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Abstract

Background Sepsis and septic shock are significant global healthcare challenges with high mortality rates. Effective
management requires timely and adequate antimicrobial therapy. Beta-lactam antibiotics, commonly used in patients
with sepsis, are crucial for treating these infections. However, standard dosing often leads to insufficient plasma levels
due to dynamic physiological changes in critically ill patients.

Previous randomized controlled trials highlighted the need for timely dose adjustments to improve clinical outcomes.
This is the study protocol for the BULLSEYE trial in which we aim to optimize antibiotic treatment during the initial
48 h of sepsis by comparing standard to double dosing of beta-lactam antibiotics.

Methods This open-label, multicenter, randomized controlled trial will compare standard to double dosing of beta-
lactam antibiotics (cefuroxime, ceftazidime, ceftriaxone, cefotaxime, amoxicillin, amoxicillin/clavulanic acid, flucloxa-
cillin, meropenem, and piperacillin/tazobactam) in critically ill patients with septic shock. Participants will be rand-
omized into two arms: the control arm receiving standard care, and the intervention arm receiving double antibiotic
doses for 48 h, irrespective of renal function. Following this period, all patients will receive standard doses as per local
protocol. The primary outcome is all cause 28-day mortality, with secondary outcomes including 90-day, 365-day,
hospital and ICU mortality, hospital and ICU length of stay, SOFA scores, time to shock reversal, microbiological eradi-
cation, clinical cure, pharmacodynamic target attainment, safety, quality of life, and medical consumption.

Discussion The BULLSEYE trial aims to improve sepsis treatment in critically ill patients. Despite anticipated recruit-
ment challenges, its large sample size ensures robust comparability. This pivotal trial could significantly impact sepsis
treatment, leading to better clinical outcomes.

Trial registration EU_CT 2024-512950-13-00. Protocol version 2.3, protocol date 09-12-2024. Prospectively regis-
tered on 09-01-2025 at Clinicaltrails.gov nr. NCT06766461.

Keywords Sepsis, Beta-lactam, Antibiotics, Critically ill, Intensive care, Randomized controlled trial, Mortality, Cost-
effectiveness analysis
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Background

Sepsis and septic shock represent significant global
healthcare challenges, annually affecting millions world-
wide and ranking among the leading causes of mortality
in hospitalized patients. In the Netherlands, severe sep-
sis accounts for approximately 0.6% of hospital admis-
sions and 11% of intensive care unit (ICU) admissions,
translating to an estimated 8,000-9,000 ICU admissions
annually with a median length of stay of 13.3 days [1].
Mortality rates range from 20 to 54%, underscoring the
critical nature of effective management strategies [2—6].
Furthermore sepsis and septic shock can cause long-term
or lifelong disabilities such as Post Sepsis or Post Inten-
sive Care syndrome due to the impact of ICU admis-
sion, medical condition and treatment [7, 8]. The key to
improving outcomes for severe infections, such as sepsis
and septic shock, lies in the timely and adequate adminis-
tration of antimicrobial therapy.

Beta-lactam antibiotics are amongst the most com-
monly used antibiotics to treat sepsis. Their antimicrobial
efficacy is determined using the pharmacodynamic tar-
get (PDT). The PDT is defined as the unbound antibiotic
concentration (f) above the minimal inhibitory concen-
tration (MIC): the lowest concentration needed to pre-
vent bacterial growth. In beta-lactam antibiotics the PDT
in critically ill patients is described as 100%fT > MIC (or
more aggressively 100%{T >4xMIC) [9], meaning that the
unbound concentration stays above the MIC for 100% of
the time (T).

During the first hours of sepsis and associated resus-
citation, rapid dynamic changes in physiology occur,
including augmented clearance, renal or hepatic dys-
function, changes in albumin and increased volume of
distribution [10]. In this phase patients show significant
interindividual variability in pharmacokinetic param-
eters, with a more than twofold variation of both volume
of distribution and drug clearance [11]. Consequently,
standard antibiotic dosing, as established in non-critically
ill, appears to be insufficient in this population. Previous
research by our group demonstrated that 40% of ICU
admitted sepsis patients does not reach 100%fT >MIC
and even more than 75% of the patients does not reach
100%fT >4xMIC [12]. These findings are in line with
other studies [13, 14].

