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Abstract Guidelines for the determination of death by
neurologic criteria (DNC) require an absence of
confounding factors if clinical examination alone is to be
used. Drugs that depress the central nervous system
suppress neurologic responses and spontaneous breathing
and must be excluded or reversed prior to proceeding. If
these confounding factors cannot be eliminated, ancillary
testing is required. These drugs may be present after being
administered as part of the treatment of critically ill
patients. While measurement of serum drug concentrations
can help guide the timing of assessments for DNC, they are
not always available or feasible. In this article, we review
sedative and opioid drugs that may confound DNC, along
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with pharmacokinetic factors that govern the duration of
drug action. Pharmacokinetic parameters including a
context-sensitive half-life of sedatives and opioids are
highly variable in critically ill patients because of the
multitude of clinical variables and conditions that can
affect drug distribution and clearance. Patient-, disease-,
and treatment-related factors that influence the distribution
and clearance of these drugs are discussed including end
organ function, age, obesity, hyperdynamic states,
augmented renal clearance, fluid balance, hypothermia,
and the role of prolonged drug infusions in critically ill
patients. In these contexts, it is often difficult to predict how
long after drug discontinuation the confounding effects will
take to dissipate. We propose a conservative framework for
evaluating when or if DNC can be determined by clinical
criteria alone. When pharmacologic confounders cannot
be reversed, or doing so is not feasible, ancillary testing to
confirm the absence of brain blood flow should be
obtained.

Résumé Les lignes directrices pour la determination du
deces selon des criteres neurologiques (DCN) exigent une
absence de facteurs confondants si I’examen clinique seul
doit étre utilise. Les medicaments qui depriment le systeme
nerveux central suppriment les reponses neurologiques et
la respiration spontanee et doivent étre exclus ou
neutralises avant de proceder. Si ces facteurs
confondants ne peuvent étre elimines, un examen
auxiliaire est necessaire. Ces medicaments peuvent étre
presents apres avoir ete¢ administres dans le cadre du
traitement de patients en etat critique. Bien que la mesure
des concentrations seriques de medicaments puisse guider
Uhoraire des evaluations pour un DCN, ces mesures ne
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sont pas toujours disponibles ou realisables. Dans cet
article, nous passons en revue les medicaments sedatifs et
opioides qui peuvent confondre un DCN, ainsi que les
facteurs pharmacocinetiques qui regissent la duree
d’action de ces medicaments. Les parameétres
pharmacocinetiques, y compris une demi-vie des sedatifs
et des opioides sensible au contexte, sont tres variables
chez les patients gravement malades en raison de la
multitude de variables cliniques et de conditions qui
peuvent affecter la diffusion et
medicaments. Les facteurs lies au patient, d la maladie et
au traitement qui influencent la diffusion et I’elimination de
ces medicaments sont discutes, notamment la fonction des
organes cibles, ’dge, 1’obéesite, les etats hyperdynamiques,
U'augmentation de la clairance renale, [’equilibre
liquidien, [I’hypothermie et le role des perfusions
prolongees de méedicaments chez les patients gravement
malades. Dans ces contextes, il est souvent difficile de
prédire combien de temps apres ’arrét du medicament les
effets confusionnels prendront pour se dissiper. Nous
proposons un cadre conservateur pour evaluer quand ou
si un DCN peut étre determine selon des criteres cliniques
uniquement.  Lorsque  les  facteurs  confondants
pharmacologiques ne peuvent pas étre neutralises, ou
que cela n’est pas possible, un examen auxiliaire pour
confirmer I’absence de circulation sanguine cerebrale doit
étre realise.

Uéelimination des

Keywords drug confounders -
death determination by neurologic criteria - opioids -
pharmacokinetics sedatives

Determination of death by neurologic criteria (DNC)
requires an established neurologic injury leading to the
permanent loss of all brain function. Determination of
death by neurologic criteria can be undertaken with clinical
examination alone if there are no confounding conditions
that render the clinical examination unreliable for
confirming loss of brain function.' In cases where the
clinical criteria for DNC appear to be met but the
neurologic exam is confounded by the potentially
reversible effects of drugs, it is often difficult to predict
how long after drug discontinuation the confounding
effects will take to dissipate. Sedatives and opioids are
commonly administered to brain-injured patients as part of
their resuscitation and clinical care prior to DNC. In the
absence of ancillary testing, waiting until the effect of the
drug(s) have worn off is considered a prerequisite to
conducting a reliable neurologic exam but determining
how long to wait is a common clinical dilemma fraught
with uncertainty and limited guidance.
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In this article, we review sedative and opioid drugs that
may confound DNC and summarize important
pharmacokinetic factors that govern the duration of drug
action. We propose a conservative framework for
evaluating when or if DNC can be determined by clinical
criteria alone. When pharmacologic confounders cannot be
reversed, or doing so is not feasible, ancillary testing to
confirm an absence of brain blood flow should be obtained.
Lastly, we emphasize that guidance is needed regarding the
identification, evaluation, and management of confounding
pharmacological circumstances that might reduce the
reliability of the clinical examination for DNC.

