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-Lactam Therapeutic Drug Monitoring in
Critically lll Patients: Weighing the Challenges
and Opportunities to Assess Clinical Value

OBIJECTIVE: (-lactams are the cornerstone of empiric and targeted antibiotic
therapy for critically ill patients. Recently, there have been calls to use (3-lactam
therapeutic drug monitoring (TDM) within 24-48 hours after the initiation of
therapy in critically ill patients. In this article, we review the dynamic physiology
of critically ill patients, B-lactam dose response in critically ill patients, the im-
pact of pathogen minimum inhibitory concentration (MIC) on (-lactam TDM,
and pharmacokinetics in critically ill patients. Additionally, we highlight available
clinical data to better inform B-lactam TDM for critically ill patients.

DATA SOURCES: We retrospectively analyzed patients admitted for sepsis or
septic shock at a single academic medical center who were treated with -lactam
antibiotics.

STUDY SELECTION: Indexed studies in PubMed in English language were
selected for review on topics relative to critical care physiology, -lactams, phar-
macokinetics/pharmacodynamics, TDM, and antibiotic susceptibility.

DATA EXTRACTION: We reviewed potentially related studies on [3-lactams and
TDM and summarized their design, patients, and results. This is a synthetic, non-
systematic, review.

DATA SYNTHESIS: In the retrospective analysis of patients treated with
B-lactam antibiotics, approximately one-third of patients received less than 48
hours of B-lactam therapy. Of those who continued beyond 48 hours, only 13.7%
had patient-specific factors (augmented renal clearance, fluid overload, morbid
obesity, and/or surgical drain), suggesting a potential benefit of 3-lactam TDM.

CONCLUSIONS: These data indicate that a strategy of comprehensive -lactam
TDM for critically ill patients is unwarranted as it has not been shown yet to im-
prove patient-oriented outcomes. This review demonstrates that p-lactam TDM
in the ICU, while laudable, layers ambiguous B-lactam exposure thresholds upon
uncertain/unknown MIC data within a dynamic, unpredictable patient population
for whom TDM results will not be available fast enough to significantly affect care.
Judicious, targeted TDM for those with risk factors for B-lactam over- or underex-
posure is a better approach but requires further study. Clinically, choosing the cor-
rect antibiotic and dosing -lactams aggressively, which have a wide therapeutic
index, to overcome critical illness factors appears to give critically ill patients the
best likelihood of survival.

KEY WORDS: beta-lactam antibiotics; critically ill; intensive care unit;
pharmacodynamics; pharmacokinetics; therapeutic drug monitoring

f all the antimicrobial classes, p-lactams are the most widely used
and successful agents. They remain the backbone of any hospital
antimicrobial armamentarium. Resistance emergence is often coun-
tered through P-lactam protection with B-lactamase inhibitors and/or novel
dosing with high dose, prolonged, or continuous infusion (CI). The clinical
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implementation of these approaches is well-founded
through rigorous basic, translational, and clinical re-
search, demonstrating patient benefit and workflow
integration ease. A recent concept to further improve
patient outcomes with (-lactams is the use of thera-
peutic drug monitoring (TDM) in specific popula-
tions, primarily critically ill patients. In this review,
we examine the evidence for f-lactam TDM, limita-
tions for its clinical implementation, and critically ill
populations in whom potential benefit requires fur-
ther study.

THE ICU PATIENT: A CASE STUDY IN
VARIABILITY

Daily, 70% of ICU patients are administered at least
one antibiotic, most frequently B-lactams (1). The
physiology of the sepsis patient is complex and dy-
namic and along with it comes changes in -lactam
pharmacokinetics (PK). Patients in the ICU with
sepsis are likely to receive noninvasive or invasive
mechanical ventilatory support, intermittent or
continuous renal replacement therapy (CRRT), cir-
culatory support via pharmacologic or mechanical
means, and/or extracorporeal membrane oxygen-
ation (ECMO). It is common for patients to receive
several of these organ support therapies simultane-
ously. Alternatively, the ICU patient could be on the
precipice of requiring these therapeutic techniques
or at the other end of the spectrum: toward organ
system recovery such that the supportive maneuvers
are no longer necessary.