To optimize dosing, the DOLPHIN study was carried
out [14, 15]. This study aimed to improve sepsis treatment
with Model-Informed Precision Dosing, using Therapeu-
tic Drug Monitoring (TDM) in combination with PK
modeling software. One of the limitations of the DOL-
PHIN study was, that, due to the study design and labora-
tory TDM availability, results and dose adjustments were
available only 36-48 h after antibiotic initiation [16].
Consequently, standard dose had been administered to
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all patients in anticipation of dosing advice. Considering
the “golden hour of sepsis’, and the importance to treat
as soon and as good as possible, this time window is too
long. A post-hoc analysis from the DOLPHIN study con-
firmed this: patients whose doses were adjusted based on
TDM within 24 h after treatment initiation, had better
clinical outcomes (amongst all: shorter ICU stay) com-
pared to those receiving standard dosing [17]. Individual
predictions using Model-Informed Precision dosing tools
showed that doubling the dose would result in adequate
target attainment in these patients [14], especially in the
first 48 h of treatment. This is in concordance with other
proposed dosing regimens in literature [18—20].

Therefore, this trial aims to investigate the effect of
double dosing of beta-lactam antibiotics during the ini-
tial 48 h of septic shock on all cause 28-day mortality in
critically ill patients.

Methods and design

Design

This is an open label, multicenter, randomized controlled
trial, conducted in the Netherlands. At the start of the
study period, participants will be randomized into two
study arms. The control arm will receive standard care.
The intervention arm will receive a double starting dose
of antibiotics upon admission and will continue this
double dose for 48 h. After 48 h all patients will receive
the standard dose according to local protocol. Data col-
lection will continue for a total duration of 12 months,
including carrying out questionnaires regarding health-
related quality of life and medical consumption at 3 and
12 months after inclusion.

Participants

Participants include adult patients with septic shock,
admitted to the ICU. Standard treatment must include,
but is not limited to, beta-lactam antibiotics.

Inclusion criteria
To be eligible to participate in this study, a subject must
meet all of the following criteria:

— >18years of age

— Receiving intravenous antibiotic therapy of the target
drugs (either intermittent or continuous infusion of
beta-lactam antibiotics, depending on the local pro-
tocol)

— DPrimary infection

— Admitted to the ICU

— Meeting the Sepsis-3 criteria for septic shock: sepsis
in addition to shock requiring the start of vasopres-
sors to maintain a mean arterial pressure 65 mmHg
or greater, and a serum lactate level greater than
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2.0 mmol/L following “adequate fluid resuscitation”
(21]

Exclusion criteria
A potential subject who meets any of the following crite-
ria will be excluded from participation in this study:

— Datient or legal representative not available to give
informed consent within 72 h after admittance

— Pregnancy

— Admittance for burn wounds

— DPatients receiving target antibiotics only as prophy-
laxis within the context of Selective Digestive tract
Decontamination (SDD)

— Enrolment in another interventional trial

— A patient who received the study antibiotic for more
than 24 h before inclusion

— A patient receiving extracorporeal membrane oxy-
genation (ECMO)

— A patient who is already treated with a double dose
of antibiotics based on suspected infection

Sample size calculation

The sample size calculation was based on the availa-
ble mortality data from the DOLPHIN trial [14]. It was
hypothesized that 28-day mortality will decrease from 28
to 20%. Furthermore, it was assumed to have 80% power,
5% two-sided alpha level and 5% loss-to-follow up. There-
fore, the final sample requires 988 patients (494 patients
in each treatment arm). The power calculation was per-
formed using G*Power. The 8% mortality decrease is
clinically meaningful and is realistic in early intervention
sepsis studies [22].

Study procedures and data collection

Screening procedure

Screening will take place at the participating hospital sites
by the treating physician. If possible informed consent
will be obtained before inclusion. If this is not possible
due to the medical condition of the patient, the patient
will be included and deferred consent will be obtained
within 72 h from the patient or their legal representative.

