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Abstract

Background: Prior retrospective cross-sectional work has associated antimicrobials with a non-specific phrase:
encephalopathy without seizures. The purpose of this study is to determine whether different classes of
antimicrobials have differential associations with the daily risk of delirium after critical illness is adjusted for.

Methods: Our study was a nested cohort that enrolled non-neurological critically ill adults from a medical or
surgical intensive care unit (ICU) with daily follow-up to 30 days. Our independent variable was exposure to
previous-day antimicrobial class: beta-lactams (subclasses: penicillins, first- to third-generation cephalosporins,
fourth-generation cephalosporins, and carbapenems), macrolides, fluoroquinolones, and other. We adjusted for
baseline covariates (age, comorbidities, cognition scores, sepsis, and mechanical ventilation), previous-day covariates
(delirium, doses of analgesics/sedatives, and antipsychotic use), and same-day covariates (illness severity). Our
primary outcome of delirium was measured by using the Confusion Assessment Method for the ICU. A daily
delirium logistic regression model was used with an ICU time-restricted sensitivity analysis including daily
adjustment for sepsis and mechanical ventilation.

Results: Of 418 ICU patients, delirium occurred in 308 (74%) with a median of 3 days (interquartile range 2–6)
among those affected and 318 (76%) were exposed to antimicrobials. When covariates and ICU type were adjusted
for, only first- to third-generation cephalosporins were associated with delirium (logistic regression model odds ratio
(OR) = 2.2, 95% confidence interval (CI) 1.28–3.79, P = 0.004; sensitivity analysis OR = 2.13, 95% CI 1.10–4.10, P = 0.024).

Conclusions: First-, second-, and third-generation cephalosporins doubled the odds of delirium after baseline co-
morbidities, ICU type, the course of critical care, and other competing antimicrobial and psychotropic medication
risks were adjusted for. We did not find an association between delirium and cefepime, penicillins, carbapenems,
fluoroquinolones, or macrolides.
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Background
Critically ill patients are commonly initiated on antimicro-
bial therapy for infection with one or more agents on the
basis of physiologic, microbiologic, and pharmacologic
factors [1]. Antimicrobial exposure may represent a risk for
antibiotic-associated encephalopathy [2–5] or the other syn-
onymous and broadly used term for encephalopathy (that
is, delirium) [2, 3, 6, 7]. Delirium in hospitalized patients is

a strong independent predictor of mortality, increased
hospital length of stay, long-term cognitive impairment,
cost of care, and subsequent hospitalizations [2, 8, 9].
The associations between antimicrobials and delirium

have been limited by cross-sectional approaches and
examination of only certain antibiotic classes, such as
cephalosporins (for example, cefepime) [2, 3, 5, 10–13],
fluoroquinolones [14, 15], and macrolides [2, 4], without
accounting for confounders related to baseline comorbidi-
ties, sepsis, severity of illness, exposure to analgesics, seda-
tives, and other antimicrobial possibilities (for example,
simultaneous exposure or no exposure) [2]. Importantly,
there are many risk factors for delirium per intensive care
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unit (ICU) patient, including ongoing infection, severity
of illness, older age, and baseline cognitive impairment
[16–19]. Furthermore, no study of antimicrobials and
acute brain dysfunction has used a reliable or validated
tool for the outcome of delirium.
The purpose of this study is to determine whether

there is an independent association between antimicro-
bial class exposure in critically ill patients and the daily
risk of delirium, measured by using a valid and reliable
tool repeatedly over time. Accounting for daily ICU
risks, we hypothesized that different classes of antimi-
crobials would have differential associations with the
daily risk of delirium.

Methods
Study design and population
The Vanderbilt University Institutional Review Board
approved the study protocol. Described in detail elsewhere
[8], the parent BRAIN-ICU Study included adults who
received treatment in the medical or surgical ICU for
respiratory failure or shock (or both) between March 2007
and May 2010. This parent cohort excluded patients if
they met one or more of the following criteria: recent sub-
stantial critical illness requiring ICU admission, conditions
that would make assessments for delirium unreliable (for
example, deafness and blindness), conditions that would
prohibit long-term follow-up owing to active substance
abuse, psychotic disorder, homelessness, or residence
200 miles or more from the enrolling center, life expect-
ancy less than 24 h, lack of informed consent, known or
suspected severe neurologic disease such as from an
anoxic or traumatic brain injury, and severe dementia.
As previously reported, significant pre-existing cognitive
impairment was excluded by using the combination of the
Short Informant Questionnaire on Cognitive Decline in the
Elderly (IQCODE) [20] score of at least 3.3 and the Clinical
Dementia Rating score of more than 2.0 [8, 21, 22]. Preg-
nant patients, prisoners, and patients younger than 18 years
of age were also excluded from the parent cohort.
For this current investigation, additional inclusion

criteria consisted of BRAIN-ICU patients restricted to
enrollment at a single hospital, Vanderbilt University
Medical Center, with available medication administration
records from time of enrollment to ICU discharge, and
additional exclusion criteria consisted of those without
medication records and those who died or withdrew
within the first 48 h.

