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Targeted temperature management (TTM) has been shown to reduce mortality and improve neurological outcomes
in out-of-hospital cardiac arrest (CA) patients and in neonates with hypoxic—ischemic encephalopathy (HIE). TTM
has also been associated with adverse drug events in the critically ill patient due to its effect on drug pharma-
cokinetics (PKs) and pharmacodynamics (PDs). We aim to evaluate the current literature on the effect of TTM on
drug PKs and PDs following CA. MEDLINE/PubMed databases were searched for publications, which include the
MeSH terms hypothermia, drug metabolism, drug transport, P450, critical care, cardiac arrest, hypoxic-ischemic
encephalopathy, pharmacokinetics, and pharmacodynamics between July 2006 and October 2015. Twenty-three
studies were included in this review. The studies demonstrate that hypothermia impacts PK parameters and
increases concentrations of cytochrome-P450-metabolized drugs in the cooling and rewarming phase. Furthermore,
the current data demonstrate a combined effect of CA and hypothermia on drug PK. Importantly, these effects can
last greater than 4-5 days post-treatment. Limited evidence suggests hypothermia-mediated changes in the Phase II
metabolism and the Phase III transport of drugs. Hypothermia also has been shown to potentially decrease the
effect of specific drugs at the receptor level. Therapeutic hypothermia, as commonly deployed/applied during
TTM, alters PK, and elevates concentrations of several commonly used medications. Hypothermia-mediated
effects are an important factor when dosing and monitoring patients undergoing TTM treatment.
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Introduction

THE USE OF THERAPEUTIC HYPOTHERMIA (TH) as a neu-
roprotective treatment strategy in critically ill patients
has shifted focus over the past decade. From 2000 to 2010 TH
use in the ICU increased largely as a result of several ran-
domized control trials (RCTs), which demonstrated a decrease
in mortality and an improvement in neurological outcome in
cardiac arrest (CA) patients undergoing hypothermia as com-
pared with normothermic treatment (Bernard er al., 2002;
Shankaran and Laptook, 2007). As a result, TH was re-
commended in the American Heart Association Guidelines for
adult out-of-hospital CA patients and in neonates with hyp-
oxic—ischemic encephalopathy (HIE) (Nolan et al., 2003).

Subsequently, in the largest hypothermia RCT of targeted
temperature management (TTM) strategies to date, no sig-
nificant difference was seen in the neurological outcomes of
adult CA patients who received TH (33°C) versus the milder
target of 36°C (Nielsen et al., 2013). These results have raised
questions regarding the benefits of cooling to 33°C. Recently,
Moler et al. (2015) studied the effect of TH (target temper-
ature of 33°C for 48h) versus controlled normothermia
(36.8°C) in children who suffered an out-of-hospital CA. A
trend toward improved outcome (12-month survival with
favorable neurological outcome as assessed by the Vineland
Adaptive Behavioral Scale) was seen with hypothermia ver-
sus normothermia ( p=0.14) along with mortality (p=0.13).
Given that the power of the study to detect the rather
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demanding target of 20% improvement in outcome was only
42%, some have suggested that this study supports the use of
hypothermia in this population—until proven otherwise
(Vincent and Taccone, 2015). Thus, TTM at various levels of
hypothermia, continues to be recommended to treat out-of-
hospital CA patients and for use in neonates with HIE
(Callaway et al., 2015a).

As further evidence becomes available, the degree to which
we cool patients may increase from the previous target clinical
temperature of 32-34°C. Indeed, recent evidence indicates that
even a 1°C reduction in temperature induces neuroprotective
signaling cascades in neurons in in vitro systems (Jackson et al.,
2015). However, studies are needed to delineate the specific
patients who maximally benefit from hypothermia treatment
based on additional considerations, such as severity of injury,
organ dysfunction following CA, inflammation, and coadmi-
nistered medications.

In critically ill patients, adverse drug events (ADEs) occur
commonly and can lead to an increase in hospital stay or in
some cases even mortality (Vargas et al., 1998; Rothschild
etal.,2005). TH may increase risk of ADEs by changing drug
disposition. Previously our group published a review on the
effects of hypothermia on drug disposition and response,
which spanned from 1965 to June 2006 (Tortorici et al.,
2007). We concluded that TH alters drug pharmacokinetics
(PKs) and pharmacodynamics (PDs); specifically TH leads to
elevated drug concentrations due to a decrease in drug me-
tabolism by cytochrome P450s (CYP450) (Tortorici et al.,
2007). In this current review, we aim to expand on our pre-
vious and other (van den Broek et al., 2010; Zhou and Po-
loyac, 2011; Sunjic et al., 2015) reviews to investigate the
effects of TTM on drug PKs and PDs to provide perspective
on the current views surrounding hypothermia-mediated ef-
fects on drug disposition in the setting of CA.

