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ABSTRACT

Objectives: To assess factors associated with survival in patients surgically treated for spine 
metastatic disease; to create a classic scoring algorithm, nomogram, and boosting algorithm; 
to test the predictive accuracy of the three created algorithms at estimating survival.

Design: Retrospective cohort study

Setting: Two tertiary care referral centers for orthopaedic oncology.

Participants: We included 649 patients who underwent surgery for spine metastatic disease 
between 2002 and 2014.

Outcome measures: Survival, defined as the time from the surgical procedure until death 
from any cause.

Results: The following variables were independently associated with survival: older age (hazard 
ratio [HR] 1.01; p = 0.009), poor performance status (HR 1.54; p = 0.001), primary cancer type 
(HR 1.68; p < 0.001), >1 spine metastasis (HR 1.32; p = 0.009), lung and/or liver metastasis (HR 
1.35; p = 0.005), brain metastasis (HR 1.90; p < 0.001), any systemic therapy for cancer prior 
to a surgical procedure (e.g., chemotherapy, immunotherapy, hormone therapy) (HR 1.65; p < 
0.001), higher white blood-cell count (HR 1.03; p = 0.002), and lower hemoglobin levels (HR 
0.92; p = 0.009). The boosting algorithm was better at predicting survival on the training data 
sets (p < 0.001); the nomogram was more reliable at estimating survival on the test data sets 
with accuracies of 0.75 (30 days), 0.73 (90 days), and 0.75 (365 days).

Conclusions: We identified risk factors associated with survival that should be considered in 
prognostication. Performance of the boosting algorithm and nomogram were comparable on 
the testing data sets. However, the nomogram is easier to apply and therefore more useful to 
aid surgical decision-making.
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INTRODUCTION

Operative treatment of spine metastases aims to maintain quality of life.1-5 The decision for 
surgery and corresponding operative strategy are often based on the patients’ estimated life 
expectancies.4, 5 Current prognostication models are not built for estimation of short-term 
survival (30- or 90-days),6-11 and some studies suggest lack of accuracy.3, 4, 6, 7 Identification of 
new risk factors and developing more sophisticated algorithms might improve the accuracy of 
prognostication model estimates.13, 14

The traditional method of constructing a survival algorithm is to round the effect estimates 
(e.g. hazard ratios) of prognostic factors, sum up the factors that are present in a patient, and 
relate these to survival estimates.8-12, 15 A nomogram is a more advanced method that more 
fully describes the precision of effect estimates on prognostic factors; it provides a user-friendly 
figure that includes prognostic factors set to a common point scale.16, 17 This scale translates 
into an individualized survival probability. Another –more complex– computer based method 
is boosting (a form of machine learning), which assesses the combination of a multitude of 
factors into regression trees to optimize predictive power.18, 19

Our study aim was (1) to assess factors associated with survival, (2) use these factors to 
create a classical scoring algorithm, nomogram, and boosting algorithm, and (3) to test the 
predictive accuracy of the three created algorithms at estimating survival.

METHODS

Study design and patient selection
This retrospective study was approved by our Institutional Review Board and a waiver of con-
sent was obtained. Patients 18 years and older who underwent surgery for spine metastases 
between January 2002 and January 2014 at two tertiary care centers were included. The spine 
encompassed the cervical, thoracic, and lumbar vertebrae. Lymphoma and multiple myeloma 
were also included.4 We excluded patients treated by kyphoplasty or vertebroplasty only (rarely 
done and only in the most palliative setting), radiosurgery, or revision procedures. Only the 
first procedure was included in patients who underwent multiple procedures to avoid violating 
the statistical rule of independence. Choice of treatment was decided by mutual agreement 
between the surgeon and patient.

We identified 1330 patients with an International Classification of Diseases, 9th revision (ICD-
9) diagnosis of pathologic fracture of vertebrae (733.13). Additionally, we used a word-based 
query to search operative reports in our orthopedic oncology database and identified 796 new 
patients. Medical records of 2126 patients were screened, and 649 patients were included in 
this study.

Response variable
The outcome was survival, defined as the time from surgery until death from any cause. We 
set the last follow-up moment for survival on March 18th 2015. This was the most recent date 
that a death had occurred in our cohort –according to the Social Security Death Index (SSDI).



Chapter 2

30

Explanatory variables
Factors known or suggested to be associated with survival were included as explanatory 
variables.4, 9-12, 14, 15, 20, 21 Medical records were manually searched for primary tumor type, loca-
tion, operative technique, fracture type, symptoms, pre-operative ASIA (American Spinal Injury 
Association) impairment scale, ECOG (Eastern Cooperative Oncology Group) performance 
status, number of skeletal and visceral metastases, date of primary tumor diagnosis, local 
radiotherapy, and any systemic therapy prior to surgery (all forms of nonsurgical and non-
radiotherapeutic adjuvants [chemotherapy, immunotherapy, hormone therapy, and metabolic 
therapy], regardless of the dose, response, and period before surgery). Two researchers per-
formed manual data collection and another researcher crosschecked a random 10% sample 
of the data to ensure a robust database. No systematic inconsistencies were noticed, except 
for establishing the ECOG performance status; dichotomizing the ECOG performance status 
into a relatively good (score 0, 1, or 2) and poor (score 3 to 4) score resolved discrepancies.4, 22

