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Development of a validated computer-based preoperative
predictive model for pseudarthrosis with 91% accuracy in
336 adult spinal deformity patients
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OBJECTIVE Pseudarthrosis can occur following adult spinal deformity (ASD) surgery and can lead to instrumentation
failure, recurrent pain, and ultimately revision surgery. In addition, it is one of the most expensive complications of ASD
surgery. Risk factors contributing to pseudarthrosis in ASD have been described; however, a preoperative model pre-
dicting the development of pseudarthrosis does not exist. The goal of this study was to create a preoperative predictive
model for pseudarthrosis based on demographic, radiographic, and surgical factors.

METHODS A retrospective review of a prospectively maintained, multicenter ASD database was conducted. Study
inclusion criteria consisted of adult patients (age = 18 years) with spinal deformity and surgery for the ASD. From among
82 variables assessed, 21 were used for model building after applying collinearity testing, redundancy, and univari-

able predictor importance = 0.90. Variables included demographic data along with comorbidities, modifiable surgical
variables, baseline coronal and sagittal radiographic parameters, and baseline scores for health-related quality of life
measures. Patients groups were determined according to their Lenke radiographic fusion type at the 2-year follow-up:
bilateral or unilateral fusion (union) or pseudarthrosis (nonunion). A decision tree was constructed, and internal validation
was accomplished via bootstrapped training and testing data sets. Accuracy and the area under the receiver operating
characteristic curve (AUC) were calculated to evaluate the model.

RESULTS A total of 336 patients were included in the study (nonunion: 105, union: 231). The model was 91.3% accurate
with an AUC of 0.94. From 82 initial variables, the top 21 covered a wide range of areas including preoperative align-
ment, comorbidities, patient demographics, and surgical use of graft material.

CONCLUSIONS A model for predicting the development of pseudarthrosis at the 2-year follow-up was successfully cre-
ated. This model is the first of its kind for complex predictive analytics in the development of pseudarthrosis for patients
with ASD undergoing surgical correction and can aid in clinical decision-making for potential preventative strategies.
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technically challenging and is associated with

high rates of complications, one of which is pseud-
arthrosis.®'12227 The rates of pseudarthrosis in ASD have
ranged from 0% to 35%,>%'° with one comprehensive re-
view citing pseudarthrosis as the most frequent long-term
complication of those studied, reporting a rate of 7.6%.”
Patients who develop pseudarthrosis are at risk for instru-
mentation failure and may require revision surgery. Risk
factors for pseudarthrosis have been studied and include
preoperative thoracolumbar kyphosis > 20°, age of more
than 55 years, arthrodesis to S1 as compared to L5 or an-
other more cephalad level, and arthrodesis of more than 12
vertebrae.®

Despite these results, however, it is very difficult to pre-
operatively predict which patients may develop pseudar-
throsis since bone healing is a multifactorial process. Re-
cently, there has been an attempt to use patient-reported
health-related quality of life (HRQOL) outcome measures
as a surrogate to predict the development of pseudarthro-
sis."! The authors determined that at 1 year after ASD sur-
gery, patients with pseudarthrosis had significantly lower
Scoliosis Research Society (SRS) scores and Oswestry
Disability Index scores than those with union. Currently,
there is no model for accurately predicting which patients
are likely to develop pseudarthrosis after ASD correction
by the 2-year follow-up. Such a model could be very ben-
eficial to many stakeholders, including the surgeon, the
patient, and even third-party payers in their attempts to de-
termine payments and hospital length of stay calculations.
More specifically, a predictive model could not only aid in
the preoperative discussion with patients about whether or
not to pursue surgery, but could also assist in the preop-
erative planning, which may include protective measures
such as the use of various graft materials, adjustment of
the uppermost instrumented vertebra, use of interbody
fusion, etc. Furthermore, risk stratification and the likeli-
hood of revision are other parameters that a model could
be especially useful in predicting.

Accurate advanced predictive modeling has only re-
cently come to the forefront of spinal surgery outcomes
research.#712:14.19-21242528 Such models provide patient-spe-
cific predictions for a given outcome. In an effort to extend
these findings, we endeavored to build a preoperative pre-
dictive model for pseudarthrosis at 2 years postoperatively
by using a large, multicenter, prospective ASD database.

