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Objective. To develop and validate prediction models for 12-
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lopathy in patients undergoing elective cervical spine surgery.
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Summary of Background Data. Predictive models have the
potential to be utilized preoperatively to set expectations, adjust
modifiable characteristics, and provide a patient-centered model
of care.

Methods. This study was conducted using data from the
cervical module of the Quality Outcomes Database. The out-
comes of interest were disability (Neck Disability Index:), pain
(Numeric Rating Scale), and modified Japanese Orthopaedic
Association score for myelopathy. Multivariable proportional
odds ordinal regression models were developed for patients with
cervical radiculopathy and myelopathy. Patient demographic,
clinical, and surgical covariates as well as baseline patient-
reported outcomes scores were included in all models. The
models were internally validated using bootstrap resampling to
estimate the likely performance on a new sample of patients.
Results. Four thousand nine hundred eighty-eight patients
underwent surgery for radiculopathy and 2641 patients for
myelopathy. The most important predictor of poor postoperative
outcomes at 12-months was the baseline Neck Disability Index
score for patients with radiculopathy and modified Japanese
Orthopaedic Association score for patients with myelopathy. In
addition, symptom duration, workers’ compensation, age,
employment, and ambulatory and smoking status had a statisti-
cally significant impact on all outcomes (P < 0.001). Clinical and
surgical variables contributed very little to predictive models,
with posterior approach being associated with higher odds of
having worse 12-month outcome scores in both the radiculo-
pathy and myelopathy cohorts (P<0.001). The full models
overall discriminative performance ranged from 0.654 to 0.725.
Conclusion. These predictive models provide individualized
risk-adjusted estimates of 12-month disability, pain, and myelop-
athy outcomes for patients undergoing spine surgery for degener-
ative cervical disease. Predictive models have the potential to be
used as a shared decision-making tool for evidence-based
preoperative counselling.
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egenerative diseases of the cervical spine including

radiculopathy and myelopathy are common

causes of disability in our aging population.’ Cer-
vical radiculopathy has a reported annual incidence of 83.2/
100,000 persons and a prevalence of 3.5/1000 persons,
while myelopathy caused by compression of the cervical
spinal cord has a lower incidence.” Over the last decade, a
number of studies have reported an uptrend in the annual
number of cervical spine surgeries.>~”

In an era of value-based healthcare, it is imperative to
identify those who will benefit from cervical spine surgery.
Aggregate data analysis has demonstrated the efficacy
of surgical treatment for common degenerative cervical spine
pathologies.'®!* However, safety and efficacy vary widely
at the individual patient level.'®!'"'®'” Quantifying the
variation in patient-reported outcomes will provide an
individualized estimate of the risks and benefits of surgery
and inform a personalized shared-decision making process.
Predictive models, based on patient and clinical level factors,
have the potential to be utilized preoperatively to set expec-
tations, adjust modifiable characteristics, and provide a
patient-centered model of care.'®

Prospective outcome registries integrated into clinical
care allow for these patient-level prognostic models.'?=>*
The primary aim of this study was to develop and validate
prediction models for patient-reported disability, pain, and
myelopathy outcomes at 12 months in patients undergoing
cervical spine surgery.

MATERIALS AND METHODS

Patients undergoing elective spine surgery for degenerative
cervical spine disease were enrolled into a multicenter pro-
spective registry, Quality Outcomes Database (QOD). The
cervical module of the QOD registry enrolls patients from
over 71 participating centers across 28 US states. Within sites,
patients are enrolled either continuously or on a prespecified
rotating cycle ensuring unbiased enrollment into the regis-
try.?> The cervical spine module of QOD is designed to
establish risk-adjusted expected morbidity rates for the most
utilized surgical procedures.?®*” Data coordinators at each
center enter data into a secure web-based portal (REDCap—
Research Electronic Data Capture).?®

Patients undergoing cervical spine surgery for the diagno-
ses of disc herniation, stenosis, cervical instability, as well as
patients undergoing revision surgery for same-level recur-
rence or adjacent-segment disease were eligible for inclusion.
Exclusion criteria included spinal infection, tumor, fracture,
traumatic dislocation, deformity, neurological paralysis due
to pre-existing spinal disease or injury, age less than 18 years,
and incarceration. Patients enrolled in the QOD registry from
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April 2013 to September 2016 and who had complete follow-
up data at 12-months were included in analyses.