Risk factors for delirium
The medication-administration record was used to collect
information from the time of enrollment and throughout
the ICU stay. Antimicrobial exposure was categorized as a
previous-day exposure in the first model and total days
of delirium during antimicrobial exposure in the second

model. Antimicrobials were divided into four non-mutually
exclusive groups: beta-lactams (subclasses: penicillins,
first- through third-generation cephalosporins, cefepime,
and carbapenems), macrolides, fluoroquinolones, and other
while in the ICU. Antimicrobial exposure was assessed on a
daily basis throughout ICU stay, and antimicrobial-free days
were included in the statistical analysis in order to account
for differences in total antimicrobial exposure during the
study period. To avoid model overfitting, we created an
“other” antimicrobial class, which included vancomycin,
antifungals, antivirals, metronidazole, aminoglycosides,
linezolid, sulfamethoxazole-trimethoprim, antiretrovirals,
clindamycin, rifampin, doxycycline, tigecycline, dapsone,
pentamidine, isoniazid, and ethambutol.
All other covariates were chosen a priori on the basis

of clinical judgment and previous research, owing to
their expected associations with antimicrobial exposure
(independent variable) and with delirium (dependent
variable) and thus their potential to be confounders.
Baseline covariates included age, mechanical ventilation
status, presence of severe sepsis, ICU type, Charlson
Comorbidity Index, and Short IQCODE [8, 20, 23]. Pre-
vious-day covariates consisted of delirium, total daily dose
of analgesics and sedatives (benzodiazepine, propofol, opi-
ate, and dexmedetomidine), and antipsychotic use (typical
antipsychotic [for example, haloperidol] and atypical anti-
psychotic [for example, quetiapine and olanzapine]). Anal-
gesic and sedative drug doses were transformed with the
use of their cube root to reduce the influence of extreme
outliers. Same-day covariates consisted of modified Se-
quential Organ Failure Assessment (SOFA) score [24]. As
previously done, the modified SOFA score was used and
excluded the neurological components since coma was
accounted for in all statistical models to determine pri-
mary outcome [8, 23]. This daily modified SOFA score
was incorporated into statistical analyses in order to ac-
count for severity of illness, including degree of renal dys-
function, which is a risk factor for developing central
nervous system toxicity and delirium in patients.

Outcomes
Trained research personnel evaluated patients for delirium
and level of consciousness daily until hospital discharge.
Delirium was assessed with the utilization of the Confu-
sion Assessment Method for the ICU (CAM-ICU) twice
daily in the ICU and once daily on the ward [25, 26]. As
previously described and in conjunction with structured
evaluations for agitation and sedation [27], mental status
on each day was classified as normal, delirious, or
comatose [8, 21–23, 28]. Coma was defined as a Richmond
Agitation Sedation Scale score of −4 or −5. The day of
discharge was assigned a mental status of normal. All
records prior to death or discharge were included for
the longitudinal analysis.
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Statistical analysis
To test the associations between antimicrobial use and
delirium, we used a multivariable adjusted regression
model. To account for dependency between repeated
measures [29] and longitudinal change in any mental
status to delirium (that is, delirium versus normal/coma)
in our multivariable adjusted model, we applied a logistic
regression with cluster sandwich covariance estimator.
Our second main model employed a proportional odds
logistic regression model to explore the outcome of total
days of delirium for each patient included in the cohort
study as a function of total antimicrobial exposure.
Continuous variables were summarized as median with

interquartile range (IQR). Categorical variables were sum-
marized as a number with percentage (n, %). Multivariable
analyses were reported with odds ratios (ORs) and 95%
confidence intervals (CIs). Data and associated electronic
materials were stored in a password-protected Research
Electronic Data Capture (REDCap) database [30]. All ana-
lysis was performed by using statistical software R version
3.3.0 (R Development Core Team Vienna, Austria; https://
www.r-project.org).

Results
Of the 521 patients enrolled at a single center within the
BRAIN-ICU Study, 418 patients met our inclusion criteria.
Exclusion criteria and exposure to antimicrobials in this
ICU cohort with delirium assessments are outlined in Fig. 1.
Baseline demographics are presented in Table 1. Patients
had a median age of 58 (IQR 47–68), and 171 patients
(41% of the cohort) were admitted to the surgical ICU. The
population was predominantly mechanically ventilated at
enrollment (n = 350, 84%), median modified SOFA score
was 7 (IQR 5–9), and Charlson Comorbidity Index was
2 (IQR 1–4). Many patients received benzodiazepines

(n = 309, 74%) and opiates (n = 367, 88%). Delirium
occurred in 308 (74%) patients during their ICU stay with
a median duration of delirium of 3 (IQR 2–6) days. Anti-
microbial exposure to any agent was common in around
three fourths of subjects (n = 318, 76%), including the
classes of beta-lactams (n = 223, 53%), fluoroquinolones
(n = 138, 33%), macrolides (n = 29, 7%), and other anti-
microbials (n = 285, 68%). One quarter (n = 100, 24%)
of subjects did not receive any antimicrobials in their
ICU stay. Patients were exposed to a wide variety of
non-mutually exclusive antimicrobial agents, which are
presented in Additional file 1: Table S1.
Among antimicrobial classes, only first- through third-

generation cephalosporins demonstrated an association
with delirium in the main statistical model (Table 2) (logis-
tic regression with cluster sandwich covariance estimator
model OR = 2.2, 95% CI 1.28–3.79, P = 0.004). This was
corroborated on the sensitivity analyses restricted to ICU
time accounting for daily sepsis and daily mechanical
ventilation in Additional file 1: Table S2. Even after we
adjusted for ICU type (that is, surgical versus medical)
in our main statistical model and sensitivity analysis,
our findings remained consistent. The classes of cefepime,
penicillins, carbapenems, fluoroquinolones, and macrolides
did not have any consistent associations with delirium
across our models. After we accounted for total antimicro-
bial exposure in the second statistical model (Table 3), only
the other antimicrobial class demonstrated an association
between delirium and total days of exposure (proportional
odds logistic regression model, OR = 3.14, 95% CI 2.27–
4.35, P <0.001). The beta-lactams, fluoroquinolones, and
macrolides did not have an association between total anti-
microbial exposure and days of delirium.
The most consistent remaining risk factors (main and

sensitivity analyses) ranked from strongest to weakest

BRAIN-ICU Study* at VUMC 
with Delirium Assessments

(N=521)

