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ABSTRACT

Objective: A cornerstone in the management of Staphylococcus aureus bacteraemia
(SAB) is the differentiation between a complicated and an uncomplicated SAB course.
The ability to early and accurately identify patients with - and without - complicated
bacteraemia may optimize the utility of diagnostics and prevent unnecessary prolonged
antibiotic therapy.

Methods: Development and validation of a prediction score in SAB using demographic,
clinical, and laboratory data from 2 independent Dutch cohorts; estimating the risk
of complicated disease at the time of the first positive blood culture. Models were
developed using logistic regression and evaluated by c-statistics, i.e. area under the
ROC-curve, and negative predictive values (NPV).

Results: The development- and validation cohorts included 150 and 183 patients re-
spectively. The most optimal prediction model included: mean arterial pressure, signs
of metastatic infection on physical examination, leucocyte count, urea level, and time to
positivity of blood cultures (c-statistic 0.82, 95%CI 0.74-0.89). In the validation cohort,
the prediction score performed moderately accurate, (c-statistic 0.77, 95%CI 0.69-0.84).
The NPV for complicated disease for patients with a score of <2 was 0.83 (95%Cl 0.68-
0.92), with a negative likelihood ratio of 0.14 (95%Cl 0.06-0.31).

Conclusion: The early SAB risk score helps to identify patients with high probability of
uncomplicated SAB. However, the risk score lacked absolute discriminative power to
guide decisions on the management of all patients with SAB on its own. The heteroge-
nicity of the disease and inconsistency in definitions of complicated SAB are important
challenges in the development of clinical rules to guide the management of SAB.
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INTRODUCTION

Staphylococcus aureus is the second most common pathogen identified as the cause of
bloodstream infection (BSI)." The complications of Staphylococcus aureus bacteraemia
(SAB), such as endocarditis and metastatic infection are associated with severe morbid-
ity and high mortality rates.™”

The identification of patients with complicated SAB at an early stage is notoriously dif-
ficult, but has important implications.® For complicated SAB, consensus guidelines rec-
ommend higher dosages of antibiotics and prolonged duration of intravenous therapy.*
Moreover, in this setting infectious complications often need specific additional treat-
ment, e.g. surgical drainage of skin and soft tissue abscesses or valve replacement in
case of endocarditis. Patients with unrecognised complications of SAB may have higher
relapse rates and an increased morbidity and mortality risk.**

However, misclassification of uncomplicated bacteraemia as complicated bacteraemia
may result in unnecessary diagnostic procedures, overconsumption of antibiotics and
increased treatment related side effects.®” Current recommendations for the duration
of antibiotic therapy in SAB are based on low quality scientific evidence. Guidelines
recommend prolonged therapy (4 to 6 weeks) in case of implanted prostheses; positive
follow up blood cultures; persisting fever and evidence of infective endocarditis (IE) or
metastatic sites.® It is the identification of IE and metastatic infection that is challenging
in clinical practice. An echocardiogram is recommended in all patients, but adherence
to this guideline is limited and the sensitivity of transthoracic echocardiography for en-
docarditis is low.”'° The likelihood of metastatic sites is traditionally assessed based on
clinical and laboratory clues.'' By these alone, asymptomatic metastatic infection may
be difficult to detect. Positron emission tomography (PET) scan is valuable for the detec-
tion of metastatic foci, that were not detected by clinical examination.”** However, as
SAB is very common, performing a PET in all patients with SAB is time- and resource
consuming.®

An efficient SAB-risk score to timely stratify the risk of complicated disease would there-
fore be of great additional value to efficiently direct additional testing. In this study, we
report the development and validation of an early clinical risk score for complicated
disease and illustrate the challenges of risk scores in SAB.
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METHODS

Setting and study population of the development cohort

In the retrospective development cohort all consecutive adult patients (age = 18 years)
presenting at the Leiden University Medical Center (LUMC), the Netherlands, with SAB
between January 2013 and December 2015 were eligible for inclusion. SAB was defined
by =1 blood culture positive for S. aureus. Patients were excluded if: 1) S. aureus was
detected simultaneously with other pathogens or with contaminants (polymicrobial
culture), 2) The patient died within 24 hours after blood culture collection. In patients
with multiple episodes of SAB only the first episode was included.

Study Definitions

Uncomplicated SAB was defined as an episode of bacteraemia with =1 blood culture
with Staphylococcus aureus, without evidence of endocarditis/metastatic infection and
without positive cultures after 48 hours of adequate therapy and that was treated for a
maximum of two weeks and no relapse occurred and the patient survived > 72 hours
after presentation.

