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Abstract

Background: Timely antimicrobial treatment and source control are strongly recommended by sepsis guidelines,
however, their impact on clinical outcomes is uncertain.

Methods: We performed a planned secondary analysis of a cluster-randomized trial conducted from July 2011

to May 2015 including forty German hospitals. All adult patients with sepsis treated in the participating ICUs were
included. Primary exposures were timing of antimicrobial therapy and delay of surgical source control during the first
48 h after sepsis onset. Primary endpoint was 28-day mortality. Mixed models were used to investigate the effects of
timing while adjusting for confounders. The linearity of the effect was investigated by fractional polynomials and by
categorizing of timing.

Results: Analyses were based on 4792 patients receiving antimicrobial treatment and 1595 patients undergoing
surgical source control. Fractional polynomial analysis identified a linear effect of timing of antimicrobials on 28-day
mortality, which increased by 0.42% per hour delay (OR with 95% CI 1.019 [1.01, 1.028], p <0.001). This effect was
significant in patients with and without shock (OR=1.018 [1.008, 1.029] and 1.026 [1.01, 1.043], respectively). Using a
categorized timing variable, there were no significant differences comparing treatment within 1 h versus 1-3 h,or 1 h
versus 3-6 h. Delays of more than 6 h significantly increased mortality (OR=1.41[1.17, 1.69]). Delay in antimicrobials
also increased risk of progression from severe sepsis to septic shock (OR per hour: 1.051 [1.022, 1.081], p <0.001). Time
to surgical source control was significantly associated with decreased odds of successful source control (OR=0.982
[0.971,0.994], p=0.003) and increased odds of death (OR=1.011 [1.001, 1.021]; p=0.03) in unadjusted analysis, but
not when adjusted for confounders (OR=0.991 [0.978, 1.005] and OR=1.008 [0.997, 1.02], respectively). Only, among
patients with septic shock delay of source control was significantly related to risk-of death (adjusted OR=1.013 [1.001,
| 1.026], p=0.04).
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Conclusions: Our findings suggest that management of sepsis is time critical both for antimicrobial therapy and
source control. Also patients, who are not yet in septic shock, profit from early anti-infective treatment since it can pre-
vent further deterioration. Trial registration ClinicalTrials.gov (NCTO1187134). Registered 23 August 2010, NCT01187134
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Background

Sepsis is a life-threatening organ dysfunction caused by a
dysregulated host response to infection [1]. International
clinical practice guidelines define sepsis as an emergency,
demanding treatment with broad spectrum antibiotics
[2]. They recommend antimicrobial treatment within
1 h in patients with septic shock or a high likelihood of
sepsis, and treatment within 3 h in patients with possi-
ble sepsis without shock and persisting concerns of infec-
tion [2]. Evidence for the effect of timing of antimicrobial
therapy on mortality is contradictive [3-6].

It is argued that prompt antimicrobials within the
first hours might be warranted for the most severely ill
patients with septic shock, only.[5, 7, 8]. Therefore, cur-
rent guidelines reduced the evidence rating for immedi-
ate treatment from moderate to low in septic shock and
from moderate to very low in sepsis without shock [2, 9].
However, current evidence is based on systematic reviews
that comprised numerous studies with several acknowl-
edged methodological flaws [3, 4, 6]. These include usage
of routine databases without prospective inclusion of
patients with sepsis, non-physiologic definition of time
zero—e.g. by emergency triage time or first sepsis-related
treatment, not adequately adjusting for confounders, and
not investigating treatment effects separately for patients
without and with septic shock [5, 8].

Guidelines also advice as best practice to conduct sur-
gical source control as soon as medically and logistically
possible [2]. However, this best practice statement is
based on few studies only, mostly conducted among sam-
ples of single specific disease entities—like necrotizing
fasciitis—and with diverging results [10-14].

To overcome these limitations, we analysed a large
data set from the prospective cluster-randomized qual-
ity improvement MEDUSA trial to assess the impact of
timing of antimicrobial therapy and source control on
mortality.

Methods

Study design and setting

The aim of this observational cohort study was to inves-
tigate the effect of timing of anti-infective treatment on
outcomes in patients with severe sepsis. Primary out-
come was 28-day mortality. Secondary outcomes were
hospital length-of-stay of survivors, progression from

severe sepsis to septic shock, and success of surgical
source control. Primary exposures were timing of anti-
microbial therapy and timing of surgical source control.
This study was conducted as a planned secondary anal-
ysis using data from the two-arm cluster-randomized
controlled MEDUSA trial (Medical Education for Sepsis
Source Control and Antibiotics, ClinicalTrials.gov Identi-
fier NCT01187134) [15].

The MEDUSA trial aimed to improve anti-infective
measures for patients with sepsis. Hospitals were rand-
omized to either an intervention group receiving a mul-
tifaceted educational intervention, or a control group
receiving only standard lectures on sepsis treatment.
Results from this trial, which has been conducted from
July 2011 to May 2013, have been reported previously
[15]. The sample of the now reported secondary analy-
sis additionally includes data gathered during a second
intervention phase conducted from September 2013 to
May 2015, which implemented an enhanced version of
the educational intervention among former control hos-
pitals. Intervention group and study phase are controlled
as a possible confounder in the current observational
secondary analysis, but the evaluation of the enhanced
intervention itself will be reported in a separate article.
A convenience sample of 40 German hospitals involved
in primary sepsis care was included. Patients with severe
sepsis were prospectively included by intensive care phy-
sicians on the participating intensive care units. All sep-
sis diagnoses were reevaluated on day 5 after screening;
only cases with confirmed diagnoses were included to
the study. Data were abstracted from the medical records
and documented using the data management software
OpenClinica® (OpenClinica, LLC, Waltham, MA, USA).
This study was performed in line with the principles of
the Declaration of Helsinki and approved by the local
ethics committees responsible for a participating institu-
tion. The need for informed consent was waived since the
interventions comprised quality improvement measures.

