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Background. Effective antimicrobial treatment is key for survival in bloodstream infection (BSI), but the impact of timing of
treatment remains unclear. Our aim was to assess the association between time to appropriate antimicrobial treatment and 30-day
mortality in BSI patients.

Methods. This was a retrospective cohort study using electronic health record data from a large academic center in Sweden.
Adult patients admitted between the years 2012 and 2019, with onset of BSI at the emergency department or general wards,
were included. Pathogen-antimicrobial drug combinations were classified as appropriate or inappropriate based on reported in
vitro susceptibilities. To avoid immortal time bias, the association between appropriate therapy and mortality was assessed with
multivariable logistic regression analysis at pre-specified landmark times.

Results. We included 10 628 BSI-episodes, occurring in 9192 unique patients. The overall 30-day mortality was 11.8%. No
association in favor of a protective effect between appropriate therapy and mortality was found at the 1, 3 and 6 hours
landmark after blood culture collection. At 12 hours, the risk of death increased with inappropriate treatment (adjusted odds
ratio 1.17 [95% confidence interval {CI}, 1.01-1.37]) and continued to increase gradually at 24, 48, and 72 hours. Stratifying by

high or low SOFA score generated similar odds ratios, with wider confidence intervals.

Conclusions.

Delays in appropriate antimicrobial treatment were associated with increased 30-day mortality after 12 hours

from blood culture collection, but not at 1, 3, and 6 hours, in BSI. These results indicate a benchmark for providing rapid

microbiological diagnostics of blood cultures.
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Bloodstream infections (BSIs) are severe infections associated
with substantial mortality [1]. Influenced by sepsis guidelines,
antimicrobial therapy is usually initiated promptly before sus-
ceptibility results are available, but there is a trade-off between
broadened pathogen coverage and antimicrobial overuse [2, 3].
Unnecessary broad-spectrum or combination regimens are as-
sociated with adverse effects and select for antimicrobial resis-
tance [4, 5].

It is estimated that empirical treatment without in vitro cover-
age of the cultured pathogen occurs in approximately one third
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of infections and observational studies of BSI have shown an as-
sociation between non-covering treatment and mortality [6-8].
Most studies, however, are small with substantial heterogeneity
in terms of definitions, precluding direct comparisons of study
findings [8]. Recently, Kadri et al published the largest retrospec-
tive cohort study to date showing an increased mortality risk
with discordant antimicrobial treatment at 24 hours, but they
could not assess hourly estimates due to insufficient granularity
of the data [7]. Timing of empirical treatment is a crucial deter-
minant to inform clinical management and treatment recom-
mendations. The urgency of antimicrobials is debated, but
observational studies of sepsis have prompted current guidelines
to recommend antimicrobial treatment within 1-3 hours [2, 9-
11]. It is unclear whether these results can be directly translated
to microbiologically confirmed infections such as BSI.

Another concern with the current body of evidence for
time-to-treatment with antimicrobials is insufficient account
of potential biases [12, 13]. Although many studies adjust for
severity of disease (indication bias), few recognize problems
that arise with patients having to survive long enough to be
switched to appropriate treatment (immortal time bias).
Inadequate controlling for this effect may lead to an underesti-
mation of the effect of earlier time-to-treatment.
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Our aim was to assess the association between time to appro-
priate antimicrobial treatment based on in vitro drug-pathogen
coverage and 30-day mortality in BSI, accounting for important
biases.

METHODS

Study Design, Setting and Participants

A retrospective cohort study was conducted using electronic
health record data from the Karolinska University Hospital in
Stockholm, Sweden. This is an academic centre with 1200 beds
spread over two sites. Data on demographics, hospital administra-
tive data, comorbidities, drug administration, vital parameters,
and laboratory results was collected. Mortality data was derived
from the national personal data register. The study followed the
STROBE guidelines for reporting observational studies.

