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Abstract
Study Design: Retrospective cohort study.

Objectives: To compare the mortality between patients treated for vertebral osteomyelitis (VO) with either surgical or
conservative management and to construct a predictive model for mortality after VO.

Methods: All patients with a diagnosis of VO in Region North Denmark from 2004 to 2014 were followed for at least 2 years or
until death. They were all treated according to a standardized guideline for the choice of treatment modality. Nineteen dichotomized
variables with possible influence on the mortality were registered for all patients in the study. LASSO (least absolute shrinkage and
selection operator) penalized Cox regression analysis was used to build a predictive model for 2-year survival after VO.

Results: A total of 125 patients were eligible for inclusion, mean age 67 years, 36 women. 75 were treated surgically. Twenty-one
patients were dead 2 years after the diagnosis. Kaplan-Meier estimate of 2-year survival was 0.82 [0.75, 0.88]. Any difference in
mortality between surgically and conservatively treated patients was nonsignificant at | and 2 years (univariate Cox regression
analysis). Significant factors included in the predictive model after LASSO penalized Cox regression analysis was Charlson
Comorbidity Index (CCI), cardiovascular disease, C-reactive protein (CRP) normalization, thoracic infection, and Karnofsky
score. The area under the curve (AUC) for the predictive model ranged from 0.74 to 0.77.

Conclusion: Patients undergoing surgical management for vertebral osteomyelitis according to standardized and agreed-upon
guidelines had no higher mortality than those allocated to conservative treatment. The predictive model included 5 variables
associated with an increased mortality: CCl, CRP normalization, cardiovascular disease, thoracic infection, and Karnofsky score.
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Introduction techniques (MRI and polymerase chain reaction), increased
population longevity, more immunocompromised people and
increased use of intravenous (IV) drugs and indwelling
devices.”” The most common bacterial organisms are Staphy-
lococcus aureus, followed by gram-negative bacilli and Strep-
tococcus/enterococci. The routes of infection may be
hematogenous, contiguous, postoperative, or posttraumatic.®

Vertebral osteomyelitis (VO) is a severe condition associated
with high mortality and risk of permanent neurological deficits
and chronic pain.'* There is an increased short- and long-term
mortality in VO patients compared with the background pop-
ulation.® The overall incidence of VO in Denmark increased
from 2.2/100000 to 5.8/100000 in the years 1995-2008.* The
increased incidence in Denmark could be real or the results of
better diagnostics (magnetic resonance imaging [MRI] avail- ' Aalborg University Hospital, Aalborg, Denmark
ability in Denmark has increased considerably the past 10-15
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Predisposing factors such as diabetes mellitus, malnutrition,
substance abuse (alcohol/drug users), sickle cell anemia,
immunosuppressive conditions (HIV, steroid users), tumors,
renal failure, and septicemia may aggravate the final outcome
of spondylodiscitis.

Diagnosing VO may be challenging due to vague symptoms
such as pain, fever, night sweats, anemia, loss of weight, and
malaise.” Late diagnosis can result in general multiple organ
failure and epidural abscesses.'® On average, the diagnostic
delay from onset of symptoms to diagnosis is approximately
2 to 6 months.'! Management of VO is either medical treatment
alone (conservative treatment) or a combination of medical
treatment and surgery. To date, conservative treatment remains
as first-line treatment of VO.? The indication for surgery is not
entirely evidence based."!

The empirical indications for surgery are mechanical
instability, abscess formation, compression of spinal cord or
cauda equina, progressive neurologic compromise, intolerable
pain, or failed nonsurgical therapy. Surgical intervention is
followed by antibiotic treatment equivalent to conservative
therapy.'*!?

Surgery for VO is often major surgery. It is questionable if
these rather frail elderly patients will fare better with surgical
intervention especially as the candidates for surgery are those
with the most advanced disease—bearing in mind that the mor-
tality is high for VO.

The present study is a retrospective case cohort study from a
single center, Aalborg University Hospital, Denmark. The aim
of the study was to evaluate the mortality outcome of surgical
treatment of VO at our institution compared with patients
treated conservatively. Second, to evaluate factors influencing
the mortality of patient with VO by predictive modeling.

