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Study Design. Retrospective review.

Objective. The aim of this study was to develop a novel
surgical invasiveness index for cervical deformity (CD) surgery
that incorporates CD-specific parameters.

Summary of Background Data. There has been a surgical
invasiveness index for general spine surgery and adult spinal
deformity, but a CD index has not been developed.

Methods. CD was defined as at least one of the following: C2-
C7 Cobb >10° cervical lordosis (CL) >10° cervical sagittal
vertical axis (cSVA) >4cm, chin brow vertical angle >25°.
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Consensus from experienced spine and neurosurgeons selected
weightings for each variable that went into the invasiveness index.
Binary logistic regression predicted high operative time
(>338minutes), estimated blood loss (EBL) (>600mL), or length
of stay (LOS) >5 days) based on the median values of
operative time, EBL, and LOS. Multivariable regression modeling
was utilized to construct a final model incorporating the strongest
combination of factors to predict operative time, LOS, and EBL.
Results. Eighty-five CD patients were included (61 years, 66%
females). The variables in the newly developed CD invasiveness
index with their corresponding weightings were: history of
previous cervical surgery (3), anterior cervical discectomy and
fusion (2/level), corpectomy (4/level), levels fused (1/level),
implants (1/level), posterior decompression (2/level), Smith-Peter-
son osteotomy (2/level), three-column osteotomy (8/level), fusion
to upper cervical spine (2), absolute change in T1 slope minus
cervical lordosis, cSVA, T4-T12 thoracic kyphosis (TK), and
sagittal vertical axis (SVA) from baseline to 1-year. The newly
developed CD-specific invasiveness index strongly predicted long
LOS (R*=0.310, P<0.001), high EBL (R*=0.170, P=0.011),
and extended operative time (R*>=0.207, P=0.031). A second
analysis used multivariable regression modeling to determine
which combination of factors in the newly developed index were
the strongest determinants of operative time, LOS, and EBL. The
final predictive model included: number of corpectomies, levels
fused, decompression, combined approach, and absolute changes
in SVA, cSVA, and TK. This model predicted EBL (R*>=0.26),
operative time (R*=0.12), and LOS (R =0.13).

Conclusion. Extended LOS, operative time, and high blood loss
were strongly predicted by the newly developed CD invasiveness
index, incorporating surgical factors and radiographic parameters
clinically relevant for patients undergoing CD corrective surgery.
Key words: blood loss, cervical deformity, invasiveness, length
of hospital stay, novel invasiveness index, operative time, risk
stratification, sagittal malalignment, surgical correction, surgical
invasiveness index.
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( : ervical deformity (CD) includes a wide range of
disorders and etiologies that include congenital
conditions, ankylosing spondylitis, trauma, and

others. As CD progresses, it can lead to severe disability
and decreased neurologic functioning.!* Unlike for thora-
columbar deformities, CD literature is lacking in a strong
consensus on characterization and classification of CD.?> CD
surgical correction is challenging and demands preoperative
planning that takes into account patient baseline functional
status, sagittal alignment, comorbidities, and frailty which
can all be used for preoperative risk assessment.* The wide
variability in treatment techniques and surgical planning for
CD in part contributes to the large range of outcomes and
complications.” CD patients are a distinct entity from
patients with thoracolumbar adult spinal deformity.* CD
patients are frailer than thoracolumbar deformity patients,
increasing the risk associated with operating on this cohort.
Additionally, CD patients comprise more heterogeneous
pathologies, and often require more complex surgeries to
achieve adequate correction.® Complication types and rates
are also different between CD and isolated thoracolumbar
deformity patients, with unique complications such as C5
palsy and dysphagia.”

Previous studies have developed surgical invasiveness
indices for both general surgery and adult spinal deformity,
identifying and weighting procedure-related and alignment
parameters that contribute to the overall invasiveness of a
spine procedure. Mirza et al® developed a surgical invasive-
ness index to assess the invasiveness of general spine sur-
geries, not limited by indications for surgery. This index
assigned a point value to each component of a general spine
procedure, including one point per vertebra requiring
decompression, one point per vertebra that has graft mate-
rial attached to or replacing it, one point per vertebra with
instrumentation for both the anterior and posterior
approach. The component scores are then summed to
generate the total surgical invasiveness score proposed by
Mirza et al. This index was then validated using other
measures to assess surgical invasiveness, including opera-
tive time and estimated blood loss (EBL). Neuman et al’
then developed a surgical invasiveness index specific for an
adult spinal deformity (ASD) population, given that defor-
mity-specific factors are not taken into account in the Mirza
index but contribute to the invasiveness of the procedure.
Neuman et al found that their developed index that
included both surgical and radiographic components spe-
cific to an ASD population predicted the invasiveness of
ASD surgery better than the Mirza surgical invasiveness
index.®”’