Excluded:
No medication records (n=96)
Deceased by day 2 (n=6)
Withdrew by day 2 (n=1)

Included ICU Patients

(N=418)

Antimicrobial Exposure

(n=318, 76%)

No Antimicrobial Exposure

(n=100, 24%)

Fig. 1 Cohort eligibility for antimicrobial exposures among critically ill patients with delirium assessments
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were as follows: delirium on previous day, mechanical
ventilation, sepsis, and age (Table 2 and Additional file 1:
Table S2). Although other antimicrobial agents, most
analgesic and sedative agents, and antipsychotics were
associated with risk of delirium, the association was not
significant after we adjusted for daily sepsis and daily
mechanical ventilation in the ICU model (Additional
file 1: Table S2).

Table 1 Baseline demographics of critically ill cohort with
medication records
Demographic N = 418 (100%)a

Age, years 58 (47–68)

Sex, male 218 (52%)

Race, white 366 (88%)

Education level, years 12 (12–14)

ICU type

SICU 171 (41%)

MICU 247 (59%)

Mechanical ventilation at enrollment 350 (84%)

Sepsis diagnosis at enrollment 116 (28%)

Modified SOFA score at enrollment 7 (5–9)

Charlson Comorbidity Index 2 (1–4)

Pre-existing cognitive impairment, IQCODE category

Mild impairment 51 (12%)

Not impaired 367 (88%)

Delirium

Patients with delirium 308 (74%)

Days of delirium 3 (2–6)

Coma

Patients with coma 234 (56%)

Days of coma 2 (1–4)

Use of antimicrobials in the ICU 318 (76%)

Use of beta-lactams in the ICU 223 (53%)

Use of fluoroquinolones in the ICU 138 (33%)

Use of macrolides in the ICU 29 (7%)

Use of otherb antimicrobials in the ICU 286 (68%)

Use of antimicrobials in the ICU, daysc

First- to third-generation cephalosporins 2 (1–3.8)

Cefepime 4.5 (3–7)

Penicillins 4 (2–6)

Carbapenems 5 (3–8)

Fluoroquinolones 3 (2–5)

Macrolides 2 (1–6)

Other antimicrobialsb 5 (3–9.8)

Use of analgesics and sedatives in the ICU

Benzodiazepine 313 (75%)

Propofol 156 (37%)

Dexmedetomidine 88 (21%)

Opiates 368 (88%)

Use of antipsychotic in the ICUd

Typical antipsychotic 117 (28%)

Atypical antipsychotic 102 (24%)

Abbreviations: ICU intensive care unit, IQCODE The Informant Questionnaire on
Cognitive Decline in the Elderly, MICU medical intensive care unit, SICU
surgical intensive care unit, SOFA Sequential Organ Failure Assessment
(excluding neurologic component)
aAll values presented as number (percentage) or median (interquartile range)
bFor other antimicrobial list, see Additional file 1: Table S1
cN = 318
dTypical antipsychotic (for example, haloperidol), atypical antipsychotic (for
example, quetiapine and olanzapine)

Table 2 Delirium risk after antimicrobial exposure using a
logistic regression model with cluster sandwich covariance
estimator

