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OBJECTIVE Incidental durotomy is a common complication of elective lumbar spine surgery seen in up to 11% of cas-
es. Prior studies have suggested patient age and body habitus along with a history of prior surgery as being associated
with an increased risk of dural tear. To date, no calculator has been developed for quantifying risk. Here, the authors’ aim
was to identify independent predictors of incidental durotomy, present a novel predictive calculator, and externally vali-
date a novel method to identify incidental durotomies using natural language processing (NLP).

METHODS The authors retrospectively reviewed all patients who underwent elective lumbar spine procedures at a
tertiary academic hospital for degenerative pathologies between July 2016 and November 2018. Data were collected
regarding surgical details, patient demographic information, and patient medical comorbidities. The primary outcome
was incidental durotomy, which was identified both through manual extraction and the NLP algorithm. Multivariable logis-
tic regression was used to identify independent predictors of incidental durotomy. Bootstrapping was then employed to
estimate optimism in the model, which was corrected for; this model was converted to a calculator and deployed online.

RESULTS Of the 1279 elective lumbar surgery patients included in this study, incidental durotomy occurred in 108
(8.4%). Risk factors for incidental durotomy on multivariable logistic regression were increased surgical duration, older
age, revision versus index surgery, and case starts after 4 pv. This model had an area under curve (AUC) of 0.73 in pre-
dicting incidental durotomies. The previously established NLP method was used to identify cases of incidental durotomy,
of which it demonstrated excellent discrimination (AUC 0.97).

CONCLUSIONS Using multivariable analysis, the authors found that increased surgical duration, older patient age, cas-
es started after 4 pv, and a history of prior spine surgery are all independent positive predictors of incidental durotomy

in patients undergoing elective lumbar surgery. Additionally, the authors put forth the first version of a clinical calculator
for durotomy risk that could be used prospectively by spine surgeons when counseling patients about their surgical risk.
Lastly, the authors presented an external validation of an NLP algorithm used to identify incidental durotomies through
the review of free-text operative notes. The authors believe that these tools can aid clinicians and researchers in their
efforts to prevent this costly complication in spine surgery.

https://thejns.org/doilabs/10.3171/2020.2.SPINE20127
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NCIDENTAL durotomy—defined by compromise of the to 11% for operations to correct adult spinal deformity.?
I thecal sac with or without CSF leakage—is a relatively Consequences of dural tears include postoperative head-
common complication of lumbar spine surgery. Pre- ache, meningitis, new-onset neurological deficit, pseudo-
vious reports have documented incidental durotomy to meningocele, need for surgical revision, and significant fi-
occur at rates varying from 0.3% for lumbar discectomy! nancial costs to the patient and health system.*-¢ Previous
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investigations for risk factors of durotomy have identified
revision (vs index) surgery, patient age, obesity, a medical
history of diabetes mellitus, and surgical invasiveness.!”
However, none of these prior results have been converted
into an online predictive tool that can be used by spine
surgeons for the purposes of preoperative patient consulta-
tion, which would have obvious advantages for the average
practicing spine surgeon.

Furthermore, while the retrospective identification of
the incidental durotomies may seem simple and straight-
forward, a recent study by Karhade et al. described how
previous large database studies that identified durotomies
using procedural and diagnosis codes have reported much
lower incidence rates than the existing literature.?-'° It was
hypothesized that use of these codes may lead to missed
cases of incidental durotomy and subsequent underreport-
ing of the true incidence. This group then created an au-
tomated natural language processing (NLP) algorithm to
detect incidental durotomies based on free-text operative
notes and found this method to more accurately detect
durotomies compared with procedural/diagnosis codes.’
Therefore, in addition to our aim of creating a web-based
calculator to predict risk of incidental durotomies, we also
sought to externally validate this NLP algorithm using our
institution’s relatively large cohort of elective lumbar sur-
gery patients.

Methods

After obtaining institutional review board approval, we
retrospectively reviewed the medical records for all pa-
tients who underwent elective lumbar or thoracolumbar
spine operations between July 1, 2016, and November 30,
2018, for degenerative pathologies. Patients were initially
identified using the operative schedule in the electronic
medical record to screen for procedures. Individual files
were then reviewed for surgical indication and to deter-
mine whether patients met the inclusion and exclusion
criteria. Inclusion criteria were that the patient underwent
open surgery between T11 and the sacrum, was at least 18
years of age, had a minimum of 30-day follow-up, and had
full anesthesia records and operative notes. Patients were
excluded if they underwent surgery for a nondegenerative
pathology (e.g., tumor, infection, congenital deformity,
trauma) or had incomplete medical records. Additionally,
the records of included patients were reviewed to extract
details about patient demographics (age, sex), medical co-
morbidities (Charlson Comorbidity Index [CCI], Ameri-
can Society of Anesthesiologists [ASA] physical status),
intraoperative outcomes, and case starts after 4 pm. The
primary outcome of interest for the study was whether an
incidental durotomy occurred; dural tear, CSF leak, and
dural rent were considered to be synonymous with inci-
dental durotomy.