Methods

A MEDLINE/PubMed literature search was performed
from July 2006 to October 2015. The following MeSH
search terms were included in the search hypothermia, drug
metabolism, drug transport, P450, critical care, cardiac
arrest, hypoxic-ischemic encephalopathy, pharmacokinet-
ics, and pharmacodynamics. Clinical studies, review arti-
cles, short communications, and case reports were evaluated
for eligibility. We define TTM as controlled body temper-
ature below the normothermic temperature of 37°C. We
define TH as controlled cooling to 32-34°C. The focus of
this review is on the application of TH following a CA.
Table 1 includes a list of commonly administered drugs in
the ICU that may warrant consideration when administering
TH following a CA. Studies on the effect of TTM on drug
PK and response that were included are summarized in
Table 2.

Results
Effects of TTM on drug metabolism
Sedatives/anesthetics

Midazolam. Midazolam is in the benzodiazepine class of
drugs and is commonly administered as a sedative in the ICU.
Hostler et al. (2010) randomized six healthy volunteers to

ANDERSON ET AL.

TABLE 1. COMMONLY ADMINISTERED DRUGS
IN THE ICU AND THEIR ELIMINATION PATHWAY(S)

Elimination pathway

CYP2C9/CYP2C19

Drugs

Phenytoin
Phenobarbital
Clopidogrel
Metoprolol
Morphine
Codeine and derivatives
Pantoprazole
Warfarin
Omeprazole
Lansoprazole
Pentobarbital
Metoprolol
Propranolol
Midazolam
Vecuronium
Fentanyl
Lidocaine
Verapamil
Diltiazem
Amlodipine
Amiodarone
Nifedipine
Alprazolam
Morphine
Codeine and derivatives
Carbamazepine
Rifampin
Pantoprazole
Omeprazole
Lansoprazole
Diltiazem
Enalapril
Ondansetron
Digoxin
Propofol
Dexmedetomidine
Lidocaine
Morphine
Gentamicin
Sotalol

Atenolol
Glycopeptides
Aminoglycosides
p-Lactams
Atracurium
Bretylium
Procainamide
Macrolides
Fluoroquinolones
Tetracyclines
Famotidine
Meperidine
Ranitidine
Methyprednisolone
Prednisone
Dexamethasone
Vecuronium

CYP2D6

CYP3A

CYP2B6

CYP2A6

CYP1A2

Phase II glucuronidation/UGT
Renal elimination

N-acetyltransferase
Multiple CYP450s

ICU, intensive care unit.



EFFECT OF HYPOTHERMIA ON DRUG DISPOSITION

receive 37°C or 4°C saline infusion with or without magnesium.
While the lowest temperature achieved in the hypothermic
group was 35.4°C, pharmacometric analysis predicted a 11.1%
decrease in midazolam clearance (Cl) per each degree Celsius
decrease in core body temperature in healthy volunteers (ap-
proximately a 44.4% decrease in clearance to a target clinical
temperature of around 33°C) (Hostler et al., 2010).

Bjelland et al. (2013) investigated the effects of hypo-
thermia on the disposition of midazolam along with several
other sedatives and anesthetics (fentanyl, morphine, and
propofol) in patients suffering from CA. A total of 15 CA
patients who underwent hypothermic treatment to 33-34°C
were enrolled in this case—control study and matched to
critically ill patients in the ICU, who did not receive hypo-
thermia (n=8). In contrast to Hostler et al. (2010), the in-
vestigators found no difference in the volume of distribution
(Vp), Cl, or elimination half-life (t;,) of midazolam between
the hypothermic patients and the normothermic controls.
This study involved a relatively small number of subjects
with significant interindividual variability in the midazolam
time—concentration profiles in both groups.

Furthermore, the duration of hypothermia treatment across
the 15 patients varied from 2 to 17 hours, which may have
contributed to the large variability in the drug concentration
profiles. In a following observational study, Bjelland et al.
(2014) investigated the effects of rewarming following hy-
pothermia on the drug concentrations of midazolam in eight
CA patients. In contrast to their previous study, they reported
a 2.9% decrease in midazolam concentrations for every 1°C
increase in temperature (11% total decrease from 33°C to
37°C). One important difference in this study was the use of
each patient as their own control, which eliminated the high
interindividual variability seen in their previous study.