Independent variable OR 95% CI P value

Antimicrobials on previous day

Beta-lactams

First- to third-generation
cephalosporins

2.20 1.28–3.79 0.004

Fourth-generation cephalosporins 0.97 0.68–1.38 0.867

Penicillins 1.26 0.98–1.62 0.067

Carbapenems 1.43 0.97–2.11 0.069

Fluoroquinolones 0.92 0.69–1.23 0.572

Macrolides 0.64 0.29–1.43 0.274

Other antimicrobialsa 1.44 1.15–1.79 < 0.001

Covariates OR 95% CI P-value

Age at enrollment 1.50 1.31–1.71 < 0.001

Mechanical ventilation at enrollment 2.03 1.38–3.00 < 0.001

Sepsis at enrollment 1.18 0.93–1.5 0.182

Modified SOFA score, same day 1.04 0.92–1.18 0.494

Charlson Comorbidity Index 1.07 0.91–1.26 0.391

IQCODE score 1.00 0.98–1.03 0.769

Delirium on previous day 11.21 9.41–13.35 < 0.001

ICU type, surgical 1.02 0.82–1.27 0.859

Dose of analgesics and sedativessb on previous day

Daily dose of benzodiazepines, mgc 1.16 1.06–1.25 < 0.001

Daily dose of propofol, mg 2.24 1.15–4.37 0.017

Daily dose of dexmedetomidine, μg 3.90 1.32–11.54 0.014

Daily dose of opiates, μgd 1.19 1.03–1.37 0.015

Use of antipsychotic on previous daye

Typical antipsychotic 1.62 1.15–2.29 0.006

Atypical antipsychotic 1.35 1.07–1.69 0.012

Abbreviations: CI confidence interval, ICU intensive care unit, IQCODE The
Informant Questionnaire on Cognitive Decline in the Elderly, OR odds ratio,
SOFA Sequential Organ Failure Assessment (excluding neurologic component)
aFor other antimicrobial list, see Additional file 1: Table S1
bAnalgesic and Sedative drug doses were cube root transformed to reduce the
influence of extreme outliers
cMidazolam equivalents, for example, midazolam 2.5 mg = lorazepam; 1 mg =
diazepam 5mg
dFentanyl equivalents, for example, fentanyl 100 μg = hydromorphone 0.75
mg = morphine 5 mg
eTypical antipsychotic (for example, haloperidol), atypical antipsychotic (for
example, quetiapine and olanzapine)
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Discussion
We found that first-, second-, and third-generation
cephalosporins doubled the odds of delirium after adjust-
ing for baseline co-morbidities, the course of critical care,
and other competing antimicrobials and psychotropic
medications risks. However, we did not find an association
between total days of exposure and delirium in our pro-
portional odds logistic regression model. We also did not
find an association between delirium and cefepime. This
is the first and largest nested cohort examining the
association of antimicrobials and a rigorous longitudinally
measured outcome for delirium.
Beta-lactam–induced neurotoxicity is widely recognized,

specifically related to penicillins and cephalosporins [2–5,
11, 12, 31–36]. In addition to delirium (often termed
encephalopathy [2]), reports of beta-lactam–induced

neurotoxicity identify a variety of specific clinical features,
including convulsive seizures, non-convulsive status epi-
lepticus, aphasia, and myoclonus. Neurotoxicity may also
be more pronounced in elderly patients, patients with
renal insufficiency, and patients with prior neurologic dis-
ease who are more prone to neurotoxic effects; however,
many of these studies were improperly powered or struc-
tured to examine these associations and without compari-
sons to those exposed to other antimicrobials or no
antimicrobials. Our study focused specifically on delirium
while addressing and adjusting for age, fluctuation in renal
function as indicated by the daily modified SOFA score,
pre-existing cognitive impairment, and a control sample
of nearly 25% of subjects unexposed to any antimicrobial.
Although other neurotoxicity features were beyond the
scope of our work, we would remark that seizures
occurred infrequently in our cohort (12 patients or 3%),
where delirium was observed much more commonly
(308 patients or 74%).
Available data previously suggested that, among the

beta-lactam antibiotics, cefepime, which is commonly
initiated in critically ill patients, might carry the highest
risk of mental status change and encephalopathy [2, 3].
A previous retrospective study of 100 patients identified
that cefepime neurotoxicity occurred in 15%, and likeli-
hood of causality was ascribed via a modified Delphi
method [3]. In the same study, the clinical dose of cefe-
pime was appropriately adjusted for renal clearance in
64 patients (75.3%) without cefepime neurotoxicity and
four patients (28.6%) with neurotoxicity (P = 0.001).
Based on findings of retrospective studies like this,
cefepime has been clinically identified as a reversible and
potentially under-recognized cause of delirium in the ICU,
particularly in those patients with renal failure. Clinicians
have used this data to justify discontinuation of cefepime
after encountering non-seizure mental status change [37].
In comparison with previous studies, we used a reliable

and validated tool for acute brain dysfunction monitoring
that is employed worldwide and translated in over 30
languages: the CAM-ICU [26]. All patients in our
study, again in contrast to prior investigations, were
under the co-management of an ICU pharmacist dedi-
cated to renal dose adjustments daily. In order to control
for time-varying elements of critical illness and organ fail-
ure (that is, renal impairment), our regression analysis
used a daily modified SOFA score. Daily modified SOFA
score was not a consistent risk factor for delirium identi-
fied in this study; therefore, other factors of critical illness
may have had a more significant impact on risk of delir-
ium in this population rather than the presence of organ
dysfunction alone. Our nested cohort data demonstrate
that isolated delirium in the setting of cefepime exposure
does not necessarily imply causation or require discon-
tinuation (in the absence of other neurotoxicity) given its

Table 3 Delirium risk after antimicrobial exposure using a
proportional odds logistic regression model

Independent variable OR 95% CI P value

Total days of antimicrobial therapy

Beta-lactams

First- to third-generation cephalosporins 4.61 0.78–27.11 0.091

Fourth-generation cephalosporins 1.83 0.28–12.11 0.533

Penicillins 1.08 0.90–1.29 0.404

Carbapenems 2.14 0.51–9.04 0.299

Fluoroquinolones 1.05 0.89–1.24 0.566

Macrolides 0.16 0.03–1.03 0.054

Other antimicrobialsa 3.14 2.27–4.35 < 0.001

Covariates OR 95% CI p-value

Age at enrollment 1.79 1.39–2.3 < 0.001

Mechanical ventilation at enrollment 4.75 2.51–9.0 < 0.001

Sepsis at enrollment 0.84 0.55–1.28 0.416

Modified SOFA score, same day 1.16 0.90–1.48 0.255

Charlson Comorbidity Index 0.88 0.69–1.14 0.344

IQCODE score 1.05 0.99–1.12 0.129

ICU type, surgical 0.86 0.57–1.30 0.477

Use of analgesics and sedatives in the ICU

Benzodiazepines 1.03 0.68–1.59 0.875

Propofol 0.86 0.57–1.30 0.472

Dexmedetomidine 0.55 0.21–1.45 0.227

Opiates 1.03 0.6–1.77 0.904

Use of antipsychotics in the ICUb

Typical antipsychotic 1.28 0.49–3.32 0.613

Atypical antipsychotic 2.03 0.7–5.94 0.194

Abbreviations: CI confidence interval, ICU intensive care unit, IQCODE The
Informant Questionnaire on Cognitive Decline in the Elderly, OR odds ratio,
SOFA Sequential Organ Failure Assessment (excluding neurologic component)
aFor other antimicrobial list, see Additional file 1: Table S1
bTypical antipsychotic (for example, haloperidol), atypical antipsychotic (for
example, quetiapine and olanzapine)
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lack of association with next-day delirium in any of our
regression models, including restricting observation to the
sickest patients [22].
Our study has several strengths. There is a limited