Methods

Patient Population

This study is a retrospective review of a multicenter,
prospective ASD database, which is contributed to by 13
sites across the United States. All patients were enrolled
into a protocol for which each site had obtained institu-
tional review board approval. Inclusion criteria for the
database were as follows: age > 18 years; the presence of
spinal deformity as defined by a scoliosis Cobb angle =
20°, sagittal vertical axis (SVA) = 5 cm, pelvic tilt (PT)
> 25°, and/or thoracic kyphosis (TK) = 60° and surgery
for the ASD. Exclusion criteria consisted of spinal defor-
mity with a neuromuscular etiology and the presence of

ﬁ puLT spinal deformity (ASD) surgery remains
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active infection or malignancy. In addition to applying the
above database inclusion criteria, we excluded study pa-
tients if they had a revision for any indication other than
pseudarthrosis in order to reduce confounding of potential
pseudarthrosis as a result of the revision surgery (n = 87).
The goal of the model was a preoperative risk stratification
assessment, and having patients who underwent a revision
surgery includes postoperative data.

Data Collection: Demographics, Radiographic
Assessment, HRQOL, and Surgical Data

The demographic and clinical data collected included
patient age, sex, BMI, race, number and types of comorbid-
ities, and Charlson Comorbidity Index.? Collected surgical
data included whether the index surgery was a primary or
revision procedure, whether the procedure was an anterior
or a posterior fusion (and the number of levels for each),
the presence of a 3-column osteotomy (pedicle subtraction
osteotomy or vertebral column resection), the uppermost
instrumented vertebra, the lowermost instrumented ver-
tebra (LIV), the number of posterior levels fused, and the
ASD surgical invasiveness score.” The presence of (yes/
no) and the number of levels were also noted for the fol-
lowing: direct decompression, Smith-Petersen osteotomy,
and interbody fusion. Number of levels for anterior lumbar
interbody fusion, posterior lumbar interbody fusion, trans-
foraminal lumbar interbody fusion, lateral interbody fu-
sion, as well as graft type for both posterior and interbody
fusions (autograft, allograft, and bone morphogenetic pro-
tein [BMP]), were also collected. Of note, BMP use also
included off-label applications.

Baseline full-length free-standing lateral spine radio-
graphs (36-inch cassette) were analyzed using validated
software?!82 (SpineView, ENSAM, Laboratory of Bio-
mechanics). All radiographic measures were performed
at a central location based on standard techniques'® and
included coronal Cobb angles of thoracic and lumbar
curves, maximum coronal Cobb angle, coronal plumbline
(C7-S1), TK (T4-12; Cobb angle between superior end-
plate of T4 and inferior endplate of T12), lumbar lordosis
(LL; Cobb angle between superior endplate of L1 and su-
perior endplate of S1), SVA (C7 plumbline relative to SI),
PT, and the mismatch between pelvic incidence and LL
(PI-LL). The SRS-Schwab coronal curve type and sagittal
modifiers were determined for all patients.?® Posterolat-
eral fusion was graded based on the Lenke fusion grading
system,'* which involves four tiers ranging from A to D:"3
type A represents a solid fusion bilaterally, type B is a
solid unilateral fusion with a small contralateral aspect,
type C is small thin fusion masses bilaterally with a pos-
sible crack, and type D is graft resorption bilaterally or
bilateral pseudarthrosis.'* Patients with type A or B at 2
years were considered to have union and those with type
C or D were labeled as having nonunion. Final typing was
based on consensus review by multiple fellowship-trained
attending spine surgeons.

Standardized HRQOL measures included the Oswes-
try Disability Index, SF-36, and 22-item SRS Outcomes
Questionnaire (SRS-22r). Two standard summary scores
were calculated based on the SF-36, the Physical Com-
ponent Summary and the Mental Component Summary,



and the ASD frailty index was calculated.'>'® The SRS-
22r provides a total score and multiple subdomain scores
including those for activity, pain, appearance, mental, and
satisfaction. A numeric rating scale (NRS) score ranging
from 0 (no pain) to 10 (most unbearable pain) was col-
lected for back and leg pain separately.

Statistics and Predictive Model Construction

Continuous variables were described with the mean
and standard deviation. Baseline variables were compared
between the union and nonunion groups. Normality of
data was determined using the Shapiro-Wilk test. Com-
parison of baseline means between the groups initially in-
cluded an ANOVA or the Kruskal-Wallis test when appro-
priate, which was followed by pairwise comparisons using
Tukey’s honestly significant difference test to control for
type I error or Wilcoxon rank-sum tests where appropri-
ate. Frequency analyses for categorical variables were
conducted via Pearson’s chi-square analysis. All statisti-
cal analyses were conducted using commercially available
software (SPSS Statistics 22, IBM Corp.), and the level of
significance was set at p < 0.05 for all tests.