Adults (>18 years) admitted between 1 January 2012 and
31 December 2019 with a BSI were included, with the possibil-
ity of multiple study entries. Only the first BSI episode per ad-
mission was assessed. Participants were followed for 30 days
from the first blood culture and during follow-up we did not
include additional BSI episodes for that patient. To capture a
patient population where clinicians had a suspicion of infection
and an intention-to-treat promptly, we included episodes that
received antimicrobial treatment within 24 hours from blood
culture collection. Since we aimed to assess the association be-
tween time to appropriate therapy and mortality, BSI episodes
with appropriate treatment in the 24 hours prior to onset were
excluded, except for appropriate therapy started during the
hour before onset. Patients with BSI onset at the intensive
care unit (ICU) or admission to the obstetric unit were exclud-
ed since structured data on drug administration and vital pa-
rameters were not available for these wards.

Bloodstream Infections
The first blood culture was regarded as the onset of the BSI and
data on all significant pathogens identified within 24 hours
from this blood culture was collected. Depending on whether
the onset was within or beyond 48 hours after hospital admis-
sion, the BSI was classified as community-onset or hospital-
onset respectively. We excluded pre-defined contaminants,
based on the Centers for Disease Control and Prevention
(CDC)/National Healthcare Safety Network Patient Safety
Component Manual (Supplementary Appendix2), if these
were isolated in only 1 culture bottle or only 1 set (1 anaerobe
and 1 aerobe blood culture bottle) if more than 1 set of
blood collected within 24 hours [14].
Findings of Methicillin-resistant

cultures were

Staphylococcus  aureus,
Enterobacterales with extended-spectrum beta-lactamases pro-
duction or vancomycin-resistant enterococcus were considered
antimicrobial-resistant phenotypes. The local microbiology

laboratory routines and use of rapid diagnostics are described

in Supplementary Appendix 1. Most culture results were avail-
able to clinicians within 24-72 hours after culture collection.

Appropriate Treatment

Appropriate treatment was defined as receiving at least 1 antimi-
crobial for which the identified pathogen was found to be suscep-
tible in vitro. Non-covering or no treatment was classified as
inappropriate treatment. In polymicrobial infection, all identified
pathogens needed to be covered by at least 1 antimicrobial drug
to be classified as appropriate therapy. Antimicrobial susceptibility
was inferred from disk diffusion methods, and the drugs consid-
ered for matching with susceptibility reports can be found in the
Supplementary Appendix 3. Surrogate antibiograms with imputed
susceptibilities were created for drugs not directly registered in the
susceptibility report based on reported susceptibilities, known in-
trinsic resistance, expert rules, and breakpoint tables from the
European Committee of Antimicrobial Susceptibility Testing
(Supplementary Appendix4), similar to previously described
methods [4, 7]. BSI episodes where the susceptibility for received
treatment remained undetermined after using the surrogate anti-
biogram were excluded for the main analysis. To avoid misclassi-
fication of treatment for patients that were admitted to the ICU
without appropriate therapy within 72 hours of BSI onset (n=
181), these episodes were manually reviewed. In 122 (67%) of these
episodes, a new antimicrobial agent was registered after ICU
admission.

Outcome and Covariates

Mortality was defined as death due to any cause within 30 days
from the onset of BSI. Comorbidities were assessed with the
Charlson comorbidity index (CCI, categorized as 0, 1-2, 3-4,
>5) based on ICD-10 codes available from 5 years before admis-
sion until 24 hours after admission [15]. Immunosuppression
was assessed based on ICD-10 codes registered in the year
prior to admission until 24 hours after admission [16, 17]
(Supplementary Appendix 5). We classified source of infection ac-
cording to the corresponding ICD-10 codes registered during the
admission [4, 18]. The following categories were used: urinary, re-
spiratory, abdominal, endocarditis, other, multifocal, or unknown.
Severity of illness was assessed as worst Sequential Organ Failure
Assessment (SOFA) score categorized as 0, 1, 2, 3, 4, or >5 points,
from 24 hours before until 6 hours after onset of BSI [19]. In case
of missing data, normal values were assumed. Some adaptations to
the original SOFA score were made in order to deal with common
missing data outside of the ICU-setting (Supplementary Appendix
6) [14, 20]. Septic shock was defined as either administration of va-
sopressors, or ICU admission with septic shock as the main reason
for admission, within 24 hours of onset of BSL