Materials and Methods

All patients with a diagnosis of VO in Region North Denmark
(population 580000), from the first of January 2004 until the
first of January 2014 and treated at Aalborg University Hospi-
tal, were included in the study. The unique 10-digit personal
identification number assigned to all Danish citizens at birth
was used to avoid multiple registration and to track individuals
over time. The Danish National Registry of Patients was
searched using the aforementioned criteria and the following
ICD-10 (International Classification of Diseases, 10th Revi-
sion) diagnosis codes: DM462, DM463A, DM464, DM465A,
DM490, DM491, DM492, DM493. A retrospective review of
the electronic patient record (Clinical Suite version 18.0.4.0)
for each patient was performed. The diagnosis was confirmed
by a combination of the clinical history, C-reactive protein
(CRP) elevation, MRI findings, histological findings, or posi-
tive tissue cultures. Tissue diagnostics was performed in all the
surgically treated cases and in the conservatively treated cases
except in cases where blood cultures were positive. The time of
death was retrieved form the Danish Register of Causes of
Death for those who died during the follow-up period.

Total number with a diagnosis of vertebral osteomyelitis, n = 159 |

L1
I Less than 18 years old, n=9 |

;
| Lacking essential data (CRP, MRI),n =4 |
|

No follow up, n =6

A ]
| Doubttul diagnosis (CRP normal, MRI or PET-CT inconclusive), n = 15 |

L
[ Total eligible for the study, n = 125 |

Figure |. Flowchart for the 125 patients eligible for the study.

Exclusion criteria were unconfirmed VO diagnosis, incom-
plete data, or treatment not following standardized guidelines,
age less than 18 years, patients with relapse, VO after lumbar
spine surgery and a missing or normal CRP level at time of
diagnosis (<10 mg/L). The chosen censoring date was March
9,2017.

The study was approved by the local institutional review
board and by the Danish Data Protection Agency. According
to Danish law, no approval by the Medical Ethics Committee is
required for observational studies.

The aforementioned search resulted in a cohort of 159
patients, and 125 patients fulfilled the inclusion criteria (Figure
1). The indications for surgery was mechanical instability, epi-
dural abscess formation, paravertebral abscess not suitable for
ultrasound guided drainage, neurologic deficit, compression of
spinal cord or cauda equina, intolerable pain, or failed nonsur-
gical therapy. Standard surgical treatment consisted of debride-
ment followed by pulsatile lavage with 1 to 3 L of isotonic
saline, circumferential fusion with posterior instrumentation,
bone grafting (posterolateral and interbody), and locally
instilled antibiotics. IV antibiotics followed surgery for 10 to
14 days and oral antibiotics followed IV antibiotics for a dura-
tion of 10 weeks—all in all 3 months of antibiotic therapy.

Standard conservative therapy consisted of IV antibiotics
for 10 to 14 days and oral antibiotics for a duration of 10 weeks
(also for a total 3 months of antibiotic therapy). A lumbar or
thoracolumbar orthosis was used as part of the pain treatment in
most cases.

All patients were followed for at least 2 years from the date
of diagnosis or until death. No patients were lost to follow-up.

Nineteen variables were registered from the electronic
patient record for the 125 patients (Table 1). The data set was
complete in all cases. All 19 variables were dichotomized. Age
was dichotomized with cut point of 60 years. Charlson Comor-
bidity Index (CCI)™ with cut point 1 (at the most 1 comorbid-
ity). Frankel grade'® with cut point grade E (normal
neurology). Karnofsky score'® with cut point 80 (able to work).
CRP level was dichotomized with cut point 30 mg/L 14 days
after treatment start.
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Table 1. Variables, Coding, and Distribution According to Treatment.

Variable Name and Coding Conservative (0), n (%) Surgery (1), n (%) Total, n (%) P
Male (0) 36 (72) 53 (71) 89 (71) |
Female (1) 14 (28) 22 (29) 36 (29)

Age >60 years (1) 37 (74) 55 (73) 92 (74) |
Age <60 years (0) 13 (26) 20 (27) 33 (26)

Diabetes (1) 6(12) 17 (23) 23 (18) 2
No diabetes (0) 44 (88) 58 (77) 102 (87)
Cardiovascular disease (1) 16 (32) 25 (33) 41 (33) |
No cardiovascular disease (0) 34 (68) 50 (67) 84 (67)