Patient sample

All consecutive adult patients treated in the ICU for
proven or suspected infection with at least one new
organ dysfunction related to the infection were eligible
for inclusion. Organ dysfunctions were defined as fol-
lows: acute encephalopathy, thrombocytopenia defined
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as a platelet count<100,000/ pl or a drop in platelet
count>30% within 24 h, arterial oxygen partial pres-
sure<10 kPa (75 mmHg) when breathing room air or
partial pressure of arterial oxygen/fraction of inspired
oxygen ratio<33 kPa (<250 mmHg), renal dysfunction
defined as oliguria (diuresis<0.5 ml/kg body weight/
hour) despite adequate fluid resuscitation or an increase
of serum creatinine more than twice the local reference
value, metabolic acidosis with a base excess< —5 mmol/l
or a serum lactate>1.5 times the local reference value,
and arterial hypotension defined as systolic arterial
blood pressure <90 mmHg or mean arterial blood pres-
sure<70 mmHg for>1 h despite adequate fluid loading
or vasopressor therapy at any dosage to maintain higher
blood pressures [16]. SIRS-criteria did not need to be
present to define sepsis. Patients were excluded, if there
was a therapy limitation at the onset of sepsis, if they
were not treated in the participating ICU after sepsis
diagnosis, or if sepsis therapy had already been started in
another hospital.

Preliminary findings on the effects of timing of antimi-
crobials and source control on mortality were presented
in a previous publication [15]. These preliminary analyses
were conducted based on cases included during the first
intervention phase of the trial. The now reported detailed
analyses have not been conducted before and are based
on additional patients included in the second interven-
tion phase. They surpass previous analyses by excluding
patients receiving anti-infective treatment before first
organ dysfunction to prevent bias, excluding indicators
of illness severity assessed after sepsis onset from the set
of considered confounders, investigating the linearity of
the effect of timing by fractional polynomials, investigat-
ing the effect separately in cases with and without shock
as well as other subgroups, and additionally to mortality
investigating the effect on progression to shock, success
of source control, and hospital length-of-stay.

Outcomes and exposures

The primary outcome was 28-day mortality. Secondary
outcomes were hospital length-of-stay for survivors, suc-
cess of source control, and progression to septic shock.
Success of source control was assessed by the treating
physicians and to their own discretion; blinding to out-
come was not intended by the study protocol. Septic
shock was defined by the need to administer vasoactive
agents to maintain mean arterial pressure>70 mmHg.
Presence of shock was assessed during two timeframes:
during the first 12 h after sepsis onset, and between 12
and 24 h after sepsis onset. Therefore, we defined pro-
gression to septic shock as new onset of septic shock
between 12 and 24 h among those patients not in shock
during the first 12 h.

Page 3 of 14

Onset of sepsis was defined as the earliest time of the
first infection-related organ dysfunction as documented
in the patient’s medical record. All available informa-
tion was assessed to identify time zero, including patient
charts from the general ward or emergency department.
Primary exposures were timing of antimicrobial therapy
and timing of surgical source control. Timing was used
as continuous variable, however excluding cases with
times<0 h and times>48 h. Cases with times<0 h were
excluded from the respective analysis, since these cases
would represent a very specific subsample: patients, who
develop infection related organ dysfunction and the need
of critical care despite anti-infective treatment before
sepsis onset. Cases with timing>48 h were excluded as
outliers. Timing of antimicrobials was measured as first
administration. Timing of source control was defined by
the first cut. We also investigated the effect of timing of
surgical source control on success of surgical source con-
trol, and of timing to antimicrobial treatment and timing
of surgical source control on the risk of progression to
septic shock, as well as the effects of success of surgical
source control on mortality and length-of-stay.

Statistical analysis

Baseline characteristics of patients were statistically
described stratified by timing of antimicrobial therapy
and timing of surgical source control. Logistic regres-
sions were used to analyse effects of exposures on mor-
tality, success of source control, and progression to
septic shock. Effects on hospital length-of-stay were ana-
lysed using linear regression after log-transformation of
length-of-stay. Since it was suggested that the effect of
timing of treatment on mortality might be non-linear [5],
we used two strategies to investigate the linearity of the
effect: first, timing was analysed as a categorical variable
including start of treatment within one hour, one to three
hours, three to six hours, or after more than six hours to
allow comparison with previous research [17]; second,
we used fractional polynomials which operationalize the
functional form of an effect and test for deviations from
linearity [18].