No studies to date have developed an invasiveness index
specific to a CD population. The Mirza surgical invasiveness
index is not specific to a deformity population and the
Neuman ASD invasiveness index is specific to a thoraco-
lumbar ASD population, which has some overlap with the
CD patient population but is its own entity. Therefore, we
aimed to develop an invasiveness index with CD-specific
factors that could assess the invasiveness of CD surgeries

Spine

with the goal of generating a tool that can aid in risk
assessments and outcomes in a CD cohort.

METHODS

Data Source

This study is a retrospective review of a prospectively-
collected database of CD patients enrolled from 13 sites
within the United States. Internal Review Board approval
was obtained at each participating site before study initia-
tion and informed consent was given by each included
patient. Inclusion criteria for the database were patients
ages >18 years, and radiographic evidence of CD at baseline
assessment, defined as the presence of at least one of the
following: cervical kyphosis (C2-7 Cobb angle >10°),
cervical scoliosis (C2-7 coronal Cobb angle >10°), C2-7
cervical sagittal vertical axis (¢SVA) >4 cm, or chin-brow
vertical angle (CBVA) >25°. CD patients meeting radio-
graphic inclusion with available baseline and 1-year follow
up data were included in this study. Patients with active
tumors or infections were excluded from the study.

Data Collection

Demographic and clinical data collected included patient
age, sex, body mass index (BMI), previous cervical surgery,
and Charlson Comorbidity Index (CCI). Surgical data col-
lected included operative time, EBL, surgical approach, off-
label use of bone morphogenetic protein 2, osteotomy use
and number of osteotomies, levels fused, and instrumenta-
tion used.

Patients were evaluated using full-length free-standing
lateral spine radiographs (36" long-cassette) at baseline and
1 year postoperative follow-up visit. Radiographs were
analyzed using dedicated and validated software (Spine-
View; ENSAM, Laboratory of Biomechanics, Paris, France)
at a single center with standard techniques.'°~'* Measured
cervical spine parameters included cSVA (offset from the C2
plumbline and the postero-superior corner of C7), C2-C7
lordosis (CL: Cobb angle between C2 inferior endplate and
C7 inferior endplate), T1 slope minus CL (TS-CL: mismatch
between T1 slope and cervical lordosis), and CBVA (angle
subtended between the vertical line and the line from the
brow to the chin). Measured spinopelvic parameters
(Figure 1) included: sagittal vertical axis (SVA: C7 plumb
line relative to the posterior-superior corner of S1), pelvic
incidence minus lumbar lordosis (PI-LL: mismatch between
pelvic incidence and lumbar lordosis), and pelvic tilt (PT:
angle between the vertical and the line through the sacral
midpoint to the center of the two femoral heads).

Invasiveness Index Development

The variables considered for inclusion in the index were
developed from a previously published study creating an
invasiveness index for adult spinal deformity surgery as
well as CD-specific factors.” We also calculated the
surgical invasiveness index created by Mirza et al for all
included patients.® Consensus from experienced spine and
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Figure 1. Schematic of the measured sagittal alignment parameters for the cervical (left) and global spinopelvic (right) spinal regions. C2—7 CL
indicates cervical lordosis; cSVA, cervical sagittal vertical axis; CBVA, chin-brow vertical angle; TK, thoracic kyphosis; LL, lumbar lordosis;

SVA, sagittal vertical axis; PT, pelvic tilt; Pl, pelvic incidence.

neurosurgeons selected weightings for each variable that
went into the invasiveness index. Linear regression was used
to predict operative time, EBL, and length of stay (LOS)
using the newly developed CD-specific invasiveness index,
controlling for age, sex, and CCI score. Binary logistic
regression predicted high operative time, EBL, and LOS
based on the medians for each of these outcomes (operative
time >338 minutes, EBL >600mL, LOS >5 days). Multi-
variable regression modeling was utilized to construct a final
model incorporating the strongest combination of factors
that would predict operative time, LOS, and EBL. SPSS
version 23 was used for all statistical analyses (Armonk,
NY). Significance was set at P < 0.05.