As we expected, there was a nonlinear association between Body Mass Index (BMI) and sur-
vival; therefore we categorized BMI into patients who were underweight (<18.5 kg/m2), normal 
weight (18.5-30 kg/m2), and overweight (>30 kg/m2).23 The modified Charlson Comorbidity In-
dex was used to determine comorbidity status using an ICD-9 code based algorithm classifying 
12 comorbidities (e.g. chronic pulmonary disease, diabetes) (Appendix 1).24, 25 We dichotomized 
comorbidity status into any additional comorbidity (in addition to the metastases) or none. The 
presence of a pathologic fracture was based on radiology reports. The time between the start 
of neurological symptoms and surgery was categorized into no neurological symptoms, acute 
to subacute spinal cord injury (≤ 14 days), and chronic spinal cord injury (> 14 days).26 We used 
the pre-operative ASIA impairment scale to determine if a patient had any neurologic deficits 
(score A, B, C, or D) or none (score E) –we felt that this cutoff point was most reliable. Patients 
with prior but no current deficits were classified as ASIA E.27 We arbitrarily categorized time 
between primary tumor diagnosis and surgery into recent (< 30 days) and not recent (≥ 30 
days). Based on a study by Katagiri et al.,28 we dichotomized primary tumor types into tumors 
with a relatively good prognosis (Group one: lymphoma, breast, multiple myeloma, kidney, 
prostate and thyroid) and tumors with a relatively poor prognosis (Group two: lung, colon, 
rectum, bladder, esophagus, hepatocellular, melanoma, stomach, and other). Based on Nathan 
et al.4 we categorized other bone metastases (outside the spine) and metastases to other 
organs (none, liver and/or lung, and brain). We felt that laboratory values closest to the day of 
surgery –maximum range of 7 days before surgery—reflect routine preoperative assessment.

Statistical analysis
Bivariate cox regression was performed to assess what factors were marginally (p < 0.10) 
associated with survival. Log-rank curves were visualized for each explanatory variable and 
the proportional-hazards assumption on the basis of Schoenfeld residuals was tested. We 
accepted departure from the proportional hazards assumption as long as log-rank curves did 
not cross for the first 3 years.29 All variables marginally associated with survival were included 
in a stepwise backward multivariate Cox proportional hazards model to assess independent 
association with survival (variables with p values below 0.05 were retained). We used multiple 
chained imputation to estimate missing values (40 imputations).
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Based on factors independently associated with survival, we developed three prognostic 
scoring algorithms: a classic scoring algorithm, a nomogram, and a boosting algorithm. The 
accuracy for predicting 30-, 90-, and 365-days survival between the three scoring algorithms 
was tested using Receiving Operation Characteristic (ROC) analysis with corresponding Area’s 
Under the Curves (AUC).

We used 5-fold cross validation to assess overfitting of the developed algorithms for every 
imputed dataset.19, 30 By this technique the algorithms were constructed using a random 80% 
of the dataset and tested on the remaining 20%, which was repeated five times per imputed 
dataset; we averaged the AUC’s, 95% confidence intervals, and p-values to demonstrate and 
compare the accuracy of the three algorithms.

Two-tailed p values less than 0.05 were considered statistically significant.

Building the classic scoring algorithm, nomogram, and boosted 
algorithm
The classic scoring algorithm was developed by summing the points for each prognostic factor, 
based on the nearest integer of the HR (Table 1).12, 28 To allow scoring for the classic scoring 
algorithm, we categorized age (<65 years versus ≥65) and spine metastases (one versus more 
than one) based on cutoff points from Nathan et al.4 We categorized white blood cell count (< 
11 versus ≥ 11 K/µL) and hemoglobin levels (<10 versus ≥ 10 g/dL) based on our institutional 
reference values. The total number of points was categorized into three prognostic groups 
based on the distribution of points in our population: those with a good prognosis (0-2 points), 
intermediate prognosis (3-4 points), and poor prognosis (5-12 points) (Figure 1). Subsequently, 
we calculated the survival probabilities per prognostic group (Table 2).12, 28

Table 1. Classic scoring algorithm

Variable Points

Age of ≥65 years 1

ECOG performance status (score 3 to 4) 2

Primary cancer other than lymphoma, breast cancer, multiple myeloma, kidney cancer, 
prostate cancer, or thyroid cancer

2

>1 spine metastasis 1

Metastases

Lung or liver 1

Brain (with or without lung or liver metastasis) 2

Previous systemic therapy 2

White blood-cell count of ≥11,000/µL 1

Hemoglobin level of ≤10 g/dL 1
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The nomogram was constructed using the β-regression coefficient of every factor inde-
pendently associated with survival and transforming these to a scale from 0 to 100.16 The 
eventual nomogram was averaged over the 40 imputed nomograms. The total sum of points 
corresponded to the 30-, 90- and 365-days survival probability (Figure 2).
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Figure 1. The Kaplan-Meier plot shows the probability of survival for the three groups of the classic scor-
ing algorithm: those with a good prognosis (0-2 points, solid line), intermediate prognosis (3-4 points, 
dotted line), and poor prognosis (5-12 points, dashed line).