Patient demographics were captured through patient
interview and review of the electronic medical record
(EMR). Clinical and surgery-specific variables were
abstracted from the EMR. Surgical approach was verified
for the entire cohort through an internal audit by one of the
contributing authors and included anterior decompression
and fusion (corpectomy or discectomy with instrumenta-
tion) and posterior decompression (foraminotomy, lamino-
plasty, or laminectomy) with or without fusion.

Patient-reported disability and neck and arm pain were
assessed at baseline and 12-months after surgery either
through phone interview or during a clinic visit. Validated
questionnaires were used to assess disability [Neck Disabil-
ity Index (NDI)]*” and neck and arm pain [Numeric Rating
Scale (NRS-NP/AP)].%° In addition, the modified Japanese
Orthopaedic Association (mJOA) score®! was collected for
patients who presented with myelopathic complaints and
physical exam findings.

Statistical Analysis

Two sets of multivariable proportional odds ordinal regres-
sion models were developed for patients with radiculopathy
and myelopathy; the outcomes of interest were NDI, NRS-
NP/AP, and mJOA scores. We fitted the models without
making assumption regarding their distributions while
allowing for discreteness in the outcome variables. Demo-
graphic variables of age, sex [female vs. male (reference)],
body mass index, race, education [more than high school vs.
high school or less (reference)], smoking status, employ-
ment, insurance [private vs. public (reference)], workers’
compensation, history of diabetes, depression, and anxiety,
symptom duration [> 12 months, 3-12 months vs. less than
3 months (reference)], numbness, ambulatory status [assis-
tance vs. independent (reference)], and baseline outcome
scores as well as clinical and surgery-specific variables of
surgical approach [posterior decompression vs. anterior
decompression and fusion (reference)], evidence of listhesis
on imaging, the number of levels operated on, and presence
of motor deficit were included in the models.

We assumed a linear relationship for surgical level, and a
smooth relationship for other continuous variables using
restricted cubic regression splines with four knots for age
and body mass index and three knots for the baseline
outcome scores. Missing values of the patient covariates
were handled by multiple imputation. The effects of pre-
dictors on the odds of patients having better 12-month
outcomes were reported as odds ratio. Wald statistics were
used to construct the corresponding 95% confidence inter-
vals of odds ratio for the models and assess the importance
of the individual variables in predicting each outcome.

We internally validated the calibration and discrimina-
tion of the model using bootstrap resampling to estimate the
likely performance of the model on a new sample of
patients.>? Bootstrap samples were drawn with replacement
from the original sample, reflecting the drawing of samples
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from an underlying population. Bootstrap samples were of
the same size as the original sample. The model performance
was measured by c-index, with 0.50 considered a random
prediction and a value of 1 suggesting that the model is
perfectly discriminating.®® For ordinal endpoints, the c-index is
smaller than the readers are accustomed to for binary outcomes
due to the presence of multiple levels. Model discrimination
indices (c-index) were generated for each model in three waves:
a. patient demographics, b. patient demographics + baseline
patient-reported outcome scores, and c. patient demographics
+ baseline patient-reported outcome scores + clinical/surgical

variables. Standardized mean difference was calculated for
baseline variables of patients with and without complete
follow-up data. The analysis was performed using the R

3.1.2%* and regression modeling package.®’

cance was set at P < 0.03.

RESULTS

Statistical signifi-

Out of 12,507 patients undergoing cervical spine surgery,
7629 (61%) completed 12-month follow-up and were
included in analyses (4988 in the radiculopathy and
2641 in the myelopathy cohort). Standardized differences

Baseline Demographic and Clinical Characteristics

Total (7629)

Radiculopathy (4988)

Myelopathy (2641)

Age in years, mean £ SD

56.6+11.4

54.6£11.0

60.4+11.4

Race, N (%)

White 87% (6607) 88% (4410) 83% (2197)
Non-White 13% (1022) 12% (578) 17% (444)
Body mass index, mean + SD 30.23+6.43 30.144+6.30 30.394+6.68

Sex, N (%)

Male

51% (3883)

