Review

Continuous versus intermittent infusion of beta-lactam antibiotics:

where do we stand today? A narrative review
Basil Alawyia,” * Sarah Fathima,”* Nikolaos Spernovasilis,> Danny Alon-Ellenbogen®

Abstract

Introduction Antimicrobial resistance (AMR) is among the greatest threats to global healthcare. The
World Health Organization (WHO) estimates that by 2050 ten million deaths will be attributed to AMR
annually. In response, the WHO has implemented antibiotic stewardship programs which focus on
optimizing antibiotic use and raise, amongst others, the issue of the preferred method of intravenous
antibiotic administration. Various studies have attempted to answer this question with conflicting
results.

Review This review examined several studies assessing extended/continuous infusion compared to
intermittent infusion of three beta-lactams: piperacillin-tazobactam, cefepime, and meropenem. The
findings and conclusions of each study were summarized and compared to one another to provide a
general overview of the current evidence.

Conclusions We conclude that continuous/extended infusion showed a greater clinical benefit in
highly critical cases, namely sepsis and febrile neutropenia, compared to intermittent infusion.
Additionally, in cases where a pathogen was identified, continuous/extended infusion showed
superiority. Nonetheless, high-quality studies with larger samples are needed to demonstrate the
difference between these two modes of infusion in a way that would better inform guidelines and
policies, aiding in the fight against AMR.

Keywords Continuous/extended/intermittent infusion, piperacillin-tazobactam, cefepime,

meropenem.

Introduction

Antibiotics have laid the foundations for
modern medicine and have been fundamental to
the success of highly invasive surgeries,
immunomodulatory treatments, and various
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other medical procedures." Unfortunately, this
success is threatened by the rise of antimicrobial
resistance (AMR). According to the World
Health Organization (WHO), AMR is among the
greatest threats to global healthcare and human
health. In 2019, it was estimated that AMR was
directly responsible for 1.27 million deaths
globally. Moreover, it is estimated that by 2050,
AMR will be responsible for 10 million deaths
per year. These numbers reflect the immediate
threat of this global healthcare crisis.” In
addition, based on estimates by the Center for
Disease Control and Prevention (CDC), the cost
of treating multidrug resistant (MDR) infections
is over $4.6 billion, annually. Furthermore, this
crisis was further exacerbated by inadequate
research and development of new antibiotics to
face the increasing prevalence of MDR
pathogens."

The WHO has implemented multiple
strategies to combat the threat of AMR; one such
strategy is that of antimicrobial stewardship
programmes (ASPs), which focus on optimizing
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the use of antibiotics, among other
antimicrobials.  Specifically for beta-lactams,
changing the administration strategy of
antibiotics from the standard intermittent
infusion to extended or continuous infusion has
been proposed to improve efficacy and reduce
bacterial resistance. This is because beta-lactams
exhibit time-dependent bacterial killing in which
the time (T) for free antibiotic concentration is
maintained above the organisms' minimum
inhibitory concentration (MIC). In other words,
the longer the beta-lactam concentration remains
above the MIC, the greater the antimicrobial
effect’  Current  guidelines  recommend
intermittent ([) or extended/continuous
infusion (EI/CI) based on this pharmacodynamic
principle and observational studies. However,
whether the difference in the type of infusion is
reflected in improved clinical outcomes is yet to
be established. Various studies have compared II
with EI/CI yielding mixed results; however, as of
now, there have been no high-quality randomized
control trials comparing the different infusion
types.

This narrative review discusses the multiple
studies comparing the different types of infusion
involving piperacillin-tazobactam, cefepime, and
meropenem. These drugs were chosen based on
the relative abundance of data in the literature
examining their different modes of infusion, and
on top of that, in order to examine a modality
that might further optimize the use of older
antibiotics as this would allow us to spare the
newer broad-spectrum antibiotics, serving as an
antibiotic stewardship strategy. More specifically,
this review examines the use of these antibiotics
in the following patient populations: critically ill,
febrile neutropenia, and pediatric patients.
Moreover, in this review we defined CI as
constant intravenous administration throughout
a  24hour period, EI as
administration over 24 hours, and II as
intravenous administration for less than or equal
to 30 minutes.

Severe sepsis in critically ill patients remains
challenging to treat, and mortality rates remain
high.” This is mainly due to
pathophysiological changes such as fluid shift
phenomena and augmented renal clearance

intravenous

several

(ARC) that alter antibiotic pharmacokinetics.*
Similar to the critically ill, patients with cancer
have altered PK/PD parameters due to
pathophysiological changes that accompany
malignant disease, particularly hematological
malignancies.’ These alterations in
pharmacokinetics complicate the administration
of antibiotics and increase the likelihood of
achieving sub-therapeutic doses and subsequent
therapeutic failure.® Furthermore, in comparison
to adults, children have an expanded volume of
distribution, rapid renal clearance, and other
variations  in  drug  metabolism  and
pharmacokinetics. These differences highlight the
need for specific dosing regimens for pediatric
populations to achieve targeted therapeutic
goals.”®

Numerous studies in the critically ill and
populations of patients with cancer have shown
that EI/CI results in longer period in which beta-
lactam dose concentration is higher than MIC
compared to II; however, whether this is
associated with improved clinical outcomes is still
unclear.” On the other hand, few studies have
focused on the effectiveness of EI/CI regimens
compared to II regimens in pediatric
populations.'® Thus, we examined the current
evidence regarding the clinical outcomes of the
patients belonging to the above-mentioned
populations according to the mode of
administration of  piperacillin-tazobactam,
cefepime and meropenem.