All regression analyses adjusted for covariates. Covari-
ates for risk-adjustment were chosen a priori as potential
confounders of the effects between timing of treatment
and outcomes based on clinical experience and previ-
ous studies [15, 19-21]. These variables included age and
gender, origin of infection, location of the patient at the
onset of sepsis, focus of infection, microbiological con-
firmation of infection, study phase (trial vs. surveillance
phase), and the group the hospital was randomized to
(intervention vs. control during the trial phase). To meas-
ure severity of critical illness after sepsis onset, vasopres-
sor use within the first 12 h, as well as the maximum
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values within the first 24 h after sepsis onset of SAPS-II,
lactate in mmol/l, platelets, and base excess were used
[22, 23]. Two risk-adjustment models were developed: In
the primary analyses covariates on the severity of critical
illness during the first 24 h were not included, since these
might themselves be influenced by timing to treatment,
as well as in response to recent arguments that effects of
timing of antimicrobial therapy might only be present
after statistical adjustment for severity of illness [24].
Covariates on the severity of critical illness were then
included in the second risk model to conduct sensitivity
analyses. Both resulting models showed adequate calibra-
tion (Hosmer—Lemeshow goodness-of-fit test: p=0.077
and p=0.219, Additional File 1: SFig. 1); including covar-
iates on the severity of critical illness increased discrimi-
nation and explained variance (area under the receiver
operating characteristic: 0.68 vs. 0.76; R% 0.08 vs. 0.18).
STables 1 and 2 in Additional File 2 present the effects of
individual risk-factors. To control for clustering, regres-
sion analyses were done by mixed models with a random
intercept.

To analyse the combined effects of delay to antimicro-
bial therapy and delay to surgical source control on mor-
tality, both were included in one logistic regression and
an interaction effect between the two was tested.

Subgroup and sensitivity analyses

To test, if the effect of timing of treatment on mortality
was different comparing subgroups, interaction terms
between timing and pre-specified effect modifiers were
introduced into the regression models. Possible modifiers
were chosen based on previous research [19]: Vasopres-
sor use within the first 12 h after onset of sepsis (yes vs.
no), origin of infection (community acquired, nosocomial
on ICU or intermediate care unit, nosocomial on general
ward), location of the patient at onset of sepsis (ICU or
intermediate care unit, ambulance service or emergency
department, general ward, operating room), micro-
biological confirmation of infection (yes vs. no), bacte-
raemia and type of identified pathogen (gram positive,
gram negative, other or several pathogens, no pathogen
detected, no blood culture taken), change of antimicro-
bial therapy within 5 days (escalation, de-escalation, no
change), surgical source control conducted (yes vs. no; in
analyses on timing of antimicrobials), or success of sur-
gical source control (yes vs. no; in analysis on timing of
surgical source control), respectively.

As a sensitivity analysis, the effects of timing of treat-
ment on mortality were assessed while also adjusting for
covariates measuring the severity of critical illness within
the first 24 h after onset of sepsis.

All analyses were conducted at a significance level of
a<0.05 using the statistical software R, version 4.1.2 (R
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Foundation for Statistical Computing, Vienna, Austria).
The amount of missing values on exposures, outcomes,
and confounders for the primary analyses and subgroup
analyses was roughly <5%. Therefore, analysis of com-
plete data was regarded as suitable strategy for treating
missing data [25].

Results

Characteristics of patients and time to treatment
Characteristics of participating hospitals are presented
in Additional File 2: STable 3. Overall, 6576 patients with
severe sepsis or septic shock were included, of whom
6514 received antimicrobial treatment for the infec-
tion that caused sepsis; antibiotics were started after the
first organ dysfunction and within 48 h in 4792 patients,
of which 1687 (35%) had been included in the second
intervention phase of the trial and not been analysed
before (see Additional File 1: SFig. 2 for study flow chart
and Additional File 2: STable 4 for characteristics of
excluded patients). These patients showed a mortality of
32%. Median age was 70 years, 62% were male, 47% had
a community acquired infection; respiratory infections
were the most common focus (43%), 75% received vaso-
pressors during the first 12 h after sepsis onset (Table 1).
Surgical source control was undertaken among 2562
patients, 1595 of whom received it after the first organ
dysfunction and within 48 h (see Additional File 1: SFig. 2
for study flow chart and Additional File 2: STable 5 for
characteristics of excluded patients). These patients
showed a mortality of 33%. The most common focus was
abdominal infection (73%), and 85% received vasopres-
sors during the first 12 h (Table 2).

Median delay until antimicrobial therapy was 150 min
(Ist quartlile: 60, 3rd quartile: 378.5), 3481 (73%) of
patients received antimicrobials after more than 1 h.
Median delay to surgical source control was 275 min (1st
quartile: 81, 3rd quartile: 810), 671 (42%) patients under-
went source control after more than 6 h (Additional
File 1: SFig. 3 a-d). Baseline characteristics of patients
stratified by timing of antimicrobial therapy and surgical
source control are presented in Tables 1 and 2, respec-
tively. Patients who received antimicrobial therapy within
the first hour and patients who received surgical source
control within the first 6 h more often had a commu-
nity acquired infection when compared to patients with
delayed therapy.