50% (2491)

53% (1392)

Female

49% (3746)

50% (2497)

47% (1249)

Education, N (%)

High school or less

49% (3717)

48% (2390)

50% (1327)

More than high school

51% (3912)

52% (2598)

50% (1314)

Employed, N (%)

54% (4137)

60% (2974)

44% (1163)

Insurance, N (%)

Public 32% (2425) 26% (1277) 44% (1148)

Private 68% (5204) 74% (3711) 56% (1493)
Workers’ compensation, N (%) 3% (252) 4% (200) 2% (52)
Current smoker, N (%) 20% (1528) 20% (986) 21% (542)
Depression, N (%) 24% (1840) 24% (1184) 25% (656)
Anxiety, N (%) 21% (1574) 21% (1050) 20% (524)
Diabetes, N (%) 18% (1334) 16% (782) 21% (552)

Ambulation, N (%)

Independent

92% (7039)

97% (4847)

83% (2192)

With assistance 8% (590) 3% (141) 17% (449)
Symptom duration, N (%)

Less than 3 mo 13% (1028) 14% (712) 12% (316)

3-12 mo 39% (2941) 39% (1941) 38% (1000)

More than 12-mo 48% (3660) 47% (2335) 50% (1325)
Numbness, N (%) 63% (4844) 68% (3372) 56% (1472)
Surgical approach, N (%)

Anterior decompression with fusion 82% (6301) 86% (4265) 77% (2036)

Posterior decompression 9% (659) 11% (574) 3% (85)

Posterior decompression with fusion 9% (669) 3% (149) 20% (520)
Listhesis, N (%) 17% (1326) 16% (806) 20% (520)
Number of levels, mean £+ SD 2.03+1.11 1.834+0.90 2.42+1.34
Motor deficit, N (%) 42% (3197) 36% (1791) 53% (1406)
Baseline NDI score, mean 4 SD 41.0+18.3 42.4+17.3 38.3+19.7
Baseline neck pain, mean + SD 5.97 £2.90 6.32+2.68 5.33+3.18
Baseline arm pain, mean + SD 5.58+3.15 5.95+2.93 4.88 +3.41
Baseline mJOA score, mean 4 SD - - 12.44+2.8

SD indlicates standard deviation; NDI, neck disability index; NRS, numeric rating scale; mJOA, modified Japanese Orthopaedic Association.
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for the comparisons of baseline characteristics by follow-
up status found no meaningful differences (i.e., Cohen’s d
below 0.13).%¢

Demographic and clinical/surgical characteristics are
summarized in Table 1. The myelopathy cohort was older
[mean: 60.4 4+ 11.4 vs. mean: 54.6 +11.0, P < 0.001], had a
higher proportion of patients with motor deficits (53% wvs.
36%, P <0.001), and had a higher average number of levels
operated on (2.42 +1.34 vs. 1.83+0.90, P <0.001) com-
pared with the radiculopathy cohort.

Mild disability and pain were reported at 12-months
following surgery with NDI scores of 18.6 (SD: 19.2) and
20.1 (SD: 18.7), neck pain of 2.53 (SD: 2.5) and 2.59
(SD: 2.76), and arm pain of 1.93 (SD: 2.71) and 2.19
(SD: 2.86) for patients with radiculopathy and myelopathy,

respectively. The myelopathy group had a mJOA score of
14.20 (SD: 2.68) at 12-month follow-up.

Predictive Models for the Radiculopathy and
Myelopathy Cohorts

The odds of having worse NDI scores were seen in patients in
the radiculopathy cohort with longer symptom duration,
workers’ compensation claim, ambulation assistance prior
to surgery, higher baseline NDI, and undergoing surgery via
posterior decompression with or without fusion (P < 0.001)
as well as patients with presence of depression and females
(P < 0.05, Figure 1). The odds of having better NDI scores at
12-months were seen in radiculopathy patients with greater
age, preoperative employment, private insurance, and greater
arm pain (P <0.001) as well as patients having education