Statistical Analysis
To avoid immortal time bias for inappropriate treatment, we used
the landmark method with the following predefined landmark
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times: 1, 3, 6, 12, 24, 48, and 72 hours (Figure 1). At each time
point, logistic regression analysis was used to assess the association
between inappropriate therapy and 30-day mortality, presented as
adjusted odds ratios (aOR). Deceased patients, as well as those
with undetermined pathogen-antimicrobial drug combinations
were excluded at the respective time points. We used clinical rea-
soning to identify confounding factors a priori. Analyses were ad-
justed for age, sex, CCI, immunosuppression, SOFA score,
polymicrobial BSI, source of infection, calendar year and hospital-
onset of BSI. Because severity of disease is known to be an impor-
tant confounder in time-to-treatment studies of infections [12],
the multivariable model was repeated with stratification based
on the Sepsis-3 definition of SOFA score >2. The subgroups of pa-
tients with septic shock, the groups of most common pathogens
and episodes with antimicrobial-resistant pathogens, were ana-
lysed separately. Confidence intervals (CI) are presented as the
2.5th and 97.5th percentiles. Two-sided P values < .05 were con-
sidered statistically significant. All analyses were done in R (3.6.2).

Sensitivity Analyses

To assess the impact of methodological decisions, we performed
predefined sensitivity analyses. (I) We excluded patients that
did not receive appropriate treatment within 6 days, because
there might be no indication to treat these patients. (II) To con-
sider the group with less obvious clinical indication of early em-
pirical treatment, we included those having no antimicrobial
treatment in the first 24 hours. (IIT) Because patients with recur-
ring BSI may be more likely to have appropriate treatment guid-
ed by prior culture results, we restricted analyses to only one BSI
episode per patient. (IV) We restricted analyses to mono-
microbial BSI and (V) assessed community-onset BSI with ad-
mission time as onset of infection, to reduce heterogeneity and
account for potential variability in time to blood culture collec-
tion. (VI) The impact of immortal time bias was evaluated by in-
cluding all deceased patients at each landmark time. (VII) We
evaluated our definitions of pathogen-antimicrobial drug com-
binations by using only the original antibiogram, excluding all
possible contaminants, and classifying all undetermined
pathogen-antimicrobial drug combinations as either appropri-
ate or inappropriate treatment.

RESULTS

Out of 581 334 adult admissions, we were able to identify 13 511
BSI episodes. After applying exclusion criteria, 10 628 BSI epi-
sodes remained for analysis, occurring in 9192 unique patients
(Figure 2). The BSI episodes corresponded to 12223 unique
pathogens of which Escherichia coli, Staphylococcus aureus,
and viridans streptococci were the most prevalent pathogens
(Figure 3). The most common empirical antimicrobials were
cefotaxime (46.5%), piperacillin-tazobactam (35.7%), and mer-
openem (12.1%).

The study population had a median age of 69 years, and
56.8% (Table 1). Most episodes
community-onset (85.3%). Relatively few episodes featured

were female were
an antimicrobial-resistant pathogen (4.0%), were polymicro-
bial (11.5%) or included a possible contaminant species either
as the culprit pathogen or in polymicrobial infection (9.9%).
Appropriate therapy was administered within the first hour af-
ter blood culture collection in 3266 of 10 628 (30.7%) episodes
and within 3 hours in 5353 of 10628 (50.4%) episodes
(Table 1). At 3 days after blood culture collection, 657 of 10
628 (6.2%) episodes had inappropriate therapy and 745 of 10
628 (7.0%) episodes had undetermined coverage. This group
decreased to 374 of 10628 (3.5%) with inappropriate therapy
and 679 of 10628 (6.4%) with undetermined coverage at
6 days after BSI onset. Patients receiving appropriate therapy
within the first hour had high SOFA scores and a high propor-
tion of combination therapy. In contrast, patients who received
appropriate therapy after 24 hours and onward had increased
proportions of antimicrobial-resistant pathogens, polymicro-
bial infections and potential contaminants. Septic shock was
present in 608 of 10628 (5.7%) episodes, and only 77 of 608
(12.6%) had inappropriate treatment at 12 hours.