Methods

Search criteria

A literature search of PubMed using the
keywords “piperacillin-tazobactam”, “cefepime”,
“meropenem”,
“extended”, and “continuous” was performed,
within a defined timeline (2002-2023). Only
English language publications were included. The
search was done by the two authors in a period of
2 months, from October to November 2023. The
search yielded 109 articles, of which 10 were
duplicates, and 56 were selected for this review.
Articles that included any of the antibiotics
piperacillin-tazobactam, cefepime, or meropenem
were included. In addition, articles were selected
based on having a clinical outcome measure that

“infusion”, “intermittent”,
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included but were not limited to: mortality rate,
achievement of clinical cure, intensive care unit
(ICU) length of stay, and hospital length of stay.
Furthermore, articles with patient populations
that included patients with febrile neutropenia,
critically ill patients, or pediatric patients were
selected. On the other hand, studies with a
primary focus on pharmacokinetics and
pharmacodynamics  of  betalactams  were
excluded. The types of studies included were
randomized clinical trials, cohort studies, and
systematic teviews. The search did yield cross-
sectional studies, but those were excluded. Data
from the WHO, CDC, and the Institute for
Health Metrics and Evaluation (IHME) were also

used in this review.
Results

Piperacillin-tazobactam

Critically ill patients

A single-center, prospective clinical trial
performed by Fan et al.'"' (Table 1) involving
patients from Hong Kong aimed to determine
whether critically ill patients receiving EI would
have better clinical outcomes than those receiving
II. The patient population included 367 ICU
patients diagnosed with either bacteremia or
neutropenic fever and all patients received
piperacillin-tazobactam regardless of the method
of infusion. The study's primary outcome was the
14-day mortality rate, which was similar in both
El and II, 11.5% and 15.7% respectively;
however, it was not statistically significant.
However, time to defervescence, a secondary
outcome, was significantly reduced by two days in
the EI group (p=0.01). Other secondary
outcomes, such as length of ventilatory support
and length of ICU stay, did not differ
significantly between the two groups. Moreover, a
post hoc subgroup analysis of the primary
outcome revealed that the 14-day mortality rate
in patients for whom an infectious agent was
identified was reduced in the EI group (9.3%)
compared to the Il group (22.2%), with a relative
risk reduction of 58.5% (p=0.03). Additionally,
after patients were stratified based on the source
of infection, patients with respiratory infection
showed a reduction in the 14-day mortality rate

in EI compared to the II group (8.9% vs 18.7%).
This stratification revealed a statistically
significant  difference between EI and 1I
(p=0.02)."" A prospective clinical trial by Rafati et
al."” (Table 1) that included septic ICU patients
with a microbiologically documented infection
showed a 5% reduction in mortality rates in the
CI group compared to the II group; however, this
was not statistically significant. Despite that,
these results follow the same conclusion drawn
from the findings of the previously mentioned
post hoc subgroup analysis and highlight the
possible clinical benefit of CI when a pathogen is
identified. On the other hand, findings from a
multicenter propensity analysis performed in 7
adult ICUs in Portugal by Goncalves-Pereira et
al.’”® (Table 1) contradict this conclusion. The
analysis included 346 septic ICU patients who
received  piperacillin-tazobactam  to  treat
microbiologically documented infections. The
study's primary outcome was 28-day all-cause
mortality, which was not significantly different
between the groups. A total of 98 patients died in
the first 28 days, with 49 deaths in each group
(p=1.00). The conclusions drawn from this
analysis differ from the previous two studies. This
might be partially explained by some of the
study’s limitations, e.g., the fact that patients who
did not attain the pharmacodynamic target were
not identified, which might have resulted in
subtherapeutic doses and subsequent treatment
failure. Also, differences in diagnoses between
the two patient populations, despite being all
ICU patients, might have led to further biases."
A further 2022 single-center retrospective
study conducted in South Korea by Hyun DG et
al. (Table 1) aimed to evaluate the clinical efficacy
of Cl of piperacillin-tazobactam in a patient
population and setting similar to those of the
previous studies.' In the CI group the 28-day
mortality rate was 12.8%. In contrast, the 28-day
mortality rate in the II group was 27.3% (p=0.07).
After adjusting for potential covariables such as,
among others, congestive heart failure, renal
replacement therapy, and primary site of
infection, patients that received CI infusion of
piperacillintazobactam had a 69% lower
likelihood of mortality at 28 days than patients
who received II (95%CI: 0.12-0.78; p=0.013).
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Table 1. Summary of studies involving piperacillin-tazobactam

Study author Year of Patient population | Study design Summary of results
publication
Fan SY etal.'' | 2017 ICU patients Prospective 14-day mortality rate showed not statistically
diagnosed with randomized clinical | significant difference between the EI and the
bacteremia or trial 11 group (p=0.290).
neutropenic fever 14-day mortality rate in post-hoc subgroup
analysis was reduced in the EI group
compared to the II group (p=0.03).
Gongalves- 2012 ICU septic patients | Multicenter 28-day mortality rate revealed no statistically
Pereira J et al.” propensity analysis significant difference between CI and II
(p=1.000).
Hyun DG et 2022 Critically ill ICU Retrospective 28-day mortality rate was reduced in the CI
al.1* patients randomized clinical group; however, the difference was not
trial statistically significant between CI and II
(p=0.07).
28-day mortality rate after adjusting for
covariables was reduced in CI; the difference
was statistically significant between CI and 11
(p=0.013).
Rafati MR et 2006 Critically ill septic Prospective 5% reduction in mortality rate in the CI
al.’? ICU patients randomized clinical | group compared to the II group (p=0.720).
trial APACHE II score reduction was greater in
the CI group than in the II group.
Cutro SRetal. | 2014 ICU and non-ICU | Retrospective cohort | No statistically significant difference between
15 patients with sepsis | study the two groups, EI and 11, in patient mortality
rate and clinical failure rate.
Abdul-Aziz 2016 Critically ill septic Prospective Higher clinical cure rate in the CI group
MH et al."? patients randomized clinical | compared to the II group (p=0.016).
trial 14-day and 30-day survival rates were higher in
CI; difference not statistically significant
between the CI and II groups (p=0.237;
p=0.145).
Ram Retal.’” | 2018 Patients with febrile | Single-center, non- Higher documented clinical response in the
neutropenia blinded randomized | EI group compared to the Il group (95%CI:
clinical trial 1.4%-37.1%; p=0.044).
Konderer et 2017 Pediatric patient Retrospective case 29 out of 39 patients (74%) receiving EI
al.®® population series achieved clinical cure.
Solorzano- 2019 Pediatric patients Single center Similar clinical improvement at 72 hours in
Santos et al.?? with cancer randomized control | both groups, CI and II.
trial No significant difference in clinical efficacy
between the two groups, CI and 1II.

EI - extended infusion; CI - continuous infusion; II - intermittent infusion.