12-month NDI 12-month NRS Neck Pain 12-month NRS Arm Pain
i T T
Symptom Duration: 3-12 months b H . i - i
0.567 (0.485, 0.663) i 0.552 (0.460, 0.662) i 0.599 (0.509, 0.704) i
Symptom Duration: More then 12 months . i * E ° E
0.439 (0.375, 0.514) i 0.431 (0.358, 0.519) | 0.483 (0.410, 0.569) '
i i i
Workers' Compensation | — * I S i = !
0.375 (0.290, 0.486) ! 0.421 (0.324, 0.547) ! 0.440 (0.341, 0.567) !
| §
Age I e | ——
1.409 (1.220, 1.627) t 1.141 (0.975, 1.334) L 1.398 (1.207, 1.620) L
i | |
Employed ‘ = = N
1.488 (1.307, 1.694) : 1.266 (1.101, 1.455) . 1.366 (1.197, 1.559) i
i i 1
Insurance i o L == I—.—
1.371(1.179, 1.593) i 1.395 (1.188, 1.639) : 1.211 (1.037, 1.414) '
Ambulation e i e i o |
0.524 (0.387, 0.708) : 0.540 (0.390, 0.748) L 0.639 (0.464, 0.880) \
Education i = E ® E+
1.198 (1.079, 1.330) i 1.228 (1.097, 1.374) | 1.168 (1.048, 1.303) '
i i i
Smoker = = et
0.887 (0.778, 1.011) : 0.837 (0.727, 0.962) | 0.897 (0.785, 1.025) |
Race:White | . i * -
1,409 (1.087, 1.828) t 1,360 (1.037, 1.784) ! 1,103 (0,849, 1.433) !
1 1 1
Body Mass Index —eT —— =il
0.920 (0.807, 1.050) ‘; 0.883 (0.764, 1.020) E 0.940 (0.821, 1.076) E
Diabetes Tl e i
1.084 (0.941, 1.248) ‘ 1.038 (0.890, 1.211) ! 1.192 (1.029, 1.380) )
Race:Black —— T ——|
0.930 (0.682, 1.267) ; 0.819 (0.590, 1.135) i 0.729 (0.531, 1.000) L
i | 1
Depression = —= —*r
0.854 (0.740, 0.985) 1 0.963 (0.827, 1.122) : 0.894 (0.772, 1.036) !
Sex = * S
0.877 (0.789,0.974) ! 0.991(0.884, 1.112) ! 1.021 (0.917, 1.138) !
Numbness e == e
1.103 (0.993, 1.227) | 1.000 (0.891, 1.124) b 1.055 (0.945, 1.177) !
| | i
Anxiet ® - .
Y | 0,031 (0.802, 1.080) } 0.981 (0.837, 1.150) i 0.927 (0.796, 1.080) i
Baseline NDI | % | —— i — ;
0.337 (0.305, 0.371) : 0.632 (0.570, 0.700) L 0.538 (0.488, 0.594) H
Baseline NRS Arm Pain |- - |-
1.250 (1.140, 1.370) ' 0.808 (0.730, 0.895) 1 1.228 (1.115, 1.352) i
| | |
Baseline NRS Neck Pain - .- -
0.927 (0.848, 1.013) : 1.004 (0.911, 1.107) . 0.730 (0.666, 0.801) ]
Surgical Approach: Posterior Decompression == —o— | ==
0.777 (0.664, 0.909) ; 0.708 (0.598, 0.840) L 0.838 (0.713, 0.984) !
Surgical Approach: Posterior Decompression with Fusion - i > E ® E
0.379 (0.278, 0.516) i 0.577 (0.414, 0.804) I 0.458 (0.332, 0.633) |
I i |
Listhesis == [ o=~
1.243 (1.078, 1.432) ! 1.166 (1.002, 1.357) : 1.229 (1.066, 1.417) i
Motor Deficit - - -+
0.902 (0.813, 1.001) ¢ 0.925 (0.825, 1.036) I 0.981 (0.881, 1.092) !
Levels 'f' / ":'
W&ﬁ_’_wm&ﬁ_‘__wq 1.015) —+ .
0.3 0.5 08 1 15 0.3 0.5 08 1 1.5 0.3 0.5 08 1 1.5

