss of
normal articulation. This condition can
occur because of traumatic, inflammatory,
idiopathic, or congenital abnormalities.
High spinal cord compression syndrome is
commonly associated with AADs. If this
abnormality occurs, it can have devastating
functional consequences, and the distinctive
anatomy of the cranio-vertebral junction
leads to various patterns of injury of the
unique osseous structures or ligamentous
connections. 3713

Given the variability among patients, a
single variable rarely provides an adequate
characterization of a patient’s prognosis.
Therefore, surgeons use multiple predictors.
Prognostic models are valuable for identify-
ing the most important predictors and
providing outcome probabilities for various
combinations of predictors. However, pre-
dicting outcomes is not synonymous with
explaining their cause. Additionally, the
calibration and discriminatory power of a
multivariable model are highly relevant in
prognostic research but meaningless in
aetiological research.'®

In the present study, the key outcome
predictors were the baseline mJOA score
and intramedullary hyperintensity on ToWI.
Specifically, the baseline mJOA score was a
protective factor with a standardized odds
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Predicted Probabilities

Obeserved Proportions

Figure 1. Calibration plot for the model. A calibration plot shows the observed proportions of successful
outcomes versus the predicted probabilities. A calibration plot with all points on a diagonal line indicates
perfect calibration, and the distribution of these points indicates whether the predictions are too high or too
low. This figure indicates that the model was well-calibrated but slightly pessimistic.

ratio of ¢*°7 (e.g., logit(P) increased by

0.0137 for an additional standard unit of the
baseline mJOA score). In contrast, intrame-
dullary hyperintensity on T,WI seemed to
be a risk factor, with an odds ratio of e 7%-°01%
(i.e., if hyperintensity on T,WI existed,
logit(P) decreased by 0.6018).

The predictive performance of the model
was excellent in terms of both its calibration
and discriminatory power, and the observed
proportions and predicted probabilities
agreed across the entire range of probabil-
ities. The model assigns a higher probability
of an mJOA score of >16 to patients who
will develop AADs compared with those
who will not. A defect of this model is that
the forecast may be slightly pessimistic.
Patients with mild myelopathy or

substantial residual neurological impair-
ment can be discriminated if logit(P) is
greater than or equal to —0.7282 based on
the receiver operating curve, which is the
fifth value in ascending order.

The present study revealed that both the
baseline severity score and hyperintensity on
T,WI are important clinical factors for
predicting surgical outcomes. The rationale
is that either severe or chronic compression
of the spinal cord may lead to irreversible
damage due to demyelination and necrosis
of the grey matter.*”!7" 19

The lack of significance of the symptom
duration, another accepted predictor, may
have been due to the interaction between the
duration and hyperintensity. A total of 53%
of researchers chose 65 years as the
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Figure 2. Receiver operating curve for the model. A receiver operating curve plots the true-positive rate
(sensitivity) against the false-positive rate (I — specificity). The discriminatory power of a prediction model
can be assessed by calculating the area under the receiver operating curve. An area of 1.0 indicates a perfect
test, whereas an area of 0.5 indicates no discriminatory power. This calculated area of 0.8081 indicates good
discriminatory power (with “good” defined as an area of >0.8).

threshold age, above which there is a nega-
tive impact on surgical outcomes. Although
this variable was ignored in a limited
amount of older people (14 of the 108
patients were aged >65 years), surgeons
should be aware that older adult patients
do not translate neurological recovery to
functional improvement as well as younger
patients. The roles of sex, smoking status,
and spine or nervous system co-morbidities
remain unclear; these variables also lacked
statistical significance in other studies.*’°
The group of patients in the present study
may have been too heterogeneous, consider-
ing that their duration of symptoms ranged
from 8 hours to 33 years; however, the
purpose of this study was to establish a
pervasive model. Additionally, some readers

may question why a simple “yes” or “no”
response was used to evaluate high signal
intensity in the spinal cord on T,WI. It is
true that imaging examinations do not
always provide clear answers; as previously
mentioned, however, the calibration and
discriminatory power of a multivariable
model are highly relevant in prognostic
research but meaningless in aetiological
research. But still the authors admit that
the quantitative analysis is a precise method
to reflect the extent of T2WI signal variation
and it will be used in future studies.

A notable case in the present study
involved a 76-year-old non-smoking
woman with a 2-year history of persistent
symptoms and no hyperintensity on To,WI.
Surgeons predicted that the patient’s
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condition would likely remain unchanged
according to her 6-point preoperative mJOA
score. The model vyielded a logit(P)
that exceeded the threshold level, and the
patient did indeed improve. The same
situation occurred in a 45-year-old woman.
However, a similar case involving a 15-year-
old girl resulted in a poor outcome; her
preoperative mJOA score was 13. These
examples demonstrate discrepancies
between intuitive perceptions and predicted
probabilities and emphasize the urgent need
for further improvements to the predictive
model. Moreover, four surgeries were post-
poned because of complications from dia-
betes, and one patient with a 40-pack-year
history of smoking cigarettes died within 2
years after surgery because of respiratory
failure. Therefore, future studies should
focus on how systemic diseases affect
recovery.

The major strength of the proposed
model is that it can be used to determine
which patients are likely to benefit the most
from surgical treatment of upper cervical
spine injuries. This method can aid surgeons
in their predictions.

As mentioned previously, two limitations
of the study are that the sample size was
insufficient and that the data were retro-
spective. The findings from the authors’
department should be evaluated in a wider
population using more stringent validation
strategies, such as temporal and external
validation.'® Another limitation was the use
of a threshold for the postoperative mJOA
score; this measurement remains controver-
sial. This limitation should be addressed in
future studies.”

Conclusions

A clinical prediction model for assessing the
surgical outcome of patients with AADs has
been developed, and it was determined to be
internally valid but slightly pessimistic. The
baseline mJOA score and intramedullary

hyperintensity on To,WI were two important
predictors. Patients whose logit(P) values
were greater than —0.7282 had a greater
chance of achieving an mJOA score of >16.
Despite some disadvantages, this model can
be of great value in the clinical setting.
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