Adequate therapy was defined as treatment with a least one effective antimicrobial
agent, based on in vitro sensitivity testing of the microorganism detected in the blood
culture. Relapse was defined as a positive culture of S. aureus from any sterile body
site within 3 months after sterilisation of blood cultures. All cases that did not meet
the criteria for uncomplicated SAB were considered complicated SAB. Confirmed
complicated SAB was defined as S. aureus bacteraemia with endovascular infection (i.e.
endocarditis), and/or other metastatic foci and/or positive blood cultures after 48 hours
of adequate antimicrobial therapy. Infective endocarditis (IE) was defined by modified
Duke’s criteria. " Metastatic infection was defined as a radiographical examination
and/or culture concordant with vertebral osteomyelitis, epidural abscess, deep tissue
abscess (e.g. psoas-) septic pulmonary or cerebral emboli, arthritis or meningitis.

Data collection

In the study centre, all patients with SAB are evaluated by the infectious diseases team
through bedside consultation and findings are reported in the electronic patient files.
The clinical data were collected through review of the electronic medical charts by two
reviewers separately. The following data were obtained: demographic characteristics,
medical history, antibiotic therapy at the time of presentation, duration and type of
symptoms, clinical parameters, endocarditis stigmata and signs of metastatic infection
on physical examination, laboratory test results, radiography results and outcome pa-
rameters: duration of hospital admission, relapse, admission to the intensive care unit,
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30 day mortality. In addition, time to positivity of blood cultures (TTP) was collected as
previous studies indicated TTP to be prognostic of hematogenous spread in SAB.> %"

Time to positivity was defined as the time between venepuncture and the positive alert
signal of the blood culture monitoring system. If multiple blood cultures were obtained
within a time frame of two hours , the shortest TTP was included in the analysis. Blood
samples were inoculated in both anaerobic and aerobic bottles and incubated in the
BACTEC FX continuous monitoring system (Becton Dickinson B.V., Breda, The Nether-
lands). The time of blood culture sampling was automatically recorded. All samples were
placed in the BACTEC, within one hour after arrival at the microbiology department.

Setting and study population of the validation cohort

In the validation cohort, patients with SAB were included in three Dutch hospitals. Pa-
tients were included consecutively between Jan 1* 2016 and August 1* 2017. For each
of these patients the demographic variables, the variables needed for calculation of
the risk score and outcome variables were collected through review of the electronic
patient files. Definitions of (un)complicated SAB were identical for the development and
validation cohort.

Statistical analyses

Descriptive statistics were performed in both the developmental and validation cohort.
Data are presented as rates (percentages) for categorical variables and as medians
(interquartile range/IQR) for continuous variables.

Risk score development

In the developmental cohort, patients with complicated SAB were compared with
patients with uncomplicated SAB using Student’s t-test and Mann Whitney-test for
continuous variables and Fisher’s exact test for nominal variables. A logistic regression
model was applied with complicated SAB as the dependent (outcome) variable. All
possible clinical and laboratory variables with P<0.2 in the univariate analysis were in-
cluded in the multivariable regression analysis. Continuous variables were categorized
if the model’s predictive value was not negatively affected by categorization. Points
for individual predictors were based on the co-efficient from the multivariable model
rounded to the nearest .5 or .0. The values of the independent predictive values were
summed, resulting in the early SAB risk score. These SAB risk-scores were compared to
the observed proportion of patients with complicated SAB. The negative and positive
predictive value of the SAB-risk score was calculated for several cut-offs. A clinically
applicable cut-off was selected based on the negative predictive value (NPV), as the
primary goal of the risk score is to exclude complicated SAB. The area under the receiver
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operating characteristic (c-statistic, AUC-ROC) curve was reported as a measure of the
discriminative value of the model.

Risk score validation

The performance of the model was tested in an independent validation cohort and the
c-statistic was determined. The NPV and negative likelihood ratio (NLR) of the SAB-risk
score for complicated SAB were reported. The NLR is defined as the probability that a
patient with complicated SAB has a low SAB-risk score (false negative) divided by the
probability that a person with uncomplicated SAB tested has a low SAB-risk score (true
negative). The NLR represents how the probability of complicated disease shifts when
the SAB risk score is low.

Missing data in the variables of the risk score were imputed in the validation cohort, us-
ing multiple imputation. All analyses were performed with SPSS (IBM statistics, version
25) software for Windows.

Ethical approval

Ethical approval was granted by Leiden University Medical Center institutional ethical
review committee, the Haga Teaching Hospital and the Alrijne hospital.

RESULTS

A total of 150 patients were included in the development cohort. The patient character-
istics are summarised in Table 1. Borderline oxacillin resistant S. aureus and methicillin-
resistant S. aureus (MRSA) were both isolated in one episode. In 58 (38.7%) patients com-
plicated bacteraemia was confirmed. Endovascular infection (endocarditis, or infected
thrombi) and metastatic infection were diagnosed in 12 (8.0%) and 22 (14.7%) patients
respectively. In 23 (15.3%) patients, complicated bacteraemia was not confirmed by
diagnostics, but the patient was treated for complicated disease, with prolonged intra-
venous therapy. In the development cohort, 69 (46.0%) patients fulfilled the definition
for uncomplicated SAB. Missing data fields were <2%.

