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ABSTRACT Intensive care unit (ICU) patients may experience ceftriaxone underex-
posure, but clinical outcomes data are lacking. The objective of this study was to de-
termine the impact of ceftriaxone dosing on clinical outcomes among ICU patients
without central nervous system (CNS) infection. A retrospective study of ICU patients
receiving intravenous, empirical ceftriaxone for non-CNS infections was conducted.
Patients �18 years of age who received �2 g of ceftriaxone daily for �72 h were in-
cluded and categorized as receiving ceftriaxone 1 g or 2 g daily. The primary, com-
posite outcome was treatment failure, defined as inpatient mortality and/or antibi-
otic escalation due to clinical worsening. Propensity score matching was performed
based on the probability of receiving 2 g of ceftriaxone daily. Multivariable logistic
regression determined the association between ceftriaxone dose and treatment fail-
ure in a propensity-matched cohort. A total of 212 patients were included in the
propensity-matched cohort. The most common diagnoses (83.0%) were pneumonia
and urinary tract infection. Treatment failure occurred in 17.0% and 5.7% of patients
receiving 1 g and 2 g daily, respectively (P � 0.0156). Overall inpatient mortality was
8.5%. Ceftriaxone 2 g dosing was associated with a reduced likelihood of treatment
failure (adjusted odds ratio [aOR] � 0.190; 95% confidence interval [CI] � 0.059 to
0.607). Other independent predictors of treatment failure included sequential organ
failure assessment score (aOR � 1.440; 95% CI � 1.254 to 1.653) and creatinine
clearance at 72 h from ceftriaxone initiation (aOR � 0.980; 95% CI � 0.971 to 0.999).
Therefore, ceftriaxone at 2 g daily, when used as appropriate antimicrobial coverage,
may be appropriate for ICU patients with lower mortality risk.
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Ceftriaxone is a commonly prescribed �-lactam antibiotic that exhibits extensive
protein binding at therapeutic concentrations (1, 2). Ceftriaxone displays time-

dependent bactericidal activity and concentrations may be subtherapeutic in ICU
patients, particularly those with hypoalbuminemia (3). Although pharmacokinetic data
suggest ICU patients, including those with hypoalbuminemia, may experience ceftri-
axone underexposure, clinical outcomes data are lacking. Within our health system,
ceftriaxone dosing in ICU patients without CNS infection is variable. We sought to
determine the impact of ceftriaxone dosing—1 g daily compared to 2 g daily— on
clinical outcomes among ICU patients without CNS infection. We hypothesized that 2
g of ceftriaxone daily would be associated with better clinical outcomes than 1 g of
ceftriaxone daily among ICU patients.

RESULTS

A total of 2,378 patients received ceftriaxone in an eligible ICU during the study
period (Fig. 1). Of these patients, 416 were deemed study eligible and included in the
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propensity score matching process as follows: 246 (59.1%) patients received 1 g daily
and 170 (40.9%) patients received 2 g daily. The propensity score matching resulted in
106 matched pairs (n � 212). The two groups were well matched with respect to
demographics, comorbidities, infection type, and sequential organ failure assessment
(SOFA) score (Table 1). Patients receiving 2 g daily had slightly higher serum creatinine
values than those receiving 1g daily. A pathogen was recovered from 34% and 33% of
the 1 g and 2 g ceftriaxone groups, respectively. Culture types were similar between
groups. The median duration of ceftriaxone therapy was 1 day longer in the 2 g daily
group (6 days compared to 5 days in the 1 g daily group; P � 0.0552).