To classify the invasiveness of the surgical proce-
dure, we modified the surgical invasiveness score derived
from the adult spinal deformity—surgical (ASD-S) score
previously described by Neuman and colleagues."! They
showed that the ASD-S score outperformed the Surgical
Invasiveness Index, a competing methodology for quanti-
fying surgical invasiveness. Our modification, presented
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in Supplementary Table 1, includes discectomy and uses
modified weighting of the surgical maneuvers.

Statistical Analysis

All data were gathered using Microsoft Excel and then
analyzed using JMP (version 14, SAS Institute). Descrip-
tive statistics constituted mean and standard deviation for
continuous variables and proportions for dichotomous and
categorical variables. Inferential statistics were employed
using the Student t-test for continuous variables and chi-
square test for categorical variables. Multivariable logistic
regression with the primary outcome of incidental duroto-
my was used for variables that were significant on univari-
able analysis. The model performance was then assessed
using receiver operating characteristic (ROC) curve anal-
ysis to derive the area under the curve (AUC). To evaluate
for possible overfitting, bootstrapping with 1000 samples
was performed to estimate optimism. The lack-of-fit test
was then performed using the bootstrapped data set, with
the null hypothesis being that the model does not fit the
data set.

Model Deployment

To generate a clinical calculator from the results of the
multivariable analysis, we used the Shiny package from
R (R Foundation for Statistical Computing) and deployed
the resulting calculator online.

Validation of Durotomy Classification Algorithm

As part of the study, we sought to validate a previ-
ously published natural language processing algorithm’
designed to reliably detect the occurrence of incidental
durotomy from operative reports. Human review of opera-
tive reports was used as the gold-standard definition for
the occurrence of intraoperative durotomy. Free text from
the operative report was then fed into the natural language
algorithm, which classified cases as having been compli-
cated by an incidental durotomy or not. In short, this al-
gorithm processed text in the operative notes to automati-
cally recognize words of interest such as “tear” or “leak.”
The discrimination of the algorithm was assessed using an
ROC curve with the following previously described inter-
pretation of AUC values: 0.5-0.6 = fail; 0.6—0.7 = poor;
0.7-0.8 = fair; 0.8-0.9 = good; and 0.9-1 = excellent.'?
Additional metrics used to assess model performance
were the area under the precision-recall curve (AUC-
PRC), the Brier score, sensitivity (recall), specificity, nega-
tive predictive value, positive predictive value (precision),
Fl-score, positive likelihood ratio, and negative likelihood
ratio. The null model Brier score (score for an algorithm
that predicts probabilities equal to the population preva-
lence of the outcome for every patient) was used to bench-
mark the algorithm Brier score.

Results
Predictors of Incidental Durotomy

On our initial screen, we identified 1353 patients, of
whom 1279 met the final inclusion/exclusion criteria for
the study. The overall incidental durotomy rate was 8.4%
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TABLE 1. Data for 1279 patients undergoing lumbar spine surgery

No Incidental Durotomy Incidental Durotomy

Factor (n=1171) (n=108) p Value

Mean age, yrs 59+ 15 65+13 <0.001
Male sex 605 (51.7) 56 (51.9) 0.98
Mean BMI, kg/m? 297+59 30.3+7.0 0.41
Mean CCl 1+2 1+2 0.16
Mean ASA class 21 311 0.025
Revision surgery 313 (26.7) 52 (48.1) <0.001
Mean ASD-S score* 83175 97+78 0.073
Instrumented levels

No instrumentation 621 (53.0) 49 (45.4)

<3 257 (21.9) 24 (22.2) 0.318

3-6 293 (25.0) 35(32.4)
Pelvic fixation 81(6.9) 10 (9.3) 0.39
Mean surgical duration, mins 194.2 £ 95.4 249.8 +100.3 <0.001
Incision time after 4 pm 55 (4.7) 12 (11.1) 0.011
Specialty

Neurosurgery 656 (56.0) 61 (56.5) 0.94

Orthopedics 515 (44.0) 47 (43.5) '
Mean yrs as surgeon since training 14.0+71 13.3+£75 0.36
1st-assist personnel

PGY2 180 (15.4) 18 (16.7)

PGY3 288 (24.6) 24 (22.2)

PGY4 59 (5.0) 8(74)

PGY5 27 (2.3) 2(1.9) 0.846

PGY6 61(5.2) 7(6.5)

PGY7 42 (3.6) 2(1.9)

Fellow 514 (43.9) 47 (43.5)
30-day readmission 48 (4.1) 6 (5.6) 0.49
Mean LOS, days 4+£3 5+3 <0.001

PGY = postgraduate year.