Derivation of the early SAB risk-score

The univariate analyses for complicated bacteraemia in the development cohort are
shown in the Supplementary files. Community acquired infection was associated with
complicated SAB (OR 4.6, 95%CI 2.2-9.2, p<0.01). Urea levels (p < 0.01) and leukocyte
count (p < 0.01) were associated with complicated SAB. A TTP below 16 hr was associ-
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ated with complicated disease (OR 3.3, 95% CI 1.6-6.9, p<0.01). Sensitivity, specificity
and predictive values for different TTP cut-offs are shown in the Supplementary files.

Table 1. Characteristics of the developmental (n=150) and validation cohort (n=183).

Development cohort Validation cohort
N=150 N=183
Male sex 108 (72) 113 (61.4)
Age 62 (51.0-75.3) 71 (61-81)
Comorbidities
Neutropenia 5(3.3) 8(4.4)
Organ transplantation 14 (9.3) 6(3.3)
Diabetes 35(23.3) 52 (28.3)
Receiving dialysis 7(4.7) 7(3.8)
Intravascular catheter 33(22.0) 19(3.3)
Location
Emergency department or out-patient clinic 93 (62.0) 137 (75.3)
General ward 57 (38) 42(22.8)
Intensive care department 11(7.3) 4(2.2)
Clinical parameters
Mean arterial pressure 88.5(79.6-100.0) 90 (78-102)
Newly diagnosed hearth murmur 14 (9.3) 27 (14.8)

Time to positivity (hours)
Diagnosis

Uncomplicated SAB

Complicated SAB

Confirmed complicated SAB
Endocarditis

Metastatic disease

Persistent positive blood cultures
Outcome

Intensive care admission

30-day mortality

18.1 (14.8-22.6)

69 (46.0)
81 (54.0)
58 (38.7)
8(5.3)

22 (14.7)
39 (26.0)

36 (24.0)
31(20.7)

16.3 (13.5-16.3)

73(39.9)

110 (60.1)
80 (43.7)
28 (15.2)
53(28.8)
45 (24.5)

30 (16.3)
35 (19.1)

Legend: Values are numbers (%) for continuous variables and median + IQR for continuous variables. Uncomplicated SAB
was defined as an episode of bacteraemia with =1 blood culture with Staphylococcus aureus, without evidence of endo-
carditis/metastatic infection and without positive cultures after 48 hours of adequate therapy and that was treated for a
maximum of two weeks and no relapse occurred and the patient survived > 72 hours after presentation. All cases that did
not meet the criteria for uncomplicated SAB were considered complicated SAB* Newly diagnosed diastolic hearth murmur,
endocarditis stigmata and/or signs of metastatic infection on physical examination. TTP = time to positivity.

In the multivariable logistic regression analyses, independent predictive variables for

complicated diseases were mean arterial pressure, signs of metastatic infection on

physical examination, neutropenia, urea level, leukocyte count and time to positivity (p<
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0.01). For the resulting model (Table 2), the fraction of explained variation (Nagelkerke
R?) was 0.39. The range of the constructed prediction score was 0 to 9, with a higher
score indicating a higher probability of complicated SAB (Table 2). When using a cut-off
of 2 points, the negative predictive value was 91.9% (78.5-97.2). The discriminative abil-
ity, c-statistic was 0.82 (95%CI 0.74-0.89).

Table 2. Independent predictive variables for development of complicated S. aureus bacteraemia and
attributed points in the prediction score.

Variable B OR (95%(Cl) p-value Points*
Clinical parameters

Signs of metastatic infectiont 1.4  4.2(1.6-10.9) <0.01 1.5
Mean arterial pressure <90 mmHg 1.1 29(1.3-6.8) 0.01 1
Laboratory parameters

Leucocyte count > 15 x 10°/L 1.2 3.2(1.3-7.7) 0.01 1
Neutropenia < 0.5 10°/L 3.1  20.4(1.4-307.4) 0.03 3

Urea > 13 mmol/L 1.2 3.3(1.4-7.8) 0.01 1

Time to positivity

0-16 hours 2.3 8.7(2.6-29.0) <0.01 2.5
16-24 hours 1.0 2.7(0.9-8.3) 0.09 1
>24 hours 0 - - 0

Legend: B =regression coefficients. OR = odds ratio; * Points were attributed based on the regression co-efficient. 1 ; signs
of metastatic infection’ was defined as: newly diagnosed diastolic hearth murmur, endocarditis stigmata and/or signs of
metastatic infection on physical examination.