Table 2. Survival probability per prognostic group and prediction period

Prognostic groups Probability of survival*

Good prognosis (score 0 to 2 points)

30 days 0.99 (0.98 - 0.99)

90 days 0.94 (0.90 - 0.98)

365 days 0.81 (0.74 - 0.88)

Intermediate prognosis (score 3 to 4 points)

30 days 0.96 (0.94 - 0.99)

90 days 0.85 (0.80 - 0.90)

365 days 0.62 (0.56 - 0.69)

Poor prognosis (score 5 to 12 points)

30 days 0.86 (0.82 - 0.90)

90 days 0.63 (0.58 - 0.69)

365 days 0.28 (0.23 - 0.33)

* The values are given as the HR, with the 95% CI in parentheses.
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Thirdly, we developed a boosting algorithm. Boosting is a flexible regression method and 
has emerged as one of the most powerful methods for predictive data mining.19 The general 
idea is to compute a regression tree, whereafter consecutive trees are built for the prediction 
residuals of the prior tree. We performed a boosted regression on the outcome of death 30-, 
90- and 365-days after surgery. Parameters for the boosted regression were based on a paper 
by Schonlau,19 and set at 0.5 for bagging, 3 for interactions, 0.01 for shrinkage, and 10000 for 
the number of iterations (Appendix 2).

Figure 2. Nomogram
The constructed nomogram displaying all factors associated with survival and 30-day, 90-day, and 365-day 
survival probability in patients with metastatic spine disease who were potential candidates for a spine 
surgical procedure. For every factor, the point on the corresponding axis is determined and a vertical line is 
drawn downward so that the number of points given (e.g., a patient with a preoperative hemoglobin of 10 
g/dL will receive between 60 and 70 points) may be read. This process is repeated for every factor. The sum 
of points can be located on the “Total points” axis, from which a vertical line is drawn downward so that the 
30-day, 90-day, and 365-day survival probability may be read. The good prognosis group (i.e. “Tumor type 
1” in this figure) included patients who had lymphoma, breast cancer, multiple myeloma, kidney cancer, 
prostate cancer, or thyroid cancer; the poor prognosis group (i.e. “Tumor type 2”) included patients who 
had lung cancer, colon cancer, rectal cancer, bladder cancer, esophageal cancer, liver cancer, melanoma, 
gastric cancer, or other cancers.
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RESULTS

Demographics
The mean age of the 649 patients in our study group was 60 years, 377 (58%) were men, 
the mean BMI was 27 kg/m2 (Table 3). The primary tumors originated from the lung (n = 115), 
kidney (n = 82), breast (n = 77), myeloma (n = 72), prostate (n = 57), and other locations (n = 
246) (Table 4). The median follow-up was 11 months (interquartile range, 3-33 months) and all 
patients who were alive at 30 days (n = 602), 90 days (n = 496), and 365 days (n = 352) were 
included in follow-up (Figure 3).

Table 3. Baseline Characteristics

Demographics Mean (± SD)

Age (years) 60 (12)

Body Mass Index (kg/m2)* 27 (5.5)

Modified Charlson Comorbidity Index 6.9 (1.7)

 Number (%)

Additional comorbidities† 300 (46)

Men 377 (58)

Clinical and surgical characteristics Number (%)

Pathologic fracture 400 (62)

Pain 550 (85)

Time between start of neurological symptoms and surgery  

No neurological symptoms 343 (53)

< 14 days 179 (28)

≥ 14 days 127 (20)

ASIA impairment scale (pre-operative)  

Neurologic deficit (A/B/C/D) 306 (47)

No neurologic deficit (E) 343 (53)

ECOG performance status*  

Score 0-2 (0-50% of waking hours bed/chair bound) 348 (79)

Score 3-4 (50-100% of waking hours bed/chair bound) 93 (21)

Time between primary tumor diagnosis and surgery  

< 30 days 175 (27)

≥ 30 days 474 (73)

Number of mobile spine levels operated for  

1 level 405 (62)

2 levels 118 (18)

3 levels or more 126 (19)

Surgery  

Vertebrectomy/corpectomy with stabilization 314 (48)

Decompression and stabilization 231 (36)
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Table 3. Baseline Characteristics (continued)

Decompression 84 (13)

Stabilization 20 (3.0)

Approach  

Posterior 553 (85)

Anterior 68 (11)

Combined 28 (4.0)

Two staged procedure 14 (2.0)

Oncologic status Number (%)

Primary tumor‡  

Group 1 431 (66)

Group 2 218 (34)

Tumor region  

Thoracic 381 (59)

Lumbar 142 (22)

Cervical 87 (13)