Values represent the number of patients (%) unless stated otherwise. Mean values are presented as + SD. Boldface
type indicates statistical significance.

* Surgical invasiveness.

(108/1279). The demographics of these patients are pre-
sented in Table 1. Those who received incidental duroto-

1 day of length of stay (LOS; mean 5 + 3 days vs 4 + 3 days,
p <0.001). In the multivariable analysis (Table 2), the inde-

mies were significantly older (mean age 65 + 13 years vs
59 + 15 years, p < 0.001) and had a worse overall ASA
class (mean 3 + 1 vs 2 + 1, p = 0.025). There were no sig-
nificant differences in terms of sex, BMI, or CCI. The inci-
dental durotomy group also included a greater proportion
of revision surgeries (48.1% vs 26.7%, p < 0.001) and had
significantly longer surgeries (mean 249.8 + 100.3 minutes
vs 194.2 + 95.4 minutes, p < 0.001). Although the surgical
invasiveness scores were higher in the incidental durotomy
group (mean 9.7 + 7.8 points vs 8.3 + 7.5 points), this only
trended toward significance (p = 0.07). There was no sig-
nificant difference regarding the number of instrumented
levels (p = 0.318). Interestingly, a significantly greater pro-
portion of incidental durotomy cases had an initial incision
time that was after 4 pm (11.1% vs 4.7%, p = 0.011). Lastly,
cases with durotomies were associated with an increase of
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pendent risk factors included surgical duration (OR 1.005
per minute, 95% CI 1.003—1.007; p < 0.001), revision sur-
gery (OR 2.029, 95% CI 1.335-3.082; p = 0.001), older age
(OR 1.030 per year, 95% CI 1.012-1.048; p < 0.001), and
incision time after 4 pm (OR 3.771, 95% CI 1.816-7.827; p
= 0.001). When this model was then applied, it performed
with fair predictive accuracy (AUC 0.73). After boot-
strapping with 1000 samples, the optimism of the model
was negligible (optimism = 0.003). The final optimism-
corrected AUC remained 0.73, and the lack-of-fit statistic
was not significant (p > 0.99), displaying excellent model
performance on the bootstrapped samples. This original
predictive model was then used to create the web-based
clinical risk calculator listed at the following link: https:/
jhuspine3.shinyapps.io/Incidental _Durotomy_Calculator/.

External validation of the previously developed NLP
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TABLE 2. Multivariable analysis for association between
potential risk factors and incidence of incidental durotomy

Factor OR 95% CI p Value
Surgical duration, per minute  1.005  1.003-1.007 <0.001
Revision surgery 2.029 1.335-3.082 0.001
Age, per year 1.030  1.012-1.048 <0.001
Incision time after 4 pm 3771 1.816-7.827 0.001
ASA class 0.792

Boldface type indicates statistical significance.

algorithm in this cohort resulted in an AUC of 0.97 (95%
CI 0.95-0.99) (Fig. 1). Additionally, the model achieved
an AUC-PRC of 0.81 (95% CI 0.70—-0.88) and Brier score
of 0.03 (95% C1 0.02-0.04) relative to the null model Brier
score of 0.08 (Table 3). At a threshold of 0.05, the algo-
rithm had sensitivity of 0.84, specificity of 0.96, negative
predictive value of 0.99, positive predictive value of 0.65,
Fl-score of 0.73, positive likelihood ratio of 19.7, and neg-
ative predictive value of 0.16 (Table 4).

At a threshold of 0.50, the algorithm had sensitivity of
0.69, specificity of 0.99, negative predictive value of 0.97,
positive predictive value of 0.85, F1-score of 0.77, positive
likelihood ratio of 62.6, and negative likelihood ratio of
0.31.

Discussion

Incidental durotomy is a common complication of lum-
bar spine surgery that is seen in up to 11% of lumbar sur-
geries.'>!* Here, we used a large, single-institution series
of patients undergoing lumbar surgery for degenerative
pathologies to find independent risk factors for incidental
durotomy. We found that the risk of incidental dural tear
was independently associated with increased patient age,
greater surgical duration, revision versus index surgery,
and surgical start time after 4 pm. Surgical invasiveness
was not independently predictive but approached statistical
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significance. The model based on these results was used to
generate and deploy a clinical calculator, which was found
to have fair diagnostic accuracy with an AUC of 0.73.