Treatment failure was more common among patients receiving 1 g of ceftriaxone
(19.8%) than those receiving 2 g daily (6.6%). There were no cases of antibiotic
escalation among those who received 2 g daily. Ten patients (9.4%) in the 1 g daily
group required antibiotic escalation, eight for pneumonia and two for a urinary tract

FIG 1 Eligibility screening.
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infection (UTI). Five patients with pneumonia were culture negative and three had
ceftriaxone-susceptible pathogens (Escherichia coli, n � 2, and Viridans group Strepto-
coccus, n � 1). Of the three patients with UTI, two had ceftriaxone-sensitive pathogens
(E. coli and Klebsiella pneumoniae) and one had culture with mixed flora and no
sensitivities were performed. The median duration of ceftriaxone therapy prior to
escalation was 5 days (interquartile range (IQR) � 4 to 6 days). These patients were
escalated to either cefepime or piperacillin-tazobactam. There was no difference in
adverse effects between the two groups. Clostridioides difficile-associated diarrhea,
diagnosed by PCR and confirmed by subsequent treatment with enteral vancomycin,
was the only documented adverse effect (n � 2, both in the 1 g daily group). Hypoalbu-
minemia (albumin at �2.5 g/dl) was present in 54 (25.5%) patients. Among this
subgroup with hypoalbuminemia, the treatment failure rate was 30.4% with 1 g daily
dosing and 9.7% with 2 g daily dosing (P � 0.0779). Among patients with UTI (n � 30,

TABLE 1 Characteristics and outcomes among intensive care unit patients receiving ceftriaxone stratified by ceftriaxone exposure

Variablea

Ceftriaxone daily dose:

P value1 gram (n � 106) 2 grams (n � 106)

Median age in years (IQR) 72 (59, 79) 71 (59, 77) 0.4861
No. female gender (%) 62 (58.5) 64 (60.4) 0.8888
Median body mass index (IQR) 27.9 (23.5, 34.6) 28.6 (23.7, 37.3) 0.8598
Median weight in kg (IQR) 77.3 (65.0, 104.6) 78.9 (63.8, 106.2) 0.9314
Median height in inches (IQR) 66 (63, 69) 65 (62, 69) 0.7905
Median SCr baseline in mg/dL (IQR) 0.98 (0.77, 1.42) 1.03 (0.69, 1.34) 0.8510
Median creatinine clearance at baseline in ml/min (IQR) 58.6 (40.7, 79.8) 54.7 (35.0, 80.5) 0.5732
Median SCr at 72 h in mg/dl (IQR) 0.87 (0.67, 1.22) 0.77 (0.61, 1.02) 0.0487
Median creatinine clearance at 72 h in ml/min (IQR) 62.8 (41.6, 101.2) 72.6 (44.3, 104.5) 0.3435
Median ideal body weight in kg (IQR) 59.3 (52.4, 68.4) 57.0 (50.1, 70.7) 0.5734
Median SOFA score (IQR) 3 (0, 7) 3.5 (1, 7) 0.3614
No. cirrhosis (%) 3 (2.8) 1 (0.9) 0.6214
No. immunosuppression (%) 16 (15.1) 12 (11.3) 0.5434
No. congestive heart failure (%) 28 (26.4) 26 (24.5) 0.8749
No. malignancy (%) 18 (17.0) 22 (20.8) 0.5989
No. chronic obstructive pulmonary disease (%) 42 (39.6) 42 (39.6) �0.9999
No. diabetes mellitus (%) 43 (40.6) 41 (38.7) 0.8884
No. mechanical ventilation (%) 18 (17.0) 26 (24.5) 0.2356
No. vasopressor support (%) 22 (20.8) 21 (19.8) �0.9999
Median albumin in g/dl (IQR) 3.0 (2.6, 3.3) 3.0 (2.5, 3.3) 0.9046
No. hypoalbuminemiad (%) 23 (21.7) 31 (29.3) 0.2698

Diagnosis 0.8953
No. bacteremia (%) 12 (11.3) 9 (8.5)
No. pneumonia (%) 71 (67.0) 75 (70.8)
No. UTI (%) 15 (14.2) 15 (14.2)
No. other (%) 8 (7.6) 7 (6.6)

Culture Type 0.5389
No. Gram-negative (%) 30 (28.3) 27 (25.5)
No. Gram-positive (%) 6 (5.7) 6 (5.7)
No. mixed (%) 0 (0) 2 (1.9)
No. culture negative (%) 70 (66.0) 71 (67.0)

Median duration of ceftriaxone therapy in days (IQR) 5 (4, 7) 6 (5, 7) 0.0552

Outcomes
No. treatment failureb (%) 18 (17.0) 6 (5.7) 0.0156

No. inpatient mortality (%) 12 (11.3) 6 (5.7) 0.2172
No. antibiotic escalation (%) 10 (9.4) 0 (0) 0.0016