RESULTS

Study Sample

Eighty-five CD patients with complete baseline demo-
graphic, clinical, and surgical details and 1-year data were
included (61.35+10.66 years, 65.9% female, Table 1).
40% of patients had a prior cervical spine surgery. 31.7%
of patients had depression, 15.3% had osteoporosis, and
32.1% had a history of smoking. This cohort had an
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average of 7.65 levels fused, with 17.6% anterior-only
surgeries, 49.4% posterior-only, and 32.9% combined
approach. Average length of postoperative hospital
stay was 6.35 days, average EBL was 852.19mL, and
average operative time was 373.37 minutes. Baseline
radiographic alignment parameters were also assessed,
with the cohort having an average PI-LL of 1.25°, SVA
of 4.91 mm, TS-CL of 37.02°, cSVA of 46.08 mm, and C2
slope of 38.67° (Table 2). Using the ASD surgical invasive-
ness index developed by Neuman et al (without the few
surgical variables thatare ASD-specific), we found that this
index explained little of the variability in EBL (R*=0.20),
operative time (R?=0.01), and length of hospital stay
(R*=0.03).

Newly Developed CD-specific Invasiveness Index

The variables included in the newly developed CD invasive-
ness index with their corresponding weightings were: his-
tory of previous cervical surgery (3), anterior cervical
discectomy and fusion (ACDF) (2 per level), corpectomy
(4 per level), levels fused (1 per level), implants (1 per level),
posterior decompression (2 per level), Smith-Peterson
osteotomy (2 per level), three-column osteotomy (8 per
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Baseline Demographic, Clinical, and

Surgical Details for the Entire CD
Cohort

Demographic Variable Average or Frequency

Surgical and  Radiographic

Components Used to Calculate

the Cervical
Invasiveness Score

Deformity

Surgical Factors Points Assigned

Surgical Variable Average or Frequency

7.65+3.62
32 (37.6%)

Levels fused

BMP-2 use

Surgical approach
Anterior only
Posterior only
Combined

Three-column osteotomy

15 (17.6%)
42 (49.4%)
28 (32.9%)
16 (18.8%)

Outcomes Average or Frequency

6.35+£6.77
852.19+£870.41
373.37£211.92

Results are reported as either mean =+ standard deviation or N
(percentage).CCl indicates Charlson Comorbidity Index; SPO, Smith-
Peterson Osteotomy; VCR, vertebral column resection.

Length of hospital stay, days
Estimated blood loss, mL
Operative time, min

level), fusion to upper cervical spine (2), absolute change in
TS-CL, ¢SVA, T4-T12 thoracic kyphosis (TK), and SVA
from baseline to 1-year follow-up (Table 3).

Baseline Radiographic Overview of

85 Surgical CD Patients

Radiographic Parameter Baseline Value

PI () 53.734+11.32

PT (°) 19.46+12.1

PI-LL (°) 1.25+18.74
T4-T12 TK (%) —39.44+16.07

SVA, mm 4.91+68.45

T1 slope (%) 30.6£17.05
TS-CL (9) 37.02+£19.1

C2-C7 CL (%) —6.154+19.87
C2-C7 SVA, mm 46.08 +25.29

C2 Slope (°) 38.67 +20.97

C1 Slope (°) 0.84+18.25

CO Slope (°) —0.93 +14.43
CO0-C2 CL (%) 32.34+11.22
McGregor slope (°) 5.43+£13.28

CL indicates cervical lordosis; LL, lumbar lordosis; Pl, pelvic incidence; PT,
pelvic tilt; SVA, sagittal vertical axis; TK, thoracic kyphosis; TS, T1 slope.

Spine

Age, y 61.35+10.66
BMI, kg/m” 29.30+8.24 ACDF 2 Points per level
ca 0.97+1.23 Corpectomy 4 Points per level
Sex (% female) 56 (65.9%) Levels fused 1 Point per level
Previous cervical surgery 34 (40.0%) Implants 1 Point per implant
History of smoking 26 (32.1%) Posterior decompression 2 Points per level
Diabetes 7 (8.2%) Smith-Peterson osteotomy 2 Points per level
Osteoporosis 13 (15.3%) Three-Column osteotomy 8 Points per level
Depression 27 (31.7%) Fusion to upper cervical spine |2 Points

Revision status 3 Points

Radiographic factors

Absolute change in ¢SVA | 0.5 point per 1-mm change

Absolute change in TS-CL | 0.5 point per 1° change

Absolute change in thoracic
kyphosis
Absolute change in SVA

ACDF indicates anterior cervical discectomy and fusion; cSVA, cervical
sagittal vertical axis; SVA, sagittal vertical axis; TS-CL, T1 slope minus

0.5 point per 1° change

0.5 point per 1-mm change

cervical lordosis.