Secondary outcomes included length of ICU stay,
freedom from ventilation at 14 and 28 days, and
normalization of C-reactive protein (CRP) on day
7. Similar to previous studies, there was no
significant difference between both groups in
ICU length of stay. However, patients in the CI

group had a higher probability of being free from
ventilation on day 14 (hazard ratio of 1.77,
95%CI: 1.10-2.84; p=0.018) but there was no
difference between the two groups on day 28

(hazard of 1.25, 95%CI: 0.76-2.06;
p=0.376). In addition, patients in the CI group

ratio
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had higher rates of normalization of CRP at day
7 (9.3% vs. 1.9%; p=0.030). Overall, there was a
significant difference between the continuous
and intermittent groups concerning mortality
rate at 28 days, freedom from ventilation at day
14, and normalization rates of CRP. Notably,
differences in CRP normalization rates between
the two groups illustrate the possible effectiveness
of continuous infusion in the early inflammatory
phase in critically ill patients with sepsis.'*
Furthermore, Rafati MR et al. documented a
faster reduction rate in the APACHE II score in
the CI group compared to the II group.'” The
reduction rate went from 2.6 on day 1 to 6.2 on
day 6 for the CI group, while for the II group, it
went from 1.1 on day 1 to 4.2 on day 6. This
further suggests the possible role of CI in
reducing inflammation in septic patients and
remains consistent with the conclusions drawn by
Hyun DG et al.'

A large retrospective cohort study by Cutro et
al. (Table 1) of patients with sepsis who received
either I or EI of piperacillin-tazobactam
conducted in New York in 2014 aimed to analyze
the clinical outcomes in both patient groups.”
The study included ICU and non-ICU patients.
However, all patients had presumed sepsis
syndrome. The study's primary outcomes were
inpatient mortality, hospital length of stay, and
ICU length of stay. The rate of clinical failure was
included in the study as a secondary outcome. A
total of 662 and 181 patients were assigned to the
EI and II groups, respectively. The study did not
find a statistically significant difference among
the primary outcomes. In-patient mortality rate
was 10.9% in the EI group and 13.8% in the II
group (p=0.282). Moreover, the average hospital
length of stay was also similar (10 days in the EI
group and 12 days in the II group, p=0.171).
Regarding the secondary outcomes, clinical
failure rates were nearly identical in the two
groups as well (18.4% and 19.9%, respectively;
p=0.756). Furthermore, a subset analysis was
performed on ICU-only patients, who were
further stratified based on their clinical disease,
that suggested patients with urinary tract
infections (2.5% versus 16.7%; p=0.016) and
intra-abdominal infections (7.3% versus 18.8%;
p=0.086) improved mortality rates with EL."” A

systematic review and meta-analysis by Yang H et
al.'® included studies that enrolled both ICU and
non-ICU patients and showed findings that were
consistent with the results of the cohort study by
Cutro et al.,” concluding that EI did not result
in a significant difference in mortality rate.
Comparing the results of the cohort study by
Cutro et al.” with the results of the systematic
review by Yang H et al.,' it seems that the most
significant benefit from CI is in high dependency
units and ICUs; however, this would require
further investigations involving ICU-only patients
and heterogenous patient populations of both
ICU and non-ICU patients.

All studies mentioned were done in
developed countries. Data from other regions of
the world, notably those afflicted with more
resistant  bacteria and  different  patient
populations, are limited. The BLISS study (Table
1) was one of the few studies that focused entirely
on a population of a developing country.'” It was
a prospective, two-center, open-label randomized
controlled trial that compared CI and II of beta-
lactams in critically ill patients with sepsis who
were not receiving renal replacement therapy.
Piperacillin-tazobactam was one of the three beta-
lactams included in this study, along with
cefepime and meropenem. Seventy patients were
allocated to the CI group, of which 54% received
piperacillin-tazobactam. Similarly, seventy
patients were assigned to the Il group, with 67%
receiving piperacillin-tazobactam. For the patients
that received piperacillin-tazobactam, the study's
primary outcome was clinical cure at 14 days after
antibiotic cessation, with clinical cure defined as
either resolution of the clinical signs of infection
or marked reduction in the severity of the illness.
Secondary endpoints included median ICU stay
and survival at day 14 and day 30. Regarding the
clinical cure rate, 58% in the CI group achieved
clinical cure, while only 32% in the Il group had
a similar outcome. These results were statistically
significant with a p value of 0.016. The CI
group’s 14-day and 30-day survival rates were
80% and 74%, respectively. In contrast, the 14-
day and 30-day survival rates in the Il group were
71% and 63%, respectively. However, these
results were statistically not significant. Overall,
continuous infusion of beta-lactams in critically
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ill patients with sepsis demonstrated higher
clinical cure rates and better survival rates than
intermittent  infusion'” These results are
consistent with previously mentioned studies
involving similar patient populations despite the
geographical variation.

Febrile neutropenia

Beta-lactams, specifically piperacillin-
tazobactam, are the most commonly used drugs
in treating febrile neutropenia initially. However,
only a handful of studies included a cohort of
febrile neutropenic patients. None of these
studies focused on piperacillin-tazobactam only,
usually including several of the most commonly
used betalactams in this patient setting.'®
Nevertheless, these studies yielded noteworthy
results. One such study was a single-center, non-
blinded, randomized clinical trial that assessed
the clinical efficacy of EI versus II of either
piperacillin-tazobactam or ceftazidime in patients
with febrile neutropenia, conducted by Ram et
al.” The study’s primary outcome was to
determine whether EI showed clinical superiority
compared to II. Clinical response was defined as
one of the following: resolution of fever for at
least 24 hours, sterile cultures on days 3 and 4,
and resolution of clinical signs and symptoms. A
total of 105 patients were enrolled, with 47 in the
El group and 58 in the Il group. Of note, 96
patients (91.4%) were treated with piperacillin-
tazobactam. Clinical response was documented in
35 patients (74.4%) in the EI group and 32
patients (55.1%) in the II group (95%CI: 1.4%-
37.1%; p=0.044). Moreover, further stratification
revealed that microbiologically documented
infections,  bloodstream  infections, and
pneumonia had significantly higher clinical
response in the El group compared to the II
group. For instance, patients with a
microbiologically documented infection had a
clinical response rate of 71.7% in the EI group
and 30% in the II group (p=0.0013), while
patients with bloodstream infections had a
clinical response rate of 25% in the EI and
10.7% in the II group (p=0.0011). Overall, EI
resulted in a higher clinical response rate than II,
which was more prominent when patients were
stratified. The small difference between the