Combined 39 (6.0)

Number of mobile spine metastases  

1 level 176 (27)

2 levels 99 (15)

3 levels or more 374 (58)

Other bone metastases outside of the mobile spine 342 (53)

Visceral metastases at time of surgery  

None 405 (62)

Liver/lung 172 (27)

Brain 29 (4.0)

Liver/lung and brain 43 (7.0)

Prior local radiotherapy 222 (34)

Prior systemic therapy 368 (57)

Laboratory values* Mean (± SD)

White blood cell count (1000/mm3) 12 (6.1)

Hemoglobin level (g/dL) 12 (1.7)

Platelet count (1000/mm3) 267 (126)

Creatinine level (mg/dL) 0.8 (0.6)

Calcium level (mg/dL) 8.6 (1.0)

Number of patients is 649; * Body mass index was available in 558 cases (86%), the ECOG performance 
status in 441 cases (68%), white blood cell count in 638 cases (98%), platelet count in 637 cases (98%), cre-
atinine level in 628 cases (97%), hemoglobin level in 639 cases (98%) and calcium level in 594 cases (92%).
† Based on any additional comorbidity on top of the metastatic disease score following the modified Charl-
son Comorbidity Index
‡ Group 1 = lymphoma, breast, multiple myeloma, kidney, prostate and thyroid. Group 2 = lung, colon, 
rectum, bladder, esophagus, hepatocellular, melanoma, stomach or other.
ASIA = American Spinal Injury Association, ECOG = Eastern Cooperative Oncology Group
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Factors associated with survival
In bivariate analysis, older age (HR 1.01, 95% 
Confidence Interval [CI] 1.00 – 1.02, p = 0.016), 
additional comorbidities (HR 1.31, 95% CI 1.10 
– 1.56, p = 0.002), acute to subacute spinal cord 
injury (HR 1.41, 95% CI 1.15 – 1.72, p = 0.001), 
neurological deficits (HR 1.29, 95% CI 1.08 – 1.54, 
p = 0.004), poor performance status (HR 1.93, 
95% CI 1.50 – 2.47, p < 0.001), primary tumors in 
group 2 (HR 2.01, 95% CI 1.67 – 2.41, p < 0.001), 
more than one spine metastasis (HR 1.57, 95% 
CI 1.28 – 1.92, p < 0.001), other bone metastases 
outside the spine (HR 1.34, 95% CI 1.13 – 1.60, 
p = 0.001), lung and/or liver metastasis (HR 1.59, 
95% CI 1.30 – 1.94, p < 0.001), brain metastasis 
(HR 2.55, 95% CI 1.95 – 3.33, p < 0.001), prior 
systemic therapy (HR 1.68, 95% CI 1.40 – 2.01, p < 
0.001), high white blood cell count (HR 1.02, 95% 
CI 1.01 – 1.04, p = 0.006), and low hemoglobin 
levels (HR 0.92, 95% CI 0.87 – 0.97, p = 0.002) 
were associated with decreased survival (Table 5).

In multivariate analysis the following factors 
were independently associated with decreased 
survival: older age (HR 1.01, 95% CI 1.00 – 1.02, 
p = 0.009), poor performance status (HR 1.54, CI 

Table 4. Origin of primary tumors

Tumor distribution Number (%)

Lung 115 (18)

Kidney 82 (13)

Breast 77 (12)

Myeloma 72 (11)

Prostate 57 (8.8)

Melanoma 27 (4.2)

Colorectal 25 (3.9)

Neuroendocrine 21 (3.2)

Sarcomatous 21 (3.2)

Lymphoma 19 (2.9)

Head and neck 17 (2.6)

Thyroid 16 (2.5)

Hepatocellular 13 (2.0)

Esophageal 12 (1.9)

Endometric 11 (1.7)

Other* 44 (6.8)

Unknown 20 (3.1)

* Salivary (n = 6), bladder (n = 5), adenocarci-
noma of unknown origin (n = 5), germ cell (n 
= 5), pancreatic (n = 4), cholangiocarcinoma (n 
= 3), testicular (n = 3), ovarian (n = 3), penile (n 
= 3), adrenal (n = 2), gastric (n = 2), blue round 
cell (n = 1), skin (n = 1), leukemic (n = 1).
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Figure 3. The Kaplan-Meier plot shows the probability of survival with 95% Confidence Interval (CI) 
boundaries. The median survival is 337 days (95% CI, 266–415), with an interquartile range from 95 
(95% CI, 82–108) to 999 days (95% CI, 842–1126).