A position paper from several critical care and in-
fectious diseases societies recommends routine TDM
should be performed for B-lactam antibiotics (in addi-
tion to other antimicrobials) (2). Justification for this
recommendation stems from both the risk of underex-
posure (efficacy) and overexposure (safety) in critically
ill patients due to altered PK. The therapeutic target the
panel recommends for B-lactams is a trough concen-
tration (Cmin) greater than the minimum inhibitory
concentration (MIC; 100% T ... > MIC) for intermit-
tent or prolonged infusions and a steady-state con-
centration greater than the MIC for CI’s (Css > MIC).
This recommendation begs the question: will f-lactam
TDM produce data that are robust and actionable
given the rapid fluctuations in the septic patients con-
dition and correspondingly improve outcomes beyond
current practice?
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DOSE RESPONSE OF p-LACTAMS:
THE OPTIMAL TIME ABOVE MIC TO
IMPROVE CRITICALLY ILL PATIENT
OUTCOMES IS UNKNOWN

B-lactams are time-dependent killing antibiotics, but
their PK/pharmacodynamics (PD) target varies by
infusion strategy and [-lactam class.(3-5) In vitro
and animal models indicate that the amount of time
a B-lactam concentration exceeds the MIC is impor-
tant (4, 6-9). Preclinical data suggest -lactam kill rate
is maximized when steady-state drug concentrations
are maintained at four to eight times the MIC for CI’s
and maximized when serum concentrations exceed
the MIC (T, > MIC) for 40-70% of the dosing in-
terval of intermittent infusions (5). During intermit-
tent infusion, B-lactam concentrations greater than or
equal to 4 times the MIC do not appear to increase the
rate or extent of bacterial killing (10). In fact, exces-
sive B-lactam concentrations may induce a paradox-
ical reduction in bacterial killing known as the “Eagle
Effect” (10, 11). Although the molecular mechanisms
of this paradoxical effect vary by antibiotics, excessive
B-lactam concentration may induce P-lactamase and/
or alter target-site binding efficiency (12). The B-lactam
Eagle Effect has been well described in animal models,
but the clinical evidence of suboptimal outcomes with
aggressive dosing remains circumstantial (13).

Curiously—provided the reproducible in vitro
data—human trials maximizing concentration above
MIC have not necessarily been associated with
improved clinical outcomes, and data supporting
improved clinical outcomes when achieving a f-lactam
concentration greater than or equal to 4 times the MIC
are sparse (14-18). Notably, many patients in observa-
tional f-lactam TDM studies have extensive and var-
iable T ., > MIC. Thus, the optimal clinical T, >
MIC parameter is unknown. No research has explored
optimization of B-lactam dosing for the treatment of
highly susceptible, low MIC pathogens, which account
for the majority of pathogens in patients, including
those in the ICU (19). One possible explanation for the
lack of supportive data is the wide therapeutic index of
B-lactam antibiotics, specifically that these antibiotics
work well at a variety of doses and serum concentra-
tions when the MIC is low.

The observation that PK/PD efficacy indices es-
tablished using in vitro models, animal models, and/
or through various predictive modeling approaches
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may not translate clinically applies to other antibiot-
ics as well. Levofloxacin has failed to meet established
Cmax:MIC ratios against Streptococcus pneumoniae,
but patients with pneumonia improve (20). Clinical
cure is also possible for bacterial meningitis with
CNS antibiotic concentrations at or below the MIC
(21, 22). This may be due to a reliance on bloodstream
infections when developing PK/PD models and anti-
biotic efficacy indices; these data may not extrapolate
appropriately to other sites of infection. Conversely,
higher exposures are needed for those with impaired
host immunity. B-lactam efficacy in vivo is due in part
to postantibiotic leukocyte enhancement, which may
be diminished or absent in immunocompromised
patients (23). A recent multicenter, prospective ob-
servational study found vancomycin PK/PD target
attainment in patients with methicillin-resistant
Staphylococcus aureus bacteremia was not associated
with a lower risk of treatment failure, although other
observational studies suggest otherwise (24-27).

PATHOGEN MINIMUM INHIBITORY
CONCENTRATION AND ITS IMPACT ON
TDM

The central argument behind B-lactam TDM is op-
timization of the PK/PD parameter time above or-
ganism MIC (4, 6-9). The underlying denominator,
MIC, is a significant factor in this response; however,
there are several limitations to the reported MIC’s
clinical utility when attempting to personalize a
patient’s B-lactam regimen.

By nature, microorganisms are not precise; they
vary widely—and rapidly—in their metabolism, re-
sponse to stressors (including antibiotics), and their
environment. Some have recently questioned the “true
MIC” in vivo where host and bacterial factors may dif-
fer from the in vitro environment (28, 29). In addition,
several studies indicate that the inoculum has impor-
tant implications for antibiotic activity, with high inoc-
ula, biofilm-producing cultures reducing susceptibility
beyond what can be replicated in the clinical microbi-
ology laboratory (30-32). For resistant infections and/
or for patients who are critically ill and deteriorating,
clinicians could select alternative antibiotic therapy
(e.g., a different B-lactam and/or a non- p-lactam) in-
stead of trying to optimize the current regimen with
TDM. When no alternative antibiotic exists, which is
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currently unlikely given several new agents available
for multi-drug resistant pathogens, then [-lactam
TDM is a reasonable approach (33).