Effects of time to treatment on mortality

Without risk-adjustment, time between onset of sep-
sis and start of antimicrobial therapy had a significant
effect on 28-day mortality with an unadjusted OR of 1.02
(95% CI 1.012, 1.029; p <0.001). The effect was also sig-
nificant when adjusted for covariates (adjusted OR per
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Variable

No. of patients
with complete
data

All patients (N=4792) Timing of antimicrobial therapy

Within 1h(N=1311) Morethan 1 h (N=3481) pvalue

Time to beginning of antimicrobial 4792 150 [60, 378.5] 3015, 50] 240 [120,518] -
therapy (minutes)

Age 4791 70159, 77] 71160, 77] 70 [59, 771 0435
Sex: male 4792 2986 (62.3%) 800 (61%) 2186 (62.8%) 0.27
Origin of infection: Community acquired 4791 2273 (47.4%) 779 (59.4%) 1494 (42.9%) <0.001
Nosocomial (ICU/IMC) 2 (23.2%) 208 (15.9%) 904 (26%)

Nosocomial (general ward) 1406 (29.3%) 324 (24.7%) 1082 (31.1%)

Location at onset of sepsis: ICU 4792 2233 (46.6%) 559 (42.6%) 1674 (48.1%) <0.001
Emergency department 948 (19.8%) 333 (25.4%) 615 (17.7%)

Operating room 428 (8.9%) 167 (12.7%) 261 (7.5%)

General ward 692 (14.4%) 127 (9.7%) 565 (16.2%)

Ambulance service 1 (4.4%) 48 (3.7%) 163 (4.7%)

IMC 280 (5.8%) 77 (5.9%) 203 (5.8%)

Focus of infection: respiratory 4789 2057 (43%) 510 (38.9%) 1547 (44.5%) <0.001
Focus of infection: abdominal 4789 1657 (34.6%) 464 (35.4%) 1193 (34.3%) 0474
Focus of infection: urogenital 4789 695 (14.5%) 209 (16%) 486 (14%) 0.089
Focus of infection: bones/soft tissue/ 4789 531 (11.1%) 154 (11.8%) 377 (10.8%) 038
wound

Focus of infection: other/unknown 4789 644 (13.4%) 161 (12.3%) 483 (13.9%) 0.154
Infection microbiologically confirmed 4781 3514 (73.5%) 965 (73.7%) 2549 (73.4%) 0.854
Bacteremia: Gram positive 4754 806 (17%) 223 (17.2%) 583 (16.9%) 0.005
Gram negative 712 (15%) 226 (17.4%) 486 (14.1%)

Other/several 166 (3.5%) 41 (3.2%) 125 (3.6%)

No pathogen detected 2281 (48%) 627 (48.3%) 1654 (47.9%)

No blood culture taken 789 (16.6%) 182 (14%) 607 (17.6%)

Vasopressor use within 12 h after first 4781 3595 (75.2%) 982 (75.2%) 2613 (75.2%) 1

organ dysfunction

Descriptive statistics given as N (%) or median [interquartile range]. p values obtained by Mann-Whitney-U test, Fisher’s exact test or Pearson’s Chi-squared test, as

appropriate
ICU: intensive care unit; IMC: intermediate care unit

hour with 95% CI 1.019 [1.01, 1.028], p <0.001) and cor-
responded to an increase of 0.42% per hour delay for a
typical patient (Fig. 1 a). Pairwise comparisons of dis-
crete time intervals with antimicrobial treatment within
1 h revealed non-significant effects for timing of 1-3 h
(OR=1.14[0.95, 1.36]) and 3-6 h (OR=1.04 [0.85, 1.27])
but a significantly increased odds of hospital mortality
for time greater than 6 h (OR=1.36 [1.12, 1.63], Fig. 2).

Delay of surgical source control showed a significant
relation to an increase in mortality by an unadjusted OR
of 1.011 (1.001, 1.021; p=0.03), but this relation failed
to reach statistical significance when covariates were
adjusted (Fig. 1 b, OR=1.008 [0.997, 1.02], p=0.143).
Also pairwise comparisons of discrete time intervals did
not show significant effects when adjusted for confound-
ers (overall p=0.22, Fig. 2).

Combined effects of timing of antimicrobial therapy
and timing of surgical source control were investigated
among 1222 patients, which had received both treat-
ments between sepsis onset and 48 h. There was no sig-
nificant interaction effect between both (OR of 1 [0.998,
1.001]; p=0.577), meaning that delay in one treatment
did not change the effect of a delay in the other treat-
ment, but both acted additively (see Additional File 2:
STable 6).

Effects of time to treatment on success of source control
and progression to septic shock

Source control was successful in 1333 of 1595 patients
(83.6%). Successful source control was associated with
decreased mortality (OR=0.12 [0.08, 0.16], p <0.001,
Fig. 2). A delay of surgical source control was associated
with a reduced rate of successful source control when
not adjusted for confounders (OR per hour: 0.982 [0.971,
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Table 2 Baseline characteristics of patients stratified by timing of surgical source control