37

Development of a prognostic survival algorithm

2

Table 5. Bivariate Cox regression analysis with β regression coefficients, hazard ratios and P values

Explanatory variables

β 
regression 
coefficient

Standard
Error§

Hazard Ratio
(95% Confidence 

Interval) P value

Demographics     

Age in years 0.01 0.003 1.01 (1.00 - 1.02) 0.016

Male sex 0.05 0.090 1.05 (0.88 - 1.25) 0.590

Body Mass Index (kg/m2)*  

18.5 - 30 Reference Reference Reference Reference

< 18.5 0.35 0.257 1.42 (0.86 - 2.35) 0.169

> 30 -1.15 0.114 0.86 (0.69 - 1.08) 0.194

Additional comorbidities† 0.27 0.089 1.31 (1.10 - 1.56) 0.002

Clinical and surgical characteristics     

Pathologic fracture 0.17 0.092 1.18 (0.98 - 1.41) 0.073

Pain 0.04 0.122 1.04 (0.82 - 1.33) 0.719

Time between start of neurological 
symptoms and surgery

No neurological symptoms Reference Reference Reference Reference

<14 days 0.34 0.103 1.41 (1.15 - 1.72) 0.001

≥ 14 days 0.04 0.119 1.04 (0.82 - 1.31) 0.745

ASIA impairment scale (pre-operative)

No neurologic deficit (E) Reference Reference Reference Reference

Neurologic deficit (A/B/C/D) 0.25 0.089 1.29 (1.08 - 1.54) 0.004

ECOG performance status*  

Score 0-2 (0-50% of waking hours bed/
chair bound)

Reference Reference Reference Reference

Score 3-4 (50-100% of waking hours bed/
chair bound)

0.66 0.127 1.93 (1.50 - 2.47) < 0.001

Time between primary tumor diagnosis and 
surgery in days

0.00 0.000 1.00 (1.00 - 1.00) 0.730

Oncologic status     

Primary tumor‡  

Group 1 Reference Reference Reference Reference

Group 2 0.70 0.093 2.01 (1.67 - 2.41) < 0.001

More than 1 mobile spine metastasis 0.45 0.104 1.57 (1.28 - 1.92) < 0.001

Other bone metastases outside of the mobile 
spine

0.29 0.089  1.34 (1.13 - 1.60) 0.001

Visceral metastases

None Reference Reference Reference Reference

Lung or liver 0.46 0.102 1.59 (1.30 - 1.94) < 0.001

Brain (with or without lung or liver 
metastasis)

0.94 0.136 2.55 (1.95 - 3.33) < 0.001

Prior local radiotherapy 0.14 0.093 1.15 (0.96 - 1.38) 0.132

Prior systemic therapy 0.52 0.092 1.68 (1.40 - 2.01) < 0.001
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1.19 – 2.00, p = 0.001), primary tumors in group 2 (HR 1.68, CI 1.40 – 2.04, p < 0.001), more 
than one spine metastasis (HR 1.32, CI 1.07 – 1.63, p = 0.009), lung and/or liver metastasis 
(HR 1.35, CI 1.09 – 1.66, p = 0.005), brain metastasis (HR 1.90, CI 1.43 – 2.51, p < 0.001), prior 
systemic therapy (HR 1.65, CI 1.36 – 2.00, p < 0.001), high white blood cell count (HR 1.03, CI 
1.01 – 1.04, p = 0.002), and low hemoglobin levels (HR 0.92, CI 0.87 – 0.98, p = 0.009) (Table 6).

Accuracy of the prediction algorithms
The accuracy (AUC) of the survival estimates of the classic scoring algorithm was 0.70 for 
30-days, 0.69 for 90-days, and 0.73 for 365-days for both the training (in-sample) as the test 
datasets (out-of-sample) (Table 7). The nomogram performed better than the classic scoring 
algorithm for all time points with an accuracy of 0.76 (30 days), 0.74 (90 days), and 0.77 for 
365-days with relatively reliable out-of-sample (test dataset) estimations. Notably, the boosting 
algorithm performed better in all time points for in-sample (training datasets) survival estima-
tion compared to the other two algorithms, yet out-of-sample (test datasets) survival estima-
tion proved slightly worse compared to the nomogram.

Table 5. Bivariate Cox regression analysis with β regression coefficients, hazard ratios and P values 
(continued)

Explanatory variables
β regression 
coefficient

Standard
Error§

Hazard Ratio
(95% Confidence 

Interval) P value

Laboratory values*     

White blood cell count (1000/mm3) 0.02 0.008 1.02 (1.01 - 1.04) 0.006

Hemoglobin level (g/dL) -0.08 0.027 0.92 (0.87 - 0.97) 0.002

Platelet count (1000/mm3) 0.00 0.000 1.00 (1.00 - 1.00) 0.144

Creatinine level (mg/dL) -0.04 0.087 0.96 (0.81 - 1.14) 0.676

Calcium level (mg/dL) 0.05 0.045 1.05 (0.96 - 1.14) 0.306

Bold indicates significance (two-tailed p value below 0.05). Number of patients is 649; * Body mass index 
was available in 558 cases (86%), the ECOG performance status in 441 cases (68%), white blood count in 
638 cases (98%), platelet count in 637 cases (98%), creatinine level in 628 cases (97%), hemoglobin level 
in 639 cases (98%), and calcium level in 594 cases (92%).
† Based on any additional comorbidity on top of the metastatic disease score following the modified Charl-
son Comorbidity Index
‡ Group 1 = lymphoma, breast, multiple myeloma, kidney, prostate and thyroid. Group 2 = primary cancer 
in lung, colon, rectum, bladder, esophagus, hepatocellular, melanoma, stomach or other.
§ The displayed standard error relates to the β regression coefficient
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Table 6. Hazard Ratios for survival from stepwise backward multivariate Cox hazard regression after 
multiple imputation (40 imputations)