CD Surgical Invasiveness Index Predicting LOS,
Operative Time, and EBL

The newly developed CD-specific invasiveness index
strongly predicted a hospital LOS >5 days (R*=0.310,
P <0.001), high blood loss (R*=0.170, P=0.011), and
extended operative time (R*=0.207, P=0.031).

Predictive Model for Best Combination of
Invasiveness Factors to Predict Outcomes

A second analysis was conducted using multivariable regres-
sion modeling to determine which combination of these
factors included in the newly developed index were the
strongest determinants of operative time, LOS, and EBL.
The final predictive model included the following factors:
number of corpectomies, levels fused, decompression, com-
bined approach, and absolute changes in SVA, ¢SVA, and
TK. This model predicted EBL (R*=0.26), operative time
(R*=0.12), and LOS (R*=0.13).

Case Examples

Figure 2 presents pre- and 1-year postoperative radiographs
for patient one who underwent an uncomplicated C3-C7
anterior cervical decompression and fusion with posterior
spinal fusion from C3-T4. Their score based on the Mirza
et al’s invasiveness index was 29, 85.3 for the Neuman et al’s
ASD invasiveness index, and 30.9 when using the newly
developed CD invasiveness index. The EBL was 300 mL,
operative time was 277 minutes, and LOS 6 days.

Figure 3 presents pre- and 1-year postoperative radio-
graphs for patient two who underwent an uncomplicated
C3-7 anterior cervical decompression and fusion, as well as
a C2-T2 posterior spinal fusion with laminectomy. Their
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Figure 2. Pre- and 1-year postoperative radiographs of a patient who underwent an uncomplicated C3-C7 anterior cervical decompression

and fusion with posterior spinal fusion from C3-T4.

score based on the Mirza et al’s invasiveness index was 28,
83.0 based on the Neuman et al’s ASD invasiveness index,
and 203.72 based on the CD invasiveness index. The EBL
was 1000 mL, operative time 386 minutes, and LOS 9 days.

Figure 4 presents the pre- and 1-year postoperative radio-
graphs for patient three who underwent an uncomplicated
C6-C7 anterior cervical decompression and fusion, with a
C2-T2 posterior spine fusion with a Smith-Peterson osteot-
omy at the cervicothoracic junction. Their score based on
the Mirza et al’s invasiveness index was 17, 53.6 based on
the Neuman et al’s ASD invasiveness index, and 200.42

based on the CD invasiveness index. The EBL was 600 mL,
operative time was 567 minutes, and LOS was 6 days. The
CD invasiveness scoring can be seen Table 4.

DISCUSSION

This study developed a novel CD surgical invasiveness index
that accounts for a larger variation in EBL, operative time,
and length of hospital stay than previously reported surgical
invasiveness indices for spine surgery, in part because of the
fact that none of the previous indices were CD-specific. We
found that the CD-specific surgical invasiveness index

. ol

Figure 3. Pre- and 1-year postoperative radiographs of a patient who underwent an uncomplicated C3-7 anterior cervical decompression &

fusion, as well as a C2-T2 posterior spinal fusion with laminectomy.
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Figure 4. Pre- and 1-year postoperative radiographs of a patient who
underwent an uncomplicated C6-C7 anterior cervical decompres-
sion and fusion, with a C2-T2 posterior spine fusion with a Smith-
Peterson osteotomy at the cervicothoracic junction.

presented in this study predicts operative time, blood loss,
and LOS, making it a good first step in assessing surgical
invasiveness for CD procedures by combining CD-specific
surgical and radiographic factors.

This is not only the first study to develop a novel CD
surgical invasiveness index, but it is the first study of
invasiveness to assess the index in relation to hospital

Spine

Cervical Deformity Invasiveness

Scores Calculated for Case
Example Patients

Surgical Factors Patient 1| Patient 2| Patient 3
ACDF 4 4 1
Corpectomy 0 0 0
Levels fused 8 7 7
Implants 8 8 7
Posterior decompression 5 6 3
Smith-Peterson osteotomy 2 0 2
Three-Column osteotomy 0 0 0
Fusion to upper cervical 0 0 0

spine
Revision status 1 0 1
Radiographic factors

Absolute change in 0 70.67 81.23

cSVA

Absolute change in TS- 0 33.58 8.76

CL

Absolute change in 2.9 3.8 8.2

thoracic kyphosis

Absolute change in SVA 0 70.67 81.23
Total 30.9 203.72 200.42
ACDF indicates anterior cervical discectomy and fusion; cSVA, cervical
sagittal vertical axis; SVA, sagittal vertical axis; TS-CL, T1 slope minus
cervical lordosis.