body of literature regarding the association between
various antimicrobial classes and delirium in critically ill
patients. The current body of literature lacks utilization
of a validated monitoring tool such as the CAM-ICU [38]
to assess for presence of delirium in critically ill patients
in accordance with the 2018 Society of Critical Care Medi-
cine's Clinical Practice Guidelines for the Prevention
and Management of Pain, Agitation/Sedation, Delirium,
Immobility, and Sleep Disruption in Adult Patients in the
ICU [39]. Our nested cohort study is the first to assess the
association between antimicrobial administration and risk
of delirium through longitudinal assessments of the
CAM-ICU. Additionally, our study included both medical
and surgical ICU patients who received any antimicrobial
agent, which improves real-world generalizability, and
sought to identify a specific class of agents associated with
delirium. Post-operative critically ill adults may be at a
particularly high risk for delirium [40]. After we adjusted
for ICU type, our findings remained consistent in our
main statistical model and sensitivity analysis. Further-
more, this study used a longitudinal statistical model in
order to adjust for ICU-related risk and confounders for
delirium on a daily basis as well as the temporal change in
both exposure and outcome. Even in our most restrictive
model isolated to critical illness, where time-varying co-
variates of sepsis and mechanical ventilation were known
daily, our findings remained consistent. Lastly, our study
employed a proportional odds logistic regression model
in order to measure the association between total anti-
microbial exposure and delirium. Pharmacokinetic and
pharmacodynamic properties vary among different clas-
ses of antimicrobial agents, and total antimicrobial ex-
posure and accumulation may have an impact on the
outcome of delirium. Although this model did not iden-
tify an association between total exposure of first-, sec-
ond-, and third-generation cephalosporins and total
days of delirium, this model is limited by onset and
duration of delirium. Delirium is a fluctuation in men-
tal status that can change over time and may have oc-
curred prior to or after antimicrobial therapy.
This is the largest evaluation thus far to examine the

association between antimicrobial administration and
risk of delirium in a critically ill patient population;
however, limitations include the single-center population
because of the inability to obtain antimicrobial data from
the second institution, lack of adjustment for more subtle
indicators of hepatic or renal dysfunction (or both),
unknown microbial confounding, antimicrobial indication
and susceptibility patterns, and unknown reason for admis-
sion to the ICU. Additionally, the effects of combination

therapy and antimicrobial intensity therapy were not evalu-
ated. Specifically, although the BRAIN-ICU study had only
seven subjects with a primary neurologic diagnosis and
none of these had sepsis on admission, we cannot confirm
whether later infectious diagnoses included encephalitis or
meningitis (or both) in any aspect of the cohort. It is un-
known whether any providers prescribing antimicrobials
shifted agents when encountering delirium. Also, when
delirium occurs, reversible causes like seizures are consid-
ered part of our differential diagnosis [41], but electroen-
cephalography is not applied to every patient.
Although this study fills an important void in the

literature, antibiotics used in the time frame in which it
was conducted (between March 2007 and May 2010) may
have have been different from those of the present day.
We are limited by the different toxicity profiles of each
antimicrobial agent and clearance mechanisms that may
be better assessed by using a continuous delirium metric.
However, none currently exists, so we were constrained
by our observations of outcome (that is, delirium mea-
sured twice daily in the ICU). There are many other anti-
microbials used worldwide within the classes and
subclasses that we studied; therefore, our patients were
not exposed to every antimicrobial available and they were
not exposed in similar distributions to every class.
This study adjusted for many ICU-related risks and

confounders for delirium on a daily basis, however the
presence of hypertension, all potentially deliriogenic
medications such as steroids, and blood transfusions
both which have been associated with delirium were not
accounted for. The number of patients who received an
electroencephalogram and the results of these was not
collected. The incidence of delirium in the study popula-
tion was high but appropriate for the study time frame.
This study was conducted prior to the 2013 Pain, Agita-
tion, and Delirium Guidelines that recommend
non-benzodiazepine sedation and prior to the launch of
the ICU Liberation ABCDEF Bundle Improvement Col-
laborative aiming to foster the bedside application of the
PAD guidelines [42]. Our sample excluded patients with
suspected severe baseline neurologic disease or admis-
sion for serious neurologic disease (for example, stroke
and traumatic brain injury); thus, findings may not be
extrapolated to this patient population in the setting of
overt blood–brain barrier damage, although our multi-
nomial models did adjust for the possibility of coma.
Further studies are now needed to examine mechanisms