Lung disease (1) 5(10) 6 (8) )] .95
No lung disease (0) 45 (90) 69 (92) 114 (91)

Cancer (1) 6(12) 12 (16) 18 (14) 72
No cancer (1) 44 (88) 63 (84) 107 (86)

Renal disease (1) 3 (6) 709) 10 (8) 74
No renal disease (0) 47 (94) 68 (91) 115 (92)
Intravenous drug abuser (I) 0 (0) 8 (1) 8 (6) .04
Not an intravenous drug abuser (0) 50 (100) 67 (89) 117 (94)

Alcoholic (1) 9(18) 1 (15) 20 (16) .8
Not an alcoholic (0) 41 (82) 64 (85) 105 (84)

Charlson Comorbidity Index > | (1) 23 (46) 45 (60) 57 (46) .18
Charlson Comorbidity Index < | (0) 27 (54) 30 (40) 68 (54)

Frankel grade not E (I) 19 (38) 33 (44) 52 (42) .63
Frankel grade E (0) 31 (62) 42 (56) 73 (59)
Karnofsky score <80 (1) 24 (48) 32 (43) 56 (45) .68
Karnofsky score >80 (0) 26 (52) 43 (57) 69 (55)
Endocarditis (1) 8 (16) 10 (13) 18 (14) .88
No endocarditis (0) 42 (84) 65 (87) 107 (86)
Paravertebral or epidural abscess (1) 13 (26) 48 (64) 61 (49) .00007
No abscess (0) 37 (74) 27 (36) 64 (51)

Vertebral body destruction (1) 2 (4) I (15) 13 (10) 11
No vertebral body destruction (0) 48 (96) 64 (85) 112 (90)

Thoracic spine infection (1) 13 (26) 22 (29) 35 (28) .84
Not thoracic spine infection (0) 37 (74) 53 (71) 90 (72)
Staphylococcus aureus (1) 17 (34) 24 (32) 41 (33) .97
No Staphylococcus aureus (0) 33 (66) 51 (68) 84 (67)
C-reactive protein <30 mg/L 14 days after treatment start (0) 32 (64) 28 (37) 60 (48) .006
C-reactive protein >30 mg/L 14 days after treatment start () 18 (36) 47 (63) 65 (52)

The continuous variables are presented as mean and standard
deviations (SD) and dichotomous parameters as frequencies and
percentages. Continuous variables were compared using the
unpaired Student’s 7 test. The chi-square test was used to assess
differences in the dichotomous variables (P < .05).

The statistical methods included univariate cox regression
(likelihood ratio test) for all variables. Multicollinearity was
investigated using the variance inflation factor (VIF; a value
>4 was considered index of multicollinearity).

Because of the sparse data (large number of candidate pre-
dictors and few events) a multivariate L1 (least absolute shrink-
age and selection operator—-LASSO) penalized Cox regression
model was used to build a predictive model for 2-year survival
after diagnosis of vertebral osteomyelitis. We chose 2 years as
censoring date because this is an agreed-upon follow-up time in
clinical research.'” The LASSO model automatically performs
variable selection by shrinking the variables not related to out-
come to zero. The LASSO method is also able to handle col-
linearity issues. The shrinkage penalty is weighted based on a

tuning parameter A. The optimal A value was determined using
10-fold internal cross validation. Predicted survival profiles for
specific patients were constructed from the LASSO model to
illustrate the model’s functionality. The model performance
was evaluated with the area under the curve (AUC) at different
time points.

The statistical analyses were all conducted with R statisti-
cal software version 3.3.3 (R Foundation for Statistical Com-
puting, Vienna, Austria) and the packages “survival,”
“penalized,”'” and “hdnom.”