The crude 30-day mortality was 11.8% in the overall popula-
tion, 13.7% in those who received appropriate therapy within
the first hour, and 25.3% in patients with septic shock. The dis-
tribution of deaths was skewed towards the first days of the
30-day follow-up
Receiving inappropriate treatment at 1 hour was associated
with lower risk of death (aOR 0.83 [95% CI, .72-.95])
(Figure 4). Inappropriate treatment after 12 hours was associat-
ed with significantly increased mortality (aOR 1.17 [95% CI,
1.01-1.37)]) and continued to increase gradually at landmark
24, 48, and 72 hours. Stratifying by high or low SOFA score
generated similar odds ratios, but the confidence intervals in-

interval (Supplementary Figure 1).

creased. No apparent trend was observed for patients with sep-
tic shock (Supplementary Figure 2).

Sensitivity analyses pointed to robustness of the main find-
ings with no major changes of the point estimates induced by
methodological decisions (Supplementary Figure 3). Using ad-
mission time as onset of infection in community-onset BSI re-
sulted in a similar but delayed increase in mortality over the
different landmark times (Supplementary Figure 4). In analyses
excluding patients that did not receive appropriate treatment
within 6 days (n=9377), the association of time-to-treatment
and mortality remained or strengthened (Supplementary
Table 1 and Supplementary Figure 5). This finding indicates
that patients where clinicians chose not to cover all pathogens
beyond this time point had lower mortality and may not be rep-
resentative of the general BSI population. Analyses were also
repeated for the most common pathogens in monomicrobial
BSI, but the statistical power was insufficient to draw any
from these results

firm  conclusions (Supplementary
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Figure 1. Schematic figure illustrates the time varying exposure of appropriate treatment. Patients being switched to appropriate treatment at a later time had guaranteed
survival to this time point. To avoid immortal time bias, only patients surviving to the landmark time of interest were included in the analysis. At each landmark time, exposure
was classified according to the present treatment, irrespectively of if they were later switched to appropriate treatment.

Figure 6). In BSI caused by antimicrobial-resistant pathogens
(n=420), the aOR was higher at all time points, indicating in-
creased mortality risk with inappropriate treatment, but the
confidence intervals were wide (Supplementary Table 2 and
Supplementary Figure 7).

DISCUSSION

In this large observational cohort study of 10 628 BSI episodes,
inappropriate antimicrobial treatment at 12 hours after blood
culture collection was associated with increased 30-day mortal-
ity in those who were alive by 12 hours. The point estimates
were similar regardless of high or low SOFA score at onset.
Due to the relatively small number of septic shock patients,
of which most received appropriate treatment within the first
hours, our study was underpowered to draw meaningful con-
clusions in this subgroup. These results call into question the
promotion of aggressive broad spectrum empirical treatment
within 3 hours when BSI is suspected, unless there is suspected
septic shock or bacterial meningitis [11, 21]. A broader time
window for initiating appropriate treatment enables the diag-
nostic work-up to better guide empirical therapy but also gives
a benchmark for introducing novel biomarkers, rapid diagnos-
tic methods or workflows in clinical microbiological
laboratories.

Our results show a weaker association for time to antibiotics

in BSI than studies in sepsis have suggested [10, 22]. The main

argument for failure to show a convincing effect of prompt an-
timicrobial administration is the lack of biological plausibility,
namely, uncertainty regarding onset time zero, which may
range from hours to several days in patients arriving to the
emergency department [23]. As healthcare is easily accessible
for virtually the whole population in Sweden, it is possible
that patients present themselves earlier compared to other set-
tings, affecting the impact of antibiotic timing. Furthermore,
our study included BSI patients, with insufficient power to as-
sess the most critically ill, where previous studies have reported
the greatest benefit of early adequate treatment [11, 21]. It may
also be that other supportive care measures are of equal or great-
er benefit, such as intravenous fluids, respiratory support, or ad-
equate infectious source control [24]. Several studies in sepsis,
including 2 randomized controlled trials, have also failed to
show benefit of prompt treatment, although they generally did
not account for the appropriateness of antimicrobial therapy
[25-33]. Yet even when time zero is easier to identify, studies
have not demonstrated a convincing benefit of early antibiotics.
Hranjec et al found that a more conservative antimicrobial pol-
icy ata surgical ICU did not lead to increased mortality and was
even associated with better patient outcomes [34].