Odds Ratio of Having Better 12-Month PRO

Figure 1. The adjusted effects of predictors for the odds of having better disability, neck pain, and arm pain outcomes in the radiculopathy
cohort. Continuous variables that have nonlinear effects on the outcome are shown for the 75th percentile compared to 25th percentile: age
(62 vs. 47), body mass index (34 vs. 26), and baseline NDI (54 vs. 30), NRS arm pain (8 vs. 4), and NRS neck pain (8 vs. 5) scores.
Continuous variable that is linearly related to the outcome is shown for the effect of one unit increase: Levels (2 vs. 1).
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12-month NDI 12-month NRS Neck Pain 12-month NRS Arm Pain
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Predicted Pr(12—month NDI = 20)

Predicted Pr(12 — month NRS Neck Pain > 2)

Predicted Pr(12 —month NRS Arm Pain = 2)

Figure 2. The radiculopathy models’ discriminative performance (measured by overfitting-corrected c-index).

greater than high school (P=0.001), evidence of listhesis
(P=0.003), and being of white race (P=0.010). Similar
patterns of significant predictors were found for the pain
models, except for presence of depression, sex, and arm pain.
Greater arm pain was significantly associated with odds of
having worse neck pain scores (P < 0.001) which was oppo-
site of the findings for the NDI and arm pain models. Figure 2
demonstrates the radiculopathy models’ discriminative per-
formance: [(NDI=wave a. 0.644, b. 0.686, c. 0.690), (NRS-
NP =wave a. 0.631, b. 0.668, c. 0.672), (NRS-AP =wave a.
0.625, b. 0.650, c. 0.654)].

The patients in the myelopathy cohort with longer symp-
tom duration, workers’ compensation claim, and higher
baseline NDI (P <0.001) as well as those with current
smoking status, presence of anxiety or depression and
undergoing surgery via posterior decompression with fusion
had lower odds of having better 12-month NDI score
(P <0.05, Figure 3). The odds of having better NDI at
12-months in the myelopathy cohort was higher for patients
with preoperative employment and higher baseline mJOA
score (P <0.001), evidence of listhesis (P =0.003), white
race (P=0.015), and higher age (P = 0.023). The patterns of
statistically significant predictors were similar for the pain
models, except smoking status, presence of anxiety/depres-
sion, surgical approach, and listhesis were no longer signifi-
cant for the myelopathy cohort.

For myelopathic symptoms, the odds of having worse 12-
month mJOA was seen in those with longer symptom dura-
tion, ambulation assistance prior to surgery, current smoking
status, higher baseline NDI score, and patients undergoing
surgery via posterior decompression with or without fusion
(P < 0.001). The odds of having better mJOA at 12-months
was seen in those with preoperative employment and higher
baseline mJOA (P <0.001), white race (P=0.025), and
female sex (P =0.005). Figure 4 demonstrates the myelopa-
thy models’ discriminative performance: [(NDI=wave a.
0.639, b. 0.700, c. 0.702), (NRS-NP =wave a. 0.622, b.
0.688, c. 0.690), (NRS-AP=wave a. 0.623, b. 0.680, c.
0.681), (mJOA =wave a. 0.657, b. 0.723, c. 0.725)].

A patient’s baseline NDI score proved to be the most
important predictor for the radiculopathy cohort

Spine

(Figure 5), while the baseline mJOA and then the NDI score
were the most important predictors for the myelopathy
cohort (Figure 6). The demographic variables and baseline
arm and neck pain added relatively smaller effects and the
least impact was noted for the clinical/surgery-specific
variables (surgical approach, listhesis, motor deficit, and
surgical levels). Among the demographic characteristics,
symptom duration, workers’ compensation, age, employ-
ment status, preoperative ambulation, and smoking
status contributed the most to the predictive models for
both cohorts. Surgical approach was the only clinical/sur-
gical factor showing consistent predictive importance for
all 12-month outcomes.

DISCUSSION

As part of a value-based approach to care, there is an
increased emphasis on patient-centered management and
the assessment of patient-reported outcomes.?” Predictive
models that provide individualized estimates of outcomes
that are meaningful to patients allow for risk stratification
and shared decision-making for surgical and nonsurgical
treatment. In the current analysis, we used prospectively
collected data from a national multicenter registry to develop
and validate predictive models for 12-month patient-reported
outcomes in patients undergoing elective surgery for radicul-
opathy and myelopathy due to degenerative cervical disease.