Results

The characteristics of the 125 patients according to the type of
treatment are presented in Table 1. For the variables IV drug
abuse, abscess formation, and CRP normalization there was a
significantly higher proportion of patients treated surgically
(chi-square test). The coding of the variables is given in par-
entheses in Table 1. This coding was used in all subsequent
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Table 2. Conventional Univariate Cox Regression Analysis.
100% = Hazard
Variable Ratio 95% ClI P
Sex 1.31 0.53-3.26 .56
Age 2.28 0.67-7.73 .14
Treatment 1.73 0.67-4.46 24
Diabetes 1.93 0.75-496 .20
Cardiovascular disease 293 1.23-6.95 015
Lung disease 0.5 0.07-3.75 45
Cancer 1.45 0.49-4.32 .52
> 9% Renal disease 3.19 1.07-9.48 .07
5 Intravenous drug abuse 0.71 0.10-529 .72
] Alcoholic 1.34 0.45-3.99 .6l
= Charlson Comorbidity Index 3.98 1.34-11.85 .005
§ Frankel grade |.64 0.70-3.86 .26
w Karnofski score 1.79 0.75-4.24 19
Endocarditis I 0.29-3.40 .99
Paravertebral or epidural abscess 0.93 0.39-2.18 .86
Vertebral body destruction 147 043499 55
s Thoracic spine infection 2.12 0.89-5.04 .09
Staphylococcus aureus 1.03 0.42-2.56 .94
C-reactive protein <30 mg/L 14 days 3.28 1.20-8.96 .0l

Time in days

Figure 2. Overall survival for the 125 patients. Blue area indicates
95% confidence limits.

survival analysis. A coding of zero and a positive regression
coefficient e.g. a coding of zero for CRP normalization <14
days signifies that patients with CRP normalized in less than or
equal to 14 days will have a lesser risk of dying in a 1- or 2-year
span. The mean age between the conservatively and surgically
treated patients did not differ significantly (67.24 and 67.25
years, P = .99). Age range was 38-92 years. First quartile 59
years. The bacterial etiology was unknown in 17 cases, caused
by Staphylococcus aureus in 41 cases, Staphylococcus epider-
mis in 3 cases, Streptococcus species in 14 (hemolytic strepto-
cocci in 6 cases), Escherichia coli in 12 cases, enterococci in 9
cases, and by diverse and rare bacteria in 29 cases. Seventeen
and 21 patients were dead after 1 and 2 years, respectively.
Kaplan-Meier estimate of 1- and 2-year survival was 0.86
(95% confidence interval [CI] 0.79-0.91) and 0.824 (95% CI
0.745-0.880), respectively. The survival curve for all 125
patients is presented in Figure 2. The results of the conven-
tional univariate Cox regression are shown in Table 2—like-
lihood ratio test. Only the P values for cardiovascular disease,
CCI, and CRP normalization were less than or equal to .05. The
95% ClIs of the Kaplan-Meier curves for the surgically treated
compared with the conservatively treated overlapped at any
time point (Figure 3). The VIF was less than 1.8 in all cases
indicating no evidence of multicollinearity in the model. The

after treatment start

cross-validated log partial likelihood for a range of values of
lambda (Figure 4). The value of lambda producing the opti-
mum goodness of fit was 2.49. The path of the coefficients for
a range of values of lambda is presented in Figure 5. The 5
nonzero coefficients for CCI, CRP normalization, cardiovas-
cular disease, thoracic spine infection, and Karnofsky score
(Table 3). A subset analysis on the surgically and conserva-
tively treated patients was undertaken but no nonzero vari-
ables were detected for these relatively small subgroups. The
magnitude of these parameter estimates is not intended to be
interpreted in terms of hazard ratios as the LASSO procedure
has shrunken them and neither is it possible to calculate the
confidence intervals for the penalized coefficients with cer-
tainty.'”'® However, the coefficients can be used to calculate
the predicted survival profile for specific patients (Figure 6)
using the “predict” function in the R package penalized.'® The
predictive model had an acceptable discriminatory ability.
The AUC was 0.77 at 6 months, 0.74 at 1 year, and 0.74 at
2 years (Figure 7).

Discussion

The principal finding of this retrospective cohort study stands
in contrast to the general belief that surgical intervention in
patients is directly associated with an increased mortality com-
pared with those treated conservatively.?’ The fact that the
mortality rate for those treated surgically does not differ sig-
nificantly from the other group, is surprising. Especially when
considering that the surgically managed patients had higher
CCI scores, namely, they were frailer. The surgically treated
also had more severe VO as most of them had epidural and/or
paravertebral abscess.
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Figure 3. Kaplan Meier curves comparing conservative treatment and
surgery. Vertical lines indicate 95% confidence intervals.
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Figure 5. Path of the standardized coefficient estimates over a range
of values of the LASSO constraint lambdal. The vertical gray line is the
optimal value of lambda, the same value as in Figure 4.