underlying the association between first-, second-, and
third-generation cephalosporins and risk of delirium. This
research could include pharmacokinetic and pharmacody-
namic studies, accounting for differential blood–brain
barrier penetration, utilization of antimicrobial moni-
toring when available, the role of gamma-aminobutyric
acid (GABA) receptor agonism/antagonism [37], and
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current definitions of sepsis [43]. Patients with neuro-
logical injuries were excluded from this study. Given that
many patients in a neurology ICU receive high-dose
ceftriaxone for central nervous system infections, future
studies need to be conducted within this patient popula-
tion. Additionally, other antimicrobial agents and some
analgesics, sedatives, and antipsychotics are associated
with risk of delirium in the primary analysis only and not
in the sensitivity analysis restricted to time in the ICU.
There are multicenter randomized trials studying delirium
in critically ill patients and the roles of antipsychotics
(http://clinicaltrials.gov/ct2/show/NCT01211522; typical
versus atypical) [44] and sedatives (https://clinicaltrials.
gov/ct2/show/NCT01739933; propofol versus dexmedeto-
midine in sepsis). These trials may shed further light on
these complex issues in critically ill patients, who are
concomitantly exposed to antimicrobial agents. Our data
may suggest that ICU-related risks, such as mechanical
ventilation and the previous day’s mental status, may have
a more profound impact on current mental status and
delirium than simply antimicrobial exposure alone.

Conclusions
In critically ill adult patients with respiratory failure or
shock or both, we found that the OR for delirium dou-
bled when patients were exposed to a wide group of
first-, second-, and third-generation cephalosporins but
not to penicillins, carbapenems, cefepime, fluoroquino-
lones, or macrolides. Future studies need to be con-
ducted to determine the effect of different classes of
antimicrobials on delirium and, in particular, of newer an-
tibiotics, whose use has increased in recent years with the
development of multidrug-resistant organisms. At this
time, clinicians should remain hesitant about reflexively
shifting active antimicrobial strategies simply because of
the occurrence of delirium.

Additional file

Additional file 1: Table S1. Antimicrobial agents used in the critically ill
cohort (organized by major class and frequency). Table S2. Delirium risk
after antimicrobial exposure using a logistic regression model with cluster
sandwich covariance estimator restricted to intensive care unit (ICU) days.
(DOCX 46 kb)

Abbreviations
BRAIN-ICU: Bringing to Light the Risk Factors and Incidence of Neuropsychological
Dysfunction in Intensive Care Unit Survivors; CAM-ICU: Confusion Assessment
Method for the intensive care unit; CI: Confidence interval; ICU: Intensive care unit;
IQCODE: Short Informant Questionnaire on Cognitive Decline in the Elderly;
IQR: Interquartile range; OR: Odds ratio; PAD: Pain, Agitation, and Delirium;
SOFA: Sequential Organ Failure Assessment

Acknowledgments
None.

Funding
This work was supported by the National Institutes of Health and its National
Institutes on Aging (R01 AG027472 and R01 AG035117 to EWE); the National
Heart, Lung, and Blood Institute (R01 HL111111 to PPP); the National Institute
of General Medical Sciences (R01 GM120484 to MBP); and the National
Center for Advancing Translational Sciences (UL1 TR000445 for REDCap and
Vanderbilt Institute for Clinical and Translational Research Grant VR22411).
The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of Health.
EWE is supported by the Veterans Affairs Tennessee Valley Geriatric Research,
Education and Clinical Center (Nashville, TN, USA).

Availability of data and materials
The datasets used or analyzed (or both) during the present study are
available from the corresponding author on reasonable request.

Authors’ contributions
All authors contributed to study conception and design. JJG, JLS, and SR
acquired the data. LW conducted statistical analysis, and all authors
interpreted results. JJG, JLS, SR, and MBP drafted the manuscript, and all
authors critically revised it and approved the final revision.

Ethics approval and consent to participate
The Vanderbilt University Institutional Review Board approved the study
protocol.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests. This work was
presented at the February 2018 Society of Critical Care Medicine’s 47th
Critical Care Congress in San Antonio, TX. The content is solely the
responsibility of the authors and does not necessarily represent the official
views of the National Institutes of Health.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Pharmaceutical Services, Vanderbilt University Medical
Center, 1211 Medical Center Drive, Nashville, TN 37212, USA. 2Critical Illness,
Brain dysfunction, Survivorship (CIBS) Center, 2525 West End Avenue,
Nashville, TN 37232, USA. 3Vanderbilt University School of Medicine, 2215
Garland Avenue, Nashville, TN 37212, USA. 4Division of Infectious Diseases,
Department of Medicine, Vanderbilt University Medical Center, 1161 21st
Avenue S, Nashville, TN 37232-2650, USA. 5Department of Biostatistics,
Vanderbilt University School of Medicine, 2525 West End Avenue, Nashville,
TN 37232, USA. 6Division of Anesthesiology Critical Care Medicine,
Department of Anesthesiology, Vanderbilt University Medical Center, 1211
21st Avenue S, Nashville, TN 37212, USA. 7Center for Health Services
Research, Vanderbilt University Medical Center, 1215 21st Avenue S,
Nashville, TN 27232-8300, USA. 8Geriatric Research, Education and Clinical
Center Service, Department of Veterans Affairs Medical Center, Tennessee
Valley Health Care System, 1310 24th Avenue S, Nashville, TN 37212, USA.
9Division of Pulmonary and Critical Care Medicine, Department of Medicine,
Vanderbilt University Medical Center, 1161 21st Avenue S, Nashville, TN
37232-2650, USA. 10Division of Trauma and Surgical Critical Care,
Departments of Surgery, Neurosurgery, and Hearing & Speech Sciences,
Section of Surgical Sciences, Vanderbilt Brain Institute, Vanderbilt University
Medical Center, 1211 Medical Center Drive, 404 Medical Arts Building,
Nashville, TN 37212, USA.