There are many different MIC testing platforms
available, and there is noted variability among them.
Although determining susceptible, intermediate, or
resistance (i.e., within defined breakpoints) is con-
sistent among the many automated platforms, the
reported MIC among these can vary by up to two di-
lution factors (34, 35). Other contributing factors to
MIC variance include interstrain and interlaboratory
differences (36). Recent studies suggest that antibi-
otic activity in vitro may be media- and/or condition-
dependent for -lactams (37, 38). One notable example
of this is with metallo-p-lactamase (MBL) producing
Enterobacterales, which require one or two zinc atoms
at their active site to enable hydrolysis of the B-lactam
ring and avert its activity (39). Standard antimicro-
bial susceptibility testing medium contains high levels
of zinc, allowing MBL producers to maximally exert
carbapenem hydrolysis. However, in zinc-depleted
media, more analogous to human zinc concentrations,
these organisms are more sensitive to carbapenems
and better predict in vivo outcomes (40). Conversely,
Morrison et al (41) demonstrated among respiratory
and blood Pseudomonas aeruginosa isolates recovered
from pediatric patients that some had lower aminogly-
coside and minocycline MICs in traditional medium
than in serum-based media. The impact of these newly
identified conditional differences in MIC on the pa-
tient PK/PD response has not been identified, but this
is an area of further interest to study.

Finally, there remains a lack of MIC data in real time
or even at all in some patients. In the ICU, patients may
either not have an identifiable organism, or an MIC
is reported greater than 48 hours after initiation of
therapy. Several studies have shown that early, appro-
priate antimicrobial therapy (within the first 24 hr) is
crucial for success in infected, critically ill patients (42—
46). Tailoring therapy or dose optimization after the
first few days appears to have limited added value (47).
In this critical time period, using the correct p-lactam
antibiotic and dosing aggressively provides the best op-
portunity to achieve PK/PD targets, even for pathogens
with higher MICs. During this crucial intervention
period, clinicians also have at their disposal validated
PK/PD modeling software designed to dose-optimize
antibiotics with consideration given to conditions
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associated with altered PK, infection source, and the
suspected/documented pathogen (48). However, when
done without any patient-specific f-lactam concentra-
tion input, this approach relies completely on the pop-
ulation PK model, and many models have not yet been
validated in the critically ill population of interest. By
including patient concentrations, Bayesian estimation
allows for such simulations to rely less on the mod-
els and more on individual patients. One could argue
that obtaining patient f-lactam serum concentrations
would further benefit PK/PD simulation. Yet, these
concentrations are not available in real time at most
centers, at least in the United States. As an alternative to
individual serum levels, such software can also be used
in conjunction with local MIC data to provide a more
personalized P-lactam dosing strategy (49). Although
these computer modeling programs may rely on or-
ganism epidemiologic cutoft values, local antibiogram
data, or the patient’s past cultures from previous infec-
tions, this approach offers a method to address dose-
optimization needs more quickly, efficiently, and less
invasively than TDM in the critical care population.

B-LACTAM PHARMACOKINETIC
VARIATION IN THE ICU

There is widespread pharmacokinetic variation among
critically ill patients due to the complex pathophysi-
ology and clinical manifestations of sepsis. The TDM
process proposes all patients in the heterogeneous crit-
ically ill population need to achieve the same PK/PD
target to ensure a positive clinical outcome. A single,
multicenter point-prevalence study of serum antibiotic
exposure in critically ill patients (Defining Antibiotic
Levels in Intensive Care Unit Patients [DALI]) is often
cited to justify TDM in this population (50). Of DALI
subjects with a pathogen recovered (73%), only 25%
had an MIC reported (17% of the entire cohort). When
unavailable, the MIC was defined using the European
Committee on Antimicrobial Susceptibility Testing
MIC, data. For those without a pathogen (27%), the
highest MIC for susceptible bacteria was used. This
“worst case scenario” approach for missing MIC data
biases the results toward a lower likelihood of PK/PD
target attainment, especially as only 33% of patients
received prolonged antibiotic infusions—likely lower
than to be expected in current critical care practice
based on European data; however, contemporary U.S.
data area lacking (51, 52). More importantly, only
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25% of DALI subjects had B-lactam serum concentra-
tions obtained within 24 hours of antibiotic initiation,
which is the most important time to optimize antibi-
otic and dose (50, 53, 54). Despite these limitations,
pharmacokinetic variation was nominal. The median
Cmin concentrations were approximately 16, 4, and
6mg/L for piperacillin, meropenem, and cefepime,
respectively (Fig. 1), at, above, and near the Clinical
Laboratory Standards Institute breakpoints for each of
these agents for presumably the entire dosing interval
against Gram-negative pathogens, respectively (55). As
noted previously, the position paper on TDM in criti-
cally ill adults recommends targeting a f-lactam Cmin
greater than the MIC (2). These data from the DALI
study do not suggest there is meaningful B-lactam
PK/PD variation in critically ill patients necessitating
TDM. Still, these data compared serum concentrations
with a target PK/PD goal. It remains prudent to deter-
mine if f-lactam TDM improves patient outcomes.