A major strength of this study lies in the fact that VO treat-
ment for an entire geographically defined population group
over a 10-year period has been described and evaluated. No
patients were lost to follow-up and our data set was complete.
All VO patients were treated at the same medical center
according to the same algorithm agreed upon by both the
Department of Infectious Diseases and the Department of
Orthopedic Surgery. Patient data was acquired directly from
the medical records and not from the national registers except
for the mortality data and initial data on diagnosis which both
rely on the unique 10-digit number every person of Danish
nationality receives at birth.

The number of events per variable almost equaled 1. How-
ever, the LASSO penalized Cox proportional hazards regres-
sion is the statistical method of choice under these
circumstances. Penalized regression helps avoiding overfitting
and allows for variable selection better than classical stepwise
regression.' "' If the predictors are severely correlated pena-
lized regression has a tendency to select at random—selecting
one at random from a group of highly correlated predictors.'®
The predictors in the current study were not highly corre-
lated—all with VIFs <1.8. We also believe that the predictors
were chosen based on well-founded clinical insight so that the
number of “noise predictors” were few or none. LASSO pena-
lized regression functions best when the number of noise
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Table 3. Nonzero Coefficients From the LASSO Penalized Cox
Proportional Hazard Regression.

Variable Coefficient
Charlson Comorbidity Index 0.55
C-reactive protein normalization 0.45
Cardiovascular disease 0.30
Thoracic spine infection 0.18
Karnofsky score 0.07

Predicted survival curves for patient 24 and 55
e |
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Time in days

Figure 6. Predicted survival profiles for patients 24 and 55.

predictors are few. We chose not to calculate standard errors
for the coefficients as these are not very meaningful for
strongly biased estimators such as the LASSO penalized
regression coefficients.'®

Even though the discriminatory ability of the predictive
model was acceptable with an AUC between 0.70 and 0.80 one
must expect the discriminatory ability to decrease when applied
to new patients or patients with VO from another medical
center. However, we believe that the selected variables make
sense. CCI has been shown to be a strong predictor of mortality
in other studies'?' and a CCI > 2 was associated with higher
mortality in a study by Loibl et al.?' The Karnofsky score is
well correlated to frailty but was only a weak predictor in this
study. A modified frailty score was associated with a 30-day
postoperative mortality in patients with tuberculous spondylo-
discitis.** Thoracic VO is an infection at the level of the spinal
cord which must be considered more severe than VO at the
level of the cauda equina (lumbar level). The findings by Appa-
lanaidu et al** corroborate our findings—thoracic and thoraco-
lumbar infection indicated more severe disease. CRP
normalization will be delayed after surgery due to the surgical
trauma. But the decrease to a CRP level less than 30 mg/L also
depends on the CRP level at treatment start. Loibl et al*' has
shown that a CRP > 100 mg/L at admission is associated with

0.85

0.804

Area under ROC

0.704

0.659

182.50 273.75 365.00 456.25 547.50 638.75 730.00

Time

Figure 7. Time-dependent AUC (area under the receiver operating
characteristic [ROC] curve) for the LASSO model. Solid line indicates
mean of the AUC and dashed line indicates the median of the AUC.
Darker interval indicates 25% and 75% quantiles of AUC. Lighter
interval indicate minimum and maximum of AUC.

an increased mortality in VO and our data somehow corrobo-
rates their findings as we did find that a normalization of CRP
in less than or equal to 14 days was associated with decreased
mortality (remember the coding in Table 1—zero coding indi-
cating normalization in <14 days). The initial CRP was not
recorded precisely at the start of treatment in all cases, thus it
was not possible to use this in the statistical analysis as a
complete data set is required. The requirement for a full data
set implicates that some other predictors might have been
omitted in the statistical analysis but nevertheless, we consider
the 19 variables important and relevant in this context.