Variable No. of patients

with complete

All patients (N=1595) Timing of surgical source control

data Whithin 6 h (N=924) Morethan6h (N=671) p value
Time to surgical source control (minutes) 1595 2751[81,810] 109 [38, 225] 950 [593, 1500] -
Age 1595 70[59, 771 70 [60, 78] 69 [59, 76] 0.152
Sex: male 1595 934 (58.6%) 538 (58.2%) 396 (59%) 0.758
Origin of infection: Community acquired 1595 795 (49.8%) 507 (54.9%) 288 (42.9%) <0.001
Nosocomial (ICU/IMC) 292 (18.3%) 111 (12%) 181 (27%)
Nosocomial (general ward) 508 (31.8%) 306 (33.1%) 202 (30.1%)
Location at onset of sepsis: ICU 1595 573 (35.9%) 255 (27.6%) 318 (47.4%) <0.001
Emergency department 298 (18.7%) 170 (18.4%) 128 (19.1%)
Operating room 344 (21.6%) 324 (35.1%) 20 (3%)
General ward 232 (14.5%) 107 (11.6%) 125 (18.6%)
Ambulance service 39 (2.4%) 22 (2.4%) 17 (2.5%)
IMC 109 (6.8%) 46 (5%) 63 (9.4%)
Focus of infection: respiratory 1595 171 (10.7%) 69 (7.5%) 102 (15.2%) <0.001
Focus of infection: abdominal 1595 1161 (72.8%) 705 (76.3%) 456 (68%) <0.001
Focus of infection: urogenital 1595 121 (7.6%) 60 (6.5%) 61 (9.1%) 0.056
Focus of infection: bones/soft tissue/ 1595 272 (17.1%) 135 (14.6%) 137 (20.4%) 0.003
wound
Focus of infection: other/unknown 1595 117 (7.3%) 59 (6.4%) 58 (8.6%) 0.098
Infection microbiologically confirmed 1592 1239 (77.8%) 696 (75.6%) 543 (80.9%) 0.012
Bacteremia: gram positive 1587 224 (14.1%) 99 (10.8%) 125 (18.7%) <0.001
Gram negative 206 (13%) 117 (12.7%) 89 (13.3%)
Other/several 54 (3.4%) 29 (3.2%) 25 (3.7%)
No pathogen detected 720 (45.4%) 421 (45.9%) 299 (44.7%)
No blood culture taken 383 (24.1%) 252 (27.5%) 131 (19.6%)
Vasopressor use within 12 h after first 1590 1346 (84.7%) 830 (90.2%) 516 (77%) <0.001

organ dysfunction

Descriptive statistics given as N (%) or median [interquartile range]. p-values obtained by Mann-Whitney-U test, Fisher’s exact test or Pearson’s Chi-squared test as

appropriate
ICU: intensive care unit; IMC: intermediate care unit

0.994], p=0.003), but the adjusted effect was not signifi-
cant (OR=0.991 [0.978, 1.005], p=0.197, Additional File
1: SFig. 4).

A delay in antimicrobial treatment was associated with
a higher risk of progression to septic shock between 12
and 24 h after sepsis onset (OR=1.051 [1.022, 1.081]
per hour, p <0.001, based on 1129 patients, of which 291
(25.8%) progressed to shock, Fig. 1c). Unexpectedly, time
to surgical source control did not show a linear relation
to the risk of progression to septic shock, but a reverse-u-
shaped effect, with the risk increasing until 12 h and then
decreasing again (p=0.002, based on 193 cases, of which
82 progressed to shock, Fig. 1d).

Effects of time to treatment on hospital length-of-stay

of hospital survivors

Length-of-stay for hospital survivors was longer if the
start of antimicrobial therapy or surgical source con-
trol was delayed (ratio of geometric means with 95% CI
1.02 [1, 1.03], p=0.023, and 1.04 [1.01, 1.07], p=0.003,
respectively, Additional File 2: STable 7). Successful
source control was associated with reduced hospital
length of stay (0.72 [0.61, 0.86], p <0.001).

Subgroup analyses

Delayed antimicrobial treatment was associated with
increased odds of death both among patients not
receiving vasopressors within the first 12 h (adjusted
OR=1.026 [1.01, 1.043] per hour, p=0.002) and
patients receiving vasopressors (adjusted OR=1.018
[1.008, 1.029], p<0.001; test of difference between
odds-ratios: p=0.406). A delay of surgical source con-
trol was significantly related to increased mortality only
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28-day mortality (%)

Progression to septic shock (%)

Fig. 1 Crude outcomes and predicted outcomes depending on time to treatment. Presented are the risk (bars) and predicted risk (lines) across a
range of time after onset of sepsis. Bold lines present the predicted risk with 95% confidence interval for a typical patient from a model adjusting
for covariates, dotted lines present the predicted risk with 95% confidence interval from a model without adjusting for covariates. The effect of
timing was tested for linearity by fractional polynomials at significance level 0.05; in panels a to c timing is treated as linear, since no significant
deviation from linearity was found. Models adjusted for the following covariates: age and gender, origin of infection, location of the patient at the
onset of sepsis, focus of infection, microbiological confirmation of infection, study phase (trial vs. surveillance phase), and group the hospital was
randomized to (intervention vs. control). a Effect of time to antimicrobial therapy within the first 48 h on 28-day mortality. N=4792 cases were
treated with antimicrobials within 48 h after sepsis onset, of which 4659 (97%) cases had complete data on outcome and covariates for analysis. b
Effect of timing of surgical source control within the first 48 h on 28-day mortality. N= 1595 cases had surgical source control within 48 h after onset
of sepsis, of which 1563 (98%) cases had complete data on outcome and covariates for analysis. ¢ Effect of time to antimicrobial therapy on the
risk of progression to septic shock between 12 and 24 h after onset of sepsis. N= 1129 received their first antimicrobial treatment within 24 h after
sepsis onset and were at risk of developing shock between 12 and 24 h, of these 1125 (99%) cases had complete data on outcome and covariates
for analysis. d Effect of time to surgical source control on the risk of progression to septic shock between 12 and 24 h after onset of sepsis. Effect
fitted by the fractional polynomial ((x 4+ 0.1)/1 0)% + ((x + 0.1)/10)*, where x is the timing of surgical source control. N=193 cases did undergo a
surgical source control within 24 h after sepsis onset and were at risk of developing shock between 12 and 24 h, of which 193 cases had complete