Received: 10 July 2018 Accepted: 13 November 2018

References
1. Septimus EJ, Coopersmith CM, Whittle J, Hale CP, Fishman NO, Kim TJ.

Sepsis National Hospital Inpatient Quality Measure (SEP-1): Multistakeholder

Grahl et al. Critical Care          (2018) 22:337 Page 7 of 8

http://clinicaltrials.gov/ct2/show/NCT01211522
https://clinicaltrials.gov/ct2/show/NCT01739933
https://clinicaltrials.gov/ct2/show/NCT01739933
https://doi.org/10.1186/s13054-018-2262-z


Work Group Recommendations for Appropriate Antibiotics for the
Treatment of Sepsis. Clin Infect Dis. 2017;65:1565–9.

2. Bhattacharyya S, Darby RR, Raibagkar P, Gonzalez Castro LN, Berkowitz AL.
Antibiotic-associated encephalopathy. Neurology. 2016;86:963–71.

3. Fugate JE, Kalimullah EA, Hocker SE, Clark SL, Wijdicks EF, Rabinstein AA.
Cefepime neurotoxicity in the intensive care unit: a cause of severe,
underappreciated encephalopathy. Crit Care. 2013;17:R264.

4. Mattappalil A, Mergenhagen KA. Neurotoxicity with antimicrobials in the
elderly: a review. Clin Ther. 2014;36:1489–511 e4.

5. Appa AA, Jain R, Rakita RM, Hakimian S, Pottinger PS. Characterizing Cefepime
Neurotoxicity: A Systematic Review. Open Forum Infect Dis. 2017;4:ofx170.

6. Bergeron N, Dubois MJ, Dumont M, Dial S, Skrobik Y. Intensive Care
Delirium Screening Checklist: evaluation of a new screening tool. Intensive
Care Med. 2001;27:859–64.

7. Pandharipande PP, Ely EW, Arora RC, Balas MC, Boustani MA, La Calle GH, et
al. The intensive care delirium research agenda: a multinational,
interprofessional perspective. Intensive Care Med. 2017;43:1329–39.

8. Pandharipande PP, Girard TD, Jackson JC, Morandi A, Thompson JL, Pun BT,
et al. Long-term cognitive impairment after critical illness. N Engl J Med.
2013;369:1306–16.

9. Salluh JI, Wang H, Schneider EB, Nagaraja N, Yenokyan G, Damluji A, et al.
Outcome of delirium in critically ill patients: systematic review and meta-
analysis. BMJ. 2015;350:h2538.

10. Capparelli FJ, Diaz MF, Hlavnika A, Wainsztein NA, Leiguarda R, Del Castillo
ME. Cefepime- and cefixime-induced encephalopathy in a patient with
normal renal function. Neurology. 2005;65:1840.

11. Chatellier D, Jourdain M, Mangalaboyi J, Ader F, Chopin C, Derambure P, et
al. Cefepime-induced neurotoxicity: an underestimated complication of
antibiotherapy in patients with acute renal failure. Intensive Care Med. 2002;
28:214–7.

12. Grill MF, Maganti R. Cephalosporin-induced neurotoxicity: clinical
manifestations, potential pathogenic mechanisms, and the role of
electroencephalographic monitoring. Ann Pharmacother. 2008;42:1843–50.

13. Lindsay H, Gruner S, Brackett J. Cefepime-Induced Neurotoxicity Despite
Dose Adjustment for Renal Disease: A Brief Report and Review of the
Literature. J Pediatric Infect Dis Soc. 2017;6:199–201.

14. Jay GT, Fitzgerald JM. Ciprofloxacin-induced delirium. Ann Pharmacother.
1997;31:252.

15. Sumner CL, Elliott RL. Delirium associated with gatifloxacin. Psychosomatics.
2003;44:85–6.

16. Ouimet S, Kavanagh BP, Gottfried SB, Skrobik Y. Incidence, risk factors and
consequences of ICU delirium. Intensive Care Med. 2007;33:66–73.

17. Pandharipande P, Cotton BA, Shintani A, Thompson J, Pun BT, Morris JA Jr,
et al. Prevalence and risk factors for development of delirium in surgical and
trauma intensive care unit patients. J Trauma. 2008;65:34–41.

18. Van Rompaey B, Elseviers MM, Schuurmans MJ, Shortridge-Baggett LM,
Truijen S, Bossaert L. Risk factors for delirium in intensive care patients: a
prospective cohort study. Crit Care. 2009;13:R77.

19. Aldemir M, Ozen S, Kara IH, Sir A, Bac B. Predisposing factors for delirium in
the surgical intensive care unit. Crit Care. 2001;5:265–70.

20. Jorm AF, Jacomb PA. The Informant Questionnaire on Cognitive Decline in
the Elderly (IQCODE): socio-demographic correlates, reliability, validity and
some norms. Psychol Med. 1989;19:1015–22.

21. Hughes CG, Patel MB, Jackson JC, Girard TD, Geevarghese SK, Norman BC, et
al. Surgery and Anesthesia Exposure Is Not a Risk Factor for Cognitive
Impairment After Major Noncardiac Surgery and Critical Illness. Ann Surg.
2017;265:1126–33.

22. Patel MB, Jackson JC, Morandi A, Girard TD, Hughes CG, Thompson JL, et al.
Incidence and Risk Factors for Intensive Care Unit-related Post-traumatic
Stress Disorder in Veterans and Civilians. Am J Respir Crit Care Med. 2016;
193:1373–81.

