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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 1 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 364 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.

Graphic abstract
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Key points

1. This study developed prognostic models for patients undergoing 
surgical treatment of lumbar disc herniation, to predict COMI 
score, back pain and leg pain one year after surgery.

2. The prediction models were validated using temporal validation.

3. Based on the prediction models, an online prediction tool was 
developed.
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Take Home Messages

1. The systematic, prospective collection of data in the Spine Tango 
registry can be used to combine clinical factors and develop models 
for individual predictions in practice.

2. Prediction intervals displayed in the online tool are an important 
input to set realistic expectations of the surgical outcome.

3. Updating the models with additional predictors may improve the 
accuracy and precision of outcome predictions.
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Introduction

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

Various baseline patient characteristics have been associ-
ated 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 posi-
tive surgical outcome was associated with preoperative leg 
pain (as opposed to back pain), the absence of sensory defi-
cit, posterolateral herniation, sequestered/extruded disc, and 
not having received prior physical therapy [3]. A systematic 
review confirmed these findings and identified additional pre-
dictors of a negative outcome, including intact annulus fibro-
sus, long duration of sick leave, worker’s compensation, and 
high levels of preoperative symptoms [4].

To apply this evidence in clinical practice, there is grow-
ing interest in the development of mathematical models that 
combine multiple prognostic factors for prediction of patient 
outcome and incorporate these into computerised prognos-
tic 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 set-
tings. 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 hernia-
tion to predict scores on a multidimensional outcome measure 
and back and leg pain scores, 1 year after surgery. Model per-
formance 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 state-
ment for transparent reporting of multivariable prediction 
models for individual prognosis or diagnosis [13].

The study was carried out by the Schulthess Klinik in 
Zurich, Switzerland, using data from our local spine sur-
gery outcomes database nested within the framework of the 
EUROSPINE Spine Tango Spine Surgery Registry (https 
://www.euros pine.org/spine -tango .htm). Data had been col-
lected 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 eth-
ics committee (reference number KEK-ZH-2014-0418). The 
data supporting this study are not publicly available. How-
ever, applicants may obtain ethical approval from EURO-
SPINE to use registry data for specific research projects.

Participants

All patients who had undergone elective surgery for lum-
bar disc herniation, as defined by the official algorithm for 
diagnostic groups developed by EUROSPINE (http://www.
euros pine.org/cm_data/def_of_degen _patho .pdf) between 
January 2005 and December 2016, and had completed 
COMI forms preoperatively and 1 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.

https://www.eurospine.org/spine-tango.htm
https://www.eurospine.org/spine-tango.htm
http://www.eurospine.org/cm_data/def_of_degen_patho.pdf
http://www.eurospine.org/cm_data/def_of_degen_patho.pdf
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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 docu-
mented data for the development of the prediction models. 
They included sociodemographic factors, baseline symp-
toms, 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), 
and length of preoperative conservative treatment [17]. 
Patient insurance class (three classes in Switzerland: private; 
semi-private; and 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 com-
pared 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 rele-
vant 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 cri-
teria 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 ten 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 compar-
ing predicted and observed outcomes, including mean bias 
(MB), mean absolute error (MAE), root mean squared error 
(RMSE), Pearson correlation coefficient (r), and R-squared. 

Table 1  Potential predictors and their distribution in the sample 
(n = 1244)

Predictor
Categories or units

Distribution
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 ≥ 1) 937 (75%)
Surgeon seniority status
 Senior 511 (41%)
 Intermediate 521 (42%)
 Junior 212 (17%)

Surgeon specialisation
 Neurosurgeon 916 (74%)
 Orthopaedic surgeon 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 293 (23%)
 Basic obligatory 681 (55%)

Morbidity state (ASA)
 No disturbance 696 (56%)
 Mild/moderate 456 (37%)
 Severe 92 (7%)

BMI (kg/m2)
 < 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)
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The latter represents how much of the outcome variation is 
explained by the prediction model, i.e. it assesses the predic-
tive capacity of the model. We further calculated the Index 
of Agreement (IA), introduced by Willmott [19], and Fac-
tor 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 glmnet.