CLINICAL IMPACT AND LOGISTICAL
CHALLENGES OF B-LACTAM TDM
IMPLEMENTATION

TDM appears to consistently increase the likelihood
of B-lactam PK/PD target attainment in observational
studies (56-59). Likewise, two small sample randomized
controlled trials (RCTs) have demonstrated significantly
improved P-lactam target attainment in patients allo-
cated to TDM-based dosing compared with standard-
ized, traditional dosing without TDM (60, 61). Neither
of the RCTs demonstrated improved clinical outcomes,
though this was not either study’s primary intent. The
benefit of TDM on clinical outcomes thus far is limited
to retrospective, observational analyses: in which sufhi-
cient TFREE > MIC was associated with clinical cure,
microbial eradication, and suppression of resistance as
well as with hospital survival among patients with cer-
tain modified Acute Physiology and Chronic Health
Evaluation scores (62, 63). It is imperative to acknowl-
edge these types of data but not rely on them exclusively.
To confirm the clinical value of B-lactam TDM, we must
rely upon RCT data. Recently, the first randomized trial
in 249 patients to evaluate outcomes of B-lactam TDM
(piperacillin/tazobactam [TZP]) was published. This is
the largest study to date, examining the impact of TDM
on clinical outcomes, and the majority of patients were
categorized as having septic shock. Patients were ran-
domized to receive 13.5g of TZP per day with or without
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Figure 1. 3-lactam serum concentration data from the DALI study. The boxplot of antibiotic
concentrations observed at 50% (A) and 100% (B) of the dosing interval. Median, interquartile
range, and range are presented. The y-axes are presented on a log, scale. Used with permission
from Clinical Infectious Diseases (50). DALI = defining antibiotic levels in intensive care unit patients.

daily TDM, and the groups were well matched; TZP
doses were reduced for those with renal impairment.
Putting the lower than recommended total daily TZP
dose for sepsis and shock (13.5g/d instead of 18g/d)
aside, the primary outcome selected—mean daily
Sequential Organ Failure Assessment (SOFA) score
over 10 days’ time—is not an outcome typically associ-
ated with adequate antibiotic exposure in a direct man-
ner. There was no difference in the mean SOFA score
with and without TDM (7.9 points; 95% CI, 7.1-8.7;
and 8.2 points, 95% CI, 7.5-9.0, respectively; p = 0.39).
However, looking at secondary outcomes studied by the
authors, which are directly related to antibiotic exposure,
namely, clinical and microbiologic cures, there was also
no difference between the groups (odds ratio [OR], 1.9;
95% CI, 0.5-6.2; p = 0.30 and OR, 2.4; 95% CI, 0.7-7.4;
p = 0.12 for clinical and microbiologic cures, respec-
tively). Curiously, the authors found no difference in the
mean daily SOFA score—a mortality prediction score,
yet heavily discuss the observed, nonstatistically signif-
icant, numeric difference in 28-day mortality between
the two groups, which favored TDM (21.6% vs 25.8%
without TDM; p = 0.44), as a reason for TDM optimism
and further study (64). If TDM did not impact the mean
change in the SOFA score, a severity of illness score that
predicts mortality, it seems implausible that TDM led to
the observed, numeric reduction in mortality.