Randomization, blinding and treatment allocation

This is an open label study where patients will be ran-
domly assigned in a 1:1 allocation ratio to one of the two
following study arms:

1 Double dosing (intervention arm) or
2 Standard of care (control arm).
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Randomization will be stratified by center. The ran-
domization sequence is generated by a dedicated com-
puter randomization software program (i.e. Castor
EDC). Randomization will be performed by the treat-
ing physician, coordinating investigator or the local
investigator. After randomization each patient will be
given a unique patient study number. All data capture
will be performed in castor EDC, a program validated
and compliant with the General Data Protection Reg-
ulation and therefore guaranteeing the privacy of the
participants of the study.

Study procedures and assessments

An overview of study procedures can be found in Fig. 1.
Upon inclusion, participants will be randomized accord-
ing to procedures described above. Participants rand-
omized to the standard of care arm will receive a loading
dose, followed by a daily dose of the target antibiotic,
chosen according to local and national guidelines. This
can be an intermittent or continuous dosing regimen.
Maximum loading and daily dosages can be found in
Table 1 and 2. Participants randomized to the double
dosing arm will receive a loading dose double the stand-
ard, except for ceftriaxone because of its long half-life.
If patients already received a loading dose more than
2 h prior to inclusion, a full loading dose will again be
administered. In case the starting dose was administered
within 2 h prior to inclusion, only the remaining part of
the loading dose will be given. This double dosing will be
continued for 48 h. In this phase blood levels of the anti-
biotic are largely dependent on the volume of distribution
and only slightly influenced by renal clearance. Therefore,
intervention dosages will not be adjusted for kidney func-
tion. T1 will be defined as the first morning (8am) the day
after admittance to the ICU. To count as T1 the patient
has to be admitted (and if applicable received double dos-
ing) for at least 8 h. Consequently, this means T1 will be
somewhere between 8 and 32 h after admittance. Every
following day will be started at 8am the morning after day
1 and day 2 respectively. This procedure has been chosen
taking feasibility in mind, since most blood drawings and
morning rounds are done in this time period.

Blood samples will be drawn just before antibiotic
administration at T1, T2, and T3. They will be kept on
ice or in the fridge (2—-8 °C) and frozen <24 h after with-
drawal. Samples from participating hospitals, will be
transported to the Pharmacy laboratory of the Erasmus
MC in bulk and stored at —80 °C or —70 °C until analysis.
Plasma concentrations of study antibiotics will be deter-
mined by a validated liquid chromatography-mass spec-
trometry method (LC-MS/MS) [23].

Not all participating centra routinely measure procalci-
tonin. Because this parameter is indicative of the severity
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Fig. 1 Study assessments, interventions, sample and data collection

of sepsis and the response to therapy [24], this will be
determined in bulk at the Erasmus MC department of
Clinical Chemistry.

Primary endpoint
The primary endpoint is all cause 28-day mortality as
registered in the electronic medical records.
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Table 1 Maximum dosages control arm

Loading dose® Daily dose

Cefotaxime 1000 mg 4000 mg
Ceftazidime 1000 mg 3000 mg
Ceftriaxone 2000 mg 2000 mg
Cefuroxime 1500 mg 4500 mg
Meropenem 1000 mg 3000 mg
Flucloxacillin 1000 mg 6000 mg
Amoxicillin 1000 mg 6000 mg
Amoxicillin/clavulanic acid 1000/200 mg 4000/800 mg
Piperacillin/tazobactam 4000/500 mg 16,000/2000 mg
2 if applicable according to local protocol
Table 2 Maximum dosages intervention arm

Loading dose® Daily dose
Cefotaxime 2000 mg 8000 mg
Ceftazidime 2000 mg 6000 mg
Ceftriaxone 2000 mg 4000 mg
Cefuroxime 3000 mg 9000 mg
Meropenem 2000 mg 6000 mg
Flucloxacillin 2000 mg 12,000 mg
Amoxicillin 2000 mg 12,000 mg
Amoxicillin/clavulanic acid 1000/200 mg+ 4000/800 mg +

1000 mg 4000 mg

amoxicillin amoxicillin
Piperacillin/tazobactam 8000/1000 mg 32,000/4000 mg

2 if applicable according to local protocol

Secondary endpoint(s)

Secondary endpoints include 90-day, 365-day, ICU, and
hospital mortality as registered in the electronic medical
records. As well as ICU and hospital length of stay.