A fictional case scenario

Consider the following fictional case scenario. A 61-yr-old,
142-kg woman who is otherwise healthy falls in her
bathroom after losing consciousness and hits her head. She
is found by a family member who calls for help and the
patient is transferred to the local emergency department via
ambulance. Upon presentation she is found to be obtunded
(Glasgow Coma Scale score, 4/15) and in shock requiring
fluid resuscitation and vasopressors. A computed
tomography scan of her head reveals subarachnoid and
intraventricular ~ hemorrhage. An  intraparenchymal
intracranial pressure monitoring device is inserted, and
she is cared for in the intensive care unit (ICU) where she
receives mechanical ventilation and sedation with high-
dose infusions of propofol, midazolam, and fentanyl to
manage elevated intracranial pressure. Her care is
complicated by kidney injury and persistent shock. After
72 hr, the patient’s sedative medications are discontinued
when unfortunately, her bedside examination appears
consistent with loss of all brain function. The effect of
sedatives and opioids are correctly identified as potential
reversible confounding factors. The care team would like to
understand when the drugs will have dissipated enough that
their effects no longer confound the clinical evaluation of
DNC.

This case describes a commonly encountered scenario
where the effect of drugs may mimic the clinical signs and
confound the examination necessary for DNC. It is
important that critical care clinicians can recognize these
scenarios and have a process for their evaluation and
management.

Guideline recommendations for pharmacologic
confounders in DNC

Virtually all published guidelines on DNC including the
World Brain Death Project and the new Canadian
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guidelines published in this Special Issue of the Journal
address the impact of reversible clinical, pathological, and
environmental conditions that have the potential to
confound DNC."** Similar to other clinical conditions
that interfere with the ability to assess neurologic function,
the effect of certain drugs can also mimic the clinical
criteria required for DNC.’

There are many drugs that can confound a neurologic
assessment and guidelines commonly identify central
nervous system (CNS) depressants. In critical care
settings (i.e., ICUs, trauma units, emergency departments,
etc.) these include CNS depressant drugs used for sedation,
anxiolysis, and analgesia. These comprise (but are not
limited to) opioids, benzodiazepines, barbiturates,
propofol, and ketamine. Nevertheless, drugs like
baclofen, antidepressants, alcohols, and antiepileptics can
also blunt brainstem reflexes.” Drug exposure in
toxicologic settings can also confound the neurologic
exam by mimicking signs and symptoms consistent with
loss of brain function. A recent systematic review of
toxicologic case reports identified snake venom, baclofen,
tricyclic antidepressants, bupropion, alcohols, antiepileptic
drugs, and barbiturates as the most common drugs taken in
overdose to mimic brain death.® In these cases, patients
present with coma and loss of brainstem reflexes. These
drugs can alter nerve conduction, cause apnea and CNS
depression, and mask intact brain function, but most often
this effect is transient and reversible. It must be reiterated
that permanent loss of brain function must not be
considered in drug overdose settings without an
established proximate neurologic injury that could lead to
the permanent loss of all brain function.' Even if a
concurrent neurologic diagnosis exists, DNC should be
delayed until the confounding effects of drugs have
dissipated or the clinical examination can be supported
by the lack of brain blood flow on ancillary testing.

Most guidelines recommend that ancillary testing for the
absence of brain blood flow be added to the examination of
clinical criteria when pharmacologic confounding is
suspected, and when it is not possible or feasible for
death determination to be delayed until the confounding
effect of drug therapy has dissipated.'** In practical terms,
“waiting” means five elimination half-lives of each
potentially offending drug after discontinuation. By
waiting five half-lives we are predicting that almost 97%
of the administered drug has been cleared from the body.’
The major limitation of guidance based on drug half-life is
that most drug half-lives found in electronic drug databases
and product monographs are determined in healthy
volunteers or noncritically ill patients (Table). Drug half-
life is highly context-sensitive and the variability in