23. Siew ED, Fissell WH, Tripp CM, Blume JD, Wilson MD, Clark AJ, et al. Acute
Kidney Injury as a Risk Factor for Delirium and Coma during Critical Illness.
Am J Respir Crit Care Med. 2017;195:1597–607.

24. Vincent JL, Moreno R, Takala J, Willatts S, De Mendonça A, Bruining H, et al.
The SOFA (Sepsis-related Organ Failure Assessment) score to describe organ
dysfunction/failure. On behalf of the Working Group on Sepsis-Related
Problems of the European Society of Intensive Care Medicine. Intensive
Care Med. 1996;22:707–10.

25. Barr J, Fraser GL, Puntillo K, Ely EW, Gélinas C, Dasta JF, et al. Clinical practice
guidelines for the management of pain, agitation, and delirium in adult
patients in the intensive care unit. Crit Care Med. 2013;41:263–306.

26. Ely EW, Inouye SK, Bernard GR, Gordon S, Francis J, May L, et al. Delirium in
mechanically ventilated patients: validity and reliability of the confusion
assessment method for the intensive care unit (CAM-ICU). JAMA. 2001;286:
2703–10.

27. Ely EW, Truman B, Shintani A, Thomason JW, Wheeler AP, Gordon S, et al.
Monitoring sedation status over time in ICU patients: reliability and validity
of the Richmond Agitation-Sedation Scale (RASS). JAMA. 2003;289:2983–91.

28. Jackson JC, Pandharipande PP, Girard TD, Brummel NE, Thompson JL,
Hughes CG, et al. Depression, post-traumatic stress disorder, and functional
disability in survivors of critical illness in the BRAIN-ICU study: a longitudinal
cohort study. Lancet Respir Med. 2014;2:369–79.

29. Adamis D. Statistical methods for analysing longitudinal data in delirium
studies. Int Rev Psychiatry. 2009;21:74–85.

30. Harris PA, Taylor R, Thielke R, Payne J, Gonzalez N, Conde JG. Research
electronic data capture (REDCap)--a metadata-driven methodology and
workflow process for providing translational research informatics support. J
Biomed Inform. 2009;42:377–81.

31. De Silva DA, Pan AB, Lim SH. Cefepime-induced encephalopathy with
triphasic waves in three Asian patients. Ann Acad Med Singap. 2007;36:450–1.

32. Gangireddy VG, Mitchell LC, Coleman T. Cefepime neurotoxicity despite
renal adjusted dosing. Scand J Infect Dis. 2011;43:827–9.

33. Grill MF, Maganti RK. Neurotoxic effects associated with antibiotic use:
management considerations. Br J Clin Pharmacol. 2011;72:381–93.

34. Meillier A, Rahimian D. Cefepime-induced encephalopathy with normal
renal function. Oxf Med Case Rep. 2016;2016:118–20.

35. Snavely SR, Hodges GR. The neurotoxicity of antibacterial agents. Ann Intern
Med. 1984;101:92–104.

36. Sutter R, Ruegg S, Tschudin-Sutter S. Seizures as adverse events of antibiotic
drugs: A systematic review. Neurology. 2015;85:1332–41.

37. Payne LE, Gagnon DJ, Riker RR, Seder DB, Gilsic EK, Morris JG, et al.
Cefepime-induced neurotoxicity: a systematic review. Crit Care. 2017;21:276.

38. Gusmao-Flores D, Salluh JIF, Chalhub RÁ, Quarantini LC. The confusion
assessment method for the intensive care unit (CAM-ICU) and intensive care
delirium screening checklist (ICDSC) for the diagnosis of delirium: a systematic
review and meta-analysis of clinical studies. Crit Care. 2012;16:R115.

39. Devlin JW, Skrobik Y, Gélinas C, Needham DM, Slooter AJC, Pandharipande
PP, et al. Clinical Practice Guidelines for the Prevention and Management of
Pain, Agitation/Sedation, Delirium, Immobility, and Sleep Disruption in Adult
Patients in the ICU. Crit Care Med. 2018;46:e825–e73.

40. Balas MC, Deutschman CS, Sullivan-Marx EM, Strumpf NE, Alston RP,
Richmond TS. Delirium in older patients in surgical intensive care units. J
Nurs Scholarsh. 2007;39:147–54.

41. Brummel NE, Vasilevskis EE, Han JH, Boehm L, Pun BT, Ely EW. Implementing
delirium screening in the ICU: secrets to success. Crit Care Med. 2013;41:
2196–208.

42. Barnes-Daly MA, Pun BT, Harmon LA, Byrum DG, Kumar VK, Devlin JW, et al.
Improving Health Care for Critically Ill Patients Using an Evidence-Based
Collaborative Approach to ABCDEF Bundle Dissemination and
Implementation. Worldviews Evid-Based Nurs. 2018;15:206–16.

43. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer
M, et al. The Third International Consensus Definitions for Sepsis and Septic
Shock (Sepsis-3). JAMA. 2016;315:801–10.

44. Girard TD, Exline MC, Carson SS, et al. Haloperidol and Ziprasidone for
Treatment of Delirium in Critical Illness. N Engl J Med 2018.

Grahl et al. Critical Care          (2018) 22:337 Page 8 of 8


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Study design and population
	Risk factors for delirium
	Outcomes
	Statistical analysis

	Results
	Discussion
	Conclusions
	Additional file
	Abbreviations
	Acknowledgments
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