Other clinical parameters include sequential organ fail-
ure assessment (SOFA) scores. They will be registered at
baseline (T0), 24 (T1), 48 (T2) and 72 (T3) hours, or in
any case, after discharge/transfer/death before T3. The
SOFA scoring system is used to predict clinical outcomes
of critically ill patients. The score is based on six differ-
ent domains, one each for the respiratory, cardiovascu-
lar, hepatic, coagulation, renal and neurological system.
In each domain 0—4 points are assigned based on clinical
and laboratory findings, resulting in a total score ranging
from 0 to 24 points. A higher total score is unfavorable.
This scoring system has widely been used since 1996 [25].

Delta (A) SOFA, is defined as the score on a fixed time
after randomization minus the baseline score. Delta
SOFA at T3 is defined as the SOFA at T3 minus SOFA at
TO. In case of discharge from the ICU a SOFA of 0 points
will be registered. In contrast, in case of death of a par-
ticipant 24 points will be assigned [26]. Using the delta
SOFA allows to compare organ dysfunction at any time
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point from baseline in the trial arms. Treatment effects
on delta SOFA are reliably and consistently associated
with mortality in RCTs [26].

Time to shock reversal, defined as the time in hours
from inclusion to the moment vasopressors have been
administered at a dosage <0.1 pg/kilogram/minute for at
least 4 h, will be determined as well as daily lactate levels
and procalcitonin levels.

Clinical cure will be defined as the completion of the
B-lactam antibiotic treatment course by day 14 without
recommencement of antibiotic therapy within 48 h of
cessation for the same infectious episode.

Microbiological eradication will be defined as eradica-
tion of the causative organism from the primary source
up to 30 days after therapy when confirmed by at least
one repeated culture. In cases where there were no repeat
cultures and the patient had resolution of the infection,
microbial eradication will be presumed.

The pharmacodynamic target will be defined as
100%fT >4xMIC. Since antibiotic treatment in sepsis will
be started empirically, the epidemiological cut-off value
(ECOFF) will be used as MIC [27, 28]. The presumed
pathogen and matching MIC__ +are listed in Table 3.

The safety of the intervention will be determined by
comparing the number of adverse events (AEs), serious
adverse events (SAEs) and suspected unexpected serious
adverse reactions (SUSARs).

Health related quality of life (HRQoL) at 3 and
12 months will be assessed using the EuroQoL 5D-5L"™
(EQ5D) questionnaire. This questionnaire consists
of five questions each representing a dimension of
HRQoL. The dimensions are mobility, self-care, usual

Table 3 Presumed microorganism and MIC

Presumed
Microorganism (S)

Target antibiotic MICecors” (mg/L)

Cefotaxime Enterobacterales (group)  0.25
Ceftazidime Pseudomonas aeruginosa 8
Ceftriaxone Enterobacterales (group) (0.125)°
Cefuroxime Enterobacterales (group) ~ 8“
Amoxicillin Enterobacterales (group)
Amoxicillin/clavulanic Enterobacterales (group)

Acid

Flucloxacillin Staphylococcus aureus 1

Piperacillin/tazobactam  Pseudomonas aeruginosa 16

Meropenem Pseudomonas aeruginosa 2

@ European Committee on Antimicrobial Susceptibility Testing. Data from the
EUCAST MIC distribution website, last accessed 12-8-2024" . https://www.
eucast.org

b between brackets in case only a tentative ECOFF is available

“The value of 8 mg/L is below the highest ECOFF within the group, but since the
clinical breakpoint is also R>8 mg/L it was decided to keep this value at 8 mg/L
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activities, pain or discomfort and anxiety or depression.
Patients can assign a score of no (1), slight (2), moder-
ate (3) or severe problems (4), or are unable to (5) to
each of these dimensions. Based on these five dimen-
sions with 5 possible answer levels each, 3,125 health
states can be discerned.