groups before stratification can be attributed to
the fact that only a fraction of the patients with
febrile neutropenia had an underlying infection,
which would render antibiotics ineffective in
such cases. Additionally, the resolution and
recurrence of fever might have been affected by
multiple factors such as mucositis, reaction to
blood products and cytotoxic drugs, and
neoplastic fever, which might have led to the
interpretation of the lack of defervescence as
therapy failure. It is therefore essential to
consider these variables when interpreting the
study results, as they dilute the antibiotic effect.
This is further reinforced by the significant
difference in clinical response rates between the
CI and II groups observed in the subgroup
analysis, where patients with documented
infections benefited greatly from CI. Overall, it is
evident from this study that CI achieves
significantly higher clinical response rates than II
in patients with febrile neutropenia that have
documented infection.

Pediatric patients

A 2017 retrospective case series study
conducted by Knoderer et al.” included 39
patients aged one month through 17 years with a
documented  Gram-negative  infection, all
receiving piperacillin-tazobactam for at least 48
hours.”® The study's primary outcome was the
clinical cure rate, defined as experiencing
complete resolution of symptoms, having normal
white blood cell (WBC) count, or having negative
follow-up cultures after 21 days of therapy.
Secondary outcomes included 30-day mortality.
Overall, 74% (n=29) of patients met the pre-
defined criteria for clinical cure. No deaths were
reported in this cohort. In conclusion, the
majority of children who received EI of
piperacillin-tazobactam achieved clinical cure,
with those not achieving clinical cure being
younger and more critically ill. Although these
differences were not statistically significant,
comparative studies with larger cohorts are
required to illustrate these differences better or
nullify them.

In addition to the natural complexity of
treating critically ill pediatric patients, as
mentioned above, pediatric cancer patients pose
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an even greater challenge, as they can manifest
severe and life-threatening complications. With
the rise of AMR, treatment failure of these
complications, particularly febrile neutropenia,
has become more common, prompting a search
for optimal use of antibiotics.”! A 2019 single
center randomized controlled trial was conducted
in Mexico by Solorzano-Santos et al.” to evaluate
the clinical efficacy of CI vs Il of piperacillin-
tazobactam in pediatric cancer patients with
febrile neutropenia. A total of 176 patients were
randomized. Clinical cure, defined as either
defervescence within 96 hours of treatment
initiation or resolution of clinical signs of
infection, was the study’s primary outcome.
Clinical improvement at 72 hours was similar in
the two groups (80% in the II group and 73% in
the CI group, respectively). Given these treatment
failure rates, the absolute risk reduction mounted
to 0.08% when comparing CI with II. There was
one death in each group. Overall, there was no
significant difference in the clinical efficacy
between CI and II in febrile neutropenic
children. Interestingly, fever decreased in the first
48 hours in 45% of the cases in this study, while
it has been proposed that defervescence should
only be attributed to antibiotic therapy if it
occurs after 72 hours. Additionally, only 8% of
the cases had proven bacteremia, which limited
the validity of the study results.

Cefepime

Critically ill patients

Cefepime, like other beta-lactams, exhibits
time dependent activity and EI/CI could hence
potentiate its bactericidal activity due to its wide
Gram-negative coverage which also includes beta-
lactamase producing bacteria. Such pathogens
have high MICs and EI/CI can increase the
probability of target attainment (PTA) of
cefepime without dose increases, thus improving
the clinical efficacy of the drug. The
pharmacokinetic profile of cefepime is suitable
for CI due to its high stability. This was described
by an experimental study which used high
performance liquid chromatography to study the
stability and bactericidal activity of cefepime
during CI. It was found that cefepime was highly
stable for up to 24 hours and hence was suitable

for CI, especially if stored at colder temperatures
and administered via an infusion pump.”

Current clinical evidence is, however,
conflicting, failing to show a clear superiority of
EI/CIl cefepime over Il. In the BLISS study,
Abdul-Aziz et al.'” (Table 2) examined the
pharmacokinetic profile and clinical effect of CI
piperacillin-tazobactam, cefepime and
meropenem in patients with severe sepsis.
Although this study showed overall favorable
results in support of CI, this was not
representative for cefepime as patients receiving
this antibiotic comprised only 9.3% of the
cohort. Within the CI cefepime group, only 3 of
11 patients achieved clinical cure (95%CI: -0.3 to
0.7; p=1.000). Similar findings were described in
a prospective crossover trial performed by
Jaruratanasirikul et al.,* which demonstrated no
statistically significant difference between target
attainments of Cl and II cefepime and no clear
effect of CI cefepime on bactericidal activity.
However, due to the small study population in
both these studies, the results cannot be used to
disregard the clinical utility of CI cefepime.

In contrast, the retrospective cohort study
performed by Tran et al.” (Table 2), which also
examined the clinical effect of EI piperacillin-
tazobactam, cefepime and meropenem, was of a
larger scale, with the cefepime group comprising
the largest proportion of the cohort (59%). Two
hundred-sixty-eight patients with Gram-negative
bacteremia were included, and EI resulted in
stability,

normalization.

faster  achievement of  clinical
defervescence and  WBC
Furthermore, there were lower infection-related
mortality and no recurrences in the EI group.
Within the cefepime subgroup, these trends
remained intact. There were no cases of
treatment failure (p<0.001) and recurrence of
bloodstream infections (p<0.001) amongst the 79
patients receiving El cefepime. Hence, the results
of this study were supportive of El cefepime use
in critically ill patients with Gram-negative
bloodstream infections.

However, when treating infections due to
ESBL-producing bacteria, Cl cefepime may not
result in successful outcomes. In a simulation
study of 10,000 patients conducted by Reese et
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Table 2. Summary of studies involving cefepime

Study author Year of Patient population Study design Summary of results

publication

Abdul Aziz et al.’ | 2016 Critically ill septic Prospective Higher clinical cure rate in the CI group
patients randomized clinical | than in the II group (p=1.00).

trial ICU free days at 28 days showed no
statistically significant difference between
the CI and II groups.