 
β regression 
coefficient

Standard
Error§

Hazard Ratio
(95% Confidence 

Interval) P value

Age in years 0.01 0.004 1.01 (1.00 - 1.02) 0.009

ECOG performance status*  

Score 0-2 (0-50% of waking hours bed/chair 
bound)

Reference Reference Reference Reference

Score 3-4 (50-100% of waking hours bed/
chair bound)

0.43 0.132 1.54 (1.19 - 2.00) 0.001

Primary tumor‡  

Group 1 Reference Reference Reference Reference

Group 2 0.52 0.096 1.68 (1.40 - 2.04) < 0.001

More than 1 mobile spine metastasis 0.28 0.107 1.32 (1.07 - 1.63) 0.009

Visceral metastases

None Reference Reference Reference Reference

Lung or liver 0.30 0.106 1.35 (1.09 - 1.66) 0.005

Brain (with or without lung or liver 
metastasis)

0.64 0.143 1.90 (1.43 - 2.51) < 0.001

Prior systemic therapy 0.50 0.099 1.65 (1.36 - 2.00) < 0.001

White blood cell count (K/µL)* 0.03 0.008 1.03 (1.01 - 1.04) 0.002

Hemoglobin level (g/dL)* -0.07 0.028 0.92 (0.87 - 0.98) 0.009

Bold indicates significance (two-tailed p value below 0.05). Number of patients is 649; * The ECOG perfor-
mance status was available in 441 cases (68%), white blood count in 638 cases (98%), and hemoglobin 
level in 639 cases (98%). Explanatory variables were dropped by stepwise backward elimination in the fol-
lowing order: (1) time between start of neurological symptoms and surgery, (2) preoperative ASIA score, (3) 
presence of a pathologic fracture, and (4) presence of any additional comorbidity according to the modified 
Charlson Comorbidity Index. Due to colinearity with number of spinal metastases tumor region was not 
taken into account for the Cox hazard regression model.
‡ Group 1 = lymphoma, breast, multiple myeloma, kidney, prostate and thyroid. Group 2 = primary cancer 
in lung, colon, rectum, bladder, esophagus, hepatocellular, melanoma, stomach or other.
§ The displayed standard error relates to the β regression coefficient
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DISCUSSION

Older age, poor performance status, primary tumors in group 2 (lung and other), more than one 
spine metastasis, presence of a lung, liver and/or brain metastasis, previous systemic therapy, 
increased white blood cell count, and decreased hemoglobin levels were independently associ-
ated with worse survival in patients with spinal metastases. The boosting algorithm was most 
accurate for the training dataset on all three time points (p < 0.001); however, the accuracy of 
the boosting algorithm decreased to the level of the nomogram on the testing datasets. Al-
though there was no significant difference between the three algorithms on the test datasets, 
we suggest using the nomogram to aid surgical decision-making in clinical practice, as AUC’s 
were highest and because it appreciates continuous predictors without categorization.

This study had limitations. First, no uniform criteria were used to decide upon treatment. This 
may have resulted in a study population with relatively good prognosis, as some might have 
been determined to be too sick to undergo surgery. Therefore, our model is most applicable 
for patients at least considered for surgery. Second, we did not include variables with more 
than 35% missing values (e.g. albumin). These factors might have increased the accuracy of 
our algorithms. Third, our ICD-9 and word-based search might have missed eligible patients. 
However, we expect this number to be low and not influence our results. Fourth, algorithms 
are always more accurate for the sample on which they are developed; external validation is 
necessary to demonstrate generalizability.31 Fifth, we did not exploit the potential power of the 
boosting algorithm as we included only those factors independently associated with survival. 
Inclusion of all possible explanatory variables might have improved the accuracy; however, at 
the cost of clinical practicality and external validity.18 Sixth, we did not determine the cause of 
death; non-cancer related deaths (e.g. car accident) might have compromised model accuracy 
and prognostic factors. However, we believe that the majority of patients die of cancer. Sev-
enth, we might have missed outcomes due to potential inconsistencies in the SSDI. However, 
the SSDI has been shown to accurately reflect survival for older oncology patients.32 Eighth, 

Table 7. AUC for the classic scoring algorithm, nomogram and boosting algorithm from receiver operat-
ing characteristics analysis