Furthermore, an empirical cost-effectiveness analy-
sis will be conducted comparing double dosing to the
standard of care following the recommendations of the
Dutch guideline for conducting economic evaluations
in healthcare (Dutch EE guideline). [29] The time hori-
zon will be equal to the study follow-up period and will
assume a healthcare perspective. The latter includes
costs for (i) hospital admissions (ICU and other wards),
drug or transfusion (ii) acquisition, and (iii) administra-
tion, (iv) laboratory diagnostics, and (v) other health-
care resource use such as time spent by health care
professionals for consultations, or bedside procedures.
Healthcare resource use will be valued with Dutch ref-
erence prices from the Dutch EE guideline or taken
from our recent costing study [30]. Since differences
in costs of informal care time, productivity losses, and
travel are irrespective of the chosen strategy and hence
not expected, a societal perspective is not assumed.
The primary outcome of this cost analysis will be the
incremental cost-effectiveness ratio (ICER) per change
in mortality of double dosing compared to standard
of care. Secondary outcomes of this cost analysis will
include total costs per strategy and patient, and the
ICER per change in SOFA score and quality-adjusted
life year (QALY) gained. All costs will be expressed in
Euros and indexed to the reference (to be determined)
when necessary.

Subgroup analyses will be performed regarding specific
patient groups, type of antibiotic, severity of sepsis, infec-
tion site and use of comedication.

Statistical analysis

In general, p-values<0.05 are considered to indicate
statistical significance (2-tailed test). The p-values for
the secondary endpoints will be presented but consid-
ered descriptive and hypothesis generating rather than
confirmatory. Both R studio and Graphpad software
will be used for statistical analysis and making graphs,
respectively.

All analyses will be performed according to the inten-
tion-to-treat (ITT) principle. The ITT population will
consist of all patients who have been randomized, irre-
spective of withdrawals, dropouts or other reasons for
failing to complete the study. A per-protocol analysis will
be performed as a sensitivity analysis.
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Baseline characteristics

Descriptive statistics will be used to describe the baseline
characteristics. Continuous variables will be described
using means (SDs) or medians (interquartile range)
depending on the normality of the distribution. Categorical
variables will be described using numbers (percentages).

Primary endpoint

The primary endpoint, 28-day mortality, will be analyzed
using a mixed-effects binary logistic regression [31].
This regression will include treatment effect and source
of sepsis as fixed effects and site as random effect. Odds
Ratios (OR) and 95% confidence intervals (95% CI) will
be reported. Crude proportions by treatment arm will
also be reported with an unadjusted OR (95% CI), abso-
lute risk difference (95% CI) and associated p-values.

Secondary endpoint(s)

Secondary outcomes are ICU and hospital mortality,
3 months and 1 year mortality, hospital and ICU length
of stay, microbiological eradication, time to shock
reversal, clinical cure, cost of treatment, quality of life,
side effects, Delta PCT (Baseline — Day 3), Delta lac-
tate (Baseline — Day 3), SOFA day 3, Delta SOFA (Base-
line — Day 3) and pharmacodynamic target attainment.
A similar analysis approach will be taken for the sec-
ondary outcomes as for the primary outcome, while for
continuous and/or count variables multivariate linear
or Poisson regressions will be used, respectively. Miss-
ing data, where applicable, will be imputed with the use
of multiple imputation under the missing-at-random
assumption with chained equations. In the case of
missing baseline data, they will be imputed based on
baseline characteristics (age, sex, APACHE IV) [32].
The outcome values are not imputed as per convention.

Interim analysis

An interim analysis is planned at half of the anticipated
sample (n=494 patients). An alpha<15% estimated
power to demonstrate a significant effect at full enroll-
ment (n=988 patients), was defined as non-binding
threshold to stop early for futility. Other parameters
will be considered as well such as recruitment speed,
funding parameters and/or external events that pro-
hibit the completion of the trial.

Criteria for termination of the trial

A Data Safety Monitoring Board (DSMB) is installed
and will advise the research team on the safety and effi-
cacy of the trial. Reasons to advise to terminate the trial
might be:
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1. Safety Concerns: If there is a significant increase in
adverse events or serious adverse events in the treat-
ment group or if there are any unexpected safety
issues that pose risks to participants’ health.