No. antibiotic-related adverse eventc (%) 2 (1.9) 0 (0) 0.4976
Median ICU length of stay in days (IQR) 3 (2, 5) 3 (1, 5) 0.4802
Median hospital length of stay in days (IQR) 7 (5, 12) 7 (5, 11) 0.7029

asCr, serum creatinine; SOFA, sequential organ failure assessment; UTI, urinary tract infection; IQR, interquartile range.
bPatients could meet more than one treatment failure criterion.
cAll antibiotic-related adverse events were C. difficile-associated diarrhea.
dHypoalbuminemia indicates albumin at � 2.5 g/dl.
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15 in each group), 33.3% and 0% of patient in the 1 g and 2 g daily groups, respectively,
experienced failure (P � 0.0421). There were 23 patients with a SOFA score of �10. The
failure rate among these patients was 64.3% and 22.2% with 1 g daily and 2 g daily
dosing, respectively (P � 0.0487).

Table 2 lists predictor variables associated with treatment failure. Patients who
experienced treatment failure had higher SOFA scores and more end organ dysfunc-
tion. Patients without hypoalbuminemia had higher rates of treatment success. The
results of a multivariate analysis are shown in Table 3. Ceftriaxone at 2 g daily was
independently associated with treatment success (adjusted odds ratio 0.190; 95%
confidence internal 0.059 to 0.607).

DISCUSSION

We retrospectively assessed ICU patients receiving empirical ceftriaxone and ob-
served a higher rate of treatment failure among patients receiving ceftriaxone 1 g daily
compared to 2 g daily in a propensity-matched cohort. This result was influenced by
more empirical antibiotic escalation in the 1 g group, despite no cultures resulting in
ceftriaxone-resistant organisms (as these patients were excluded). Ceftriaxone is an
appropriate empirical antibiotic based on indication for many ICU patients, specifically
those with pneumonia and/or urinary tract infection, which diagnoses accounted for
80% of the study population. Inpatient mortality was similar in the two ceftriaxone
exposure groups. The groups were well matched owing to use of propensity-score
matching. The observed imbalance in treatment failure between groups supports our
hypothesis that ceftriaxone 2 g daily dosing may yield better clinical outcomes than
ceftriaxone 1 g daily dosing among ICU patients without CNS infection. Our observa-
tions also suggest that ICU patients prescribed empirical ceftriaxone for a non-CNS
indication may benefit from 2 g daily regardless of diagnosis and culture type. However,
giving the drug more frequently, or as continuous infusion, may help maintain ade-
quate time above the MIC (4). There was no difference in ICU length of stay or hospital
length of stay between the two groups.

While 1 g dosing was associated with an increased likelihood of treatment failure in
the entire population, this observation was pronounced in an unadjusted, subanalysis
of patients (n � 67) with hypoalbuminemia (albumin at �2.5 g/dl). However, it is
possible that 1 g ceftriaxone daily may put ICU patients at risk for treatment failure,
especially those with an albumin at �2.5 g/dl. The current study also indicates that
ceftriaxone is well tolerated, with only three adverse effects noted in the entire sample

TABLE 2 Predictor variables associated with treatment failure among intensive care unit
patients receiving ceftriaxone

Variablea

Treatment outcome:

P valueSuccess (n � 188) Failure (n � 24)

Median SOFA score (IQR) 3 (0–6) 9 (7–12) �0.0001
No. mechanical ventilation (%) 33 (17.6) 11 (45.8) 0.0029
No. vasopressor support (%) 30 (16.0) 13 (54.2) �0.0001
Median creatinine clearance at 72 h (IQR) 73.0 (46.4–106.0) 54.8 (35.0–67.3) 0.0121
aSOFA, sequential organ failure assessment; IQR, interquartile range.