Bastiaans et al. (2013) reported no significant difference in
the PKs of midazolam between hypothermic patients (33°C)
following resuscitation (n=9) versus normothermic, non-
resuscitated patients (n=28). Population PK showed no differ-
ence in the Cl or Vp of midazolam between the hypothermic
and normothermic groups.

Another clinical study, by Welzing et al. (2013), investi-
gated the effect of hypothermia on midazolam PK in nine
asphyxiated newborns treated with whole-body hypothermia
at 32-34°C for 72 hours. Neonates were administered a
continuous infusion of midazolam [30-100 ug/(kg-h)]. Po-
pulation PK analysis was used to calculate the t;,, Vp, and
Cl. In this small study, the authors report a midazolam Cl of
2.57mL/(kg-min) and t;,, of 7.0 hours, which was compa-
rable to literature values in normothermic neonates. Inter-
pretations of this study are limited by a small sample size with
high interindividual variability in midazolam metabolism,
which makes it difficult to differentiate the effects of hypo-
thermia versus other covariates, such as liver impairment, on
the PK of midazolam.

Empey et al. (2012) demonstrated a 17.5% decrease in the
systemic clearance of midazolam in hypothermic versus
normothermic rats following CA. Following asphyxia, rats
were cooled to 33°C or maintained under normothermic
conditions at 37°C. Midazolam was administered through
continuous infusion [1.5mg/(kg-h)] and temperature was
maintained over an 8-hour study duration to reach steady
state. Significantly higher midazolam plasma concentrations
were achieved in the hypothermic rats versus the normo-
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thermic rats. Noncompartmental analysis revealed that the
increase in plasma concentrations was due to a 17.5% de-
crease in systemic clearance following CA.

Overall, the reported effect of TTM on the PK of midazolam
varies from none to 11.1% decrease in systemic clearance per
degree Celsius. Based on the preponderance of recent evidence,
it is clear that the effect of TTM on midazolam PK is much less
than that reported originally by Fukuoka et al. (2004). The
difference between these studies may be attributed to small
sample sizes (n=_8-15), different patient populations (neonates
vs. adults), different disease states (traumatic brain injury [TBI],
CA, healthy volunteers), varying duration of hypothermia (2—
72 hours) and rewarming (8 hours up to 6 days) protocols,
different PK models, and high interindividual variability. Col-
lectively, these results from clinical studies in adults and pre-
clinical evaluations indicate that CYP3A4 metabolism is
probably due to a combination of asphyxia and/or hypothermia
with the hypothermia effect ranging between none to 11% per
degree Celsius change.

Fentanyl. Fentanyl is an analgesic agent that is commonly
administered in the ICU, and is often used during TTM.
Fentanyl is extensively metabolized by CYP3A4. However,
unlike midazolam, it is considered a high-clearance drug in
humans. Based on the well-stirred model of hepatic drug
clearance, the elimination of a high-clearance drug such as
fentanyl should be predominately affected by changes in
hepatic blood flow (Pang and Rowland, 1977).

Bjelland et al. (2013) reported a 45.5% decrease in the
median total clearance of fentanyl in 14 CA patients versus
eight case—control-matched critically-ill patients (36-38°C)
[median (semi-interquartile range): 726 (230) vs. 1331 (678);
p<0.05]. In a subsequent study, Bjelland et al. (2014) re-
ported no change in fentanyl concentrations from the hypo-
thermia to rewarming phases. The lack of change in fentanyl
concentrations during rewarming, despite significant changes
during hypothermia, may be attributed to the long half-life of
fentanyl relative to the short duration of rewarming. Since
hepatic blood flow was not able to be measured in either of
these clinical studies, it is difficult to mechanistically evaluate
how temperature changes affected liver blood flow and con-
tributed to overall changes in fentanyl PK. In conclusion, these
recent studies in adults are consistent with previous findings, in
which reduced CYP3A activity decreased fentanyl metabolism
with potentially undefined contribution of hepatic blood flow.

In the same preclinical study in which Empey et al. (2012)
reported a decrease in midazolam clearance, they also re-
ported a 20.5% decrease in the systemic clearance of fentanyl
in hypothermic versus normothermic rats following CA.
Enzyme kinetics revealed that the decrease in formation of
the Cyp3a-dependent metabolite, norfentanyl, was attributed
to an overall decrease in maximal velocity, V,.x, and not due
to a change in enzyme affinity, K,.