Jaruratanasirikul 2011 Critically ill patients Prospective No statistically significant difference

et al.* randomized between CI and II in target attainment.

crossover clinical
trial

Tran et al.?® 2023. Critically ill patients with | Retrospective Time to clinical stability was shorter in
Gram-negative cohort study the EI group than in the II group
bacteremia (p<0.001).

Incidence of treatment failure and
recurrence of bacteremia were lower in
the EI group than in the II group (both
p<0.001).

Resse et al.? 2022 Patients infected with In vitro simulation | Probability of target attainment for CI of
ESBL producing bacteria | study cefepime was 77%; did not achieve

clinical cure.

Bauer et al.”’ 2013 64 clinical isolates (blood | Retrospective quasi | No statistical difference in length of
or respiratory) were experimental study | hospital stay between the two groups (EI
obtained. Monte Carlo and II), (p=0.36).
simulations were Lower mortality rate in the EI group than
subsequently performed in the II group (p=0.03).

Wrenn et al.”® 2018 Patients with febrile Prospective A shorter median time to defervescence
neutropenia treated randomized was seen in the EI group compared to the
empirically with cefepime | observational study | II group; not statistically significant

(p=0.305).
Courter et al.” 2009 Pediatric patients A Monte Carlo 79% of patients in the II group achieved
simulation study target attainment; 100% of patients in
the EI group achieved target attainment.

Shoju et al.* 2016 Pediatric patients A Monte Carlo 92.3% of patients receiving EI achieved

simulation study target attainment.

Nichols et al.*! 2015 150 children between the | Prospective Only 7% of patients required a change in
ages of 1 month and 17 descriptive study therapy once EI was commenced.
years

Zembles et al.*? 2021 154 pediatric patients Retrospective chart | Shorter median duration of antibiotic

with confirmed Gram-
negative bacteremia

analysis

therapy in the EI group than in the II
group; statistically insignificant (p=0.91).
No statistically significant difference in
mortality rate between the two groups
(p=0.054).

EI - extended infusion; CI - continuous infusion; II - intermittent infusion.

al,” 4 g of cefepime CI demonstrated a 77%
MIC target attainment, which was not translated
into clinical cure. A further clinical trial is

required  to

challenge

this finding and

conclusively determine the role of CI cefepime in
the treatment of these infections.
This contrasts, however, with what has been

observed for Pseudomonas daeruginosa infections.
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These infections pose a significant threat to
antibiotic stewardship efforts, due to rapid
emergence of resistant strains with high MICs.
Cefepime is routinely used for these hard-to-treat
infections and EI cefepime was indeed found to
further optimize clinical outcomes in patients
with respiratory infections and bacteremia caused
by P
experimental study conducted in Ohio by Bauer
et al.”” (Table 2), included 592 patients of whom
202 received EI cefepime. Compared to the 20%
mortality rate recorded in the II group, mortality
in the EI group was reduced to 3% (p=0.03). EI
implementation also resulted in a 3-day decrease
in median ICU stay (p=0.04), a 4-day decrease in
duration of mechanical ventilation (p=0.42), and
a substantial decrease in median hospital cost
(p=0.13). Hence, EI cefepime administration for

aeruginosa. A retrospective  quasi-

Pseudomonas infections might be associated with
considerable  therapeutic and  economic
advantages.

Febrile neutropenia

There is a lack of large-scale trials examining
the use of El cefepime in patients with febrile
neutropenia. A pilot study conducted by Wrenn
et al. in adult patients with febrile neutropenia
showed clinical feasibility, suggesting that EI/CI
cefepime might have a role in this patient
population.”® In this small scale prospective
randomized observational study, cefepime was
administered as empiric treatment in the setting
of febrile neutropenia. The first dose was
administered as a standard thirty-minute infusion
followed by randomization into two groups, with
one group receiving thirty-minute infusions while
the other group receiving EI of four-hour
duration. A shorter median time to defervescence
was recorded in the EI group, not reaching
statistical significance. Although it was concluded
that El cefepime was clinically feasible, the study
had several limitations e.g., its small sample size
and the inclusion of pathogens resistant to
cefepime. Hence, larger scale clinical trials are
required to determine if EI/CI cefepime are
indeed useful as empirical therapy in patients
with febrile neutropenia.”®

Pediatric patients

The role of EI/CI cefepime in pediatric
populations remains unclear due to a lack of
clinical, comparative trials. However, simulation
studies and pharmacokinetic analyses have shown
that EI/CI of cefepime might improve clinical
outcomes and encourage further investigation. A
Monte Carlo simulation study conducted by
Courter et al. showed that when cefepime was
administered for a total duration of 30 mins, the
percentage target attainment for an MIC of 8
mg/L was 79%.” When the infusion time was
increased to 3 hours, this increased dramatically
to 100%. This is in line with findings from
another Monte Carlo simulation study
performed by Shoju et al., in which a significant
increase in target attainment was observed when
the infusion time was increased to three hours.”
This shows that, in theory, CI cefepime is
pharmacokinetically ~ beneficial and  can
potentially improve clinical outcomes in pediatric
populations.

Furthermore, EI cefepime is clinically feasible
within a pediatric setting. A 2013 prospective
descriptive study performed by Nichols et al.” in
a tertiary pediatric hospital, demonstrated that
the main challenges were obtaining and
maintaining IV access. Despite these challenges
regarding EI/CI, changes in treatment were rarely
required and 93% of patients receiving EI were
able to successfully complete their course. An
improvement in clinical outcomes in the EI
group was also reported, however data were
lacking.

There is a need for well-defined clinical trials
which would examine the effect of CI cefepime
on clinical outcomes and assess its safety in the
pediatric population in general and in specific
subpopulations such as neonates, in particular.
Although a retrospective chart analysis conducted
by Zembles et al. did show a positive effect of EI
on clinical outcomes such as total antibiotic
therapy duration, this study included 3
antibiotics, piperacillin-tazobactam,
cefepime, and meropenem.” The data provided
were not specific for cefepime and no
conclusions about the clinical utility of CI
cefepime in pediatric populations can be
inferred. Although there is an abundance of

namely
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pharmacokinetic evidence supporting the efficacy
of EI/CI cefepime, this does not necessarily
result in favorable clinical outcomes and there is
a need for large-scale clinical trials.