TABLE 3 Univariable and multivariable analyses of the association between potential predictor variables and treatment failure among
intensive care unit patients receiving ceftriaxoneb

Predictor variablea Univariable odds ratio (95% CI) P value Multivariable odds ratio (95% CI) P value

SOFA score 1.409 (1.240–1.601) �0.0001 1.440 (1.254–1.653) �0.0001
Creatinine clearance at 72 h 0.985 (0.972–0.998) 0.0205 0.980 (0.971–0.999) 0.0358
Ceftriaxone 2 gram dose 0.293 (0.112–0.772) 0.0130 0.190 (0.059–0.607) 0.0051
aSOFA, sequential organ failure assessment; CI, confidence interval.
bThe final model was able to distinguish between treatment failure and treatment success with a good receiver operator characteristics curve of 0.8802 (95%
confidence interval of 0.8062– 0.9538; P � 0.0001). None of the models reached statistical significance with the Hosmer-Lemeshow goodness-of-fit test (final model,
P � 0.9033).
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and no appreciable difference between the two treatment arms. We acknowledge that
some adverse effects may have been unaccounted for given the retrospective nature of
the study. However, ceftriaxone has been shown to be well tolerated and this trial
further confirms its tolerability, even at the higher 2 g dosing (5–8). Notably, recent data
suggest ceftriaxone is well tolerated even at doses above 4 g per day (9).

In the multivariable analysis, three variables were independently associated with
treatment failure: (i) ceftriaxone at 1 g daily dosing; (ii) an elevated SOFA score; and (iii)
creatine clearance at 72 h from ceftriaxone initiation. The final model was able to
distinguish between treatment failure and treatment success with a good receiver
operator characteristics curve. Patients with higher SOFA scores tended to experience
worse infection-related outcomes. Elevated creatinine clearance at 72 h may be a
surrogate indicator for renal recovery, and prompt renal recovery may confer a mor-
tality benefit in patients with septic shock (10). However, we did not characterize
patients as having septic shock, nor did we did formally assess renal recovery, as this
is challenging (11). Ceftriaxone 1 g dosing was independently associated with treat-
ment failure, suggesting that critically ill patients may benefit from 2 g daily of
ceftriaxone, regardless of the host and/or diagnosis.

Available data suggest ICU patients may experience subtherapeutic antibiotic ex-
posure, particularly of hydrophilic antibiotics such as �-lactams (12–14). Ceftriaxone is
notable given its high degree of protein binding, exempting it from renal dosing
adjustments and, likely, routine clinician dose escalation in the ICU. However, increased
intravascular volume combined with hypoalbuminemia may create a particularly dis-
advantageous scenario in which higher-than-expected concentrations of unbound
ceftriaxone are not only diluted but also renally eliminated faster than anticipated.
Wong and colleagues observed substantial differences between measured and pre-
dicted unbound ceftriaxone concentrations among 161 ICU patients (P � 0.05) (12).
Similar findings were observed by Schlebinger et al., who found the unbound fraction
of ceftriaxone to be higher in ICU patients than healthy volunteers, where the ceftri-
axone volume of distribution was double compared to healthy volunteers (20 liters
versus 10 liters) (13). However, ceftriaxone dosed at 2 g daily achieved sufficient
unbound plasma concentrations above the EUCAST susceptibility breakpoint (�1
mg/liter) throughout the dosing interval (15). Compared to healthy subjects, ceftriax-
one clearance and volume of distribution were increased in ICU patients with severe
sepsis. In this evaluation, three (25%) critically ill patients had subtherapeutic ceftriax-
one plasma concentrations (14). Using a murine sepsis model, Selmi et al. demonstrated
higher urinary loss of bound ceftriaxone in septic rats compared to nonseptic rats due
to sepsis-induced alterations in glomerular filtration barrier permeability (16). Their
findings suggest clinicians should consider urinary loss of both bound and unbound
ceftriaxone during the early phases of sepsis. Patients in the current study were not
characterized as meeting or not meeting sepsis criteria. However, all patients were in
an ICU receiving empirical ceftriaxone therapy. Garot and colleagues have argued that
ceftriaxone 1 g daily is sufficient for critically ill patients when the ceftriaxone MIC is �1
mg/liter, but clinical outcomes were not assessed (17). We believe our study is the first
to examine clinical outcomes between 1 g and 2 g ceftriaxone dosing in ICU patients.
Interestingly, in the DALI study, ceftriaxone at a median dose of 2 g per day (inter-
quartile range � 2 to 4 g per day) had some of the highest levels of PK/PD target
attainment of any �-lactam studied (18). These ICU patients had a median SOFA score
of 5, which is slightly higher than in the current study.