Studies have also reported an association between early ap-
propriate treatment in BSI and mortality [35-39]. A meta-
analysis from 2010 showed a significant reduction in all-cause
mortality with the use of appropriate empirical antibiotic treat-
ment [40]. However, there was substantial heterogeneity, high
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581334 adult inpatient encounters between
1 January 2012 — 31 December 2019

474974 encounters without blood cultures collected 24
hours before admission until discharge

106360 encounters eligible for assessment of presence
of bloodstream infection

92849 encounters excluded
— 3 with missing pathogens
— 88878 with only negative blood cultures
— 3968 with only contaminants identified

A4

A4

13511 BSl-episodes

2883 episodes excluded

— 122 with admission to obstetrical unit

— 327 with onset at ICU

— 307 due to being new BSI-episode during the
30-day follow-up period

— 1237 without therapy in the first 24 hours

— 875 with appropriate therapy prior to onset

— 15 missing clinical data

A4

A4

10628 BSl-episodes remained for analysis

N

3797 with 6831 with
SOFA-score < 2 SOFA-score = 2

Figure 2.  Study cohort flowchart. The final cohort consisted of 10628 BSI episodes occurring in 9192 unique patients. Abbreviations: BSI, bloodstream infection; SOFA,
sequential organ failure assessment score.
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. Undetermined Inappropriate therapy . Appropriate therapy

Figure 3. Overview of pathogens retrieved in blood cultures (n=12223) and the proportion of appropriate and inappropriate antimicrobial treatment at 24 h. The pro-
portion of pathogen-antimicrobial drug combinations which could not be determined as either appropriate or inappropriate based on the surrogate antibiogram are shown
as undetermined. Only pathogens with a prevalence >1% are shown and the remaining pathogens are grouped as “other.” Abbreviations: B. fragilis group, Bacteroides
fragilis group; beta-hemolytic S., beta-hemolytic Streptococcus; coagulase-negative S., coagulase-negative Staphylococcus; E. cloacae, Enterobacter cloacae; E. faecalis,
Enterococcus faecalis; E. faecium, Enterococcus faecium; E. coli, Escherichia coli; K. oxytoca, Klebsiella oxytoca; K. pneumoniae; Klebsiella pneumoniae; P. mirabilis, Pr-
oteus mirabilis; P. aeruginosa, Pseudomonas aeruginosa; S. aureus, Staphylococcus aureus, S. pneumoniae, Streptococcus pneumoniae; viridans S., viridans streptococci.

risk of bias and variable effects in the included studies. One of
the main problems with non-randomized studies of appropri-
ate treatment in infections are indication bias, particularly the
fact that critically ill patients both have a higher likelihood of
receiving broader antimicrobial therapy and a higher risk of
death [41]. To account for this, we adjusted for several factors
associated with disease severity, but even so we found higher
mortality risk associated with receiving appropriate treatment
within the first hour, indicating residual confounding. As ex-
pected, antimicrobial-resistant pathogens were overrepresent-
ed among patients with delayed appropriate treatment, but
the overall prevalence of resistance was low compared to other
European and US centers and the impact of inappropriate ther-
apy may be different in high-resistance settings.

Another important methodological aspect is immortal time
bias, but this has generally not been acknowledged in
time-to-treatment studies of sepsis or BSI. Immortal time

bias in pharmacoepidemiology is mainly recognized when the
guaranteed survival for 1 of the exposures is long, but similar
effects also apply to shorter periods of days in patients with crit-
ical illness [13]. Reviewing some of the largest or most cited re-
search on time-to-antimicrobials in sepsis and BSI, we could
not find any clear statements that this effect had been account-
ed for in the analyses [7, 10, 42]. This may have led to biased
estimates, which needs to be considered when interpreting
the results. To account for immortal time bias in this study,
we used landmark analysis, which more clearly displays differ-
ent time thresholds compared to alternative methods, such as
cox regression with a time-varying predictor variable [43].
On the contrary, in landmark analysis the results can only be
generalized to patients surviving to the specified landmark
time. Additionally, because we did not model the effect of
time explicitly, it is possible that non-proportionality of the as-
sociation between appropriate therapy and mortality are
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Landmark time  Inappropriate therapy Appropriate therapy

Events (Episodes) Events (Episodes)

Risk of mortality
Adjusted odds ratio (95% CI)