Impact of Durotomy on Patient Outcomes and Care Costs

Durotomy is a known complication of spine surgery.
Consequences of durotomy include postoperative head-
ache, meningitis, new-onset neurological deficit, pseudo-
meningocele, and need for surgical revision.* Durotomy can
lead to worse short-term patient quality-of-life outcomes
and higher levels of patient dissatisfaction.® Strémqvist
and colleagues investigated postoperative quality-of-life
outcomes in a cohort of 64,431 patients who underwent
surgery for lumbar stenosis, spondylolisthesis, or disc her-
niation.5 Patient-reported quality-of-life outcomes were
evaluated using the EQ-5D, SF-36, and Oswestry Disabil-
ity Index. Using these endpoints, they found that durotomy
was associated with statistically significantly worse out-
comes on the EQ-5D and SF-36 mental health component
score. Additionally, patients who sustained incidental du-
rotomies reported being dissatisfied with the outcomes of
surgery at rates up to 50% higher than patients who did not
suffer durotomies.

As a second concern, the increased hospital LOS, post-
operative antibiotic requirement, and risk of requiring
revision surgery all increase direct care costs.* This both
increases costs to the patient and healthcare system, con-
sequently decreasing the cost-effectiveness of spine sur-
gery. Using a cohort of more than 40,000 patients from
the Medicare insurance database, Puvanesarajah and Has-
sanzadeh’ found that expenditures for patients with inci-
dental durotomies were more than $4000 higher per pa-
tient, a nearly 67% increase. More recently, Alluri et al.?
reported on a 1:2 matched cohort of 26,378 patients in the
PearlDiver database (a multipayer data set). Patients in the
dural tear cohort had median 90-day total costs that were
more than $10,000 higher (120% higher) than costs in the
control cohort. Although neither study provided a break-
down in these cost differences, it is likely that the increased
costs stem from higher rates of readmission (up to 2-fold
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FIG. 1. ROC curve (left) and PRC (right) on external validation of NLP method to identify incidental durotomy; n = 1279. Figure is

available in color online only.
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TABLE 3. Overall performance of NLP algorithm on external
validation in 1279 patients

TABLE 4. Performance of NLP algorithm on external validation
for 1279 patients

NLP Algorithm (95% CI)

NLP Algorithm (95% ClI)
Threshold =0.05  Threshold = 0.50

AUC-ROC 0.97 (0.95-0.99)

AUC-PRC 0.81(0.70-0.88) Sensitivity (recall) 0.84 (0.76-0.91)  0.69 (0.60-0.78)
Brier score 0.03 (0.02-0.04) Specificity 0.96 (0.94-0.97)  0.99(0.98-0.99)
Calibration intercept 1.03 (0.59-1.46) Negative predictive value  0.99 (0.98-0.99)  0.97 (0.96-0.98)
Calibration slope 0.67 (0.57-0.76) Positive predictive value 0.65(0.56-0.72)  0.85(0.76-0.92)

Null model Brier score = 0.08.

higher)® and longer hospitalizations (1.5-2 days longer,
on average).>® Furthermore, the current article found that
the occurrence of an incidental durotomy led to an extra
day spent in the hospital. There is a question, however, of
whether increased rates of reoperation drive the greater
costs. Prospective studies have failed to demonstrate an
association between durotomy and increased rates of re-
operation,* even though rates of persistent CSF leak have
been reported to be as high as 21% in some series.

Prior Investigations of Durotomy Risk Factors

Multiple, large prospective’!*!6 and retrospective® stud-
ies have been published describing risk factors for inciden-
tal durotomy, including several looking at independent risk
factors.”'® Together, these studies have found risk factors
for durotomy to include a history of prior spine surgery,
greater patient age, and larger patient body habitus.”'® Sim-
ilar to these prior studies, we also found revision surgery
(vs index surgery) and older patient age to be associated
with increased risk of incidental durotomy. Older patient
age likely confers increased risk as aging of the dura is
associated with a decrease in dural tensile strength.!”!® The
dura of older patients is presumably more fragile and there-
fore more likely to rupture from manipulation. By contrast,
revision surgery is complicated by dura that is adherent to
the surrounding tissues secondary to increased transform-
ing growth factor—f} expression, which causes epidural fi-
brosis.? Failure to account for and transect these adhesions
during decompression of the thecal sac leads to increased
tension on the thecal sac during retraction, increasing the
risk for formation of a dural rent.