pharmacokinetic parameters is greatest in critically ill
patients because of patient-, disease-, and treatment-related
factors that change from day to day and hour to hour in
some cases.” ' Even when estimations of half-life are
available for drugs in critical care settings, interpatient
variability is significant, warranting an individualized
assessment of patient-specific factors that are known to
affect drug disposition. Despite the consideration of all
pertinent factors that might extend or shorten a drug’s half-
life, one is still only left with a prediction. The reality is
that the only way to be truly confident that a neurologic
exam is not confounded by a residual drug effect would be
to measure serum concentrations of each drug which, for
the most part, are not rapidly available or practical. Point-
of-care testing for relevant drugs would solve this problem
but cost-effective and reliable tools are needed. As testing
methods are well described for most of these drugs, setting
up time-sensitive regional testing capacity for the main
drug confounders could also be an optimal solution.''~"?

For some drugs, determining the duration of their effect
or clearance is not as challenging. For example, one can
use peripheral nerve stimulation with “train-of-four”
monitoring to assess the effect of neuromuscular blocking
agents.'* Qualitative screening is available for some drugs,
typically used in toxicologic settings. Although these urine
and blood tests may not be able to quantify the amount of
drug, the presence or absence of evaluable compounds can
help in multidrug overdoses or overdose settings with
unknown substances consumed. Finally, quantitative
assays are clinically available for drugs like some
barbiturates, antiepileptics, and alcohols. When available,
serial measurements will more accurately guide how long
to delay neurologic assessments.

Clinical factors that influence the context-sensitive half-
life of drugs in critically ill patients

The pharmacokinetic parameters that have the greatest
effect on drug half-life are volume of distribution and
clearance. Volume of distribution is the theoretical
volume within which a drug distributes. For example,
lipophilic drugs like midazolam typically have a larger
volume of distribution than hydrophilic drugs like
morphine. The larger the volume of distribution, the
longer the half-life. Drug clearance refers to the rate at
which the drug is eliminated from the body. In this case,
the greater the clearance, the shorter the half-life (Table).
There are many clinical variables in critically ill patients
that can influence the volume of distribution or clearance
of drugs (Fig. 1).
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Table 1 Characteristics of commonly used sedatives and opioids in critical care

Drug/(major active Lipophilicity Primary organ- Primary Protein binding Elimination half-life in

metabolite) (logP¥*, partition dependent metabolism  organ- noncritically ill adults

coefficient) dependent
elimination

Morphine 0.9-1.0 Liver (90% metabolized Kidney 35% bound to 2-4 hr
by glucuronidation) albumin

(Morphine-6- -2.9 N/A Kidney 15% bound to 1-3 hr

glucuronide) albumin

(Morphine-3- -3 N/A Kidney 10% bound to 2-4 hr

glucuronide) albumin

Hydromorphone 1.47-1.69 Liver (95% metabolized Kidney 8-19% bound to 2-3 hr
by glucuronidation) plasma proteins

(Hydromorphone-3- -2 N/A Kidney N/A N/A

glucuronide)

Fentanyl 3.82-4.12 Liver (primarily via Kidney 79-87% bound to 2-4 hr
CYP3A4 to inactive apha-1 acid
metabolites) glycoprotein

(primarily)

Propofol 3.81-4.16 Liver (primarily via Kidney 98% bound to The half-life is biphasic
glucuronidation to albumin and (initially 40 min then as long as
inactive metabolites) erythrocytes 4-7 hr in the terminal phase)

Midazolam 3.89-3.97 Liver (extensive Kidney 97% bound to 1.8-6.4 hr
metabolism via albumin
CYP3A4)

(o-hydroxymidazolam) 2.7 N/A Kidney N/A Up to 12 hr

*The higher the logP, the more lipophilic the drug; the lower the logP, the more hydrophilic the drug

Variables that Affect Drug Clearance and Volume of Distribution in the ICU

Liver/kidney failure
Hypothermia
Drug interactions

Prolongs Half-life |

Fluid resuscitation

Obesity (lipophilic drugs)
Extracorporeal treatments
Reduced protein binding
Endothelial dysfunction

Advanced age/frailty

b rda

Hyperdynamic states, vasopressors
Brain injury, burns, trauma
Augmented renal clearance
Reduced protein binding

Drug interactions

: % Shortens Half-life

Aggressive diuresis
Dialysis
Surgical drainage

Prolonged continuous infusions

tvd | vd

Fig. 1 Variables that affect drug clearance and volume of distribution in the ICU. Artwork credit: Viktoriia Panchenko, www.dreamstime.com