There is in fact a risk that given a higher number of patients
we might have found a significant difference in mortality
between the 2 treatments, and the nonsignificant finding of
mortality difference could be a result of a type 2 error. How-
ever, even if there was to be a significant difference in mortal-
ity between the treatment groups, it would still be small, and
the results of our study would still be in favor of treating more
severe cases of VO with surgery even with some increase in
mortality. Besides helping reduce mortality for the severely ill,
other benefits of surgery are higher post-VO functional level
and less pain.” Delaying a necessary surgical intervention is
associated with an increased mortality and morbidity.**
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As has been stated in the introduction, different treatment
algorithms and approaches for the management of VO exist.”
Most studies have looked at the effect of medical or surgical
treatment and only a few studies have dealt with the direct
comparison of mortality between surgery and medical treatment,
most likely owing to the fact that the 2 groups are not easily
comparable without turning to relatively sophisticated statistical
methods. Surgery is usually the secondary choice of treatment
and reserved to patients with more severe symptoms or for those
not responding to conservative medical treatment alone.

In the present study, vertebral body destruction was not seen
significantly more often for the surgically treated patients
although there was a strong tendency (P = .11). MRI is prob-
ably less effective in judging the extent of destruction and in
the authors’ opinion the clinical signs are more important—the
presence of excruciating pain when shifting position especially
when shifting from lying down to standing and vice versa is a
more pathognomonic sign for significant bony destruction.

The incidence of VO in this study of 2.74/100 000 is com-
parable to data from the literature, which is 2.2/100 000 to 5.8/
100000.**°

A comparison of mortality rates between the current study
and earlier studies is fraught with difficulties. The age distri-
bution will differ as some studies include children with zero
mortality. Many studies do not even report the 1- and 2-year
mortality rates of the population in question.

Mortality from VO at different time has been described with
some discrepancy ranging from 11% to 20% at 1 year.>”*°
Kehrer et al® reported a 1-year mortality of 20%, which seems
high when compared with our study and literature in general.
The characteristics of their study group was similar to ours,
though, lower CCI and comorbidities were reported compared
with our group. Brummerstedt et al?” reported a 1-year mortal-
ity of 18%. Our 1-year mortality rate corresponds very well to
the 1-year mortality in a large randomized controlled French
trial comparing 6 and 12 weeks of antibiotic treatment in
patients with VO (13%).%® The 2 studies mentioned above
included only patients treated conservatively and one cannot
help wondering if surgical intervention with the well-
established indications and agreed upon by the involved depart-
ments might have resulted in a decreased mortality rate.

We had no patients with VO caused by methicillin-resistant
Staphylococcus aureus (MRSA) so we were not able to con-
clude anything regarding the influence of drug resistance on
mortality or that VO caused by Staphylococcus aureus were
more severe than any other causative organism. This is possibly
aresult of a very efficient tracking and eradication program for
MRSA in our region. Likewise, endocarditis was not a factor in
the predictive model. All patients with VO undergo both trans-
thoracic and transesophageal echocardiography at our institu-
tion—1 out of 7 had endocarditis. Prompt diagnosis and
treatment is probably the key word. Neurological deficits mea-
sured with the Frankel score did not find a place in the pre-
dictive model. However, some correlations existed between the
Frankel score and the Karnofsky score. The Frankel score is a
crude measure of neurological deficits with no grading of

muscle strength and does not register sphincter functions. Dia-
betes was not a significant factor influencing mortality in this
study though this has been associated with increased mortality
in other studies.?” No doubt the CCI functions as a container for
the different comorbidities, for example, diabetes, chronic
obstructive lung disease, and so on.

Figure 5 can be explained by the individual characteristics
of the specific patient.'” Patient 55 was a 70-year-old woman
who died 523 days after the time of diagnosis. She had cardi-
ovascular disease as well as kidney disease (CCI coded as 1).
She had thoracic infection. Karnofsky was coded as zero. CRP
was normalized 8 days after the start of treatment (0). In con-
trast, patient 24, a woman of 51 years, had no risk factors and
was alive 4634 days after the diagnosis. Patient 55 was treated
without surgery and patient 24 with surgery.

Can the current study give precise indications for the choice
between surgical or conservative treatment based on the 19
independent variables? This choice depends not only the mor-
tality but also on the quality of life after the different interven-
tions.>** What this study indicates is that there is no reason for
hesitation (late normalization of CRP was associated with
increased mortality) in using the aforementioned indications
for surgery even if the patient in question has some or even
considerable comorbidities.