For the predictive model, missing values within the da-
tabase were imputed using standard techniques, including
mean and median imputation.! Of the 82 variables used,
23 (28.0%) required some imputation (the other 59 vari-
ables were complete), and of these 23, the number of val-
ues imputed ranged from 1 (0.30%) to 22 (6.5%). Gener-
ally, imputation below 10% for a given value is accepted.!
Once a complete data set was constructed, a supervised
ensemble of decision trees! was constructed with the
target variable being binary: (1) patients who had devel-
oped pseudarthrosis (nonunion) and (0) those who did not
(union), based on the Lenke radiographic fusion grade'* at
the 2-year follow-up. A decision tree was constructed, and
internal validation was accomplished via bootstrapped
training and testing data sets using a random number gen-
erator. The decision algorithm chosen was the C5.0 algo-
rithm, which uses gain ratio as the splitting criterion. This
was selected as it can handle categorical and continuous
variables simultaneously, as well as have binary outcomes
for splits or multiway splits for categorical variables with
multiple categories. A total of 5 leaf nodes per model was
selected, and each leaf node had a minimum of 10 entries
before moving on to the next leaf or that leaf would stop.
For the ensemble of the decision trees, final overall pre-
dictions from the models were combined and chosen by
voting within the program, and random selection was used
for the predictions that had tied votes. Overall accuracy
and the area under the receiver operating characteristic
curve (AUC) were calculated. The model was built using
commercially available software (SPSS Modeler v16,IBM
Corp.).

Results
Patient Population

There were 603 potentially eligible patients, and 423
(70.1%) had a complete 2-year follow-up. Among the latter
group, a total of 336 (79.4%) patients met the additional
inclusion criterion of not having revision surgery for an in-
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dication other than pseudarthrosis (87 patients excluded).
This final cohort consisted of 268 (79.8%) women and 68
(20.2%) men, whose mean age was 57.7 + 15.1 years and
mean BMI was 272 + 5.8 kg/m? (Table 1). Two hundred
thirty-one (68.8%) patients were graded as having fusion
at 2 years (union), and 105 (31.2%) patients were graded
as having pseudarthrosis (nonunion). There was a signifi-
cantly higher proportion of smokers in the nonunion group
than in the union group (12.4% vs 5.6%, respectively, p =
0.038), and the nonunion group was significantly younger
than the union group on average (54.5 £ 17.3 vs 59.1 +
13.7 years, respectively, p = 0.042). All other demograph-
ic variables were not statistically different between the
groups (p > 0.05 for all).

HRQOL

The average baseline HRQOL scores were not statis-
tically different between the groups (p > 0.05) with the
exception of the mean NRS leg pain score, which was sig-
nificantly higher in the union group than in the nonunion
group (4.9 + 3.2 vs 4 + 3.3, p = 0.015; Table 2). Eight pa-
tients with pseudarthrosis required reoperation for it. Of
these 8 patients, 3 had a prior fusion and 1 had a prior
diagnosis of pseudarthrosis.

Radiographic Assessment

Of the baseline radiographic parameters, the mean PT
(24.1° £ 10.2° vs 21.9° + 11.6°, p = 0.040), PI-LL (16.8° =
20.7° vs 11.7° £ 23.5°, p = 0.031), and SVA (659 =+ 68.6
vs 53.2 + 81.6 mm, p = 0.023; Table 3) were significantly
higher in the union group. All other parameters were not
statistically different between the groups (p > 0.05).