Validation of the risk-score

In the validation cohort, 183 patients were included (Table 1), 73 (39.9%) patients
fulfilled the criteria for uncomplicated SAB. In 80 (43.5%) patients a complicated disease
was confirmed. Missing data were <2 %. The risk scores for patients with uncomplicated
SAB compared to the patients with complicated SAB (confirmed or unconfirmed) are
presented in Figure 1. In patients with uncomplicated disease the median prediction
score was 2.5 (IQR 1.5-3.5), for complicated disease 4 (IQR 3-5). The AUC-ROC value was
0.77 (95%Cl 0.69-0.84). The performance of the SAB-risk for different cut-off values is
presented in Table 3. The negative predictive value for the cut-off 2 was 0.83 (95%Cl
0.68-0.92), with a negative likelihood ratio of 0.14 (95%CI 0.06-0.31).
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Figure 1 Prediction scores for patients with S. aureus bacteraemia in the validation cohort.
"
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g

Prediction score

[l R
é

Uncomplicated disease Complicated disease

Legend. Uncomplicated SAB was defined as an episode of bacteraemia with =1 blood culture with Staphylococcus aureus,
without evidence of endocarditis/metastatic infection and without positive cultures after 48 hours of adequate therapy
and that was treated for a maximum of two weeks and no relapse occurred and the patient survived > 72 hours after
presentation. Complicated SAB: All cases that did not meet the criteria for uncomplicated SAB. The red line indicates the
2 points cut-off.

Table 3. Performance of the Staphylococcus aureus bacteraemia (SAB) risk-score-risk score, in the
validation cohort (n=183).

Score Uncomplicated disease = Complicated disease Endocarditis Metastatic infection
N (%) N (%) N (%) N (%)

0-2 29 (82.9) 6(17.1) 3(8.6) 2(5.7)

2.5-4.5 36 (35.0) 67 (65.0) 15 (12.3) 29 (28.2)

>5 8(17.8) 37(82.2) 10 (23.8) 22 (48.9)

Legend: Values are the number (%) of patients with a score in the corresponding range. Complicated SAB = evidence of
endocarditis/metastatic infection and/or with positive cultures after 48 hours of adequate and/or that was treated with
prolonged antibiotic therapy (>2 weeks), and/or relapse occurred and/or the patient diseased <72 hours after presenta-
tion. All other cases were considered uncomplicated. Endocarditis was defined by the modified Duke criteria. Metastatic
infection = radiographical examination and/or culture concordant with vertebral osteomyelitis, epidural abscess, deep
tissue abscess (e.g. psoas) septic pulmonary or cerebral emboli, arthritis or meningitis.

DISCUSSION

The SAB risk-score, developed and validated in this study, facilitates to discriminate
patients with low probability of complicated SAB from patients with high probability of
complicated SAB, using readily available parameters. However, the rule lacked negative
predictive power to accurately guide decisions on the management of patients with SAB
on its own. This is exemplified by the observation that with a low-score, the probability
of complicated disease was 17.1%, which is not acceptable, considering the morbidity
and mortality associated with unrecognised sequelae and relapse.
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A prognostic model for SAB should primarily aim to reliably exclude complicated
disease, with a high negative predictive power. However, prevalence of complicated
disease depends on the setting and patient population and negative predictive values
are prevalence dependant. Therefore, reported NPVs may not be applicable to other
settings. Unlike NPV, the negative likelihood ratio (NLR) does not vary with prevalence
and is a relevant marker in SAB risk scores.

Previous clinical risk scores

Multiple attempts have been made to assess the risk of complicated SAB in the past.
Table 4 provides an overview of prior published prediction rules in SAB. Most of these
prediction rules focus on infective endocarditis alone, discarding other foci of meta-
static infection that may be relevant for the management of the infection. Furthermore
these studies are limited by low rates of TEE and therefore lack a sensitive reference

Table 4. Clinical risk scores for complications in S. aureus bacteraemia.

Study N Endpoint NPV (95%Cl) (N;Eh an 5::::;:"
Joseph 2013 306 IE (TTE or TEE) 1.00(0.96-1.00)  0.00* No
Gow 2015 % 574  IE (Duke) 1.00(0.99-1.00)  0.00* No
Rasmussen 2011 * 244 IE 0.95(0.90-0.98)  0.19(0.09-0.41)  No
Palraj 2015 * 678  IE (Duke) 0.98 (0.95-0.99)  0.09 (0.04-0.20) No
Buitron de la Vega 2016 * 398  IE (Duke) 1.00(0.99-1.00) 0.00* No
s L 2(3); BILT) (1):82 Eg g: i 88; g:gg (002-059) ‘&
Kaasch criteria in Khatib *° 177 IE(TEE) 0.80(0.66-0.90)  0.72(0.40-1.28) -
Khatib 2013 *° 177  IE(TOE) 0.98 (0.86-1.00)  0.20(0.01-0.78)  No
Tubiana 2014 ° 2091 IE (Duke) 0.99 (0.98-0.99) - No
Heriot 2015 * 532 |E (TEE) 1.00 (0.86-1.00)  0.00* No
Showler 2015 ** 268  IE (Duke) 0.99 (0.95-1.00)  0.05(0.01-0.35)  No
Incani 2013 * 144 IE (Duke) 0.84(0.72-0.92)  0.51(0.30-0.88) No
Mélkdnen 2016 * 430  Metastatic infection  0.36 (0.30-0.44)  0.41(0.32-0.53) No
Gliddon 2015’ 259  Metastatic infection ~ 1.00 (-) 0.00* No
Lesens 2004 * 104  Metastatic infection ~ 0.83(0.73-0.90)  0.34(0.19-0.62) No
Fowler 2003 * 724  Complicated SAB 0.84 () - No
Lambregts (this study) 150  Complicated SAB 0.83(0.68-0.92) 0.14(0.06-0.31) Yes