Phenobarbital. Phenobarbital (PB) is a barbiturate indi-
cated for sedation and epilepsy. PB is primarily metabolized
in the liver by the cytochrome P450 2C19 (CYP2C19) iso-
form. Three clinical studies have investigated the effects of
hypothermia on PB PK in neonates, a population where PB is
commonly used as a first-line agent to prevent neonatal sei-
zures (Filippi er al., 2011; van den Broek et al., 2012;
Shellhaas et al., 2013).
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TABLE 2. EFFECT OF HYPOTHERMIA ON DRUG PHARMACOKINETICS IN PRECLINICAL
AND CLINICAL STUDIES FROM JULY 2006 TO OCTOBER 2015
Hypothermia Hypothermia PK effects
Drug Disease/model protocol (vs. normothermia) Reference
Clinical studies
Midazolam Healthy volunteers 35.4°C 1l Hostler et al.
3h (2010)
Morphine CA patients 36-38°C, 1 tip and | CI of morphine, <> V4 Bjelland e al.
33-34°C (2013)
Midazolam 12-24h < Cl midazolam, < Vg, < tip
Fentanyl | Clio of fentanyl
Propofol 1 Cly of propofol
Remifentanil CA patients 33-34°C | Concs of remifentanil, propofol, Bjelland et al.
and midazolam during rewarming ~ (2014)
Propofol 24h < Conc of fentanyl
Fentanyl
Midazolam
Midazolam Resuscitated patients 33°C < Cl, Vy, V,, 0or Q Bastiaans et al.
24h (2013)
Midazolam Asphyxiated neonates 32-34°C « Cl Welzing et al.
72h (2013)
Phenobarbital Neonates with HIE 33.5°C 1 Plasma concs, T tj Filippi et al.
72h (2011)
Phenobarbital Asphyxiated neonates 33.5°C « Cl, & V4 van den Broek
72h et al. (2012)
Phenobarbital Neonates with HIE 36-38°C, < Cl, & V4 Shellhaas et al.
33-35°C (2013)
72h
Phenytoin Children with severe TBI 36.5-37.9°C, | Viao © Ka Empey et al.
32-33°C (2013)
48h
Lidocaine Asphyxiated neonates 33.5°C 1 Cl van den Broek
72h et al. (2013)
Gentamicin Neonates with 37°C, < Serum concs, < Cl Liu et al. (2009)
encephalopathy 33-34.5°C
72h
Gentamicin Neonates with HIE 33.5°C 1 Trough serum cons, | ke, T tjn, Mark ef al.
72h 1 Cl, & V4 (2013)
Gentamicin Neonates with HIE 33.5°C 1l Cl, & V4 compared with previ- Frymoyer et al.
72h ous reports (2013)
Gentamicin Neonates with HIE 37°C, 33.5°C 1 ty0, lke, | CL, 1 Chax and Cpyn, Ting et al. (2014)
72h 1T AUC
Morphine Neonates with HIE 33-34°C 1 Serum concs, T AUC, | Cl Roka et al. (2008)
72h
Clopidogrel CA patients 33-34°C | Clopidogrel-mediated platelet Bjelland et al.
24h inhibition (2010)
Clopidogrel CA patients 32-34°C | Clopidogrel-mediated platelet Ibrahim et al.
12-24h inhibition (2014)
Prasugrel | Prasugrel-mediated platelet
inhibition
Ticagrelor | Ticagrelor-mediated platelet
inhibition
Preclinical studies
Midazolam CA rats 32.5-33.5°C 1 Plasma concs of midazolam Empey et al.
8-10h and fentanyl (2012)
Fentanyl | ClI; of midazolam and fentanyl
< Brain to plasma ratio
Dexmedetomidine Piglets with HIE 33.5°C 1 Plasma concs, | ClI Ezzati et al.
18-24h (2014)
Midazolam CA rats 37°C, | Cl of midazolam and Zhou et al. (2011)
32.5-33°C chlorzoxazone
Diclofenac 8h < Cl of diclofenac or
dextromethorphan

(continued)
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TABLE 2. (CONTINUED)
Hypothermia Hypothermia PK effects
Drug Disease/model protocol (vs. normothermia) Reference
Dextromethorphan | V, of midazolam and
dextromethorphan and
V, for chlorzoxazone
Chlorzoxazone
PSP Rats 37°C, 32°C, or 1 PSP plasma concs; | PSP Cl Nishida et al.
28°C (2007)
ICG 5h 1 ICG plasma concs; | ICG Cl
FD-4 < FD-4 Cl
Digoxin In vitro cell culture 37°C, 32°C, | Activity of ABCBI1 drug Jin et al. (2006)
30°C, 25°C, transporter
Inulin and 4°C < In paracellular transport
Clopidogrel In vitro blood samples 37°C, 33°C | Clopidogrel-mediated platelet Ferreiro et al.
from patients with inhibition (2014)
Aspirin myocardial < Aspirin-mediated platelet
infarction inhibition