Cl = clearance; ICU = intensive care unit; V4 = volume of distribution
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Patient-related factors that influence drug elimination
half-life: end organ dysfunction, advanced age, obesity,
and augmented renal clearance

End organ dysfunction is often the most obvious and
sometimes most influential variable to consider when
predicting the clearance of drugs.'® Most often, both liver
and renal function are relevant. For example,
hydromorphone undergoes biotransformation in the liver
into both active and inactive metabolites, and all compounds
including the parent drug are eliminated by the kidneys. "
The impact of renal dysfunction can be quite significant and
prolongs the elimination half-life of renally eliminated
drugs. The elimination half-life of midazolam in healthy
patients ranges from two to six hours, approximately. The
elimination half-life of midazolam when administered as a
prolonged continuous infusion to critically ill patients
without end organ  dysfunction increases to
approximately 7-15 hr and as high as 13-34 hr in similar
critically ill patients with renal dysfunction despite
renal replacement therapy.'®'” In addition, midazolam
also has renally eliminated active metabolites such as
a-hydroxymidazolam that may accumulate in renal failure
and may prolong sedation.'® The impact of liver dysfunction
or cirrhosis on the pharmacokinetics of sedatives and opioids
has been less well studied in critically ill patients.
Hepatically metabolized drugs can be grouped into those
with high and low hepatic extraction ratios, which refer to the
fraction of drug metabolized during a single pass through the
hepatic circulation. The clearance of drugs with a high
hepatic extraction ratio (i.e., morphine, dexmedetomidine,
fentanyl, propofol) are typically more sensitive to hepatic
blood flow while the clearance of drugs with a low hepatic
extraction ratio (i.e., lorazepam, phenytoin) are typically
more sensitive to alterations in enzymatic metabolic
capacity.'® Opioids are all metabolized by the liver either
through phase I or phase II metabolic reactions. While
fentanyl has been described as an acceptable opioid choice in
renal failure and liver failure because of its lack of active
metabolites and common perception of being an agent with a
short duration of action, this is based on single-dose studies
in noncritically ill patients. The elimination half-life of
fentanyl when administered as a continuous infusion has
been described to be as long as 25 hr in some critically ill
populations compared with two to four hours when
administered as a short infusion in noncritically ill
patients.”>*' Fentanyl is a classic example of a drug that
has a context-sensitive half-life. The context-sensitive half-
life refers to the time for plasma concentrations of a drug to
reduce by half after the end of an infusion that is designed to
achieve steady state concentrations in the blood (i.e.,
constant plasma concentration). The “context” refers to
the duration of the infusion. Fentanyl is a lipophilic drug that

has a multicompartmental pharmacokinetic model meaning
that after it distributes throughout the blood volume (the
central compartment) it then, at a slower rate, will distribute
into peripheral compartment(s) (i.e., adipose tissue) until an
equilibrium between compartments is reached. When the
infusion is discontinued, the concentration of the drug in the
central compartment will reduce due to metabolism and
elimination and the concentration gradient between
compartments will reverse and the drug in the peripheral
compartments will move back into the blood maintaining
plasma concentrations, prolonging the pharmacologic effect
of the drug and the context-sensitive half-life. In contrast,
after a single dose of fentanyl, there is less distribution from
the central to peripheral compartments as steady state is
never reached. For this reason, context-sensitive half-lives
for fentanyl are longer after an infusion than after a single
dose

Age is associated with both reduced metabolic capacity
within the liver and reduced renal clearance, both of which
increase the elimination half-life of relevant drugs.””
Opioids are particularly sensitive as they undergo both
hepatic metabolism and renal clearance. Age as a predictor
of reduced sedative and opioid clearance has not been well
studied in critically ill patients but likely contributes to the
overall trajectory of drug disposition. The elimination half-
life of oxycodone in noncritically ill adults increases from
3.7 hours in 20- to 40-yr-old individuals to 5.7 hours in 80-
to 90-year-old individuals.”*** The impact of frailty has
not been well studied but the combination of frailty and
advanced age is associated with reduced hepatic
metabolism.*’