Legend: The negative predictive value (NPV) and negative likelihood ratio (NLR) are provided in this table as they represent
the performance of the score in excluding complicated SAB/endocarditis. If a score performs well, the NPV will be high and
the NLR low. |E =infective endocarditis. TTE = transthoracic echocardiography. TEE = transesophageal echocardiography.
* Confidence interval calculations could not be performed because of zero events of endocarditis in the low-risk group.
** The criteria by Kaasch were applied to two separate cohorts. The risk score was later applied in the study by Khatib et
al " to a selected population of patients assessed with TEE. ***The retrospective cohort was randomly divided into a
developmental and validation cohort.
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standard for endocarditis.’® The rules that do focus on all aspects of complicated SAB
most often go unvalidated. The prediction score by Fowler et al. was derived from a
large, prospective cohort study, and proposed a comprehensive prognostic model of 4
clinical factors to estimate the likelihood of complications.? However, even with a score
of 0, approximately 16% of patients had complicated disease. This result is comparable
to the current study. The model by Fowler et al. was not validated externally.

Unfortunately, external validation in SAB risk scores has often been omitted. The impor-
tance of validation was illustrated with the disappointing performance of the Kaasch
criteria for endocarditis in a cohort of patient assessed with TEE." The diversity in
patient population, reflected in the differences in prevalence of complicated SAB in the

various studies stresses the need for external validation.**

Recognition of SAB in clinical practice

Despite the lack of solid validated risk scores, a recent study randomized patients to
algorithm based therapy versus standard of care.” Therapy failure among patients that
were treated for uncomplicated SAB using the algorithm was relatively high, 29.4%. High
rates of relapse and therapy change due to unsatisfactory clinical response, suggest that
these patients may have been misclassified using the algorithm.

Failure to identify patients with complicated SAB at an early timepoint may be explained
by the heterogeneity of disease associated with SAB. Both host and pathogen virulence
factors determine the clinical presentation as well as the course of the disease.*** It may
simply not be feasible to develop a comprehensive risk score with an acceptable nega-
tive predictive value for this clinical entity.

Another challenge in the development of clinical rules is the definition of complicated
SAB and the translation of this definition to observational studies.” In daily practice, a
relevant proportion of patients is treated with prolonged courses of antibiotic treatment
based on clinical clues, without additional tests to confirm complications.” This ‘grey
zone’ of patients who receive prolonged treatment without confirmed complications
impairs the development and validation of risk scores.

Strengths and limitations

In this study a broad definition of complicated SAB was applied, to limit misclassifica-
tion as uncomplicated bacteraemia. This may have negatively impacted NPV, as patients
may have been misclassified as complicated disease.
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A second limitation the study is that one of the predictors (neutropenia) was estimated
imprecisely, because of the low prevalence of neutropenia in the study cohort.

An innovative feature of the current study is the use of TTP as an important element
of the risk-score. TTP may vary between institutions and is dependent on hospital
logistics. Despite this limitation, use of TTP is biologically plausible and promising with
regard to the assessment of SAB. The association between TTP and metastatic infection
has been described previously and hence was confirmed in this study.”®

Summary and conclusions

Despite the high incidence of SAB globally, contemporary strategies for differentiating
uncomplicated and complicated bacteraemia in real life clinical practice, are based
upon low or moderate quality evidence. This study provides a validated risk score
for discriminating patients with low and high risk of complicated SAB. More studies,
incorporating both clinical and laboratory variables, with thorough work-up including
nuclear imaging to define the clinical end-point, are needed to optimize the clinical
rule, aiming at further improvement of the negative predictive power.>®



Staphylococcus aureus bacteraemia: a clinical risk score

REFERENCES

10.

11.

12.

13.

14.

15.

16.