Conclusion

Patients undergoing surgical management for VO according to
standardized and agreed-upon guidelines had no higher mor-
tality than those allocated to conservative treatment even
though the surgically treated patients had more comorbidities
and more severe disease. A LASSO penalized Cox regression
analysis found 5 nonzero coefficients; CCI, CRP normaliza-
tion, cardiovascular disease, thoracic infection and Karnofsky
score, which were associated with an increased mortality. The
predictive model can be used to predict survival profiles for
patients on an individual level with an acceptable certainty as
the AUC for the predictive model in this study was between
0.74 and 0.77.

Acknowledgments

We acknowledge Torben Tvedebrink, associate professor at Depart-
ment of Mathematical Sciences, University of Aalborg, Denmark, for
the assistance with statistical analyses.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding

The author(s) received no financial support for the research, author-
ship, and/or publication of this article.

ORCID iD

Peter Heide Pedersen, MD (2 https://orcid.org/0000-0001-8475-9687


https://orcid.org/0000-0001-8475-9687
https://orcid.org/0000-0001-8475-9687
https://orcid.org/0000-0001-8475-9687

Zadran et al

463

References

1.

11.

12.

13.

14.

Aagaard T, Roed C, Dahl B, Obel N. Long-term prognosis and
causes of death after spondylodiscitis: a Danish nationwide cohort
study. Infect Dis (Lond). 2016;48:201-208. doi:10.3109/
23744235.2015.1103897

. Taylor DG, Buchholz AL, Sure DR, et al. Presentation and out-

comes after medical and surgical treatment versus medical treat-
ment alone of spontaneous infectious spondylodiscitis: a
systematic literature review and meta-analysis. Global Spine J.
2018;8(4 suppl):49S-588S. doi:10.1177/2192568218799058

. Kehrer M, Pedersen C, Jensen TG, Hallas J, Lassen AT. Increased

short- and long-term mortality among patients with infectious
spondylodiscitis compared with a reference population. Spine J.
2015;15:1233-1240. doi:10.1016/j.spinee.2015.02.021

. Kehrer M, Pedersen C, Jensen TG, Lassen AT. Increasing inci-

dence of pyogenic spondylodiscitis: a 14-year population-based
study. J Infect. 2014;68:313-320. doi:10.1016/j.jinf.2013.11.011

. Bhavan KP, Marschall J, Olsen MA, Fraser VJ, Wright NM,

Warren DK. The epidemiology of hematogenous vertebral osteo-
myelitis: a cohort study in a tertiary care hospital. BMC Infect Dis.
2010;10:158. doi:10.1186/1471-2334-10-158

. Akiyama T, Chikuda H, Yasunaga H, Horiguchi H, Fushimi K,

Saita K. Incidence and risk factors for mortality of vertebral
osteomyelitis: a retrospective analysis using the Japanese diagno-
sis procedure combination database. BMJ Open. 2013;3:¢002412.
doi:10.1136/bmjopen-2012-002412

. Aagaard T, Roed C, Dragsted C, Skinhgj P. Microbiological and

therapeutic challenges in infectious spondylodiscitis: a cohort
study of 100 cases, 2006-2011. Scand J Infect Dis. 2013;45:
417-424. doi:10.3109/00365548.2012.753160

. Cottle L, Riordan T. Infectious spondylodiscitis. J Infect. 2008;

56:401-412. doi:10.1016/j.jinf.2008.02.005

. Karadimas EJ, Bunger C, Lindblad BE, et al. Spondylodiscitis. A

retrospective study of 163 patients. Acta Orthop. 2008;79:
650-659. doi:10.1080/17453670810016678

. Hadjipavlou AG, Mader JT, Necessary JT, Muffoletto AJ. Hema-

togenous pyogenic spinal infections and their surgical manage-
ment. Spine (Phila Pa 1976). 2000;25:1668-1679. doi:10.1097/
00007632-200007010-00010

Schoénland SO, Bochter T, Kristen AV, Hegenbart U, Ho AD.
Aktuelle diagnostik und therapie der leichtkettenamyloidose.
Pathologe. 2009;30:205-211. doi:10.3238/arztebl.2008.0181
O’Daly BJ, Morris SF, O’Rourke SK. Long-term functional out-
come in pyogenic spinal infection. Spine (Phila Pa 1976). 2008;
33:E246-E253. doi:10.1097/BRS.0b013e31816b8872

Nickerson EK, Sinha R. Vertebral osteomyelitis in adults: an
update. Br Med Bull. 2016;117:121-138. do0i:10.1093/bmb/
1dw003

Charlson ME, Pompei P, Ales KL, MacKenzie CR. A new method
of classifying prognostic comorbidity in longitudinal studies.
J Chronic Dis. 1987;40:373-383.