LOS in addition to operative time and EBL. The addition
of using length of hospital stay to the previously used metrics
of blood loss and operative time adds to the assessment of
risk of these procedures and overall invasiveness.'>~!?
Length of hospital stay has previously been shown to be
reflective of the complexity of the procedure as well as can
fluctuate based on complication occurrence.'®!”

There are no studies that have applied a surgical inva-
siveness index to CD surgeries. Given the heterogeneous
presentation of pathologies, the highly frail and comorbid
patient cohort, and the challenging and complex procedures
required for CD correction, metrics to assess surgical inva-
siveness are likely to be higher than for a general spine
population or a thoracolumbar deformity population. In our
study, we found that the ASD invasiveness index accounted
for less of the variation in operative time and EBL than the
current novel invasiveness index we developed specifically
for a CD population.

The ASD invasiveness index set the groundwork for the
development of this CD index, with modifications made to
fit the procedures and sagittal alignment profiles of CD
patients. There are certain variables that apply to both an
ASD and CD population, and thus they remained
unchanged in our index from the ASD index. Those included
levels decompressed, implants, levels fused, posterior col-
umn osteotomy, three-column osteotomy, and revision sta-
tus. However, a few of the components of the invasiveness
index were changed to be specific for a CD cohort, including
removing interbody fusions and fusion to S2 or iliac from
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the index and replacing those with corpectomy, ACDF, and
fusion to the upper cervical spine. We included corpectomy
procedures in our CD surgical invasiveness index given that
these procedures are often associated with complications
including dysphagia, hematoma, laryngeal nerve palsy, or
graft migration.'® ACDF procedures have previously been
associated with adjacent segment disease at a rate of 13.6%
at § years and 25.6% at 10 years after surgery.'”*" Inter-
estingly, there is evidence to suggest two-level ACDF and
one-level corpectomy procedures have similar clinical out-
comes.**~?% CD surgeries that extend into the upper cervical
spine are indicated for patients with severe malalignment
that cannot be corrected solely by addressing the subaxial
spine. >3

Given that the ASD invasiveness index that included
radiographic parameters performed better than the index
that only included surgical factors, our CD invasiveness
index was developed with relevant radiographic parameters
for a CD cohort.” We kept the global SVA and T4-T12 TK
measurements to assess the CD patients’ overall alignment,
given that many CD patients also have concurrent thora-
columbar deformity.”* However, we replaced the PI-LL
mismatch and PT with two cervical specific parameters,
cervical SVA and TS-CL to better capture the sagittal
malalignment of these CD patients, as these are commonly
accepted radiographic measurements used to assess this
relationship in CD patients that have been correlated with
disability."

The development of a surgical invasiveness index specific
for a CD population is important to aid in preoperative risk
assessment and surgical planning to help predict the inva-
siveness for a given procedure using baseline and planned
surgical factors. Future studies could incorporate this CD
invasiveness index for CD patients with the recently devel-
oped CD frailty index to take a holistic approach to assess-
ing CD patients’ risks and potential outcomes following
corrective surgery.

Limitations

We appreciate several limitations. First, the retrospective
review of this study could potentially introduce bias into
our study, even though the information in the database is
collected prospectively. Additionally, our cohort is distinct
from those of the Mirza et al’s and Neuman et al’s studies we
have compared our results to, which might limit these com-
parisons; however it does highlight the need for an invasive-
ness index specific for CD surgery. The surgical invasiveness
index developed in this study, and similarly for the previously
developed ASD invasiveness indices, only explains a portion
of the variation in EBL, operative time, and LOS. This could
be because other factors beyond EBL, operative time and LOS
can contribute to the invasiveness of a procedure.

CONCLUSION

This is the first study to date to develop a novel surgical
invasiveness index specific to a CD population. Extended
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LOS, operative time and high blood loss were strongly
predicted by the newly developed CD invasiveness index,
incorporating surgical factors and radiographic parameters
clinically relevant for patients undergoing CD corrective
surgery. This CD surgical invasiveness index will aid in risk
assessment with the goal of improving patient outcomes.

> Key Points

Q This is the first study to develop a novel surgical
invasiveness index that is specific for a
CD population.

O Extended LOS, operative time, and high blood
loss were strongly predicted by the newly
developed CD invasiveness index, incorporating
surgical factors and radiographic parameters
clinically relevant for patients undergoing CD
corrective surgery.

@ This CD surgical invasiveness index will aid in risk
assessment with the goal of improving
patient outcomes.
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