Beyond these clinical and methodological obser-
vations from the Therapeutic drug monitoring-based
dose optimisation of piperacillin/tazobactam to im-
prove outcome in patients with sepsis (TARGET) trial,
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hours of sepsis or the initial
dose. Second, the rate of
TZP discontinuation with
each subsequent day of
study enrollment reinforces
how few patients with
sepsis or septic shock will remain on antibiotic therapy
or their initially prescribed antibiotic(s) after a few days’
time, rendering any initial TDM measurements incon-
sequential (we buttress this observation with local,
point-prevalence data later in the article). The median
duration of TZP therapy was less than 5 days in both
groups. Additionally, only 65.6% of patients had a caus-
ative pathogen identified, and for those receiving TDM,
the median time to MIC data was 2 days. Thus, during
the initial days of antibiotic exposure in the ICU, there
appear to be limited opportunities for PK/PD optimi-
zation based on MIC data. Finally, 53.9% of those in the
TDM group had a TZP dose adjustment, yet there were
no appreciable between-group differences in the mean
total daily TZP dose in grams (10.3+5.6 and 9.8+2.5
with and without TDM, respectively; p = 0.12) nor the
median TZP serum concentration (mg/L) up to day 10
(74.9 [60.6-91] and 79 [43.8-143.6] with and without
TDM, respectively; p = 0.38). This could be a result
of ineffective or heterogeneous clinician response to
TDM results. Further, TZP dose and serum level data
suggest that 3-lactam TDM may not impact antibiotic
exposure and/or that clinicians in the ICU are currently
unprepared to respond to TDM levels appropriately.
Although the rate of serum level target attainment was
higher with TDM than without (37.3% and 14.6%, re-
spectively; p < 0.001), it was still low based on the effort
expended on TDM during the study. This suggests
an inappropriate serum level target or the inability of
TDM to appreciably impact target attainment. Either
way, the results of TARGET, in which the majority of
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patients had septic shock not sepsis, reinforce our cur-
rent arguments against universal f-lactam TDM in the
ICU. A second RCT in critically ill patients is ongoing.
As we although we await further results, it is important
to discuss the logistical challenges clinicians face when
attempting to implement B-lactam TDM into everyday
practice (65).

Currently, TDM assays are not available at most U.S.
hospitals, though may be more commonly available in
other parts of the world (e.g., Europe and Australia),
and initiation and maintenance costs are prohibitively
expensive. “Send out” TDM levels are available with an
approximately 8-24-hour turnaround time (TAT) from
sample receipt (66). However, there may be variation
in “send out” TDM level availability across the globe.
In the United States, these tests can range from $65 to
$200 (U.S. dollars; Atlantic Diagnostic Laboratories, 66).
Naturally, lengthy TAT limits TDM impact (67, 68). This
is especially pertinent in critically ill patients where acute
changes in organ function that affect drug clearance and
frequent coadministration of therapies affecting drug
distribution (e.g., vasopressors, inotropes, and IV fluids)
render single historically collected (in the critically ill
sense) B-lactam samples meaningless. Additionally, anti-
biotic therapy changes frequently in the ICU; thus, serum
levels obtained may be rendered inconsequential follow-
ing antibiotic therapy changes. “Send out” tests also re-
quire considerable supervision and coordination by local
staff, coupled with different PK/PD targets for the mul-
tiple 3-lactam infusion strategies previously mentioned.

Given the procedural differences across studies, it
becomes a challenge to implement a B-lactam TDM pro-
gram at the local level. Future TDM studies should prior-
itize broadly generalizable TDM methods and examine
patient-oriented outcomes as the primary end point, not
just “target attainment.” Additionally, an institution with
on-site TDM specialization retrospectively found early
B-lactam TDM has better outcomes than delayed TDM
(62). The lack of readily available, on-site TDM at nearly
every healthcare institution should encourage a collec-
tive investment in research that will allow for real-time
B-lactam TDM assays at an affordable cost.

PATIENT POPULATIONS IN WHOM
TDM COULD BENEFIT

A prospective cohort study revealed that approximately
75% of ICU patients receiving P-lactams required an
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adjustment of the initially selected dose to achieve a
pharmacodynamic target of 100% T, . > 4-5 x MIC
(trough concentrations at 4-5x the concentration of
the MIC of the known or suspected pathogen) (69).
Focusing specifically on two commonly administered
antibiotics in the ICU, TZP, and meropenem, roughly
50% of patients required a dose increase, 25% required
a decrease in dose, and 25% had doses maintained. A
deeper dive into the study reveals most dose increases
were performed in patients with augmented renal
clearance (ARC) and patients with surgical drains
who did not require renal replacement therapy (RRT).
ARC s defined as a creatinine clearance above 130 mL/
min/1.73 m? and can be associated with younger age
and polytrauma, including those with those with burns
or significant wounds (70). ARC has been associated
with subtherapeutic B-lactam concentrations in ob-
servational studies (71, 72). However, there have been
conflicting results in studies that have attempted to as-
sociate ARC with worsened clinical outcomes (73-76).