Results demonstrated that patients with higher baseline
NDI scores for radiculopathy and lower mJOA scores for
myelopathy were more likely to have poorer outcomes at
12-months after surgery. The literature has consistently
reported on the importance of baseline functional status
on postoperative outcomes.>*~* We also demonstrated that
patients in the radiculopathy cohort with higher baseline
arm pain had higher likelihood of having better disability
and arm pain outcomes. Passias et al*' reported an arm
versus neck pain ratio parameter and concluded that higher
preoperative arm pain compared with neck pain was asso-
ciated with higher odds of having improved outcomes.
Radicular symptoms are associated with higher extremity
pain and clinically appear more responsive to surgical
decompression than axial pain.
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12-month NDI 12-month NRS Neck Pain| 12-month NRS Arm Pain 12-month mJOA
Age ey Lo e ——
1.305 (1.045, 1.629) 1.189 (0.934, 1.542) 1,695 (1.268, 2.008) 1.020 (0.813, 1.241)
Employed | . —.— | —.— | —-—
1.508 (1.268, 1.792) 1.264 (1.048, 1.526) 1.403 (1.173, 1.678) 1.402 (1.176, 1.671)
{ i i i
Symptom Duration: 3-12 months o - e ==
0.767 (0.611, 0.983) 0.868 (0.676, 1.114) 0.887 (0.702, 1.121) 0.753 (0.597, 0.930)
i | | |
Symptom Duration: More then 12 months ol 2B 1 |
0.625 (0.499, o‘vé‘sn 0.729 (0.568, u.sjlna) 0.773 (0.613, 0‘9#‘3: 0.644 (0.511, D.E‘i‘ﬂ)
Workers' Compensation . 1 » i . | T
0.299 (0.182, 0.492) 0.530 (0.322, 0.872) 0.528 (0.320, 0.873) 0.717 (0.436, 1.179)
i i i 1
Ambulation - —e- —— .=
0.868 (0.708, 1.085) 0.910 (0.729, 1.136) 1.242 (0.997, 1.546) 0.539 (0.436, 0.666)
Smoker +} 4.—; 4.1‘* —— :
0.777 (0.651, 0,9?3) 0.838 (0.691, 1.016) 0.888 (0.738, mafgn 0.706 (0.588, n.edlsy
Race:White |—— —— e ——
1.514 (1.092, 2.098) 1.127 (0.790, 1.608) 1.579 (1.131, 2.204) 1.472 (1.051, 2.084)
i ] i i
Anxiety =) e, =% =,
0.770 (0.633, 0.937) 0.864 (0.698, 1.069) 0.855 (0.698, 1.048) 0.848 (0.694, 1.037)
i ] i i
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Figure 3. The adjusted effects of predictors for the odds of having better disability, neck pain, arm pain, and myelopathic symptom outcomes
in the myelopathy cohort. Continuous variables that have nonlinear effects on the outcome are shown for the 75th percentile compared to 25th
percentile: age (68 vs. 52), body mass index (34 vs. 26), and baseline NDI (52 vs. 24), NRS arm pain (8 vs. 2), NRS neck pain (8 vs. 3), and
mJOA (15 vs. 11) scores. Continuous variable that is linearly related to the outcome is shown for the effect of one unit increase: Levels (2 vs. 1).

Symptom duration, workers’ compensation, age, employ-
ment, ambulatory status, and smoking status were consis-
tently the more important demographic predictors of overall
outcomes in both the radiculopathy and myelopathy cohorts.
These findings are consistent with those previously reported
in the literature.**~*¢ Studies have found that early diagnosis
and intervention lead to improved clinical outcomes,*¢~*8
while patient postsurgical recovery depends on job satisfac-
tion, the type of physical labor, and financial support in the
form of workers’ compensation.*”=>! Results also demon-
strated that patients with higher age improve more in terms of
disability and arm pain when compared with younger
patients; however, age had no impact on neck pain or
mJOA scores. The literature identifies inconsistent impact
of increasing age on long-term outcomes in patients
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undergoing cervical spine surgery.’>°? Patients who preop-
eratively needed assistance for ambulation had higher odds of
worse disability, neck and arm pain in the radiculopathy
cohort, and worse mJOA in the myelopathy cohort.
While Zakaria et al®* identified preoperative ambulation
status as a risk factor for readmissions, no other study to
date has examined the independent relationship between
preoperative ambulation and postoperative patient-
reported outcomes. Many studies have reported on the
association between smoking and biochemical and clinical
outcomes in spine surgery.>> >’ Smoking increases the risk of
perioperative complications, particularly pseudarthrosis in
spinal fusion surgery.’’ >’ Berman et al°® recommended
smoking cessation for at least the first 4 weeks after spine
surgery.
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Figure 4. The myelopathy models’ discriminative performance (measured by overfitting-corrected c-index).