Online tool

To present the prediction models in an accessible format 
for surgeons and patients, we developed a publicly acces-
sible 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 her-
niation, 1244 (69%) patients had all predictor and outcome 
information available and were included for model develop-
ment (Fig. 1).

Forty-three per cent of patients were female, and the over-
all 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/m2), and 31% were smok-
ers. 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. Post-operatively, 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, and 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 three 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 pre-
dictions. The model coefficients represent the size of effect 
per unit change in each predictor, within a given model. 
Being obese (BMI 31–35 kg/m2) and having had more 
than one previous spine surgery were both strong predic-
tors 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 bet-
ter outcome (i.e. were associated with a lower score for the 
predicted outcome). Patient sex did not appear to predict out-
come 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 ://linku p.kws.
ch/progn ostic .

Temporal validation of models

In the validation dataset (n = 364), the fitted lines of pre-
dicted versus observed predictions generally lay slightly 
below the diagonal line that represented perfect agreement 
(Fig. 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 mod-
els. 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 (Fig. 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), com-
pared 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) 

https://linkup.kws.ch/prognostic
https://linkup.kws.ch/prognostic
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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.

All cases 01 Jan 2005 to 31 Jan 2015
N=12 466

Cases with ST surgery form
n=12 273

Region operated: Lumbar/lumbosacral
n=9 997

- Not degenera�on as main pathology: n=1 922

Cases with degenera�ve disease
n=8 075

- Preop morbidity state (ASA) unknown: n=4
- Preop BMI unknown: n=117
- Preop smoking status unknown: n=24

Cases used in prognos�c models
n=1 244

- No Spine Tango surgery form: n=193

- Not lumbar/lumbosacral spine: n=2 276

- Not disc hernia�on: n=6 279

Cases with disc hernia�on
n=1 796

- No preop COMI form: n=254
- Emergency: n=100
- Admin: n=62
- Pa�ent refused: n=17
- Other OP near �me: n=2
- Unknown: n=2
- Missing: n=73

- No 1yr postop COMI form: n=153
- Pa�ent refused: n=30
- Further opera�ons: n=15
- Pa�ent dissa�sfied: n=8
- Pa�ent said will but did not: n=6
- Pa�ent moved abroad: n=3
- Pa�ent died: n=3
- Admin: n=2
- Unknown: n=34
- Missing: n=52

Surgery and COMI forms available
n=1 389

Fig. 1  Study profile



1747European Spine Journal (2020) 29:1742–1751 

1 3

Discussion

We present the development and validation of a prognos-
tic online tool for predicting 1-year clinical outcome after 
decompression surgery for lumbar disc herniation. We pro-
pose 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 experi-
ence 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 pre-
dicted 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 predic-
tion intervals, the predictive capacity of the models is rather 

Fig. 2  Modelled predictions for COMI score (a), back pain (b), and leg pain (c). Individual predictions are ordered (black line) with correspond-
ing 80%, 90%, and 95% upper prediction limits
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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 pre-
dicted outcomes around their mean. While low R-squared 
values are not uncommon in medical regression models [20], 
this suggests that some important factors predicting surgi-
cal outcomes were not included in our models. In particu-
lar, 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, catastrophising, and fear-
avoidance beliefs [22]. Behavioural, socio-economic, occu-
pational, and societal flags may also be worthy of further 
investigation. In addition, information on clinical examina-
tion (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 infor-
mation routinely documented for the Spine Tango Regis-
try. 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 expecta-
tions [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 deci-
sions 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 prog-
nostic information regarding the likely outcome of surgery, 

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 Neurosurgeon 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 (ASA) 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 period
0 0.090 0.119
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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 pre-
diction 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 stud-
ies 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 stud-
ies could use the pooled data from the EUROSPINE Spine 
Tango Registry. Recalibration of some of the model coef-
ficients may be necessary in order to improve the accuracy 
of predictions in other clinics. For application in an inter-
national setting, some predictors may be less relevant or not 

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