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Abstract

Purpose: Surgeons need tools to provide individualised estimates of surgical outcomes and the
uncertainty surrounding these, to convey realistic expectations to the patient. This study developed
and validated prognostic models for patients undergoing surgical treatment of lumbar disc
herniation, to predict outcomes one year after surgery, and implemented these models in an online

prediction tool.

Methods: Using the data of 1244 patients from a large spine unit, LASSO and linear regression
models were fitted with 90% upper prediction limits, to predict scores on the Core Outcome
Measures Index, and back and leg pain. Candidate predictors included sociodemographic factors,
baseline symptoms, medical history, and surgeon characteristics. Temporal validation was
conducted on 271 more recent patients at the same unit, by examining the proportion of observed
outcomes exceeding the threshold of the 90% upper prediction limit (UPL), and by calculating mean

bias and other calibration measures.

Results: Poorer outcome was predicted by obesity, previous spine surgery and having basic
obligatory (rather than private) insurance. In the validation data, fewer than 12% of outcomes were
above the 90% UPL. Calibration plots for the model validation showed values for mean bias <0.5

score points and regression slopes close to 1.

Conclusion: While the model accuracy was good overall, the prediction intervals indicated
considerable predictive uncertainty on the individual level. Implementation studies will assess the
clinical usefulness of the online tool. Updating the models with additional predictors may improve

the accuracy and precision of outcome predictions.

Key words: lumbar disc herniation; decompression, surgical; patient reported outcome measures;
prediction model



Introduction

Patients are more likely to be satisfied with their lumbar disc herniation surgery if their pre-
operative expectations for pain and functional improvement are met.[1,2] Thus, surgeons need tools
to provide individualised estimates of patient-oriented outcome, and the uncertainty surrounding

such estimates, to establish realistic patient expectations.

Various baseline patient characteristics have been associated with surgical outcomes. A review of
studies arising from the Spine Patient Outcomes Research Trial (SPORT) found that, in patients
undergoing surgery for herniated disc, a positive surgical outcome was associated with preoperative
leg pain (as opposed to back pain), absence of sensory deficit, posterolateral herniation,
sequestered/extruded disc and not having received prior physical therapy.[3] A systematic review
confirmed these findings and identified additional predictors of a negative outcome, including intact
annulus fibrosus, long duration of sick leave, worker’s compensation and high levels of preoperative

symptoms.[4]

To apply this evidence in clinical practice, there is growing interest in the development of
mathematical models that combine multiple prognostic factors for prediction of patient outcome,
and incorporate these into computerised prognostic tools. The methods for the development [5,6],
validation [7], and application [8] of such prognostic models are well established. Numerous models
have been developed for the prognosis of low back pain in primary care [9] but few exist in relation
to spine surgical treatment in tertiary care settings. Vroomen et al [10] developed a model to predict
which patients initially presenting with clinical findings of nerve root compression will eventually
undergo lumbar disc surgery. Two recent studies presented preoperative nomograms to predict
patient-specific clinical and quality of life outcomes in patients undergoing cervical spine surgery [11]
and a prediction model for pain and functional outcomes after lumbar spinal surgery [12]. However,
additional models for more homogeneous diagnostic patient groups are needed to allow better

targeted outcome predictions in clinical practice.

The aim of this study was to develop prognostic models for patients undergoing surgical treatment
of lumbar disc herniation to predict scores on a multidimensional outcome measure and back and
leg pain scores, one year after surgery. Model performance was then assessed using temporal
validation. Based on these prognostic models, an online tool was developed for use in clinical

practice.



Methods
Data source

This study was conducted following the TRIPOD Statement for transparent reporting of multivariable

prediction models for individual prognosis or diagnosis.[13]

The study was carried out by the Schulthess Klinik in Zirich, a large tertiary spine unit in Switzerland,
using data from our local spine surgery outcomes database nested within the framework of the
EUROSPINE Spine Tango Spine Surgery Registry (https://www.eurospine.org/spine-tango.htm). Data
had been collected prospectively, using the Spine Tango Surgery forms (2005, 2006 and 2011
versions) and patient-based Core Outcome Measures Index (COMI) forms, from consecutive patients
undergoing surgery by specialised neurosurgeons and orthopaedic spine surgeons in our spine

centre, part of a tertiary care orthopaedic hospital.