Pharmacokinetic/pharmacodynamic data contribute to our understanding of anti-
biotic efficacy and toxicity, but clinical outcomes are of utmost importance. Our data
suggest prescribing 2 g of ceftriaxone daily to ICU patients may improve treatment
outcomes without increasing toxicity. These findings, coupled with the generic avail-
ability of ceftriaxone and the lower cost relative to many other antibiotics, make 2 g
dosing in the ICU a reasonable approach. Ceftriaxone continues to be one of the most
commonly prescribed antibiotics in the United States, for a variety of infections (2).
Dosing ceftriaxone appropriately in the ICU will be paramount to preserving its efficacy
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over time. Moreover, by ensuring patients have a high likelihood of responding to
ceftriaxone therapy, clinicians may avoid the use of broader-spectrum antibiotics. In the
current study, patients who failed to respond to ceftriaxone at 1g daily were prescribed
either cefepime or piperacillin-tazobactam. These observations are important for anti-
microbial stewardship efforts in the ICU.

This study has a number of limitations. First, this evaluation was retrospective,
conducted within a single health system in one U.S. state, and limited by data available
in the medical record. Data elements collected represent those routinely available to
clinicians and our study attempted to estimate the impact of ceftriaxone dosing among
ICU patients in a real-world setting. Second, the study data cannot confirm that
escalation occurred due to subtherapeutic ceftriaxone, since ceftriaxone pharmacoki-
netic data were not collected. We also cannot entirely confirm whether ceftriaxone-
resistant organisms were implicated because many patients were culture negative.
Because we focused our investigation on the index hospitalization with median 7-day
length of stay in the study population, we did not collect information on infection
recurrence or relapse. It is possible there were between-group differences in clinical
outcomes after the index hospitalization. Additionally, while the current study included
ICU patients, SOFA scores were not very high and overall inpatient mortality was only
8.5%. This is attributable to using ICU admission rather than a diagnosis of sepsis or
septic shock as a requirement for study inclusion. It is possible that patients with more
severe illness were less likely to receive empirical ceftriaxone. The number of treatment
failure events, while different between groups, was low. Our findings should be
interpreted cautiously and may not be generalizable to ICU patients with higher
severity of illness and/or mortality risk. We attempted to reduce the impact of between-
group differences on our outcome assessment using propensity-score matching. How-
ever, it is possible that unmeasured confounders may have contributed to the differ-
ence in outcomes observed between the two ceftriaxone-exposure groups. This study
is strengthened by inclusion of over 100 propensity-matched pairs of patients with
common infectious diagnoses for which ceftriaxone is prescribed in the ICU.

In conclusion, intensive care unit patients receiving ceftriaxone at 1 g daily experi-
enced higher rates of treatment failure than those receiving 2 g daily, primarily due to
escalation from ceftriaxone to an alternative antibiotic. These clinical observations
correlate with existing pharmacokinetic literature suggesting a risk of ceftriaxone
underexposure in ICU patients. Two grams of empirical ceftriaxone daily, when used as
appropriate antimicrobial coverage, may be prudent for ICU patients without CNS
infection and warrants further study in a larger clinical trial.

MATERIALS AND METHODS
Study design and patient population. This was a retrospective review of adults admitted to one of

seven ICUs within five different hospitals between January 1, 2016 and January 1, 2018, including
medical, surgical, and cardiac ICUs. Patients �18 years of age who were admitted to one of the
designated ICUs, received �2 g of empirical ceftriaxone daily for �72 h during ICU admission, and had
at least one serum albumin concentration obtained within 24 h of ceftriaxone initiation were eligible for
study inclusion. Patients were identified from the electronic medical record. Patients from whom a
ceftriaxone-resistant pathogen was recovered were excluded. Additional exclusion criteria included a
diagnosis of meningitis, pregnancy, ceftriaxone use for antibacterial prophylaxis, receipt of both 1 g daily
and 2 g daily ceftriaxone during treatment, receipt of 1 g ceftriaxone twice daily, and/or empirical
treatment with an alternative antibiotic for �24 h.