Total cohort

1 hour 750 (7022) 447 (3266) @ 0.83(.72-.95)
3 hours 530 (4699) 631 (5346) 2 o 1.00 (.87 - 1.15)
6 hours 392 (3404) 730 (6458) F'.—! 1.05 (.91 -1.22)
12 hours 323 (2594) 752 (7129) @ 1.17 (1.01-1.37)
24 hours 227 (1755) 776 (7837) —@— 1.24 (1.04 - 1.47)
48 hours 150 (1092) 784 (8461) —@— 1.41(1.15-1.74)
72 hours 99 (657) 768 (8908) —— 1.67 (1.30 - 2.15)
Low SOFA score

1 hour 133 (2716) 49 (957) —@— 0.90 (.63 - 1.29)
3 hours 100 (1858) 79 (1721) T 1.01 (73 - 1.39)
6 hours 78 (1374) 96 (2151) — 1.06 (.76 - 1.46)
12 hours 66 (1009) 108 (2479) J—.—< 1.20 (.86 - 1.68)
24 hours 43 (617) 120 (2823) — 1.23 (.84 - 1.82)
48 hours 33 (385) 124 (3064) L 1.52 (.98 - 2.34)
72 hours 18 (239) 129 (3230) @ i 1.29 (.73-2.27)
High SOFA score

1 hour 617 (4306) 398 (2309) @ 0.81 (.70 -.95)
3 hours 430 (2841) 552 (3625) >—$—< 0.99 (.85 - 1.16)
6 hours 314 (2030) 634 (4307) —— 1.05 (.89 - 1.24)
12 hours 257 (1585) 644 (4650) —@— 1.17 (.98 - 1.39)
24 hours 184 (1138) 656 (5014) — e 1.24 (1.01-1.51)
48 hours 117 (707) 660 (5397) —— 1.36 (1.07 - 1.73)
72 hours 81(418) 639 (5678) — 1.78 (1.34 - 2.35)

I T T T 1
0 0.5 1 1.5 2 25

Figure 4. Association of time to appropriate treatment with mortality at specified landmark times. High SOFA score was defined as >2 points and low SOFA score was
defined as <2 points. Only patients with determined pathogen-antimicrobial drug combinations were analysed at each landmark time of interest. Associations were esti-
mated using logistic regression with adjustments for age, sex, Charlson comorbidity index, immunosuppression, SOFA scare, polymicrobial bloodstream infection, source of
infection, admission year and community vs hospital-onset. Abbreviations: Cl, confidence interval; SOFA, sequential organ failure assessment.

overlooked. The immortal time bias was not large in this co-
hort, but even so it biased the results toward a small underesti-
mation of the mortality risk of inappropriate treatment
(Supplementary Figure 3).

Our study has limitations, mainly related to its observational
nature. Even though internal validity was ensured by access to a
large and complete hospital population, our results need to be
confirmed in external data sets, also including BSI with onset in
the ICU and BSI in high-resistance settings. Generalization of
our results to a septic population should also be done with caution
as we have not accounted for baseline SOFA scores in our strati-
fied analysis. We acknowledge that our definition of appropriate
therapy is narrow since it was only based on in vitro susceptibility.
As with many similar studies, we could not account for dosing, the
route of administration or treatment duration, which may have

affected patient outcomes. However, this effect would most likely
not be differential based on initial appropriate treatment or not
and thus limit the bias. Because the study population was large,
it was not feasible to assess if adequate source control measures
were taken, for which thorough manual chart review would
have been necessary. Similar to previous studies, episodes where
the susceptibility for received treatment remained undetermined
after using the surrogate antibiogram were excluded in the main
analyses [4]. However, sensitivity analyses could not demonstrate
any major alterations of the main results based on this missing
data. As with all non-randomized treatment studies, we cannot ex-
clude that residual confounding affected our findings despite our
efforts to control for this. Finally, our findings need to be interpret-
ed on a population-level and effects in individual patients may be
different.
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In conclusion, delays in appropriate antimicrobial treatment
were associated with increased 30-day mortality after 12 hours
from blood culture collection, but not at 1, 3, and 6 hours, in
BSI. These results indicate a benchmark for providing rapid mi-
crobiological diagnostics of blood cultures.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors,
so questions or comments should be addressed to the corresponding
author.
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