Obesity is one of the more common and significant
factors complicating the prediction of sedative and opioid
clearance because many drugs that interfere with
neurologic processes are very lipophilic.”® Midazolam,
lorazepam, fentanyl and its analogs, barbiturates, propofol,
and most antiepileptics are very lipophilic while morphine
and hydromorphone are relatively more hydrophilic.
Lipophilic drugs often have a biphasic distribution when
administered via continuous infusion. In the initial
distributive phase, the drug distributes through the
bloodstream but then over time with continued exposure
the drug penetrates and saturates adipose tissue. Drug
stores in adipose tissue act as reservoirs that translocate
slowly back into the bloodstream even after infusions are
stopped. The greater the amount of adipose tissue, the
larger the volume of distribution of lipophilic drugs and the
longer it takes for these stores to «clear after
discontinuation. Midazolam is particularly lipophilic with
a partition coefficient (logP) of almost 4 (higher logP
values denote greater lipophilicity; see the Table). In
healthy volunteers, the half-life of midazolam after a single
dose increases from 2.3 to 6.0 hr with obesity.?”*® Obesity
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is also associated with larger volumes of distribution of
hydrophilic drugs due to increases in blood volume and
total body water and increased renal blood flow, which has
been shown to increase drug clearance.”

Augmented renal clearance, defined as a creatinine
clearance of > 130 mL-min™-1.73 m'z, is more commonly
encountered in younger patients and in patients with
trauma and burns.’® Patients with augmented renal
clearance are expected to have greater glomerular
filtration rates and thus will clear drugs faster, ultimately
shortening the half-life of renally cleared drugs. Studies
evaluating the impact of augmented renal clearance are not
available for sedatives and opioids but in antimicrobial
pharmacokinetic studies it is predictive of subtherapeutic
plasma concentrations.® Augmented renal clearance likely
shortens the half-life of renally cleared drugs, but the
magnitude and relevance of this factor is unclear.

Disease-related factors that influence context-sensitive
half-life: reduced protein binding, systemic
inflammation, and hyperdynamic states

Most drugs undergo some degree of protein binding within
the blood stream to proteins such as albumin, lipoproteins
and proteins expressed on the surface circulating cells such
as erythrocytes. It is important to understand that protein
binding is typically reversible and only the free fraction
(unbound drug) is pharmacologically active and available
for excretion. Hypoproteinemia is a common finding in
critically ill patients with systemic inflammation as many
circulating proteins, including albumin, are sequestered
outside the central compartment.'® This reduction in
available protein for binding to drugs increases the
circulating unbound drug available for distribution,
activity, and excretion. This increase in circulating
unbound drug is most relevant with highly protein-bound
drugs. For example, propofol is 98% protein bound,
meaning that 2% of the drug is circulating free or
unbound. A reduction in protein binding from 98% to
96% may not seem significant, but represents a 100%
increase in the free fraction available for distribution,
activity, and clearance.’’ Since propofol is titrated to
effect, toxicity is rarely encountered. But from a
pharmacokinetic perspective, reduced protein binding has
conflicting effects on half-life. The increase in the free
fraction of propofol should theoretically increase the
volume of distribution, which would increase the half-
life. But it would also be cleared faster, which would
reduce the half-life. The net effect is not clear nor is the
relevance of this interaction relative to other clinical
factors affecting drug pharmacokinetics in critical illness.*”

@ Springer

Aggressive fluid resuscitation in the context of systemic
inflammation is a common occurrence in the ICU and
usually leads to third-spacing of fluids as inflammation-
induced endothelial dysfunction results in “leaky
capillaries.” This diffusion across the endothelial
membrane results in both fluid and solute accumulation
in the extravascular space, effectively increasing the
volume of distribution of hydrophilic drugs.”'® Drugs
that accumulate in the tissue need to return to the central
compartment for metabolism and clearance, effectively
prolonging the half-life.

Conversely, hyperdynamic states induced by brain
injuries, burns, polytrauma, and likely vasopressor
therapy can accelerate drug clearance via augmented
renal clearance, effectively reducing a drug’s context-
sensitive half-life.>* The volume of distribution and
clearance of fentanyl in burn patients appears to be
almost double that of nonburn matched controls.**

Treatment-related factors that influence context-
sensitive drug half-life: prolonged continuous infusions,
drug interactions, extracorporeal treatments, fluid
balance, and hypothermia