Prediction period

Classic scoring 
algorithm  

AUC (95% CI)
Nomogram

AUC (95% CI)
Boosting algorithm

AUC (95% CI) P value

Training dataset

30 days 0.70 (0.64 - 0.76) 0.76 (0.69 - 0.82) 0.91 (0.86 - 0.95) < 0.001

90 days 0.69 (0.65 - 0.73) 0.74 (0.69 - 0.79) 0.86 (0.83 - 0.90) < 0.001

365 days 0.73 (0.69 - 0.77) 0.77 (0.73 - 0.81) 0.84 (0.80 - 0.87) < 0.001

Test dataset

30 days 0.70 (0.59 - 0.81) 0.75 (0.60 - 0.89) 0.73 (0.59 - 0.86) 0.192

90 days 0.69 (0.60 - 0.78) 0.73 (0.63 - 0.83) 0.72 (0.61 - 0.82) 0.270

365 days 0.73 (0.65 - 0.81) 0.75 (0.67 - 0.84) 0.75 (0.66 - 0.83) 0.460

Bold indicates significance (two-tailed p value below 0.05). AUC = Area Under the Curve
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some explanatory variables (e.g. ASIA impairment scale) might suffer interobserver variability, 
however we chose cut-off points that we felt were most reliable.

Adding factors associated with outcome to prediction models improves their accuracies.13, 21 
We identified three new factors associated with survival –specifically for patients with spine 
metastatic disease: prior systemic therapy, white blood cell count, and hemoglobin levels. 
Previous systemic therapy regimens varied among patients (e.g. based on tumor type, health 
status, tolerance), and these variations might have influenced survival; further breakdown 
of systemic therapy could improve accuracy of prognostication, and we see this as a limita-
tion. However, systemic therapy in general was associated with worse survival in our study. 
We feel that this is a reflection of a more developed cancer stage, rather than the therapy 
itself.4 Increased lymphocyte counts and decreased hemoglobin concentration have been 
associated with survival in patients with bone metastases –including extremity metastases.13 
Inflammation in the tumor microenvironment has shown to increase proliferation and survival 
in malignant cells, promoting angiogenesis and (further) metastasis; this might explain why 
higher white blood cell counts were associated with decreased survival.13, 33 Lower red blood 
cell counts are thought to reflect worse chronic disease status.13

Previous studies demonstrated that age,20 performance status,8, 11, 13, 15, 34 pathologic frac-
ture,12, 13 neurologic compromise,8, 9, 13, 15 primary tumor type,8-13, 15, 34 more than one spine 
metastasis,8-10, 12, 15, 34 extraspinal bone metastases,8, 10, 12, 13, 15 visceral metastases,8, 10-12, 15, 34 
additional comorbidities,35 and body mass index36 were associated with decreased survival 
(Appendix 3). In our study pathologic fracture, neurologic compromise, extraspinal bone me-
tastases, additional comorbidities, and body mass index were not independently associated 
with survival. Different definitions of variables, statistical approaches, and selection biases 
might explain these differences. When added to the multivariable regression model, extra-
spinal bone metastases were marginally associated with survival (p = 0.064). Patients with a 
low body mass index were less frequently operated on (3%); this could have neutralized body 
mass index as a possible predictor.

As the performance status has been associated with quality of life,34, 37 it would be interest-
ing to add the score of a questionnaire (e.g. the European Quality of Life-5 Dimensions) to 
prognostic models.

Compared to our models, other models were based on smaller sample sizes, therefore 
potentially missing parameters that were only weakly associated with survival (Appendix 3). A 
future study should externally validate and compare existing models.

Tumor-specific prognostic models might result in more accurate predictions and merit 
further study; however, treatment shifts occur which affect survival, and one would need large 
numbers to obtain robust models. We compared the performance of the nomogram between 
patients with good prognosis tumors (n = 431) and bad prognosis tumors (n = 218), and found 
no substantial differences.

The suggestion that clinicians –with expertise—predict survival more accurately compared 
to scoring models, has been described.4 This shows that prognostic models are not capable of 
including all factors (such as psychosocial and non-measurable factors), and should be used as 
a tool to assist the surgeon in his decision-making.
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CONCLUSIONS

We identified risk factors associated with survival that should be considered in prognostication. 
Any systemic therapy for cancer prior to surgery, white blood cell count and hemoglobin levels 
are newly found prognostic factors and should –in addition to those already known– be taken 
into consideration when estimating survival in patients with spinal metastases. A nomogram 
proved to be an accurate tool to predict survival and can be made available on web-based 
applications to assist the surgeon in decision-making. Currently we are working on external 
validation of the developed algorithms and aim to develop an online tool to estimate survival 
for use in clinical practice.
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Appendix 1. Conditions of the Modified Charlson Comorbidity Index, Number of Patients per Condition, 
and ICD-9 Codes Used for the Algorithm.