Other populations for whom f-lactam TDM could
be of benefit include those on RRT, ECMO, and
those at the extremes of body weight (e.g., obesity).
However, similar to ARC, this presumption is based
on the known B-lactam PK variation in these popula-
tions not any documented impact of B-lactam TDM
on clinical outcomes for these patients. Obesity is asso-
ciated with antibiotic pharmacokinetic variation in the
ICU (77). Although obese patients may benefit from
B-lactam TDM, PK, and TDM, interventional data for
these patients remain sparse. Obese patients were un-
derrepresented in the TARGET study: the mean body
mass index (BMI) in which was 27 +7kg/m? (78). The
number of obese patients continues to increase world-
wide, making this a key population for which to better
understand the potential role of TDM. Absent com-
pelling data focused on patient-oriented outcomes it is
challenging to recommend TDM for all obese patients
in the ICU given the large number of patients this
would entail. CRRT is also associated with antibiotic
PK variability and subtherapeutic exposures (79). As
this is a smaller group of ICU patients at high risk for
mortality, it is reasonable to consider B-lactam TDM
for those on CRRT. ECMO can also impact p-lactam
PK, but the impact appears to be drug-specific rather
than an antibiotic class effect (e.g., all p-lactams) (80).
It is also worth noting that ECMO is not as common in
the ICU as CRRT or obesity. The ever-changing nature
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of ECMO circuitry also makes application of available
data to one’s practice challenging. Additionally, we do
not believe target -lactam serum levels for those on
ECMO are known, nor are f-lactam serum levels for
those not on ECMO appropriate for those on ECMO.

The recent multisociety TDM position paper rec-
ommends one sample, trough concentration (Cmin)
monitoring 24-48 hours after the initiation of therapy,
with incorporation of the laboratory result into dosing
software to perform Bayesian estimation and regimen
adjustment (if needed) followed by repeat TDM within
1-2 days to assess for target attainment (2). Additional
monitoring is warranted when there is evidence of PK
changes significant enough to potentially alter drug
concentrations. Although we disagree with this recom-
mendation for all ICU patients, we believe there may
be smaller groups of ICU patients at risk for B-lactam
PK variation for whom TDM could be of benefit. The
RCT of TZP TDM by Hagel et al (78) described above
perhaps could provide some insight. However, without
additional subgroup analyses, it is hard to identity
unique patients from TARGET for whom TDM may
have been more beneficial (e.g., ECMO and RRT).
Judicious, targeted TDM for those with risk factors for
B-lactam over- or underexposure is a better approach,
including those with ARC, those with burns or poly-
trauma, those with surgical drains and fluid overload,
those on CRRT, and those on ECMO and/or morbid
obesity. Prospective studies focusing on patient-ori-
ented outcome should be conducted to determine
the value of beta-lactam TDM for these vulnerable
patients. Until then, TDM remains a clinical strategy
with a potential for benefit in the populations.

REAL-WORLD IDENTIFICATION OF
PATIENTS FOR WHOM TDM COULD
BENEFIT

Contemporary information about the frequency of
pharmacokinetic alterations observed in patients with
septic shock can aid the development of strategies to
implement a B-lactam TDM program that optimizes
resource allocation. We conducted a cross-sectional,
point-prevalence evaluation of all patients admitted to
Barnes-Jewish Hospital (an academic medical center
in St. Louis, MO) in 2017 for sepsis or septic shock
based on International Classification of Diseases (ICD),
9th Edition and 10th Edition codings. (Washington
University institutional review board [IRB] number
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201153035 and University of Health Sciences and
Pharmacy IRB number 201631). Prevalence of treat-
ment courses in which patients were observed to
have altered pharmacokinetic variables alone, or in
combinations of two PK variables, was the main out-
come measure. Pharmacokinetic variables associated
with increased risk of underdosing was defined esti-
mated glomerular filtration rate (eGFR) greater than
or equal to 120 mL/min based on Cockcroft-Gault cal-
culation, fluid overload, morbid obesity (BMI >40),
and presence of a surgical drain (81). Variables associ-
ated with increased risk of overdosing included eGFR
less than 20 mL/min or receipt of CRRT (69). A total
of 1,758 treatment courses associated with 23,928
administrations of various B-lactam antibiotics in the
ICU were observed (Fig. 2). The proportion of treat-
ment courses less than 48 hours in duration was 30.7%
(n = 554). The frequency of treatment courses greater
than 48 hours duration in which there was one al-
tered PK variable associated with risk of underdosing
was 38.9% (n = 468) and overdosing 24.1% (n = 290)
(Table 1). Further, estimates of the risk for underdos-
ing when considering two patient-specific factors, in
combination (surgical drain placement, fluid overload,
morbid obesity, ARC, or normal eGFR 60-119mL/
min in combination), were observed in 13.7%
(n = 165) (Table 1). Altogether, this snapshot refutes
the need for f-lactam TDM in all patients as roughly
one-third of treatment courses are less than 48 hours
duration and under 15% of courses occur in patients
with multiple PK variable alterations. Considering
the healthcare personnel time required to identify
these patients, followed by the acquisition and anal-
ysis of drug levels and the TDM workflow integra-
tion into a complicated and rapidly changing patient
care environment requiring other urgent interven-
tional care, it is difficult to justify universal -lactam
TDM in the ICU without definitive data for outcome
improvement.