2. Ethical Considerations: If new information emerges
during the trial that makes the study unethical to
continue, such as the emergence of more effective
treatment options or other compelling reasons.

Data monitoring

Because of the nature of the trial with a small chance of
slight damage (negligible risk), an independent moni-
tor will visit each study site every 12 months. 10% of all
cases will be randomly selected for verification by the
independent monitor. Informed consent, source data and
reported serious adverse events (SAEs) are reviewed for
errors. The data will be pseudonymized when stored in
the database and then used for analysis.

Serious adverse events

SAEs related to known and anticipated side effects of
the study antibiotics, pre-existing medical conditions,
events with established causality unrelated to the study
medication, successfully managed events, and expected
laboratory abnormalities will be documented, but not
immediately reported. These events will be included in
regular safety updates to both the medical ethics com-
mittee and the DSMB. All other SAEs and SUSARs will
be reported to the local medical ethics committee and
DSMB within 7 days of occurrence. Research staff is
trained how to address SAEs and how to report these to
the coordinating researcher.

Discussion

The BULLSEYE trial is a randomized controlled study
designed to enhance the treatment of critically ill patients
with septic shock. The concept of administering higher
and double doses of beta-lactams in such patients has
got increasing attention over the past few years. To our
knowledge, this study is the first prospective trial investi-
gating a short term higher dosing regimen.

Higher dosing naturally comes with an increased risk
of toxicity. However, no additional toxicity was observed
with increased dosages in the DOLPHIN study [14].
Furthermore, a survey was carried out in our interna-
tional consortium (including investigators from Belgium,
France, and Australia). All collaborators agreed that dou-
ble dosing during a short period (of 48 h) would lead to
improved target attainment and would outbalance the
possible risk of toxicity for all antibiotics. Furthermore,
a Data Safety Monitoring Board (DSMB) has been estab-
lished to offer objective advice on the safety and efficacy

Page 7 of 9

of the trial during interim analyses and annual meetings.
It should be noted however, that in a critically ill patient
it is very challenging to differentiate between adverse
effects of study medication, other administered medica-
tions or the medical condition itself.

Furthermore, inherent to the critically ill population
there is a significant heterogeneity in patient, hospital
and physician related factors. Standard dosing protocols
differ per hospital site, including continuous and inter-
mittent infusions, differences in loading dosage and
differences in antibiotic used for selective bowel decon-
tamination. Patient and physician related factors include
comorbidity, decisions to continue or discontinue treat-
ment, adherence to sepsis bundles and many more. All of
these will influence the results of this study.

One significant challenge anticipated in this trial is
the recruitment of patients. This is particularly difficult
because inclusion and randomization must be completed
promptly after ICU admission. To address this, the inclu-
sion rate will be monitored at multiple stages through-
out the trial. If necessary, additional study sites will be
recruited to ensure sufficient enrollment and maintain
the integrity of the study.

The key strengths of this study include its large sam-
ple size, which contributes to a greater comparabil-
ity between the study arms within this heterogeneous
patient population. Importantly, the intervention in this
trial is not dependent on patient-specific factors such as
age, body mass index, or renal function (including aug-
mented renal clearance). Although a patient-centered
approach would be preferable, the strength of this study
lies in the timely administration of the antibiotic, neces-
sitating a pragmatic approach.

Overall, the BULLSEYE trial is one of the first trials
investigating double dosing in the initial phase of sep-
tic shock. Its findings have the potential to significantly
impact the future of sepsis treatment in the critically ill,
providing a foundation for improved therapeutic strate-
gies and patient outcomes.

Trial Status
Recruitment began at the first site in January 2025 and is
expected to be completed by December 2026.
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AE Adverse Event

DSMB Data Safety Monitoring Board

ECOFF  Epidemiological cut-off breakpoints
ECMO Extracorporeal Membrane Oxygenation
EDC Electronic Data Capture

HRQoL  Health-related Quality of Life

ICER Incremental cost-effectiveness ratio
ICU Intensive care unit

MIC Minimal inhibitory concentration

PD Pharmacodynamic

PDT Pharmacodynamic Target
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