Lam JC, Gregson DB, Robinson S, Somayaji R, Conly JM, Parkins MD. Epidemiology and Outcome
Determinants of Staphylococcus aureus Bacteraemia Revisited: A Population-Based Study. Infec-
tion. 2019; 47;961-971

Tom S, Galbraith JC, Valiquette L, Jacobsson G, Collignon P, Schonheyder HC, et al. Case fatality
ratio and mortality rate trends of community-onset Staphylococcus aureus bacteraemia. Clin
Microbiol Infect. 2014;20(10):0630-2.

Fowler VG, Jr., Olsen MK, Corey GR, Woods CW, Cabell CH, Reller LB, et al. Clinical identi-
fiers of complicated Staphylococcus aureus bacteraemia. Archives of internal medicine.
2003;163(17):2066-72.

Holland TL, Arnold C, Fowler VG, Jr. Clinical management of Staphylococcus aureus bacteraemia:
a review. JAMA. 2014;312(13):1330-41.

Ringberg H, Thoren A, Lilja B. Metastatic complications of Staphylococcus aureus septicemia. To
seek is to find. Infection. 2000;28(3):132-6.

Berrevoets MAH, Kouijzer IJE, Slieker K, Aarntzen E, Kullberg BJ, Oever JT, et al. (18)F-FDG PET/
CT-Guided Treatment Duration in Patients with High-Risk Staphylococcus Aureus Bacteraemia: A
Proof of Principle. J Nucl Med. 2019;60(7):998-1002.

Thwaites GE, Edgeworth JD, Gkrania-Klotsas E, Kirby A, Tilley R, Torok ME, et al. Clinical manage-
ment of Staphylococcus aureus bacteraemia. The Lancet Infectious diseases. 2011;11(3):208-22.
Liu C, Bayer A, Cosgrove SE, Daum RS, Fridkin SK, Gorwitz RJ, et al. Clinical practice guidelines by
the infectious diseases society of america for the treatment of methicillin-resistant Staphylococ-
cus aureus infections in adults and children: executive summary. Clinical infectious diseases : an
official publication of the Infectious Diseases Society of America. 2011;52(3):285-92.

Tubiana S, Duval X, Alla F, Selton-Suty C, Tattevin P, Delahaye F, et al. The VIRSTA score, a predic-
tion score to estimate risk of infective endocarditis and determine priority for echocardiography
in patients with Staphylococcus aureus bacteraemia. The Journal of infection. 2016;72(5):544-53.
Kaasch AJ, Michels G. Staphylococcus aureus Bloodstream Infection: When Is Transthoracic
Echocardiography Sufficient? JACC Cardiovasc Imaging. 2015;8(8):932-3.

Ariaans M, Roovers EA, Claassen MAA, Hassing RJ, Swanink CMA, Gisolf EH. Increased overall
survival after introduction of structured bedside consultation in Staphylococcus aureus bacter-
aemia. Eur J Clin Microbiol Infect Dis. 2018;37(6):1187-93.

Berrevoets MAH, Kouijzer IJE, Aarntzen E, Janssen MJR, De Geus-Oei LF, Wertheim HFL, et al.
(18)F-FDG PET/CT Optimizes Treatment in Staphylococcus Aureus Bacteraemia and Is Associated
with Reduced Mortality. J Nucl Med. 2017;58(9):1504-10.

Colombo J, Elzi L, Treglia G, Perren A. Light in the dark: (18)F-FDG PET/CT in Staphylococcus
aureus bacteraemia of unknown origin. Intensive Care Med. 2018;44(4):488-9.
Mendez-Echevarria A, Coronado-Poggio M, Baquero-Artigao F, Del Rosal T, Rodado-Marina S,
Calvo C, et al. Septic pulmonary emboli detected by (18)F-FDG PET/CT in children with S. aureus
catheter-related bacteraemia. Infection. 2017;45(5):691-6.

Li JS, Sexton DJ, Mick N, Nettles R, Fowler VG, Jr., Ryan T, et al. Proposed modifications to the
Duke criteria for the diagnosis of infective endocarditis. Clinical infectious diseases : an official
publication of the Infectious Diseases Society of America. 2000;30(4):633-8.

Simeon S, Le Moing V, Tubiana S, Duval X, Fournier D, Lavigne JP, et al. Time to blood culture
positivity: An independent predictor of infective endocarditis and mortality in patients with
Staphylococcus aureus bacteraemia. Clin Microbiol Infect. 2019;25(4):481-8.

73



74

Chapter 4

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Ning Y, Hu R, Yao G, Bo S. Time to positivity of blood culture and its prognostic value in blood-
stream infection. Eur J Clin Microbiol Infect Dis. 2016;35(4):619-24.

Heriot GS, Cheng AC, Tong SYC, Liew D. Clinical predictors and prediction rules to estimate initial
patient risk for infective endocarditis in Staphylococcus aureus bacteraemia: attention must be
paid to the reference standard. Clin Microbiol Infect. 2018;24(3):314-6.