Weight 
assignment Condition

Number 
(%) ICD-9 codes used for algorithm

1 Mild liver disease* 115 (18) 070.22, 070.23, 070.32, 070.33, 070.44, 070.54, 
070.6, 070.9, 570, 570.1, 573.3, 573.4, 573.8, 753.9, 
V42.7

 Chronic pulmonary 
disease*

93 (14) 416.8, 416.9, 490-491.0, 491.2-495.2, 495.4-505, 
506.4, 508.1, 508.8

 Congestive heart failure* 64 (9.9) 398.91, 402.01, 402.11, 402.91, 404.01, 404.03, 
404.11, 404.13, 404.91, 404.93, 425.4-425.9, 428-
428.43

 Diabetes with chronic 
complications*

16 (2.5) 249.40-249.91, 250.40-250.90

 Rheumatologic disease* 10 (1.5) 466.5, 710.0-710.4, 714.0-714.2, 714.8, 725

 Dementia* 0 (0) 290, 290.0, 290.3, 290.8-290.43, 294.1, 294.11-
294.21, 331.2

2 Any malignancy, including 
leukemia and lymphoma

626 (96) 150.0-159.0, 162-173.59, 173.70-175.9, 180.0-183.9, 
185-186.9, 188.0-188.6, 188.8-189.4, 189.9, 191.0-
192.3, 192.9-194.4, 200.2-202.38, 202.70-202.81, 
203.0-204.22, 204.90-208.22, 208.90-209.36, 
209.70, 209.72-209.79, 230.2-230.6, 230.8, 231.2, 
231.9, 232.5-232.7, 233.0, 233.1, 233.31, 233.32, 
233.4, 233.7, 235.2-235.4, 235.7, 235.8, 236.2, 236.4, 
236.5, 236.7-236.91, 237.1-237.4, 237.6, 238.0-238.3, 
238.79, 239.0-239.4, 239.6, 239.7, 239.89, 239.9

 Hemiplegia or paraplegia* 71 (11) 342.00-342.92, 344.00-344.5, 344.89-344.9

 Renal disease* 53 (8.2) 403.01, 403.11, 403.91, 404.02, 404.03, 404.12, 
404.13, 404.92, 404.93, 582-583.7, 585-586, 588.0, 
V42.0, V45.1, V56-V56.8

3 Moderate or severe liver 
disease*

5 (0.8) 456.0-456.2, 572.2-572.8

6 Metastatic solid tumor 633 (98) 197.0-198.7, 198.81-190.9, 192.0-196.9, 199.0

 AIDS/HIV* 2 (0.3) 042

The conditions are based on ICD-9 codes that were assigned to these patients. If at least one of the condi-
tions labeled with an asterisk (*) were present in a patient, this patient was considered to have additional 
comorbidities. The mean Modified Charlson Comorbidity Index score was 6.9 (Standard Deviation 1.7), and 
300 patients had at least one additional (*) comorbidity.
ICD-9 = International Classification of Diseases, 9th Revision, AIDS = Acquired Immune Deficiency Syn-
drome, HIV = Human Immunodeficiency Virus infection
†This includes myocardial infarction in history, congestive heart failure, peripheral vascular disease, and 
cerebrovascular disease.
The following comorbidities were mutually exclusive: mild liver disease, moderate or severe liver disease, 

and any malignancy and metastatic solid tumor.
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Appendix 2. Computational parameters for boosted regression, explanation, recommended settings, and 
settings chosen for our study

Parameter Explanation Recommended1 Our setting

Interaction Specifies the maximum number of 
interactions allowed.

Between 3 and 7 3

Maximal iterations Specifies the maximum number of trees to 
be fitted.

Set higher if the 
“best” iteration is 

almost as large as the 
set value

100000

Shrinkage factor Specifies the shrinkage factor, ranging 
between 0 and 1. Shrinkage means 
reducing or shrinking the impact of 
each additional tree in an effort to avoid 
overfitting.

0.01 - 0.001 0.01

Bagging Specifies the fraction of training 
observations that is used to fit an individual 
tree. A value of 0.6 means that 60% of the 
observations are used for building each 
tree.

0.4 - 0.8 0.5

Distribution Specifies the distribution of the inefficiency 
term. Possible distributions are normal, 
logistic, and poisson.

- Logistic

Train fraction Specifies the percentage of data to be used 
as training data.

0.8 is default 0.8

For our model, various paramaters were used within suggested ranges, and tested for their in and out of 
sample predictability to assess overfitting. The parameters we chose provided the best possible model.
1. Schonlau M. Boosted regression (boosting): an introductory tutorial and a Stata plugin. Stata J. 
2005;5:330-54.
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Appendix 3. Most commonly used prognostication models to estimate survival in patients with spinal 
metastases, factors that were included in their model, and comparison to our prognostication model

Predictive parameters

Bauer
score

Sioutos
score

Tokuhashi
score

Tomita
score

Van der 
Linden
score

Current
study

n = 153 n = 109 n = 64 n = 67 n = 342 n = 649

Age +

Performance status   +  + +

Pathologic fracture + NS

Neurologic compromise  + +   NS

Primary tumor type + + + + + +

Multiple spine disease + + + +  +

Extraspinal bone metastases + + + NS

Visceral metastases +  + + + +

Prior systemic therapy +

White blood cell count      +

Hemoglobin level      +

+ = Included in the prognostic assessment system to estimate survival.
NS = Not Significant
The exact parameters that were taken into account in every multivariate regression model of each prognos-
tication model was not always reported, therefore we did not mention this in the table. All factors tested in 
previous assessment systems were taken along for our multivariate regression model.