CAN TDM REDUCE TOXICITY FOR
WIDE THERAPEUTIC INDEX DRUGS?

An argument can be made for TDM wholistically for
its potential to reduce drug toxicity. This has been used
for antimicrobials including vancomycin, aminoglyco-
sides, triazole antifungals, and other classes anecdo-
tally with varying results (82-84). However, B-lactam
antibiotics are much different from these antibiotics
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Patients admitted to Barnes-Jewish Hospital in 2017 with ICD-10 Code for Sepsis or Septic Shock
Administered a B-lactam antibiotic(s) while admitted to an intensive care unit (ICU).
Administrations were included if the associated treatment course was:

e  Administered entirely in the ICU
e Initiated in the ICU and completed on the hospital ward
o Initiated in the hospital ward and completed in the ICU

23,928 B-lactam antibiotic administrations
Antibiotic Number of administrations Number of Treatment Courses
Ampicillin 672 23
Ampicillin-sulbactam 418 19
Cefazolin 921 105
Cefepime 6520 591
Ceftaroline 650 35
Ceftazidime 45 3
Ceftriaxone 1013 145
Ertapenem 521 66
Imipenem-cilastatin 201 5
Meropenem 9472 594
Piperacillin-tazobactam 3495 172
l ‘,
B-lactam Treatment Course < 48 hrs B-lactam Treatment Course > 48 hrs
N =554 N =1204
No. of No. of

Antibiotic Courses Antibiotic courses

Ampicillin 14 Ampicillin 9

Ampicillin-sulbactam 5 Ampicillin-sulbactam 14

Cefazolin 64 Cefazolin 41

Cefepime 201 Cefepime 390

Ceftaroline 17 Ceftaroline 18

Ceftazidime 1 Ceftazidime 2

Ceftriaxone 39 Ceftriaxone 106

Ertapenem 18 Ertapenem 48

Imipenem-cilastatin 1 Imipenem-cilastatin 4

Meropenem 148 Meropenem 446

Piperacillin-tazobactam 46 Piperacillin-tazobactam 126

Figure 2. Flow diagram. ICD-10 = International Classification of Diseases, 10th Edition.
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TABLE 1.

Frequency Matrix of Factors That Could Influence Antibiotic Pharmacokinetics in B-Lactam
Treatment Courses Greater Than or Equal to 48 hr (n = 1,204).

Mechan-
Vaso- Ino- icalCirr eGFR eGFR eGFR eGFR Fluid Morbid Surgical
pressor trope culation <20 21-59 CRRT 60-119 >120 Overload Obesity Drain
Vasopressor 836 241 33 42 206 205 274 12 139 105 103
Inotrope 259 31 9 91 91 66 1 48 27 27
Mechanical circulation 36 0 13 6 17 0 4 2 2
eGFR < 20 mL/min 612 (5.1) 0 0 0 0 9 11 13
eGFR 21-59mL/min 443 0 0 60 60 50
CRRT 22972 0 0 38 31 19
(19.0)

eGFR 60-119mL/min 421 0 46°(3.8) 37°(3.1) 45°(3.7)
eGFR > 120 mL/min 38°(3.2) 2°(0.2) 4° (0.3) 4° (0.3)
Fluid overload 154°(12.8) 5 (0.4) 22°(1.8)
Morbid obesity 143°(11.9) 16°(1.3)
Surgical drain 133°(11.0)

CRRT = continuous renal replacement therapy, eGFR = estimated glomerular filtration rate.
*0One pharmacokinetics (PK) variable with increased risk of overdosing.

®Combination of two PK variables with increased risk of underdosing.