Khatib R, Sharma M. Echocardiography is dispensable in uncomplicated Staphylococcus aureus
bacteraemia. Medicine (Baltimore). 2013;92(3):182-8.

Bai AD, Showler A, Burry L, Steinberg M, Tomlinson GA, Bell CM, et al. Clinical prediction rules in
Staphylococcus aureus bacteraemia demonstrate the usefulness of reporting likelihood ratios in
infectious diseases. Eur J Clin Microbiol Infect Dis. 2016;35(9):1393-8.

Bleeker SE, Moll HA, Steyerberg EW, Donders AR, Derksen-Lubsen G, Grobbee DE, et al. External
validationis necessary in prediction research: a clinical example. J Clin Epidemiol. 2003;56(9):826-
32.

Altman DG, Royston P. What do we mean by validating a prognostic model? Stat Med.
2000;19(4):453-73.

Holland TL, Raad I, Boucher HW, Anderson DJ, Cosgrove SE, Aycock PS, et al. Effect of Algorithm-
Based Therapy vs Usual Care on Clinical Success and Serious Adverse Events in Patients with
Staphylococcal Bacteraemia: A Randomized Clinical Trial. JAMA. 2018;320(12):1249-58.

Rahal JJ, Jr., Chan YK, Johnson G. Relationship of staphylococcal tolerance, teichoic acid
antibody, and serum bactericidal activity to therapeutic outcome in Staphylococcus aureus
bacteraemia. The American journal of medicine. 1986;81(1):43-52.

Holland TL, Chambers HF, Boucher HW, Corey GR, Coleman R, Castaneda-Ruiz B, et al.
Considerations for Clinical Trials of Staphylococcus aureus Bloodstream Infection in Adults.
Clinical infectious diseases : an official publication of the Infectious Diseases Society of America.
2019;68(5):865-72.

Lamy B. Blood culture time-to-positivity: making use of the hidden information. Clin Microbiol
Infect. 2019;25(3):268-71.

Joseph JP, Meddows TR, Webster DP, Newton JD, Myerson SG, Prendergast B, et al. Prioritizing
echocardiography in Staphylococcus aureus bacteraemia. The Journal of antimicrobial chemo-
therapy. 2013;68(2):444-9.

Gow N, Lowe BS, Freeman J, Roberts S. The role of echocardiography in Staphylococcus aureus
bacteraemia at Auckland City Hospital. N Z Med J. 2015;128(1416):28-35.

Rasmussen RV, Host U, Arpi M, Hassager C, Johansen HK, Korup E, et al. Prevalence of infective
endocarditis in patients with Staphylococcus aureus bacteraemia: the value of screening with
echocardiography. Eur J Echocardiogr. 2011;12(6):414-20.

Palraj BR, Baddour LM, Hess EP, Steckelberg JM, Wilson WR, Lahr BD, et al. Predicting Risk of
Endocarditis Using a Clinical Tool (PREDICT): Scoring System to Guide Use of Echocardiography
in the Management of Staphylococcus aureus Bacteraemia. Clinical infectious diseases : an of-
ficial publication of the Infectious Diseases Society of America. 2015;61(1):18-28.

Buitron de la Vega P, Tandon P, Qureshi W, Nasr Y, Jayaprakash R, Arshad S, et al. Simplified risk
stratification criteria for identification of patients with MRSA bacteraemia at low risk of infec-
tive endocarditis: implications for avoiding routine transesophageal echocardiography in MRSA
bacteraemia. Eur J Clin Microbiol Infect Dis. 2016;35(2):261-8.

Kaasch AJ, Fowler VG, Jr., Rieg S, Peyerl-Hoffmann G, Birkholz H, Hellmich M, et al. Use of a simple
criteria set for guiding echocardiography in nosocomial Staphylococcus aureus bacteraemia.



33.

34.

35.

36.

37.

38.

Staphylococcus aureus bacteraemia: a clinical risk score

Clinical infectious diseases : an official publication of the Infectious Diseases Society of America.
2011;53(1):1-9.

Heriot G, Yeoh J, Street A, Ratnam |. Echocardiography has minimal yield and may not be war-
ranted in Staphylococcus aureus bacteraemia without clinical risk factors for endocarditis. Eur J
Clin Microbiol Infect Dis. 2015;34(6):1231-6.

Showler A, Burry L, Bai AD, Steinberg M, Ricciuto DR, Fernandes T, et al. Use of Transthoracic
Echocardiography in the Management of Low-Risk Staphylococcus aureus Bacteraemia: Results
From a Retrospective Multicenter Cohort Study. JACC Cardiovasc Imaging. 2015;8(8):924-31.
Incani A, Hair C, Purnell P, O’Brien DP, Cheng AC, Appelbe A, et al. Staphylococcus aureus bac-
teraemia: evaluation of the role of transoesophageal echocardiography in identifying clinically
unsuspected endocarditis. Eur J Clin Microbiol Infect Dis. 2013;32(8):1003-8.