The COMI is a validated questionnaire [14,15] enquiring about pain, function, symptom-specific well-
being, quality of life, and disability in relation to the back problem. It is recommended to promote

the standardisation of outcome measurements in surgical studies and registries.[16]

Approval for this study was obtained from the local ethics committee (reference number KEK-ZH-
2014-0418). The data supporting this study are not publicly available. However, applicants may

obtain Ethical approval from EUROSPINE to use registry data for specific research projects.
Participants

All patients who had undergone elective surgery for lumbar disc herniation, as defined by the official
algorithm for diagnostic groups developed by EUROSPINE
(http://www.eurospine.org/cm_data/def_of degen_patho.pdf) between January 2005 and
December 2016, and had completed COMI forms pre-operatively and one year post-operatively,
were eligible for inclusion. Patients were excluded if they had unknown morbidity state (ASA), body
mass index or smoking status at baseline; or if no pre or post-operative patient questionnaire was

available (lost to follow-up).

The development dataset comprised patients operated on between 17 January 2005 and 30%"
January 2015. The validation dataset comprised patients operated on between 4" February 2015

and 23" December 2016.



Outcome

Outcomes were COMI score, leg pain, and back pain recorded 12 months after surgery, each scored

from 0 to 10. The predictions were calculated on the same scale.
Predictors

Fifteen candidate predictors were available in the documented data for the development of the
prediction models. They included sociodemographic factors, baseline symptoms, medical history,

and surgeon characteristics (Table 1).

The Spine Tango Surgery forms were used to document patient age and sex, morbidity state (ASA
physical status), length of preoperative conservative treatment.[17] Patient insurance class (three
classes in Switzerland: private; semi-private; basic obligatory), body mass index (BMI), smoking

status, and surgeon characteristics were extracted from the hospital information system.
Validation

The predictor and outcome variables were identical in the development and validation data. In
accordance with the TRIPOD guidelines [13], the performance of the models was evaluated with the
validation data. We used the validation dataset to make individual outcome predictions (using the
models obtained with the development dataset) and compared the predictions with the observed

outcomes.
Statistical analysis

Using the development dataset, we built three prediction models using the LASSO (least absolute
shrinkage and selection operator) method [18] and linear regression. As some of the collected
variables were expected to be highly collinear, we used the LASSO to select variables most relevant
for predicting the individual outcomes. Since prediction intervals are not readily available for the
LASSO models, we then fitted the variables selected by LASSO with linear regression models in order
to obtain new predictions and prediction limits. For more details on LASSO regression, see Online

Resource 1.

For the validation set, we applied the same inclusion criteria to patients operated on more recently
in the same clinic. For each of the three modelled outcomes, we calculated predicted values for all
individuals in the validation dataset and computed 90% upper prediction limits, representing the

score value that would be exceeded by 1 in 10 patients with the same predicted score.



To assess our models, we first examined the proportion of observed outcomes exceeding the
threshold of the 90% upper prediction limit (UPL). If the threshold was accurate, we would expect

around 10% of observed outcomes from the validation set to exceed this limit.

We also calculated a variety of measures commonly used for the evaluation of prediction models by
comparing predicted and observed outcomes, including Mean Bias (MB), Mean Absolute Error
(MAE), Root Mean Squared Error (RMSE), Pearson correlation coefficient (r) and R-squared. The
latter represents how much of the outcome variation is explained by the prediction model, i.e. it
assesses the predictive capacity of the model. We further calculated the Index of Agreement (IA),
introduced by Willmott [19], and Factor 2. The IA ranges between 0 and 1 and decreases when the
predicted and observed outcomes are inconsistent with respect to the mean outcome (i.e. if they lie
on different sides of the mean outcome). Factor 2 (FACT2) is the proportion of predicted values that

differ from the observed values by less than a factor of 2.
All statistical analyses were performed in R version 3.5.2, using the basic package and gimnet.
Online tool

To present the prediction models in an accessible format for surgeons and patients, we developed a
publicly accessible online tool that displays the estimated outcomes given the individual
characteristics of a patient. The 90% upper prediction limits for the predicted COMI and pain scores

were chosen to permit a comprehensible interpretation of the predictions and range of uncertainty.

The tool was implemented as a website in the style of a single-page application, which allows for
simple dynamic rewriting of the page content without the need for server interaction. The
application was programmed in JavaScript, using open source libraries JQuery and D3 Data-Driven

Documents (D3.js).

Results
Participants

Of 1796 patients undergoing surgery for lumbar disc herniation, 1244 (69%) patients had all

predictor and outcome information available and were included for model development (Figure 1).

Forty-three percent of patients were female, and the overall mean age was 50 years (range 15 — 88
years) (Table 1). More than half (54%) had basic obligatory health insurance, 55% were generally
healthy (ASA 1), the majority were of normal weight (BMI 20 — 25 kg/m?), and 31% were smokers.