Sedatives and opioids are often administered as continuous
infusions in ICU patients to facilitate mechanical
ventilation and to provide anxiolysis and analgesia.
Typically, shorter-acting agents are used in this setting to
allow for frequent titration throughout the day and,
hypothetically, faster onset and offset of their clinical
effects. Nevertheless, as the duration of these infusions
increases, the presumption that these benefits still exist
becomes more and more incorrect. After the initial
distribution of these drugs within the intravascular space,
these drugs begin to translocate across dysfunctional
endothelium with extravascular fluid and begin to
saturate adipose tissue (for lipophilic drugs), changing
the pharmacokinetic profile by increasing the volume of
distribution. A recent systematic review compared the
pharmacokinetics of prolonged continuous infusions
(> 24 hr) of sedatives and opioids in critically ill patients
and compared them with those in noncritically ill patients
receiving short infusions.> Effectively, both critical illness
and prolonged infusions influenced the pharmacokinetics
of these drugs (Fig. 2). For example, the review reported
that, for prolonged infusions of midazolam, the volume of
distribution doubles and the clearance halves, resulting in a
context-sensitive half-life of nine hours compared with 1.7
to 3.5 hours in noncritically ill patients. For prolonged
infusions of propofol, the volume of distribution at least
triples, and the clearance is similar resulting in a context-
sensitive half-life of 33 hr compared with four to seven
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Fig. 2 Altered pharmacokinetics in ICU patients receiving prolonged
continuous infusions of sedatives and analgesics. Figure is reproduced
with permission from Tse AH, Ling L, Lee A, Joynt GM. Altered
pharmacokinetics in prolonged infusions of sedatives and analgesics

hours in noncritically ill patients. For prolonged infusions
of lorazepam, the volume of distribution triples and the
clearance is similar when compared with noncritically ill
patients. The authors hypothesized that, since lorazepam
has a low hepatic extraction ratio, clearance depends on
hepatic function rather than hepatic blood flow. From one
study of 20 patients receiving morphine infusions,
clearance was reduced by 90% when compared with
noncritically ill patients but the volume of distribution and
half-life were not measured. No trials evaluating infusions
of fentanyl were found but infusions of remifentanil in
critically ill patients with renal impairment were associated
with a six-fold increase in volume of distribution and a
small increase in clearance. The net effect was a
prolongation of elimination half-life from 0.08 to 0.13 hr
in noncritically ill patients to 0.4 hr in critically ill patients.
Similarly, sufentanil infusions in critically ill patients were
associated with at least a seven-fold increase in volume of
distribution with similar clearance when compared with
noncritically ill patients. The net effect was a ten-fold
increase in elimination half-life from 0.25-0.33 hr in
noncritically ill patients to 26 hr in critically ill patients
without organ dysfunction. The key message from this
systematic review was that between-patient variability in
pharmacokinetic parameters was very large making it
difficult to make generalized statements about all critically
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Remifentanil
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among adult critically ill patients: a systematic review. Clin Ther
2018; 40: 1598-615 (Elsevier; license number 5330910863857).

ClI = clearance; T/, = half-life; Vg, = volume of distribution at steady
state

ill patients. Furthermore, these studies were conducted at
single timepoints and the effect of varying durations of
continuous infusions can only be hypothesized.

Drug interactions are also particularly important to
consider when predicting the duration of effect of drugs
potentially confounding the neurologic exam. Drugs like
fentanyl and midazolam are extensively metabolized by the
cytochrome P450 (CYP) family of enzymes, specifically
the CYP3A4 isoform. Drugs that are strong inhibitors or
inducers of this enzyme can have a significant impact on
the metabolism of these drugs.’® Strong inducers of
CYP3A4 (rifampin, carbamazepine, phenobarbital, and
phenytoin) will all accelerate the metabolism of midazolam
and fentanyl. In healthy volunteers, the combination of a
single dose of midazolam and phenytoin or carbamazepine
reduced the elimination half-life almost three-fold from
3.1 hr to 1.3 hr” Strong CYP3A4 inhibitors like
clarithromycin, voriconazole, itraconazole, ketoconazole,
and posaconazole will significantly inhibit the metabolism
of midazolam and fentanyl. In a single-dose study of
healthy volunteers, the addition of voriconazole to fentanyl
reduced fentanyl clearance by 23%.°® It would be
reasonable to hypothesize that fentanyl clearance would
be further reduced with repeated dosing or continuous
infusions at steady state.
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Extracorporeal treatments such as continuous renal

replacement therapy (CRRT) and extracorporeal
membrane oxygenation (ECMO) affect the
pharmacokinetics  of drugs in critical illness.