Meropenem

Critically ill patients

Meropenem, one of the antibiotics with the
broadest spectrum in our arsenal, is usually
reserved for serious infections. Like other beta-
lactam antibiotics, it also shows time dependent
action.”

In a prospective randomized comparative
study conducted by Chytra et al.”> (Table 3)
including 240 critically ill patients admitted to
the ICU, CI of meropenem resulted in greater
bacterial eradication (p=0.020), reduced ICU
length of stay (p=0.042) and need for mechanical
ventilation (p=0.058). Although the rates of
clinical success did not differ significantly
between the CI and II groups, CI also decreased
the duration and total dose of meropenem
therapy.” Similar results were reported in yet
another prospective comparative study performed
by Zhao et al.’* (Table 3) involving 50 patients
with severe sepsis and septic shock. The study
reported a decreased duration of therapy in the
CI group (p=0.035) but failed to demonstrate
superiority over Il in terms of overall clinical
success (p=0.564). In both studies, the lack of
improved overall clinical benefit might have been
theoretically attributed to the low MIC of the
infections included. Furthermore, clinical
benefits were not demonstrated in the MERCY
trial conducted by Monti et al.”” (Table 3). This
randomized controlled trial included 607
critically ill patients, a subset of whom were
administered CI meropenem. At day 28, there
was no benefit observed in preventing the
emergence of resistance (p=0.700) or reduction of
mortality (p=0.500). Although this was a large-
scale trial and hence, holds more merit, detailed
data regarding the cure of the initial infection
and therapeutic drug monitoring (TDM) were
not provided.”

The superiority of CI of meropenem is more
apparent in the treatment of infections with
higher MICs and requiring higher concentration
targets. This was demonstrated in a single center

retrospective cohort study conducted by Driger et
al.*® (Table 3) where CI of meropenem was found
to be significantly more effective than II. The
study involved 234 patients and 95.7% of the
patients receiving CI of meropenem met the
target concentration and were able to maintain it
throughout the course of treatment. Unlike II, CI
ensures that once target concentrations are
reached, trough concentrations are maintained
for a longer duration, hence enhancing the drug’s
effectivity against more resistant pathogens.
Interestingly, it was also hypothesized by two
other studies that EI/CI might also enable the
use of meropenem to treat infections which are
deemed less susceptible based on the antibiogram
or even those involving resistant pathogens such
as carbapenemase-producing Enterobacterales as
CI enabled attainment of very high PTAs in both
these studies; however, further trials are required
to confirm this.”"*

Another clinical scenario where EI/CI of
meropenem might display an advantage over II is
the treatment of pneumonia. Abdul Aziz et al.”
(Table 3) demonstrated in their post hoc analysis
of the DALI trial that EI and CI fared better than
II overall and in multiple clinical outcomes,
particularly PTA and clinical cure rate, while a
significant survival benefit was seen in a subset of
patients with primary respiratory infections.
Ahmed et al. (Table 3) also found EI to be
superior in this subset of patients.* Attaining
high drug concentrations in the epithelial lining
fluid was the most crucial factor in determining
good clinical outcomes in these patients. This is
enabled by greater PTA in the plasma, which is
potentiated by EI/CI of meropenem. Hence,
prolonged infusions of meropenem might confer
a significant clinical advantage over Il in critically
ill patients with primary respiratory tract
infections due to greater tissue drug penetration.
More trials are required to determine if this
benefit can also be seen in infections involving
other sites.

In addition to its time-dependent nature and
similarly to other betalactams, meropenem
exhibits lower protein binding capacity and hence
higher concentrations of unbound active drug.
This translates into improved clinical outcomes
for CI meropenem. As shown by Driger et al.,*!
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Table 3. Summary of studies involving meropenem

Study author | Year of Patient population Study design Summary of results

publication

Chytra etal.® | 2012 Critically ill septic Prospective Higher microbiological success rate in the CI'
patients randomized group than in the II group (p=0.020).

comparative study Shorter antibiotic therapy in the CI group than in
the II group (p=0.035).

Zhao et al.** 2017 50 septic ICU Prospective No statistical difference in clinical success rate
patients from a single | randomized (p=0.564).
center comparative study Antibiotic therapy significantly shorter in the CI

group than in the II group (p=0.035).
No statistically significant difference in ICU
mortality rate (p=0.758).

Monti etal.® | 2023 A total of 607 ICU Double-blinded No statistically significant difference in emergence
patients from 26 randomized clinical | of drug resistance between the two groups
hospitals from trial (p=0.700).

Croatia, Italy, No statistically significant difference in mortality
Kazakhstan, and rates between the two groups (p=0.500).
Russia

Driger et al.>® | 2023 A total of 234 septic Retrospective cohort | Target f{C> 4x ECOFF (P. aeruginosa) was achieved
ICU patients study in 95.7% of patients receiving CI meropenem.

Abdul Azizet | 2016 The study spanned 10 | Post-hoc analysis of | No statistically significant difference in clinical

al.® countries, including multicenter, cure rates between the CI and II? groups.
data from 68 ICUs prospective (DALI) No statistically significant difference in 30-day

study survival rate in both groups.

Ahmed et al.* | 2020 Included a total of Retrospective cohort | Lower ICU mortality rate in the EI® group
148 patients, all of study (p=0.032).
whom were suffering Higher clinical response rate in the EI group
from sepsis or septic (0.0005).
shock No statistically significant difference in days

requiring mechanical ventilation (p=1.000).

Tournayre et 2023 70 ICU patients with | Retrospective cohort | 97% of patients in the CI group achieved target

al.® sepsis study concentration compared to only 64% in the 11

group.

Cojutti et al.** | 2020 75 patients with pre- Prospective 15 patients with meropenem-sensitive infection
existing hematological | interventional study | received CI meropenem, all achieved clinical cure.
malignancy Only 1 out of 3 patients with meropenem-resistant

infection achieved clinical cure with CI
meropenem.

Feher et al.* 2014 Patients with febrile Retrospective 68.4% of patients in the EI group achieved clinical
neutropenia observational study cure within 5 days compared to 40.9% in the II

group.

Debray et al.* | 2012 80 Pediatric ICU Prospective Target attainment was achieved in 69% of the CI
patients; 31 treated observational study group compared to 47% in the II group.
with meropenem Underexposure was observed in 14% of the CI

group compared to 49% of the II group.