Surgical Data

Univariate analysis of the surgical data demonstrated
multiple statistically significant differences (Table 4). The
union group had a higher proportion of patients undergo-
ing revision surgery (p = 0.042). The mean ASD surgical
invasiveness score!” was not statistically different between
the two groups, and neither was the proportion of patients
that underwent anterior and posterior fusions, the mean
number of posterior levels fused, or the distribution of the
uppermost instrumented vertebra (p > 0.05 for all). The
distribution of the LIV in the union group was signifi-
cantly shifted more toward the lower vertebral segments
such as sacroiliac fixation, whereas the nonunion group
had more thoracic and lumbar LIV (p = 0.001). Regarding
the use of posterior graft material, the union group had a
significantly higher proportion of patients with BMP (p =
0.000). In contrast, the nonunion group had a significantly
higher proportion of patients having an interbody allograft
(p = 0.005). The distribution of the posterior rod diameter
was significantly different, with the union group having
a higher proportion of patients with larger diameter rods,
such as 6.0 and 6.35 mm, than the nonunion group (p =
0.017). However, the distribution of rod material was not
statistically different between the groups (p > 0.05). For
the surgical techniques, the union group had a significantly
larger proportion of patients that underwent direct decom-
pression (p = 0.006) and a larger mean number of levels
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TABLE 1. Demographic information and baseline SRS-Schwab coronal classification for patients who underwent surgery for ASD

Variable All Patients Union Group Nonunion Group p Value

No. of patients 336 231 105 NA
Age inyrs 57.7 £ 151 591 +13.7 54.5+17.3 0.042
F/IM 268:68 178:53 90:15
Race, no. (%)

Asian 1(0.3%) 1(0.4%) 0 (0%)

Back 14 (4.2%) 8 (3.5%) 6 (5.7%)

Hispanic 6 (1.8%) 4 (1.7%) 2 (1.9%) 0.514

White 312 (92.9%) 217 (93.9%) 95 (90.5%)

Other 3 (0.9%) 1(0.4%) 2 (1.9%)
BMI in kg/m? 27258 27559 265+55 0.119
CCl 16+18 17+18 15+1.6 0.553
Min of 1 comorbidity, no. (%, range of comorbidities) 241 (711.7%, 1-9) 161 (69.7%, 1-9) 80 (76.2%, 1-9) 0.216
Osteoporosis, no. (%) 46 (13.7%) 26 (11.3%) 20 (19.0%) 0.060
Smoker, no. (%) 26 (7.7%) 13 (5.6%) 13 (12.4%) 0.038
Frailty index 32+17 32+17 32+17 0.692
Preop SRS-Schwab coronal curve,* no. (%)

Type N 102 (30.4%) 73 (31.6%) 29 (27.6%)

Type T 14 (4.2%) 7 (3.0%) 7(6.7%)

Type L 121 (36.0%) 87 (37.7%) 34 (32.4%) 0.280

Type D 99 (29.5%) 64 (27.7%) 35 (33.3%)

CCl = Charlson Comorbidity Index; NA = not applicable.

Values presented as the mean + 1 standard deviation or as number of patients (%), unless indicated otherwise. Boldface type indicates a statistically significant differ-
ence between the union and nonunion groups.

* Type N = patients with no coronal curve greater than 30° (i.e., no major coronal deformity); type T = patients with a thoracic major curve of greater than 30° (apical
level of T9 or higher); type L = patients with a lumbar or thoracolumbar major curve greater than 30° (apical level of T10 or lower); and type D = patients with a double
major curve, with each curve greater than 30°.

TABLE 2. Preoperative HRQOL scores for patients who
underwent surgery for ASD

All Union Nonunion p . . . . .
Measure Patients Group Group Value TABLE 3. Preoperative radiographic parameters included in the
model for patients surgically treated for ASD
oDl 422+187 422+184 422+195 0.929 Al - N -
PCS 3244102 324103 33399 0.145 . Union onumion P
Parameter Patients Group Group Value
MCS 454 £ 14 452+142 459+13.7 0.675
SRS activity 3+0.9 20+09 3+0.9 0160 Coronal PL (mm) 351+324 352+334 349+304 0.860
SRS pain 25+0.8 25+0.9 24+0.8 0.880 PT (°) 234+107 241+£102 219116 0.040
SRSappearance 25+0.8  25+08  24+07 0919 PI-LL (°) 152£21.7 16.8+207 11.7£235 0.031
SRS mental 3409  34%1 35+09 0.883 TK() 827+18  322£166 337+£207 0919
SRS satisfaction 2.8 + 1 28+1 27+1 0484 SVA (mm) 62473 6594686 ©53.2+81.6 0.023
SRS total 28407 28+07 28%07 0673 Max Cobb angle
NRS backpain 7.1 +21 7£22  72£21 0620 <30° 105(31.3%)  78(33.8%) 27 (25.7%)
NRS leg pain 46+33  49+32  4%33 0015 30°-60° 161(47.9%) 108 (46.8%) 53 (50.5%) 0.302
: >60° 70(20.8%)  45(19.5%) 25 (23.8%)
MCS = Mental Component Summary score of the SF-36; ODI = Oswestry Dis-
ability Index; PCS = Physical Component Summary score of the SF-36. PL = plumbline.