Unfortunately, the independent effects of these treatments
are difficult to determine as patients who require ECMO or
CRRT are usually the sickest patients in the ICU with
multiorgan failure, shock, fluid overload, and low-flow
states, all of which contribute to altered drug
pharmacokinetics. The volume of distribution of drugs is
typically increased in ECMO resulting in prolonged half-
lives of drugs due to adsorption and sequestration within
the circuit and an increase in circulating blood volume.*
Patients requiring forms of CRRT in the ICU usually
already have renal dysfunction and reduced drug clearance
and the clearance by CRRT depends on the size of the
drug, protein binding, and the efficiency of the mode of
CRRT.* Highly protein-bound drugs are typically poorly
removed. But reduced protein binding is associated with
critical illness, so there is a larger unbound free fraction of
drug available for removal by CRRT. The slower flow rates
and longer duration of CRRT typically result in greater
clearance of drugs compared with intermittent
hemodialysis.

Fluid balance in the critically ill patient is dynamic.
Patients upon presentation often require aggressive fluid
resuscitation within the first days of admission. Patients
with systemic inflammatory syndromes then typically have
third-spacing of this fluid because of endothelial
dysfunction and those that recover then undergo efforts
to mobilize and eliminate this excess fluid with diuresis,
CRRT, and drainage.*' During the patient illness course, a
steady state of fluid balance is rarely achieved until
recovery. This makes drug dosing challenging, particularly
for hydrophilic drugs whose volumes of distribution
fluctuate widely over the course of the patient’s ICU
stay.” Understanding where on this spectrum the patient is
at the time of receiving their potentially confounding drugs
is important for predicting the trajectory of drug disposition
with respect to when DNC is pursued. Patients who are
fluid overloaded will have larger volumes of distribution
that will take longer to clear while patients who are
volume-contracted may not need as much time.

Hypothermia can be encountered in toxicologic
presentations and induced intentionally under controlled
settings in the ICU. Hypothermic states are associated with
blood flow shunting towards vital organs resulting in low
flow states in the gut and compromised drug absorption.
Temperature can have a significant impact on drug
metabolism as many hepatic enzyme systems are
temperature dependent. In most cases, this reduces the
metabolic capacity for which drugs with a high hepatic
extraction ratio (e.g., fentanyl, propofol, morphine) are
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more susceptible than those with low hepatic extraction
ratios (e.g., lorazepam). Plasma concentrations of both
propofol and fentanyl increase by approximately 25%
during hypothermic states presumably because of reduced
metabolic capacity.*> The magnitude of metabolic
impairment appears to be related to the degree of
hypothermia as the reduction in midazolam clearance
may be as much as 11% per degree below 36.5°C.+

Evaluating how long to wait in pharmacological
confounding of DNC

Guideline recommendations are to delay the clinical DNC
until the effect of all pharmacological confounders (such as
CNS depressant drugs) have dissipated." While this is
logical, without the ability to measure serum
concentrations of offending drugs, it difficult to
determine how long to wait. Until such a time that
validated point of care serum drug measurement is

routinely accessible, we must rely on developing
conservative estimates with the clinical information
available. = As  mentioned earlier, serum drug

concentrations can be measured for a few drugs, so the
first step is to determine if this is available. If possible,
serial measurements can be performed to objectively
observe the clearance of offending drugs. One
controversial issue is whether you should wait until
serum levels of offending drugs are reduced to zero or
are at least below therapeutic levels. There is limited
evidence to support an answer to this question, which is
further complicated by the fact that the therapeutic range of
most drugs is rarely well determined. When the therapeutic
range is known, it is the opinion of these authors that DNC
should be delayed at least until the serum concentrations of
offending drugs drop below the lower threshold of the
therapeutic window. If there are concerns that drugs may
confound the clinical examination, then ancillary testing
must be undertaken for DNC.

The reality is that measuring serum drug concentrations
is not available for most drugs identified as CNS
depressants. In these cases, we suggest that determining
how long to delay clinical evaluation for DNC begins with
determining the reported half-lives of offending drugs
(Table). Remember that some drugs will have active
metabolites with different half-lives so identifying those
with active metabolites (and their respective half-lives) is
also important. Acknowledging that these estimates, if
drawn from electronic databases and product monographs,
are typically not determined in critically ill patients, it at
least provides a starting point. It is imperative to recognize
that the pharmacokinetics of a drug is not the same as the
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toxicokinetics of a drug. In an overdose setting, the
clearance of drugs can be greatly prolonged and
toxicokinetic data should be sought, if available, to
determine the starting point.** The next three questions
identify the most important predictors of drug disposition
in the critically ill patient: 1) is/are the drug(s) in question
lipophilic or hydrophilic and is the patient obese?, 2) does
the patient have end organ dysfunction?, and 3) what is the
extent of exposure (dose, route of administration,
duration)? The answers to these three questions are most
likely to influence the estimation of whether the starting
half-life should be lengthened or shortened (and by how
much). We recommend using multiples of the starting half-
life when estimating longer context-sensitive half-lives.
Consider a patient who is obese, is receiving a high-dose
infusion of fentanyl for more than 72 hr, and has renal
injury requiring CRRT. Starting with a three-hour
elimination half-life for fentanyl, this estimate could be
increased to 12 hr. Of course, if pharmacokinetic data are
available from a population of study participants that
approximates your patient, then that should also be
considered.