The clinical and surgical variables had a lower predictive
importance when compared with baseline patient-reported
outcome scores and demographic characteristics. Posterior
decompression with or without fusion was associated with
higher odds of having worse 12-month outcome scores in
the radiculopathy cohort and posterior decompression and
fusion was associated with higher odds of having worse NDI
and mJOA scores in the myelopathy cohort. These findings
are consistent with the literature and reinforce previous
observations that patient-specific variables are the primary
drivers of outcomes following elective spine surgery.!=¢°

Real-World—Clinical Application
Patient-reported outcomes are one component in the deci-
sion-making process and the estimates of the presented

Spine

models will certainly not deter providers from operating
on patients with identified risk factors, such as higher
baseline disability. Information from our predictive models
can be used to identify modifiable risk factors and facilitate
shared decision-making during preoperative clinic visits to
help achieve improved outcomes.

As an example of the value of these predictive models,
two hypothetical patients are presented to support the
clinical application of predicting the probability of mean
disability, neck and arm pain, and mJOA scores at
12 months after elective cervical spine surgery (Table 2).
Patient A, a 35-year-old White, nonsmoking male with
radiculopathy and an anterior surgical approach has a
predicted probability for mean NDI and neck and arm pain
scores of 8.2, 1.6, and 0.73, respectively, at 12 months. For
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Demographics
Symptom Duration
Workers' Compensation
Age

Employed
Insurance e
Ambulation
Education

Smoker

Race: White

Body Mass Index
Diabetes

Race: Black
Depression

Sex

Numbness
Anxiety

Baseline PROs
Baseline NDI
Baseline NRS Arm Pain

Baseline NRS Neck Pain a3

Clinical/Surgical Variables

O 12-month NDI

o 12-month NRS Neck Pain
A 12-month NRS Arm Pain
* Overall

Surgical Approach

Listhesis
Motor Deficit O
Levels

0.05 01 015 0.2 025 0.35

Proportion of Overall xz

Figure 5. Importance of predictors, measured by Wald chi-square value minus the degree of freedom of the predictor, based on multivariable
models. The overall rank is based on the average of the normalized values of the three multivariable models of patients with radiculopathy.

this patient, a provider could focus on providing reassurance
about the surgical intervention. Patient B, a 66-year-old
White, female who currently smokes and has myelopathy
and a posterior decompression with fusion has higher mean
predicted probabilities for NDI (45.9), neck pain (4.6), and
arm pain (3.9) at 12-month follow-up, with a mean mJOA

1548 www.spinejournal.com

predicted probability of 10.3. A discussion with Patient B
could focus on nonsurgical treatment options and referral to
address modifiable factors (i.e., smoking and psychological
distress). If Patient B chooses to undergo surgery, preopera-
tive counseling could help set realistic expectations, which
may ultimately increase patient satisfaction.®”-®®
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Figure 6. Importance of predictors, measured by Wald chi-square value minus the degree of freedom of the predictor, based on multivariable
models. The overall rank is based on the average of the normalized values of the four multivariable models for patients with myelopathy.