This study was reviewed and approved by the Aurora Health Care Research Subject Protection
Program. This research was performed in accordance with the Declaration of Helsinski and conforms to
the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) recommendations
for reporting observational studies (19).

Data collection. Patient data were collected, including age, gender, height, and weight. The albumin
concentration obtained closest to ceftriaxone initiation was recorded. Hypoalbuminemia was defined as
an albumin level of �2.5 g/dl as described in the Saline versus Albumin Fluid Evaluation (SAFE) study
(20). Creatinine clearance estimates upon ceftriaxone initiation and 72 h afterward were calculated using
Cockcroft-Gault (21). Patient comorbidities, as documented by the treating physician, were recorded.
Immunosuppression was defined as (i) exposure to at least one of the following prior to and/or during
hospitalization: chronic corticosteroids (�10 mg of prednisone daily or an alternative steroid equivalent),
antineoplastic therapy, tumor necrosis factor alpha inhibitors, or calcineurin inhibitors; or (ii) a diagnosis
of HIV/AIDS (22). Sequential organ failure assessment (SOFA) scores were calculated at the time of
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ceftriaxone initiation (23). Use of vasopressor support and/or mechanical ventilation were collected as
dichotomous variables. Eligible patients were split into two treatment groups based upon empirical
ceftriaxone exposure: 1 g once daily and 2 g once daily. Duration of ceftriaxone therapy was also
collected.

Patient location (hospital to which the patient was admitted) and diagnoses were collected. Diag-
noses were classified as either bacteremia, pneumonia, urinary tract infection (UTI), or “other.” Patients
with more than one diagnosis were categorized into the most severe diagnosis category, with bactere-
mia being the most severe (regardless of source), followed by pneumonia, and then UTI. Patient bacterial
culture data were classified as Gram-positive, Gram-negative, mixed, or culture negative.

Clinical outcomes. The primary outcome was a composite outcome of treatment failure defined as
inpatient mortality and/or antibiotic escalation. Antibiotic escalation was defined as switching from
ceftriaxone to an alternative antibiotic due to clinical worsening at any time during ceftriaxone therapy,
as documented by the treating provider in the electronic medical record. Secondary outcomes included
ICU and hospital length of stay and adverse effects attributed to ceftriaxone, as well as treatment success
in those with hypoalbuminemia and those with SOFA scores of �10. Adverse effects were assessed by
searching each patient’s chart for lab abnormalities and/or notes from physicians on the day of
ceftriaxone discontinuation.

Statistical analysis. Given the nonrandom treatment assignment, a propensity score was developed
for the probability of receiving ceftriaxone 2 g daily using a multivariable logistic regression model in
which a binary indicator of ceftriaxone exposure (1 g or 2 g daily) was the dependent variable. The
following variables were included in this model: patient age, SOFA sore, initial albumin level, culture type,
location (hospital), and diagnosis. Propensity score matching was done using a 1:1 nearest neighbor
approach. Treatment failure was assessed in the propensity-matched population. Univariable analyses
compared patients in the 1 g and 2 g ceftriaxone exposure groups, as well as those who did and did not
experience treatment failure. Categorical variables were compared by Pearson’s chi-squared test or
Fisher’s exact test, and continuous variables were compared by a two-sample t test or the Mann-Whitney
U test. Multivariable analyses of factors associated with treatment failure were performed using forward,
stepwise, and multiple logistic regression. The criterion for model entry was � � 0.05, whereas the
criterion for remaining in the model was � � 0.10. The predictors of interest were assessed for
multicollinearity (tolerance statistic � �0.4). All tolerance values were �0.4. The Hosmer-Lemeshow test
was utilized to evaluate goodness-of-fit. All tests were 2-tailed and a P value of �0.05 was considered
statistically significant. SAS, version 9.4 (SAS Institute, Cary, NC) was used for all analyses.
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