100

90

80

70

60

50

40

30

20

100

90

80

70

60

50

40

30

20

a
a Crude
—— Predicted: risk-adjusted
Predicted: not risk-adjusted
- 0.42% / hr
T T T T T T T T T
0 6 12 18 24 30 36 42 48
Time to antimicrobial therapy (hr)
N: 3420 | 665 | 240 | 154 | 8 | 40 | 30 | 22 |
c
a Crude
—— Predicted: risk-adjusted
+ Predicted: not risk-adjusted
1 1.02% / hr
T T T T T T T T T T T T T
0 4 6 8 10 12 14 16 18 20 22 24
Time to antimicrobial therapy (hr)
N: 731 1 185 | % I 49 | 39 1 25

data on outcome and covariates for analysis

28-day mortality (%)

Progression to septic shock (%)

100

90

80

70

60

50

40

30

20

100

90

80

70

60

50

40

30

20

b
a Crude
—— Predicted: risk-adjusted
Predicted: not risk-adjusted
- 0.18% / hr
T T T T T T T T T
0 6 12 18 24 30 36 42 48
Time to surgical source control (hr)
N: 896 | 234 | 147 1 105 | 67 1 39 | 51 | 24 |
d
a Crude
—— Predicted: risk—adjusted
+ Predicted: not risk-adjusted
T T T T T T T T T T T T - T

N:

0 2 4 6 8 10 12 14 16 18 20 22 24
Time to surgical source control (hr)
63 I 46 I 16 | 26 | 23 | 19




Ruddel et al. Critical Care (2022) 26:51 Page 8 of 14
Observed  Risk-adjusted Decreasing Increasing
Predictor No. of patients mortality mortality OR (95% ClI) mortality mortality P-value
Timing of antimicrobial therapy 4659/4792 : 0.008*
0-1hr 364/1270 (28.7) 25.3 (22, 28.9) 1 :
1-3 hrs 418/1352 (30.9) 27.8(24.4,31.6) 1.14(0.95, 1.36) |ﬂ—0—| 0.149
3-6 hrs 255/836 (30.5) 26 (22.3,30.2) 1.04(0.85, 1.27) |—o—| 0.715
>6 hrs 437/1201 (36.4) 31.5(27.5,35.7) 1.36(1.12, 1.63) —o— 0.001
Timing of surgical source control 1563/1595 0.22*
0-1hr 92/327 (28.1)  25.1 (19.1, 32.3) 1
1-3 hrs 85/287 (29.6) 26.4 (20.8,32.9) 1.07 (0.71, 1.61) |—0—| 0.743
3-6 hrs 93/293 (31.7) 27.1(21.3,33.8) 1.11(0.71,1.72) |—-—o—| 0.646
>6 hrs 240/656 (36.6) 31.9 (26.7, 37.5) 1.4 (0.94, 2.08) |——0—| 0.102
Success of source control 1563/1595 5
Not successful 179/262 (68.3) 68.7 (60.7, 75.7) 1
Successful 331/1301 (25.4) 20.2(16.5,24.5) 0.12(0.08, 0.16) ] <=0.001

0 02040608 1 12141618 2 2224
Adjusted odds ratio for
28-day mortality

Fig. 2 Effects of antimicrobial therapy and of surgical source control on 28-day mortality. Effects were tested in a logistic hierarchical linear model
with a random intercept adjusting for covariates. Risk-adjusted mortality estimates were obtained as predictive margins that were calculated for
the average of continuous variables and for the most common category of categorical variables. No. of patients gives the number of cases with
complete data compared to the total number of patients suitable for the respective analysis. * marks the p-value of the overall test of significance
for the categorical variables on timing conducted by a likelihood-ratio test, while the other p-values give the results of tests of single categories
against the reference category. Models adjusted for the following covariates: age and gender, origin of infection, location of the patient at the
onset of sepsis, focus of infection, microbiological confirmation of infection, study phase (trial vs. surveillance phase), and group the hospital was
randomized to (intervention vs. control)

among patients receiving vasopressors within the first
12 h (adjusted OR=1.013 [1.001, 1.026], p=0.04), but
not among patients without shock (adjusted OR =1.009
[0.984, 1.035], p=0.481, test of difference between
odds-ratios: p=0.778). All subgroup analyses are pre-
sented in Fig. 3a, b.

Sensitivity analyses

When covariates on the severity of acute illness dur-
ing the first 24 h after onset of sepsis were included,
the effect of time to antimicrobial therapy remained
largely unchanged compared to the primary analysis
(Additional File 2: STable 8). Contrary to the primary

analysis, time to source control showed a significant
effect on 28-day mortality, when these additional covar-
iates were included (OR=1.02 [1.01, 1.04]; p=0.001).

Discussion

The key finding of our study is that a delay in time to
treatment of infection is associated with an increase in
28-day mortality in patients with sepsis or septic shock.
A delay in time to antibiotics increased the risk of death
both among patients with and without septic shock and
elevated the risk for progression from sepsis to sep-
tic shock. The relationship of timing of surgical source
control and patient outcome was less consistent. When

(See figure on next page.)