The modern healthcare system is undergoing a rapid shift  of outcomes.”® Thus, the providers taking care of higher-risk
from traditional volume driven fee-for-service toward value-  patients (i.e., more severe disease and comorbidities) can
based reimbursement models.®” Predictive models can be  provide care with less concern for financial penalty. How-
used to compare performance between providers and sites  ever, the “real-world” clinical application of predictive
by comparing the observed and the risk-adjusted estimates ~ models faces issues of feasibility. The majority of
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Predicted Probabilities of Mean
Outcome Scores at 12 Months

After Cervical Spine Surgery
Derived From Predictive Models
for Hypothetical Patients
Characteristic Patient A Patient B
Pathology Radiculopathy | Myelopathy
Age in years 35 66
Education Postcollege Postcollege
Race White White
Depression Yes Yes
Anxiety No Yes
Body mass index 30 35
Sex Male Female
Diabetes No Yes
Ambulation Independent With assistance
Insurance Private Medicare
Duration of symptoms Less than 3 mo | Greater than
12 mo
Employed Yes No
Insurance Private Public
Numbness Yes Yes
Current smoker No Yes
Workers’ compensation | No No
Surgical approach Anterior cervical| Posterior
discectomy decompression
and fusion with fusion
Listhesis Yes No
Number of levels 1 1
Motor deficit Yes Yes
Baseline disability (NDI) |40 68
Baseline neck pain (NRS) | 9 9
Baseline arm pain (NRS) |7 6
Baseline mJOA - 10
Predicted probabilities for 12 mo
Mean disability (NDI) |8.235 45.872
Mean neck pain (NRS) | 1.598 4.580
Mean arm pain (NRS) |0.731 3.857
Mean mJOA — 10.250
NDI indicates neck disability index; NRS, numeric rating scale; mJOA,
modified Japanese Orthopaedic Association.

evidence-based models are not used in clinical practice due
to limited generalizability, poor discrimination indices, and
the cost and time associated with implementation in a busy
clinical setting. To address this, user-friendly online inter-
faces and web-based risk calculators can help with clinical
implementation of predictive models (https://statcom-
p2.app.vumc.org/cervical/). Future research is needed to
externally validate prediction models and pragmatically
assess the clinical implementation of these risk calculators.

Limitations

An inherent limitation of clinical registries is the potential
for selection bias. Even though QOD has a standardized
enrollment process that requires centers to enroll patients

1550 www.spinejournal.com

continuously or on a prespecified rotating cycle, we cannot
ensure unbiased enrollment into the registry. This study
reported a 61% follow-up rate for outcomes at 12 months.
While no meaningful differences were found in baseline
characteristics between those with and without complete
data, we acknowledge the limitations associated with our
follow-up rate. Studies have documented the negative
impact of psychosocial characteristics, such as expectations
and fear of movement, and opioids on patient-reported
outcomes.”' =7 Thus, there is a possibility that the models’
discriminative performance would improve with the inclu-
sion of a broader range of patient characteristic variables. A
history of depression and anxiety was ascertained through
patient self-report and the EMR. It is possible that using
validated questionnaires may result in a stronger association
between psychological distress and 12-month patient-
reported outcomes.

CONCLUSION

This study developed and validated predictive models for
12-month patient-reported outcomes in patients undergoing
elective spine surgery for degenerative cervical spine disease.
The discrimination indices of these models ranged from
0.654 to 0.725, which are defined as “good” performance.
The most important drivers of poor postoperative outcomes
at 12-months were the baseline patient-reported outcome
scores, in particular the NDI score for patients with radi-
culopathy and mJOA score for patients with myelopathy.
The most important demographic characteristics included
symptom duration, workers’ compensation, age, employ-
ment, and ambulation and smoking status, while clinical/
surgical variables contributed minimally. These predictive
models have the potential to be used as a shared decision-
making tool for evidence-based preoperative counseling.

> Key Points

Q This study is a retrospective analysis of
prospectively collected data from a national spine
registry, the QOD—4988 patients underwent
surgery for radiculopathy and 2641 patients
for myelopathy.

@ The most important predictor of poor
postoperative outcomes at 12-months was the
baseline Neck Disability Index score for patients
with radiculopathy and mJOA score for patients
with myelopathy.

@ Symptom duration, workers’ compensation, age,
and baseline employment, ambulatory and
smoking status were the most important
demographic predictors of all 12-month patient-
reported outcomes.

O A posterior surgical approach was associated with
higher odds of having worse 12-month outcome
scores; however, this variable was of minimal
importance for the prediction models.
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@ Our predictive models provide individualized risk-
adjusted estimates of 12-month disability, pain,
and myelopathy outcomes for patients
undergoing spine surgery for degenerative
cervical disease.
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