Values expressed as mean * 1 standard deviation or as number (%), unless in-
dicated otherwise. Boldface type indicates a statistically significant difference
between the union and nonunion groups.

Values presented as the mean + 1 standard deviation, unless indicated other-
wise. Boldface type indicates a statistically significant difference between the
union and nonunion groups.
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TABLE 4. Surgical data for all patients, the union, and the nonunion groups

Surgical Data All Patients Union Group Nonunion Group p Value

No. of patients 336 231 105 NA
Revision procedure, no. of patients (%) 119 (35.4%) 90 (39.0%) 29 (27.6%) 0.042
Mean surgical invasiveness score 92.4 £+ 36.6 92.6 £36.5 92 +£36.9 0.933
Ant fusion, no. of patients (%) 4 (1.2%) 1(0.4%) 3 (2.9%) 0.070
Pst fusion, no. of patients (%) 335 (99.7%) 231 (100%) 104 (99.0%) 0.127
Mean no. of pst levels fused 11.3+4.2 11.3+4.2 11.3+44 0.647
UIV category

T1-6 161 (47.9%) 103 (44.6%) 58 (55.2%)

T7-12 137 (40.8%) 99 (42.9%) 38 (36.2%) 0171

Lumbar 38 (11.3%) 29 (12.6%) 9 (8.6%)
LIV category, no. of patients (%)

Thoracic 8 (2.4%) 3(1.3%) 5 (4.8%)

Lumbar 77 (22.9%) 42 (18.2%) 35 (33.3%) 0.001

Sacroiliac 251 (74.7%) 186 (80.5%) 65 (61.9%)
Pst fusion graft types, no. of patients (%)

Allograft 244 (72.6%) 165 (71.4%) 79 (75.2%) 0.465

Autograft 257 (76.5%) 178 (77.1%) 79 (75.2%) 0.717

BMP 241 (71.7%) 182 (78.8%) 59 (56.2%) 0.000
Pst rod diameter, no. of patients (%)

4.5 mm 1(0.3%) 0 (0%) 1(1.0%)

4.75 mm 0 (0%) 0 (0%) 0 (0%)

5.5mm 9 (65.2%) 0 (60.6%) 79 (75.2%) 0.017

6.0 mm 30 (8.9%) 24 (10.4%) 6 (5.7%)

6.35mm 86 (25.6%) 67 (29.0%) 19 (18.1%)
Pst rod material, no. of patients (%)

Cobalt chrome 192 (57.1%) 132 (57.1%) 0 (57.1%)

Stainless steel 79 (23.5%) 58 (25.1%) 21(20.0%) 0.440

Titanium 64 (19.0%) 40 (17.3%) 4 (22.9%)

Other 1(0.3%) 1(0.4%) 0 (0%)
Decompression, no. of patients (%) 212 (63.1%) 157 (68.0%) 55 (52.4%) 0.006
Mean no. of decompression levels 0.7+£0.6 0.8+0.6 0.6+0.6 0.008
SPO, no. of patients (%) 190 (56.5%) 136 (58.9%) 54 (51.4%) 0.203
Mean no. of SPO levels 3+3.2 3131 29+34 0.479
3-column osteotomy, no. of patients (%) 63 (18.8%) 47 (20.3%) 16 (15.2%) 0.259
Mean no. of 3-column osteotomy levels 0204 02+04 02+04 0.255
IBF, no. of patients (%) 205 (61.0%) 141 (61.0%) 64 (61.0%) 0.988
Mean no. of IBF levels 15+17 14+16 1517 0.883
IBF graft types, no. of patients (%)

IBF allograft* 68 (20.2%) 37 (16.0%) 31 (29.5%) 0.005

IBF autograft 112 (33.3%) 81(35.1%) 31 (29.5%) 0.315

IBF BMP 107 (31.8%) 83 (35.9%) 24 (22.9%) 0.015

Ant = anterior; IBF = interbody fusion; pst = posterior; SPO = Smith-Petersen osteotomy; UIV = uppermost instrumented vertebra.

Values presented as the mean + 1 standard deviation, unless indicated otherwise. Boldface type indicates a statistically significant difference
between the union and nonunion groups.