The next question should be whether there are any
patient-, disease-, and treatment-related factors that are
known to affect clearance or volume of distribution of the
drugs in question. List them and consider the direction of
effect each has on the drug’s half-life (Fig. 1). Estimating
the net effect is the most challenging aspect of this process.
It is impossible to have confidence in your precision and
thus it would be wise to be conservative. Adjustments to
the estimate of context-sensitive half-life should be
considered in multiples of the reported half-life. It cannot
be taken lightly that this process is informing the
determination of death. When it is available, ancillary
testing should be performed in all cases where
pharmacological confounding cannot be feasibly or
reliably excluded.*

The question of antidotal therapy with naloxone to
reverse opioid exposure and flumazenil to reverse
benzodiazepine exposure is a common one. In the
toxicology setting, flumazenil is not routinely
recommended given the possibility that, in multidrug
overdoses, benzodiazepines may be protecting the patient
from toxicities of other coingestants (i.e., seizures).
Similarly, naloxone used to reverse opioid overdoses has
been associated with seizure activity and withdrawal
syndromes in chronic opioid users. In the nontoxicologic
clinical setting there is less guidance. At this time, this
practice cannot be recommended for routine use but if it is
to be tried, we suggest using small, intermittent, and
sequential doses with constant monitoring by experienced
clinicians.

Returning to the original case scenario

Reconsidering the case of the 61-yr-old female who fell in
the bathroom; this is a rather complicated scenario. She has
received continuous infusions of fentanyl, propofol, and
midazolam. Therapeutic drug monitoring is not routinely
available for any of these highly lipophilic drugs. Of the
three, midazolam has the longest reported half-life at
approximately three hours. Assuming an average height,
she is obese, has acute kidney injury and has received these
drugs at high infusion rates for up to 72 hr. Use of
lipophilic drugs in an obese patient at high doses for
extended durations would suggest that her volume of
distribution would be increased and her renal injury likely
is slowing the clearance of these drugs too. It would be
reasonable at this point to consider a three-fold increase in
our starting midazolam half-life of three hours to 12 hr.
There are other factors that might also influence the
duration of effect of the midazolam such as shock (reduced
hepatic clearance), vasopressor use, and brain injury
(increased renal clearance is she has residual renal
function). Further questions should be asked about
hypoproteinemia (all three drugs are highly protein
bound), possible drug interactions, and her state of fluid
balance. Based on the available data from the case, the
impact of shock and being in a hyperdynamic state have
opposite effects on half-life and have less impact than end
organ failure, use of lipophilic drugs in obesity, and
magnitude of drug exposure; therefore, it would be
reasonable not to further adjust our predicted half-life of
12 hr. Five half-lives, therefore, would be a total of 60 hr
and would predict that almost 97% of the drug would be
removed after a 60-hr delay.

Conclusions

Clinical examination for DNC requires an established
proximate neurologic injury that can lead to the permanent
loss of all brain function, as well as the exclusion of
conditions that might confound the examination. Drugs
used in clinical settings can interfere with neurologic
clinical assessments and are commonly encountered
confounders. Current guidelines recommend delaying
neurologic assessments for the purpose of DNC until the
effects of these drugs have dissipated. In practice, this
length of time is difficult to predict, particularly in the
critically ill patient. Patient-, disease-, and treatment-
related factors are temporally dynamic and contribute to
altered pharmacokinetics of these drugs compounding
estimate uncertainty. Most often, measuring serum levels
of these drugs is not feasible. In these cases, estimating the
half-life of potentially offending drugs is still necessary to
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predict the duration of effect, and a framework for
assessment and decision-making such as that presented in
this paper is necessary. Due to the uncertainty of this
approach, conservative estimates are recommended and
further research is required to evaluate the feasibility of
point-of-care and real-time therapeutic drug monitoring.
For DNC, ancillary testing should be performed in addition
to clinical assessment in all cases where pharmacological
confounding cannot feasibly or reliably be excluded.
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