Zembles et 2022 154 pediatric patients | Retrospective chart Lower median duration in the EI group (6.6 days)

al.*® with Gram-negative analysis than in the II group (10.2 days).
bacteremia

Cao et al.”! 2022 256 neonates from Retrospective cohort | Clinical effectiveness was higher in the EI group

NICU

study

than in the II group (81.9% vs. 59.7%; p<0.001).

EI - extended infusion; CI - continuous infusion; II - intermittent infusion; NICU - neonatal intensive care unit.
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95.7% of patients receiving CI meropenem
achieved  target unbound plasma  drug
concentrations, while only 58.3% of patients in
the piperacillin-tazobactam group achieved the
same. Furthermore, in the study performed by
Wong et al.,*” it was shown that in comparison to
other betalactams included in this analysis,
meropenem reached higher unbound
concentrations and there was no change in
treatment duration required. Eventually, the
positive clinical outcome also allowed for de-
escalation of antibiotic therapy, and there was no
increase in the incidence of adverse events.

This increase in unbound concentration
supports the use of meropenem CI from a
pharmacokinetic standpoint, however it is
imperative to consider whether TDM within the
clinical setting would be required to avoid
overdosing and toxicity. This is supported by the
single-center retrospective observational study
conducted by Tournayre et al.,¥’ where patients
receiving CI were at a higher risk of overdosing.
This study included 70 patients with sepsis who
were admitted to the ICU. Although 97% of
patients in the CI group achieved the target
concentration, which was over 5 times the MIC,
these patients were also at a greater risk of
overdosing compared to the II group. Nine out of
11 patients whose meropenem concentration
levels were above the toxicity threshold were in
the CI group. TDM is also advocated in the study
by Driger et al.*" since it was found that a
decrease in dosing was required in 50% of
recruited patients. Hence, Cl of meropenem
might indeed have a clinical advantage over II,
however TDM should be considered.

The benefit of EI/CI meropenem is further
supported in two systematic reviews which
corroborate the clinical benefits of this treatment
strategy in critically ill patients. In the meta-
analysis conducted by Yu et al., it was shown that
meropenem Els and Cls had statistically
significant advantages over Il in mortality, clinical
cure rates and microbiological eradication.**
These findings were replicated in the systematic
review by Chen et al.,* adding to the growing
body of evidence in favor of prolonged
meropenem infusions in critically ill patients.

Febrile neutropenia

CI meropenem has shown promising results
in studies conducted so far involving febrile
neutropenic  patients. In a  single-center
prospective interventional study conducted by
Cojutti et al., target attainment and clinical cure
rates were assessed in 75 onco-hematological
patients presenting with an acute episode of
febrile neutropenia (FN) and treated with
meropenem.® Of these, 15 were administered
meropenem by CIL. In the CI group, all patients
whose infections were meropenem-susceptible
achieved clinical cure. Conversely, in the 3
patients with meropenem-resistant pathogens,
only 1 achieved clinical cure with CI meropenem.
Hence, it was concluded that in patients with
meropenem-susceptible infections, CI
meropenem when combined with TDM was
highly successful in reaching pharmacokinetic
targets, which also translated into improved
clinical outcomes.

Another important finding uncovered in this
study which makes CI meropenem highly
favorable in patients with FN was that among all
the patients who were re-hospitalized within three
months, there were no rectal swabs positive for
carbapenem-resistant Enterobacterales (CRE). As
CRE colonization is associated with carbapenem
treatment, it was suggested that CI meropenem
might have a role in preventing emergence of
resistance, an important consideration in this
patient population. However, more studies are
required to confirm this and to determine if CI
administration is independently associated with
prevention of resistance.*

A retrospective observational study by Feher
et al.¥" also provided insight into how a 4-hour EI
of meropenem could fare for patients with FN.
Seventy-six patients with FN were administered
El meropenem at 1g q8h for a total duration of 4
hours and were assessed for multiple clinical
outcomes, e.g., clinical cure, need for addition of
other antibiotics, time to defervescence, and
decrease in CRP. Compared to 40.9% of patients
in the II group, 68.4% of patients in the EI group
achieved clinical cure within 5 days. The
remaining clinical outcomes had more favorable
results in the EI group, apart from length of
hospital stay and mortality. Hence, in this study,
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it was found that EI meropenem administered
over 4 hours was associated with faster clinical
response and decreases in CRP levels. Although
no serious adverse effects were reported, more
clinical trials are required to assess the safety of a
4hour EI meropenem and
determine the ideal dose and duration for CI
meropenem administration.

conclusively

Pediatric patients

As discussed above regarding beta-lactam
pharmacokinetics, infants and children exhibit
increased renal clearance compared to adults
whereas neonates have decreased clearance due
to immaturity of the renal system. Although this
would imply that children could benefit highly
from EI/CI of antibiotics, this is not apparent
clinically. The application of pharmacokinetic
data is not straightforward in pediatric
populations and there is little clinical evidence
supporting the use of EI/Cls in infants and
children.®

In a single-center prospective observational
study by Debray et al.,* 31 out of 80 pediatric
intensive care unit patients were administered
meropenem with a target concentration 4 times
that of the ECOFF or MIC for each pathogen.
Underdosing was more frequent in the II group.
Conversely, optimal exposure was more likely to
be attained in the CI group. However, these
patients were at higher risk of overexposure.
Although no serious adverse events were reported
in the CI group, it was concluded that CI should
be considered on a ‘case-to-case’ basis along with
TDM, particularly in those with more serious
infections and with higher MICs.

Similar findings were found in other studies.
A large-scale retrospective chart analysis by
Zembles et al.”® demonstrated that CI was
associated with a higher percentage of target
attainment, however this did not confer any
benefit over Il in mortality, readmission rates or
hospital stay. Improved clinical outcome was only
observed in one subset in this study, namely bone
marrow transplant recipients, whose hospital
readmission rates were significantly decreased.

An extension of this study was published in
2022 by Zembles et al., focusing on patients with
Gram-negative infections. One-hundred and

twenty-four children with confirmed bacteremia
were included and the study period was extended
to a total of 8 years. The results were consistent
with the original trial, whereby EI did not display
a significant advantage over Il in terms of
mortality, readmission rates or length of hospital
stay. However, EI did shorten the duration of
therapy by an average of 4 days compared to the
II group. This can be beneficial clinically as it
decreases the propensity for adverse effects as well
as emergence of resistance.”