Fig. 3 Test of effect moderation of timing of treatment in prespecified subgroups for time from onset of sepsis to start of antimicrobial therapy
(panel a) and conduction of surgical source control (panel b) on 28-day mortality. OR: odds ratio per hour delay of treatment. Only cases with

times between 0 and 48 h were considered. Effect moderation was tested by introducing individual interaction terms between respective effect
moderator and the effect of timing of antimicrobial therapy or timing of surgical source control, respectively, in the logistic regression models.
Regression models were calculated by logistic hierarchical linear models with a random intercept. No. of patients gives the number of cases with
complete data compared to the total number of patients within the respective subgroup. Models adjusted for the following covariates: age and
gender, origin of infection, location of the patient at the onset of sepsis, focus of infection, microbiological confirmation of infection, study phase
(trial vs. surveillance phase), and group the hospital was randomized to (intervention vs. control). ICU: intensive care unit; IMC: intermediate care unit
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a Effect of timing of antimicrobial therapy

Subgroups No. of patients
All patients 4659/4792
Vasopressor use (first 12 hrs)

No 1135/1186

Yes 3517/3595
Origin of infection

Community acquired 2205/2273

Nosocomial (ICU/IMC) 1072/1112

Nosocomial (general ward) 1382/1406
Location at onset of sepsis

ICU/IMC 2432/2513

Ambulance service/emergency department 1130/1159

Operating room 418/428

General ward 679/692
Infection microbiologically confirmed

No 1230/1267

Yes 3429/3514
Bacteremia

Gram positive 791/806

Gram negative 694/712

Other/several 162/166

No pathogen detected 2225/2281

No blood culture taken 759/789
Change of antimicrobial therapy within 5 days

No change 2024/2067

De-escalation 599/642

Escalation 2034/2072
Surgical source control conducted

No 3007/3100

Yes 1652/1692

b Effect of timing of surgical source control

Subgroups No. of patients
All patients 1563/1595
Vasopressor use (first 12 hrs)

No 237/244

Yes 1323/1346
Origin of infection

Community acquired 771/795

Nosocomial (ICU/IMC) 289/292

Nosocomial (general ward) 503/508
Location at onset of sepsis

ICu/IMC 671/682

Ambulance service/emergency department ~ 327/337

Operating room 337/344

General ward 228/232
Infection microbiologically confirmed

No 346/353

Yes 1217/1239
Bacteremia

Gram positive 223/224

Gram negative 200/206

Other/several 52/54

No pathogen detected 707/720

No blood culture taken 375/383
Change of antimicrobial therapy within 5 days

No change 703/715

De-escalation 154/162

Escalation 705/714
Success of source control

No 262/262

Yes 1301/1333

Fig. 3 (See legend on previous page.)
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adjusted for confounders, it was only shown among
patients with septic shock.

Previous research shows a large variation in the effect
of timing of antimicrobial treatment on mortality in
patients with sepsis. Two meta-analyses including stud-
ies until 2015 and 2016, respectively, revealed opposite
results: Sterling et al. did not find a significant effect of
timing on mortality by focussing on observed mortal-
ity [3]. Johnston et al. also included risk-adjusted effects
and reported a significant decrease in odds of death in
patients with early antimicrobial therapy [6]. Recent
larger studies showed significant but small effects on
mortality between 0.3 and 1.4% increased risk per hour
[19, 20, 26-28]. This aligns with our findings of 0.4%
increased risk of death per hour delay. This effect was
significant both unadjusted and adjusted for possible
confounders.

While most previous studies did not separate between
sepsis and septic shock [5], our analyses showed a signifi-
cant and similar effect of timing of antimicrobial treat-
ment on mortality in both subgroups. Previous studies
that compared patients with and without shock partly
found no effect of delayed antimicrobials at all [29],
smaller effects among patients without shock [19, 26],
or virtually equal effects among both groups [20, 27]. A
recent study assessing all patients with infection admit-
ted via the emergency department found a larger effect
of delayed antimicrobials in a higher severity subgroup
mostly defined by elevated lactate levels compared to the
much larger group with lower severity at presentation
[28]. Our data also show that the delay of antimicrobials
increases the risk of progression to septic shock, as has
also been reported in two other studies [30, 31].

Weinberger et al. proposed a non-linear relation
between delay of antimicrobials and mortality, claiming
that there would be virtually no increase in mortality if
delay was below six hours [5, 7]. This argumentation has
also been used to question the 1-h goal demanded by
the sepsis guidelines of 2016 [5, 8]. Most previous stud-
ies were methodologically inappropriate to investigate
this question, since they used emergency department tri-
age as time zero [4, 5, 17], where it is unclear how long
sepsis persisted before that point in time. Using the
documented occurrence of the first organ dysfunction
as time zero allows more valid conclusions. Weinberger
et al. suggested to calculate distinct adjusted estimates
for the association between each hourly interval until
antibiotics to test for a steady increase in mortality [5].
We argue that such pairwise comparisons between short
time intervals are prone to be underpowered and biased
by random error and unknown confounders. Likewise,
we found that there was an increase of risk-adjusted
mortality by 2.4% if treatment was delayed for 1 to 3 h,
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but this difference was not significant. Explicitly testing
for non-linearity of the effect of a continuous predictor
is more informative than pairwise comparisons between
intervals. Fractional polynomials are a method to test for
non-linearity and to calculate an appropriate non-linear
functional form for an effect in regression analyses [18,
19]. Using this method, we did not find significant evi-
dence for a non-linear effect of delay of antimicrobials
on mortality, which results in assuming a linear effect.
There will be no conclusive evidence from observational
studies, if it is safe or not safe to postpone anti-infective
treatment for a short period of time among some patients
with suspected sepsis. Responsible clinicians need to
weigh up the competing risks of deterioration of a patient
with sepsis vs. treating a patient possibly not having an
infection with broad spectrum antibiotics. The new sep-
sis guidelines of 2021 reflect this reasoning by suggesting
a time-limited course of rapid assessment of infectious
vs. non-infectious causes among patients with possible
sepsis without shock and, if concern for infection per-
sists, the administration of antimicrobials within 3 h [2].
Delays in treatment are usually not based on purposeful
clinical decision-making but on lacking awareness, late
recognition of clinical deterioration, shortcomings in
communication and other organizational barriers to early
diagnosis and treatment [38]. Therefore, our results sup-
port initiatives to raise awareness for sepsis as a medical
emergency.