The chief symptom (reason for surgery) declared on the patient questionnaire was leg pain in 55% of

patients.
Model development and specification

In the development dataset, the mean preoperative scores were 7.7 (SD 1.7) for COMI, 6.6 (SD 2.6)
for leg pain, and 4.5 (SD 2.9) for back pain. Postoperative, the average scores had decreased to 3.2
(SD 2.8) for COMI, 2.4 (SD 2.7) for leg pain, and 2.7 (SD 2.6) for back pain. The predictions obtained
with the Lasso regression and the corresponding linear regression models were nearly identical,

supporting our approach of using the linear regression models for the subsequent analyses (Online

Resource 1).

Figure 2 shows the ordered model-based predictions for the three (COMI, back pain, leg pain) linear
regression models, along with the 80%, 90% and 95% upper prediction limits. In all three models, the
90% upper prediction levels were generally approximately 3 score points higher than the

predictions.

Table 2 provides the non-standardised linear regression coefficients for the COMI, back pain and leg
pain prediction models. These determine the equations for the outcome predictions. The model
coefficients represent the size of effect per unit change in each predictor, within a given model.
Being obese (BMI 31-35 kg/m?) and having had more than one previous spine surgery were both
strong predictors of a poorer outcome (i.e. were associated with a higher score for the predicted
outcome) in all models. Conversely, private and semi-private insurance status, compared with basic
obligatory insurance, were both associated with a better outcome (i.e. were associated with a lower
score for the predicted outcome). Patient sex did not appear to predict outcome in any of the

models. Beyond these variables, different predictors were retained for the three prediction models.
Online prediction tool

The model is publicly available as an online tool (Online Resource 2), which can be accessed here:

https://linkup.kws.ch/prognostic.
Temporal validation of models

In the validation dataset (n=364), the fitted lines of predicted versus observed predictions generally
lay slightly below the diagonal line that represented perfect agreement (Figure 3). The slopes of the
fitted lines were 0.96 in the COMI model, 0.91 in the back pain and 0.75 in the leg pain models. The
proportions of outcomes above the 90% UPL were 10.0%, 11.4% and 11.8% for the COMI score, back

pain and leg pain models (Figure 3).



The measures for model validation (Table 3) confirm the validation plots. For all three models we
observed a negative bias. The model for back pain had the smallest Mean Bias (-0.14), followed by
that for the COMI score (-0.41) and leg pain (-0.44). The Mean Absolute Error and Root Mean
Squared Error were also smallest for the back pain model, and its R-squared was the highest (0.19),
compared with the models for COMI score (R-sq=0.17) and leg pain (R-sq=0.06). The Pearson
correlation coefficient was similar for COMI score (r=0.44) and back pain (r=0.43) models, and lower
for the leg pain model (r=0.31). The Index of Agreement was also higher for the COMI score and back
pain models (0.58) than for the leg pain model (0.48). The proportions of predicted values that
differed from the observed values by less than a factor of 2 (FACT2) were around 50% for COMI and

back pain models and 38% for the leg pain model.

Overall, the model predicting back pain was the best performing model, with the smallest values for

MB, MAE and RMSE, and the highest R-squared.

Discussion

We present the development and validation of a prognostic online tool for predicting one-year
clinical outcome after decompression surgery for lumbar disc herniation. We propose the use of the
modelled predictions to inform patient expectations based on their own particular condition and

circumstances, in the hope of improving the patient experience and satisfaction with surgery.

The achieved Mean Bias of less than 0.5 score points in the model validation is quite small, indicating
that the predicted scores were on average close to the actual outcomes. Figure 3 shows that the
models are also reasonably well calibrated, as the linear regression slopes between predicted and
observed values are close to 1. The accuracy of our models is good overall. However, given the large
prediction intervals, the predictive capacity of the models is rather low. This means that although
the actual individual patient outcomes are on average as predicted and the 90% UPL is correct, the
predictive uncertainty is quite large. The R-squared values of less than 0.2 indicate that the models
only explain a small percentage of the variability of the predicted outcomes around their mean.
While low R-squared values are not uncommon in medical regression models [20], this suggests that
some important factors predicting surgical outcomes were not included in our models. In particular,
more information is needed on psychological factors, which are consistent predictors of surgical
outcome [21]. A new patient-rated tool is being developed for the Spine Tango registry, which
includes single items for each of the domains depression, anxiety, catastrophizing and fear

avoidance beliefs.[22] Behavioural, socioeconomic, occupational and societal flags may also be



worthy of further investigation. In addition, information on clinical examination (e.g. Lasegue sign

[23]) and imaging features [24] could potentially improve the goodness-of-fit of the models.