Molkanen T, Ruotsalainen E, Rintala EM, Jarvinen A. Predictive Value of C-Reactive Protein (CRP)
in Identifying Fatal Outcome and Deep Infections in Staphylococcus aureus Bacteraemia. PLoS
One. 2016;11(5):e0155644.

Gliddon T, Salman S, Robinson JO, Manning L. Modeling C-reactive protein kinetic profiles for use
as a clinical prediction tool in patients with Staphylococcus aureus bacteraemia. Biomarkers in
medicine. 2015;9(10):947-55.

Lesens O, Hansmann Y, Brannigan E, Remy V, Hopkins S, Martinot M, et al. Positive surveillance
blood culture is a predictive factor for secondary metastatic infection in patients with Staphylo-
coccus aureus bacteraemia. The Journal of infection. 2004;48(3):245-52.

75



76

Chapter 4

SUPPLEMENTARY DATA

Table S1: Univariate predictors of complicated Staphylococcus aureus bacteraemia (SAB) in the devel-
opmental cohort (n=150).

Male sex 47 (68.1) 61 (75.3) 0.37
Age, mean + SD 61.8 (17.0) 61.7 (18.7) 0.98
Medical history

Diabetes 12 (17.4) 23(28.4) 0.13
Malignancy 15(21.7) 12 (14.8) 0.29
Organ transplantation 7(10.1) 7(8.6) 0.79
Corticosteroids 22 (31.9) 24 (39.6) 0.86
Intravascular catheter 31(21.0) 17 (21.0) <0.01
Length of hospital stay 2.8(8.3) 5.6 (8.8) 0.05
Clinical parameters

Mean arterial pressure 92.0(14.8) 87.0(18.6) 0.05
History of fever (in days) 0.24(0.7) 0.67 (1.47) <0.01
Signs of complicated disease* 10 (14.5) 29 (35.8) <0.01
EMV<15 11 (15.9) 14 (17.3) 1.00
Laboratory parameters

C-reactive protein 139.4 (93.5) 168.2 (118.1) 0.18
Erytrocyt sedimentation rate 65.8 (40.7) 61.3(34.9) 0.73
Urea, mmol/L 9.7 (8.5) 13.0(10.7) 0.01
Creatinine, mmol/L 141.3 (173.7) 140.2 (140.4) 0.646
Leukocyte count x 10°/L 11.0 (5.1) 13.9(7.1) <0.01
Thrombocyte count x 10°/L 243.4(138.4) 214.3 (156.1) 0.84
TTP of blood cultures 61.8 (17.0) 19.0(11.2) <0.01

Legend. Values are numbers (%) for continuous variables and mean + SD for continuous variables. Uncomplicated SAB
was defined as an episode of bacteraemia with =1 blood culture with Staphylococcus aureus, without evidence of endo-
carditis/metastatic infection and without positive cultures after 48 hours of adequate therapy and that was treated for a
maximum of two weeks and no relapse occurred and the patient survived > 72 hours after presentation. All cases that did
not meet the criteria for uncomplicated SAB were considered complicated SAB.* Newly diagnosed diastolic hearth mur-
mur, endocarditis stigmata and/or signs of metastatic infection on physical examination. TTP = time to positivity.
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Table S2: Sensitivity, specificity, positive predictive value and negative predictive value for endocar-
ditis/metastatic infection for different cut-offs of TTP.

Endocarditis 24 100 (63.1-100.0)  23.9(17.19-31.8) 6.9 (6.3-7.5) 100.0 (*)
20 87.5(47.4-99.7)  65.5(57.1-73.3) 12.5(9.2-16.8) 97.1(93.7-99.8)
16 37.5(8.5-75.5) 68.3 (60.0-75.9) 6.3(2,6-14.4) 95.1(91.8-97.1)
Metastatic 24 95.5(77.2-99.9)  25.8 (18.5-34.3) 18.1(16.2-20.2)  97.1(82.6-99.6)
infection 20 90.9 (70.8-98.9) 37.5 (29.1-46.5) 20.0 (17.2-23.2)  96.0 (86.3-98.9)
16 59.1(36.4-79.3)  72.7(64.1-80.2) 27.1(19.2-36.8)  91.2(86.1-94.5)

Legend. 95%Cl = 95 % confidence interval. TTP = Time to positivity in hours, PPV = positive predictive value, NPV = nega-
tive predictive value Endocarditis was defined according to the Dukes criteria. Patients with antibiotic pre-treatment were
excluded. Metastatic infection was defined as a radiographical examination and/or culture concordant with vertebral os-
teomyelitis, epidural abscess, deep tissue abscess (e.g. psoas) septic pulmonary or cerebral emboli, arthritis or meningi-
tis. N.a. * Confidence intervals not provided because of a null value.