Studies on delay in surgical source control were mostly
conducted among patients with single disease entities
such as necrotizing fasciitis, peptic ulcer perforation,
cholangitis, infected pancreatic necrosis or urinary tract
infections and mostly had small samples with hetero-
geneous disease severity [2, 10-12, 32—34]. Two recent
large studies among patients with sepsis [13] and septic
shock [14] did not find a significant increase in mortal-
ity by delayed source control. In unadjusted analyses, we
found a significant effect of timing of source control on
mortality, while adjusted for possible confounders this
effect only proved to be significant among patients with
septic shock. Success of source control itself is a strong
predictor of survival [35, 36]. Our study additionally
found a delay in source control to decrease the chances
of success, but again only in the unadjusted analyses and
not in the analysis adjusted for confounders. Therefore,
the sensitivity of effects of timing of treatment on out-
come to confounder adjustment, which has been exten-
sively discussed regarding antibiotics [5], also applies to
analyses of timing of source control.

Additionally, delays in surgical source control in rela-
tion to risk of progression to shock within 12 to 24 h after
sepsis onset showed an unexpected reversed U-shaped
curve. Such a U-shape may be the result of treatment
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decisions prior to surgery as physicians may decisively
postpone surgery in patients, which might need or might
benefit from additional stabilization of hemodynamics
and physiologic status prior to surgical source control
[37]. Likewise, surgeons might have delayed interven-
tion due to diagnostic uncertainty in patients with vague
or subtle symptoms, which might have had better out-
comes. Therefore, on the one hand, our results indicate
that early surgical source control is warranted in patients
with sepsis—especially in patients with shock. On the
other hand, they hint at the complexities of the dynamics
of symptoms, illness progression, and clinical decision-
making that cannot be fully measured or operationalized
in an observational study.

This study has several strengths. It is based on a large
sample of prospectively included patients with sepsis
combining data on both timing of antimicrobial therapy
and timing of source control. It is less biased by meth-
odological flaws, since it is one of the few studies using
physiological criteria of sepsis onset as time zero, while
most previous studies—especially those with large sam-
ple sizes—used timing of emergency department triage
or beginning of treatment [3-6, 19, 26, 27]. It is also one
of the few studies using a standardized follow-up period
instead of hospital mortality. Most previous studies also
did not adjust adequately for possible confounders [5].
In our study, the effects of delayed antimicrobial therapy
were significant both without risk adjustment as well as
with adjustment including presenting symptoms and ill-
ness severity, suggesting that the effect of timing was not
merely an artefact of statistical adjustment [8].

The study also has limitations. Definition of time zero
by the review of physiological parameters in patient
charts has a problem of imperfect objectivity and relia-
bility due to incomplete measurement or documentation
in routine care [39]. This might have biased the effect
of delay of treatment found in our study. Since order-
ing time has not been assessed in our study, we were not
able to separate between time of recognition of sepsis
and time of antimicrobial treatment [17]. Also, sensitiv-
ity of pathogens to the first antibiotics was not systemati-
cally assessed and could therefore not be analysed. Little
information was available about pre-existing risk-factors
such as comorbidities or presenting signs and symptoms
like vital signs and laboratory values at onset of sepsis,
which are two important gaps to the risk-adjustment
[5]. A delay in source control might be due to the need
to stabilize patients first, but we had no sufficient data to
identify respective patients in our analysis. Our study was
conducted among German hospitals, only, but results
are comparable to international studies [19, 20, 26, 30].
This study did only include patients with sepsis in need of
critical care. Therefore, it was not possible to investigate
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possibly preventive effects of anti-infective interventions
before occurrence of infection related organ dysfunc-
tions. In addition, the findings of this study cannot be
applied to less severely ill patients not needing intensive
care. Study physicians were not blinded to outcome when
evaluating the success of surgical source control, which
might have caused a bias of judgement of success.

Conclusions

Our findings that delays in antimicrobial treatment after
onset of sepsis and surgical source control after onset
of septic shock were associated with increased 28-day
mortality, increased the risk of progression from sepsis
to septic shock and decreased probability of successful
source control, suggest that for the management of sepsis
time matters both for antimicrobial therapy and source
control. Also patients, who are not yet in septic shock,
profit from early anti-infective treatment since it can pre-
vent further deterioration.
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