“One PK variable with increased risk of underdosing.
All data presented as number or number (%).

Number with percentage indicates the patients at risk for underdosing who could potentially benefit from (3-lactam therapeutic
drug monitoring. For example, the number of patients with eGFR greater than or equal to 120 mL/min in combination with fluid

overload was two.

with defined therapeutic concentration ranges. First,
B-lactams, for the great benefit to patients, have a wide
therapeutic index. For most patients in the ICU, mod-
erate-to-high dose, prolonged infusion p-lactams opti-
mize the PD of these drugs. Second, toxicities that are
derived from elevated p-lactams concentrations, for ex-
ample, neurologic toxicity, occur primarily in patients
with preexisting neurologic conditions and those with
impaired renal function (85). In the latter, 3-lactam
doses are reduced according to well-established dosing
guidelines. f-lactam antibiotics can be associated with
acute kidney injury, and this is often in context with
vancomycin (86). It is difficult to parse out the causal
differences in this scenario and link to B-lactam ex-
posure thresholds. Finally, B-lactam TDM is founded
from serum concentrations, which may be a poor sur-
rogate in an individual patient for either infected tis-
sue concentrations of interest (e.g., lung) or, in the case
of toxicity, the CNS. In a pertinent example, obser-
vational studies examining the relationship between

Critical Care Explorations

cefepime exposure and neurotoxicity cite a wide range
of serum concentrations associated with neurotoxicity
(87-89). The lack of agreement between these datasets
suggests a current inability to draw universal conclu-
sions between P-lactam exposure and toxicity in the
serum, an observation recently highlighted by Barreto
et al (90). Additional studies of serum and site concen-
trations correlating with toxicity would be highly val-
uable toward therapeutic toxicodynamic implications
with B-lactams.

CONCLUSIONS

B-lactams are a cornerstone of inpatient antibiotic
therapy, and no effort should be spared to ensure their
prolonged efficacy and safety. This review demon-
strates that f-lactam TDM in the ICU, while laudable,
layers ambiguous B-lactam exposure thresholds upon
uncertain MIC data within a dynamic, unpredictable
patient population for whom TDM results will not be
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available fast enough to significantly affect care. PK/
PD is the foundation upon which the best way to dose
B-lactams rests. PK/PD led us to prolonged -lactam
infusions based on positive outcome studies. Although
not based on the strongest quality of evidence, pro-
longed P-lactam infusions are now the “standard”
in many hospitals and recognized by pharmaceu-
tical regulatory bodies (e.g., the U.S. Food and Drug
Administration) as a viable and often preferred method
of B-lactam administration due to their improved
ability to achieve PK/PD targets compared with in-
termittent infusions. Prolonged infusions are easier to
implement than TDM: once a workflow is established,
the process operates without substantial human effort
and coordination. PK/PD modeling software has fur-
ther advanced this application through design of em-
piric drug dosing for complex patient situations where
the risks of subtherapeutic pharmacokinetic exposure
exist. Individual B-lactam TDM will require consider-
able clinician effort to achieve the desired concentra-
tion, but, based on the evidence to date, no appreciable
improvements in patient-oriented outcomes exist.

In summation, TDM should be goal-driven: to im-
prove efficacy, reduce toxicity risk, and/or prevent re-
sistance. There are few published studies comparing
outcomes in those with and without beta-lactam TDM,
and findings have not demonstrated a difference. There
may be a role for targeted TDM use in select patients
most likely to benefit from such data as we have out-
lined here; however, randomized clinical trial data with
patient-oriented outcomes are needed to confirm such
a benefit, even in a selected patient population(s) be-
fore the logistical and operational effort is put toward
such activity. There remain opportunities to improve
PK/PD models and increase the likelihood that in vitro
and animal methods will translate to patient experi-
ence as well as make dose adjustments to drastically
reduce antibiotic exposure in highly susceptible infec-
tions. For now, those opportunities remain a point of
research focus and are not ready for widespread clin-
ical application. PK/PD application to a population
shows benefit, but, as we outlined, there are difficul-
ties for such application at the individual patient level.
Clinically, choosing the correct antibiotic and dosing
appropriately to overcome ARC associated with crit-
ical illness appears to give patients the best likelihood
of survival. A dynamic, hypermetabolic environment
seems to belie the idea of TDM precision. Clinical

10 www.ccejournal.org

success at subtherapeutic levels is possible; there is no
guarantee that achieving therapeutic or suprathera-
peutic concentrations improves patient care. Therefore,
what is the goal of B-lactam TDM in the ICU? It may
be a solution in search of a problem.
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