Additionally, we found greater surgical duration and
case starts after 4 pm to be independent predictors of ex-
periencing an incidental durotomy. The risk of increased
duration has previously been shown by Desai et al.?® when
this group evaluated risk factors for incidental durotomy in
799 patients undergoing discectomies in the SPORT (Spine
Patient Outcomes Research Trial). This is not surprising, as
greater surgical duration could indicate more technically
difficult operations, leading to greater complications. The
finding that later case starts (after 4 pm) for elective spine
surgeries are associated with increased incidence of inci-
dental durotomy has not been previously described. How-
ever, Halvachizadeh et al.?! analyzed how time of day af-
fected complication rates in orthopedic trauma surgery for
31,692 patients and found that surgery performed in the
afternoon and at night had increased complications com-
pared with morning surgeries. Multiple factors have been
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(precision)

F1-score 0.73(0.64-0.80)  0.77 (0.67-0.84)
LR+ 19.7 (14.9-26.2)  62.6 (35.9-109)
LR- 0.16 (0.11-0.25)  0.31(0.23-0.41)

LR- = negative likelihood ratio; LR+ = positive likelihood ratio.

hypothesized to lead to this adverse effect, including sur-
geon fatigue and the presence of new surgical team mem-
bers unfamiliar with the procedure.?' Therefore, as elective
surgeries by definition do not require emergency opera-
tions, the present results advocate against scheduling elec-
tive cases after 4 pm, especially in complex surgical cases.

External Validation of NLP Algorithm

The process of analyzing large patient data sets and
electronic medical records has revolutionized how patient
care is assessed and how necessary improvements are
identified. However, one issue with data extraction using
these sources is that much of the information is inputted
as free text, rather than “clean” coding. For this reason,
the use of NLP to identify outcomes in these unorganized
data entries is becoming increasingly favored.”? In the
field of oncology, NLP algorithms have been developed
to automatically search unstructured radiology reports for
both detection and progression of pathological lesions.?* In
the spine literature, NLP algorithms have been developed
to search lumbar spine radiology reports for significant
findings, such as fractures, degenerative disc disease, and
stenosis.** While both of these examples could have been
performed using manual data extraction, this becomes less
possible when working with large sets of data, which are
quickly becoming the gold standard for research groups
and hospital quality/safety departments. The present study
validated the previous work of Karhade et al.® by finding
the NLP algorithm to have an AUC of 0.97 in detecting in-
cidental durotomies in this elective lumbar spine surgery
population. This novel method can be utilized by hospitals
to track the incidence of this complication, as the current
dependence on Current Procedure Terminology and Inter-
national Classification of Diseases codes has been shown
to lack in sensitivity, which can affect both reported out-
comes and billing.? Furthermore, researchers with large
data sets (i.e., national spine registries) can rely on this
method to most accurately identify patients with this com-
plication, thus easing the work of manual extraction while
ensuring precise data extraction.

Limitations
The present study has several limitations. First, the re-
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sults of the present study are drawn from a retrospective
single-institution cohort. The retrospective nature pre-
cludes us from determining whether the risk factors identi-
fied here actually confer the increased risk of durotomy or
are merely surrogates associated with the actual mitigators
of risk. Yet the fact that these same risk factors have been
found in other studies suggests that the relationships are
real. Similarly, the single-institution nature may mean that
the present results cannot be generalized to other popula-
tions. Also, this study did not analyze the effect of over-
lapping surgeries, which may be a risk factor due to the
decreased oversight and thus could play a role in surgical
complications. Furthermore, this model was assessed only
using the entire training set. However, we employed a rela-
tively large cohort of more than 1000 patients operated on
by more than a dozen unique surgeons, and therefore we
believe that the resulting calculator can be applied to other
populations. Our results are also limited in their gener-
alizability, as the patients examined were all undergoing
elective operations for degenerative lumbar pathologies;
the results may therefore not apply to other spine popula-
tions. Yet given that the identified variables are not unique
to surgeries for degenerative pathologies, we believe that
the calculator may be more broadly applicable. Additional
research using larger, multiinstitutional cohorts is neces-
sary to validate the present findings.

Conclusions

Using multivariable analysis, we find that increased
surgical duration, greater patient age, case starts after 4
pM, and a history of prior spine surgery are all indepen-
dent positive predictors of incidental durotomy in patients
undergoing elective lumbar surgery. Additionally, we put
forth the first version of a clinical calculator for durotomy
risk that could be used prospectively by spine surgeons
when counseling patients about their surgical risk. Lastly,
we present an external validation of an NLP algorithm to
identify incidental durotomies. We believe that these tools
can aid clinicians and researchers in their efforts to pre-
vent this costly complication in spine surgery.
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