Still, the models provide the best available estimation of the likely outcomes for individual patients
with herniated disc undergoing surgery in our hospital, based on the information routinely
documented for the Spine Tango Registry. Qualitative research has shown that the satisfaction of
patients with spine surgery depends on the level of pain and daily function achieved compared with
preoperative expectations.[1] Patients are also often overly optimistic regarding the surgical
outcome.[25] If these expectations are not met, patients are unlikely to be satisfied with the result.
Hence, the wide prediction intervals displayed in the online tool may be an important input when

setting realistic expectations of the surgical outcome and goal setting for rehabilitation.

The primary limitation of this observational study is that we know nothing about likely treatment
outcomes in a comparator group receiving conservative treatment. The online tool can therefore not
serve to inform clinical decisions for treatment selection. However, if it can be assumed that the
symptoms are unlikely to resolve or improve without surgical treatment, and an indication for
surgery has been established, then the tool should provide important prognostic information
regarding the likely outcome of surgery, including a best and worst case scenario at the prediction
limits. Another limitation is that the models were developed and validated for only one high-volume
spine unit in the Swiss health care system. The generalisability of the prediction tool cannot be
guaranteed, as patients in different settings may have largely different results. Future research
should establish whether the prediction models presented here are useful in clinical practice.
Implementation studies measuring whether and how the use of the online tool changes practice can
give us this information.[8] If deemed useful, external validation studies in other clinics, using the
model specifications of our study, will be needed. Such studies could use the pooled data from the
EUROSPINE Spine Tango registry. Recalibration of some of the model coefficients may be necessary
in order to improve the accuracy of predictions in other clinics. For application in an international
setting, some predictors may be less relevant or not available (e.g. insurance type). The present

models could be updated with new variables for these situations.

Even if the models presented here can be shown to be useful in practice, more work is needed to
identify and collect information on additional predictors of surgical benefit. These factors can be

used to update the models, further improving the accuracy and precision of outcome predictions.
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Figure legends
Figure 1 Study profile

Figure 2 Modelled predictions for COMI score (a), back pain (b) and leg pain (c). Individual
predictions are ordered (black line) with corresponding 80%, 90% and 95% upper prediction limits

Figure 3 Temporal validation of prediction models for COMI score (a), back pain (b) and leg pain (c)



Table 1 Potential predictors and their distribution in the sample (n=1 244)

Predictor Distribution
Categories or Units N (%) or Mean (SD)
Sex (female) 537 (43%)
Age (years) 50 (SD 14)
Extent of lesion: 1 level (vs >1 level) 1014 (82%)
Previous conservative treatment
no previous treatment 155 (14%)
<6 months 565 (50%)
6-12 months 176 (16%)
>12 months 231 (21%)
Previous surgeries: none (vs 21) 937 (75%)

Surgeon seniority status
Senior
Intermediate
Junior

511 (41%)
521 (42%)
212 (17%)

Surgeon specialisation
neuro surgeon
orthopaedic surgeon

916 (74%)
328 (26%)

Which of the following problems troubles you most?

back pain 232 (19%)

leg pain 681 (55%)

sensory disturbances 325 (26%)

other 6 (0%)
Insurance type

private 270 (22%)

semi-private
basic obligatory

293 (23%)
681 (55%)

Morbidity state (ASA)

no disturbance 696 (56%)
mild/moderate 456 (37%)
severe 92 (7%)
BMI (kg/m?)
<20 82 (7%)
20-25 606 (49%)
26-30 419 (34%)
31-35 94 (7%)
>35 43 (3%)
Current smoker 392 (32%)
Preop COMI score 7.7 (SD 1.7)
Preop back pain 4.5 (SD 2.9)
Preop leg pain 6.6 (SD 2.6)




Table 2 Linear regression coefficients (non-standardised)