. Frankel HL, Hancock DO, Hyslop G, et al. The value of postural

reduction in the initial management of closed injuries of the spine
with paraplegia and tetraplegia Part 1. Paraplegia. 1969;7:
179-192. doi:10.1038/sc.1969.30

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Karnofskfy DA, Burchenal JH. The clinical evaluation of che-
motherapeutic agents in cancer. In: Macleod CM, ed. Evaluation
of Chemotherapeutic Agents. New York, NY: Columbia Univer-
sity Press; 1948:191-205.

Goeman JJ. L1 penalized estimation in the Cox proportional
hazards model. Biom J. 2010;52:70-84. do0i:10.1002/bimj.
200900028

. Pavlou M, Ambler G, Seaman S, De iorio M, Omar RZ. Review

and evaluation of penalised regression methods for risk prediction
in low-dimensional data with few events. Stat Med. 2016;35:
1159-1177. doi:10.1002/sim.6782

Moore DF. The Lasso method for selecting predictive biomarkers.
In: Gentleman R, Hornik K, Parmigiani G, eds. Applied Survival
Analysis Using R. Cham, Switzerland: Springer International Pub-
lishing; 2016:192-201.

Valancius K, Hansen ES, Hoy K, Helmig P, Niedermann B, Biin-
ger C. Failure modes in conservative and surgical management of
infectious spondylodiscitis. Eur Spine J. 2013;22:1837-1844. doi:
10.1007/500586-012-2614-3

Loibl M, Stoyanov L, Doenitz C, et al. Outcome-related co-
factors in 105 cases of vertebral osteomyelitis in a tertiary care
hospital. Infection. 2014;42:503-510. doi:10.1007/s15010-013-
0582-0

Shah K, Kothari M, Nene A. Role of frailty scoring in the assess-
ment of perioperative mortality in surgical management of tuber-
culous spondylodiscitis in the elderly. Global Spine J. 2018;8:
698-702. doi:10.1177/2192568218764905

Appalanaidu N, Shafafy R, Gee C, et al. Predicting the need for
surgical intervention in patients with spondylodiscitis: the
Brighton Spondylodiscitis Score (BSDS). Eur Spine J. 2018;28:
751-761. doi:10.1007/s00586-018-5775-x

Segreto FA, Beyer GA, Grieco P, et al. Vertebral osteomyelitis: a
comparison of associated outcomes in early versus delayed surgi-
cal treatment. Int J Spine Surg. 2018;12:703-712.

Grammatico L, Baron S, Rusch E, et al. Epidemiology of verteb-
ral osteomyelitis (VO) in France: analysis of hospital-discharge
data 2002-2003. Epidemiol Infect. 2008;136:653-660. doi:10.
1017/S0950268807008850

McHenry MC, Easley KA, Locker GA. Vertebral osteomyelitis:
long-term outcome for 253 patients from 7 Cleveland-area hos-
pitals. Infect Dis Clin Pract. 2002;11:169-170. doi:10.1097/
00019048-200203000-00027

Brummerstedt M, Bangstrup M, Barfod TS. High mortality from
pyogenic vertebral osteomyelitis: a retrospective cohort study.
Spinal Cord Ser Cases. 2018;4:59. doi:10.1038/s41394-018-
0099-y

Bernard L, Dihn A, Ghout I, et al; Duration of Treatment for Spon-
dylodiscitis (DTS) study group. Antibiotic treatment for 6 weeks
versus 12 weeks in patients with pyogenic vertebral osteomyelitis.
an open-label non-inferiority, randomised, controlled trial. Lancet.
2015;385:875-882. doi:10.1016/s0140-6736(14)61233-2

Kokabu T, Takahata M, Ishiguro N, Iwasaki N. Long-term prog-
nosis of hematogenous vertebral osteomyelitis: Mortality, quality
of life, and pain. J Orthop Sci. 2017;22:822-827. doi:10.1016/j.
j0s.2017.05.017




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