* Percentages calculated based on total number of patients for each group.

decompressed (p = 0.008). The proportion of patients un- Model Results

dergoing Smith-Petersen osteotomies, 3-column osteoto- For the training data set (n = 336), 317 patients were
mies, and interbody fusions as well as the mean number of predicted correctly with 19 incorrect, resulting in an ac-
levels for all three of the procedures were all statistically curacy of 94.4% and an AUC of 0.97. The testing data
similar between the two groups (p > 0.05 for all). set included 126 (37.5%) patients, and of those, 115 were
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TABLE 5. Twenty-one variables used in a model to preoperatively

predict postoperative pseudarthrosis

predicted correctly with 11 incorrect. The testing model
accuracy was 91.3% correct with an AUC of 0.94, indicat-
ing a very good model fit. The 21 variables are listed in

Predictor Importance Variable . . .
P decreasing order of importance in Table 5. The top three
Overall variables were posterior LIV, posterior BMP, and maxi-
1 Pst LIV mum Cobb angle.
2 Pst BMP use (y/n)
3 Max coronal Cobb angle Discussion
4 NRS leg pain Predictive modeling is coming to the forefront of spinal
5 Pst allograft (y/n) surgery outcomes research. It offers the ability to create
6 SRS-Schwab PT modifier accurate, patient-specific models that have the potential
7 Decompression (y/n) to impact cliniqal de.cision.—r'naking.19 There is a pauqity of
P literature on this topic as it is so new to the field. Clinical
8 Prior fusion .
9 PstUIV data sets are now becoming large enough to be amenable
S . to modern advanced predictive algorithms, and the present
10 SRS-Schwab GA modifier study demonstrated that an accurate, internally validated
1 Age predictive model for the development of pseudarthrosis at
12 Osteotomy (y/n) 2 years after ASD correction can be successfully created.
13 Pst rod diameter There are a few key points regarding our model and
14 No. of decompression levels predictive models in general. First, it is unclear how the
. variables affect the given outcome because the current
15 Heart disease . . o .
— model is an ensemble of multiple decision trees, resulting
16 SRS-Schwab PI-LL modifier in variables having a different role depending on which de-
7 Sex cision tree they are in and where in the tree they arise. For
18 Osteoporosis example, as patient data are filtered through the model, one
19 BMI variable may be predictive of the outcome in a given subset
20 Interbody graft BMP use (y/n) of patients and then not in another subset because as one
21 No. of ant levels fused moves down the tree, the; subsets of patients bg:mg analyzed
- . change. The baseline differences discussed in the Results
Modifiable variables . . .
are provided for educational purposes for the patient co-
1 PstLIV hort. These differences are considered in the models, but
2 Pst BMP use (y/n) ultimately the true effect of these variables is difficult to
5 Pst allograft (y/n) determine. When constructing predictive models, one
7 Decompression (y/n) must weigh accuracy, generalizability, and transparency
9 Pst UIV to strike an acceptable balance as it is difficult to have all
1 1
12 Osteotomy (y/n) three equally in one model.! In our case, transparency was
3 Pst rod diamet sacrificed for accuracy and generalizability. Additionally,
strod diameter : these advanced computer models are not, at the moment,
14 No. of decompression levels easily translatable to our practices as they are computer-
20 Interbody graft BMP use (y/n) generated. The ultimate goal is to incorporate them into a
19 BMI website, a mobile (i.e., tablet or phone) application, or even-
21 No. of ant levels fused tually the electronic medical record. They could then be
Nonmodifiable variables used for calcuil?a.ting the risk aipd/qr beneﬁt.of developing
3 Max coronal Cobb angle th; outcome O mt@:rest (comp 1cat10ns,.cllmcal success or
n L i NRS failure, cost, etc.) in real time as a point-of-care clinical
€g pain . decision aid. In this context, when formulating the surgical
6 SRS-Schwab PT modifier plan and in discussion with the patient, alterations could be
8 Prior fusion made to optimize the risk-benefit equation for each patient.
10 SRS-Schwab GA modifier These models are not designed or intended to replace the
11 Age clinician. The surgeon is still required to evaluate the in-
; formation from the model in the context of the patient and
15 Heart disease . . .
o to make a decision that is best for the patient. Lastly, the
16 SRS-Schwab PI-LL modifier . . .
present model utilized only preoperative and surgical data
7 Sex ‘ for model creation because the goal is to use it as an aid for
18 Osteoporosis preoperative risk stratification. The surgical variables were

GA = global alignment; n =no; y = yes.

added so that the surgeon using the model in the clinic, for

example, could alter them and get immediate feedback on
how changes in the surgical plan would affect the possibil-
ity of developing pseudarthrosis in a specific patient.