Predictor Reference Calculation Coefficients
comi Back pain Leg pain
Model intercept 2.037 1.620 1.223
Sex Male Female 0 0 0
Age 50 years Per 10 years 0 -0.048 0.038
Extent of lesion 1 segment 2 segments 0.234 0.272 0
Previous surgeries None One 0.549 0.225 0.517
More than one 0.877 0.590 0.921
Surgeon seniority status Senior consultant Intermediate (fellow) 0 0.190 0.034
Registrar 0 0.232 0
Surgeon specialisation Orthopaedic surgeon Neuro surgeon 0 0 0.197
Chief complaint Leg pain Back pain 0.393 0.573 0
Sensory disturbance 0.489 0.515 0.433
Other 0 0.838 0.696
Insurance Basic obligatory Private -0.746 -0.491 -0.513
Semi-private -0.610 -0.503 -0.231
Morbidity state No disturbance Mild/moderate 0.333 0.250 0.259
Severe morbidity 0.452 0 0.360
BMI 20-25 <20 0.288 0.311 0
26-30 0.488 0.408 0.342
31-35 1.130 0.901 0.798
Current smoker No Yes 0.299 0.116 0.176
Preop COMI score 5 Per 1 score point 0.187 0.119 0.093
Preop back pain 5 Per 1 score point 0.185 0.234 0.182
Preop leg pain 5 Per 1 score point 0.072 0.086 0.155
Previous treatment No Treatment Per each (initiated) 6-month 0 0.090 0.119

period




Table 3 Measures of temporal model validation

Validation measure Model
COMI score Back pain Leg pain

Mean Bias (MB) -0.41 -0.14 -0.44
Mean Absolute Error (MAE) 2.04 1.83 2.03
Root Mean Squared Error (RMSE) 2.42 2.25 2.44
R-squared 0.17 0.19 0.06
Pearson correlation coefficient (r) 0.44 0.43 0.31
Index of Agreement (lA)? 0.58 0.58 0.48
Factor 2 (FACT2)® 0.49 0.51 0.38

) 1A ranges between 0 and 1 and decreases when the predicted and observed outcomes are inconsistent with
respect to the mean outcome, i.e. if they lie on different sides of the mean outcome.

b) FACT2 is the proportion of predicted values that differ from the observed values by less than a factor of 2.

14



Figure 1
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Online Resource 1: Details of LASSO regression modelling

LASSO regression

Compared to linear regression, which estimates model coefficients by minimizing the mean squared
error, the LASSO uses L; penalty for both fitting (minimizing mean absolute error) and penalization of
coefficients. As the sum of absolute values of model coefficients is restricted by a constant (lambda),
this results in a model with some coefficients set to 0. How many coefficients are set to 0 depends
on the parameter lambda. In order to pick the model with the optimal number of predictors, we
selected the lambda that leads to the smallest cross-validated mean square error (MSE). When
compared to outcomes predicted by the linear regression model, we usually expect a slight
attenuation of LASSO predictions towards the mean. We therefore compared the two predictors by
plotting them against each other.

Comparison LASSO vs linear regression model

As the figures below show, the predictions obtained with the Lasso regression and the
corresponding linear regression models were nearly identical, supporting our approach of using the
linear regression models for the subsequent analyses.

COMI score predictions

10

Predictions by LASSO

Predictions by LM
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Predictions by LASSO

Predictions by LASSO
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Back pain predictions

Predictions by LR model

Leg pain predictions

Predictions by LR model
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Online Resource 2: Screenshot and description of online prognostic tool

Online prognostic tool

The figure below shows a screenshot of the current version of the tool. In the left column, patients
and surgeons enter the preoperative input variables based on their individual characteristics. The
output on the right side then displays the preoperative COMI, back and leg pain scores (red bar), and
the corresponding estimated values one year after surgery (green bar). The light green shaded area
represents the area below the 90% upper prediction limit, which can be easily communicated to
patients. In the example in the figure, the preoperative leg pain of 7 points is expected to improve to
1.9 points; however, with a 90% upper prediction limit of 5.4, the interpretation conveyed to
patients is that one out of ten patients with similar characteristics may still have a score higher than
this upper bound of 5.4.

PrognosticTool: lumbar disc herniation

Input OQutput

Sex male x:

Postop COMI

Age 56 (15-89)

6 1 2 3 4 5 6 7 8 8 10

1 out of 10 patients may have a score higher than 5.5.

Previous spine surgeries a A
Postop back pain
surgeon experience fellow (Oberarzt) i 0 1 2 3 4 5 8 7 8 9 10
Main problem leg pain v 1 out of 10 patients may have a score higher than 5.3.
Postop leg pain
Insurance semi-private v
Morbidity state ASA 1 (no disturbance) v 1 9
BMI 20-25 v 1 out of 10 patients may have a score higher than 5.4.
Current smoker no A
Preop COMI score 7 (0-10) Disclaimer
g The authors do not guarantee the accuracy, reliability or currency of the information
Preap back pain 2 (0-10) provided with this tool. Any errors in the information that are brought to our attention
will be corrected as soon as possible. We reserve the right to change at any time
Preop leg pain T (0-10) without notice any information stored in the prognostic tool
The authors accept no liability for any loss or damage a person suffers because that
Calculate

person has directly or indirectly relied on any information stored on this server.
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