Meropenem is widely used in the treatment
of neonatal sepsis. Although based on decreased
renal clearance in neonates, one might expect
that EI in neonates would not retain an
advantage over Il, clinical data suggest otherwise.
A historical cohort study by Cao et al.”* published
in 2022 which analyzed records from 256
neonates in Peking University neonatal intensive
care unit, found that meropenem EI of 2-3 hours
improved clinical outcomes. The 3-day clinical
effectiveness rate in the EI group was 81.9%
compared to 59.7% in the II group (p<0.001).
Day 3 microbial clearance in the CI group was
94.5%, in comparison with 85.7% in the II group
(p=0.015). Furthermore, there were no serious
adverse events reported in the II group and no
statistically significant difference was found in the
levels of CRP, WBC, BUN, creatinine and AST
between the groups. It was concluded that
meropenem El is clinically beneficial and, if
implemented, it can significantly improve clinical
outcomes, without increasing the risk of toxicity.
Another study finding relates to neonates with a
very low birth weight. Although contrary to
pharmacokinetic predictions, this subgroup
benefited significantly from meropenem EI. The
day 3 effectiveness in this subgroup was 75.6% in
the EI and 56.6% in the Il group (p=0.007).
However, day 3 microbial clearance did not differ
significantly between the two groups (p=0.041).
Irrespectively, in neonates, meropenem EI seems
to be a promising strategy to increase
pharmacokinetic and pharmacodynamic target
attainment. Since prolonging infusions is safer
than increasing the frequency or the dosage in
this group to reach optimum concentrations,
meropenem El can be of clinical use when
treating MDR pathogens.
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The percentage target attainment of
meropenem can be further increased in neonates
by using a loading dose prior to EI/CI
administration. In a simulation cohort study
which included 30,000 neonates, it was shown
that the addition of a loading dose prior to EI
and CI increased target attainment by 51.9%.
This translated into a 28% increase in clinical
improvement, a 25.2% increase in microbial
clearance, a 17% decrease in morality and 17.5%
decrease in the incidence of acute kidney injury.
Hence, meropenem EI/CI might potentially
improve clinical outcomes in neonatal sepsis if
implemented.”

Discussion

For piperacillin-tazobactam, EI and CI can
result in improved clinical outcomes, including a
reduction in the mortality rate, especially when
the pathogen 1is identified and adequate
pharmacodynamic targets are attained. Subset
analyses have also revealed that patients with
specific infections, such as urinary tract infections
and intra-abdominal infections, benefit more
from EIl. However, more studies in these groups
of patients are required to confirm this. CI
piperacillin-tazobactam is found to be particularly
beneficial in the initial treatment of critically ill
patients. In this phase, it results in a greater
reduction of inflammatory markers such as CRP
compared to II. CI of piperacillin-tazobactam has
also proved beneficial in patients with febrile
neutropenia, especially those suffering from
bloodstream infections and pneumonia. In the
pediatric population, EI and CI of piperacillin-
tazobactam show promise in the treatment of
critically ill children, however, more studies are
required to ascertain their clinical value.

The evidence has been more conflicting for
cefepime. Although cefepime is stable as
evidenced by the high-performance liquid
chromatography study performed by Sprauten et
al.,”” the International Consensus’ states that
there isn’t enough evidence to ascertain the
stability of cefepime in comparison to other beta-
lactam antibiotics. Studies which examined the
effect of CI cefepime have failed to consistently
demonstrate its clinical utility, especially in
infections caused by ESBL producing bacteria.

However, implementation of EI cefepime in the
treatment of  Gram-negative  bloodstream
infections and Pseudomonas aeruginosa infection
does result in improved clinical outcomes, such
as lower mortality, decreased ICU stay, and
duration of mechanical ventilation. In patients
with febrile neutropenia and in children, there
are promising pilot studies which prompt the
need for large scale clinical trials to determine
any possible advantages of using E1/CI cefepime.

According to the International Consensus
recommendations” for the use of prolonged
infusion of betalactam antibiotics, required
targets for bactericidal activity were lowest with
carbapenems, followed by penicillins, and were
higher for cephalosporins. Of all three antibiotics
included in this study, the results for EI/CI
meropenem have been the most encouraging and
its clinical use in critically ill patients has also
been supported by systematic reviews. This is
more apparent in infections associated with
higher MICs and those where higher
concentrations are required for tissue
penetration, such as pneumonia, where
meropenem confers a greater survival benefit and
is also successful in reducing the emergence of
some resistant strains of bacteria. Similarly, for
patients with febrile neutropenia, CI meropenem
is successful at achieving clinical cure in patients
with meropenem-susceptible infections and is
also able to reduce the incidence of resistance
emergence. This might be related to the lower
protein  binding capacity of meropenem;
however, it is for this reason that TDM should be
considered. According to Grupper et al.,” TDM
allows several limitations posed by altered
pharmacokinetics in critically ill patients, such as
decreased/augmented renal clearance and third
space sequestration, to be overcome and this is
imperative for treatment optimization. This is
reflected in the International Consensus
recommendation,” which suggests that TDM
should be considered on a case-by-case basis for
prolonged infusions of all beta-lactam antibiotics.
The effect of meropenem’s pharmacokinetics on
clinical outcomes is, however, not as
straightforward in pediatric patients and should
be considered on a case-by-case basis. In contrast,
meropenem was far more useful in the treatment
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of neonatal sepsis, especially when caused by
MDR pathogens. The addition of a loading dose
before CI was also found to increase clinical
efficiency, without increasing the risk of adverse
effects.

Conclusions

Collectively, the findings of this review are in
accordance with recommendations of
studies’>***>°° which stated that EI/CI do confer
a benefit in critically ill patients, particularly
those with Gram-negative infections, by
increasing clinical cure and reducing mortality.
However, there is not enough evidence to
support their use in other patient groups, such as
pediatric patients and those with febrile
neutropenia. Lastly, more studies are required to
determine the optimum target concentrations
and the safety index of prolonged infusions.

Contflicts of interest: All authors - none to declare.
Funding: None to declare.
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