For the present study, the details and rationale for the

The 21 variables used in the model appear in order of univariable importance
on the left. The same variables are separated by modifiable and non-modifiable
variables also in order of univariable importance, respectively. Note that the im-
portance of these variables may change throughout the decision tree process.
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specific use of decision trees, as well as predictive analyt-
ics in general, are described elsewhere,’*?* but in short,
some of the desirable properties of decision trees include
the following: 1) ease of construction, 2) ability to incorpo-
rate continuous and categorical data, 3) capacity to handle
hundreds of variables, and 4) feasibility with missing data.
Furthermore, an ensemble of 5 different decision trees was
used to increase the accuracy and generalizability of the
model. The data were split into training and testing data
sets (all bootstrapped, resulting in different patient popula-
tions in each model) to increase the validity of the model.
Thus, for categorical outcomes such as developing pseud-
arthrosis versus being fused, this type of model algorithm
works very well.

A number of studies have investigated the risk factors
for pseudarthrosis in ASD;>#!! to our knowledge, however,
there is no study on a predictive model for pseudarthrosis
in the spine literature. Reported risk factors for pseudar-
throsis include the following:>8-10 preoperative thoraco-
lumbar kyphosis > 20°; age > 50 or 55 years, depending on
the study; fusion to the sacrum versus more cephalad fu-
sion; fusion of more than 12 vertebral segments; smoking;
osteoarthritis of the hip; thoracoabdominal approach; SVA
> 5 cm at 8 weeks postoperatively; prior pseudarthrosis;
pseudarthrosis at the pedicle subtraction osteotomy site;
prior decompression in the lumbar region; prior radiation
to the lumbar region; and presence of inflammatory and/
or neurological disorders. In the present study, age and
smoking were both statistically significant, findings in line
with the literature. However, in terms of radiographic as-
sessment, the SVA, PI-LL, and PT were all significantly
higher in the union group. One might postulate that the pa-
tients with higher sagittal malalignment were more likely
to be fused to the sacrum or have long segment fusions
(> 12 vertebra), which would both be in line with devel-
oping pseudarthrosis. As regards the surgical parameters,
LIV was significantly different between the groups, with
the union group having more sacroiliac fusion, a finding
counter to the literature. The present study included many
surgical details, and significant differences between the
groups for revision proportion and decompression (yes/no
and mean number of levels) were difficult to interpret. Yet,
they are important in the model based on the data. More
union patients had BMP used posteriorly and placed in the
interbody space, as well as had larger diameter posterior
rods.

The study strengths include its multicenter design and
large number of ASD patients (336 total). The multicenter
design with 13 different sites across the United States al-
lows for better generalizability of the results and the model.
The study also used the complete 2-year follow-up of the
patients as well as multiple variables for model building.
And lastly, our model conforms to the guidelines of mod-
ern predictive analytics algorithms, allowing for a patient-
specific predictive model.

Nonetheless, there are limitations to this study, includ-
ing its retrospective design, which may have introduced
selection or information biases. Other limitations are the
fusion grading system and the determination of pseudar-
throsis. We attempted to be as systematic and objective
as possible in using the Lenke system and a consensus-
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based review. However, it was not perfect, and dividing the
groups into types A and B and types C and D might have
introduced some error. We believe this is the best that can
be achieved at the moment, and the model still has clinical
value. And lastly, some may consider the lack of informa-
tion regarding how the variables affect the outcome to be a
limitation. As discussed above, however, modern complex
models generally do not have great transparency. And in
the future, if these models begin to take hold, transparency
will not be an issue as the models will all be computer-
based on a mobile device or integrated into the electronic
medical record. This model is the first of its kind and adds
to the growing collection of new predictive models in spine
surgery outcomes to improve the quality of care for future
patients.

Conclusions

A successful model predicting the development of
pseudarthrosis was built (accuracy of 91.3% with an AUC
of 0.94). Of the 82 variables evaluated, the top 21 covered a
wide range of areas including patient demographics, preop-
erative alignment, comorbidities, and surgical use of graft
material. This model is the first of its kind for complex
predictive analytics in the development of pseudarthrosis
following ASD surgery and can aid in clinical decision-
making for potential preventative strategies.
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