AUC, area under the curve; CA, cardiac arrest; Cy,,x, maximum concentration; C,,;,, minimum concentration; Clg, systemic clearance;
Clror, total clearance; concs, concentrations; FD-4, fluorescein isothiocyanate—dextran; HIE, hypoxic—ischemic encephalopathy; ICG,
indocyanine green; K., elimination rate constant; K, Michaelis—Menten rate constant; PK, pharmacokinetic; PSP, phenolsulfonaphthalein;
Q, intercompartmental clearance; t;/,, elimination half-life; TBI, traumatic brain injury; V, volume of the central compartment; V,, volume
of the peripheral compartment; Vp, volume of distribution; V.., maximum velocity of metabolism.

Filippi et al. (2011) investigated PB PK at two different
doses in 19 asphyxiated newborns who were undergoing
72 hours of mild hypothermia to 33.5°C. Noncompartmental
analysis of steady-state PB concentrations demonstrated a
higher C,yg, Cpnin, and Cp,, in the hypothermic neonates as
compared with literature values reported for normothermic
neonates. Furthermore, the t;, of PB was 32.1% longer in
hypothermic neonates than the average literature values in
normothermic neonates (t;,=173.9+£62.5h vs. 114-118h).
Additionally, the V was also higher than reported values and
the Cl was on the lower end of reported values in normothermic
neonates. The authors conclude that hypothermia is likely
mediating the decrease in PB elimination, but acknowledge that
asphyxia may also be contributing to PK changes.

In contrast to Filippi et al. (2011), a clinical study per-
formed by van den Broek et al. (2012) reported no effect of
hypothermia (33.5°C) for 72 hours on PB PK in asphyxiated
neonates. This retrospective study identified 31 neonates with
HIE who were administered an intravenous loading dose of
PB of 20 mg/kg with additional doses administered as needed
in subsequent days. PB concentration was measured in a total
of 87 plasma samples obtained from the hypothermic phase
(n=69) and rewarming and prehypothermic phases (n=18).
Population PK analysis showed that temperature did not have
a clinically significant effect on the CI or Vp of PB. Inter-
estingly, van den Broek et al. (2012) noted that the Cl of PB in
the asphyxiated neonates was reduced compared with those
values reported in nonasphyxiated neonates. This was con-
sistent with findings by Gal ef al. (1984), who reported a
reduction in the clearance of asphyxiated neonates by over
half compared with nonasphyxiated neonates. Van den Broek
et al. (2012) postulated that the effect of asphyxia could be
predominately driving changes in the PB CL, and the effect
of temperature may not have an additional contributing ef-
fect. Since the effect of asphyxia on PB PK was not tested by
Filippi et al. (2011), this could be the main covariate con-
tributing to the discrepancies in conclusions between these
two studies.

Shellhaas et al. (2013) also found no effect of TTM on the
clearance of PB in neonates with HIE. This retrospective study
included 20 neonates with HIE who were administered PB and
TTM (33.0-35.0°C), and 19 neonates with HIE who were
administered PB, but did not undergo TTM. Using a popula-
tion PK approach, they also found no effect of temperature on
the ClI or Vp, of PB between the hypothermic and normother-
mic neonates. Due to the retrospective nature of this study,
exact body temperatures and times were not available to in-
clude in analysis and, therefore, the authors were unable to
compare the exact relationship between dose, PB PK, and body
temperature. Instead, the subjects could only be grouped based
on hypothermic or normothermic classification.

Collectively, these studies indicate that the PK of PB may
be altered in neonates with HIE who are undergoing TTM.
However, the driving force behind that change in PK, and the
interplay of disease versus temperature, remains to be de-
termined. It appears that the initial findings reported by Fi-
lippi et al. (2011), which attribute temperature to changes in
PB PK, may be confounded by the effect of asphyxia. More
recent population PK studies have failed to show an effect of
temperature on PB Cl or Vp. It is likely that any effect of
hypothermia on PB PK is due to a decrease in CYP2C9 ac-
tivity, however, the effect of asphyxia on PB PK is well
known and any additional contributions due to a temperature-
dependent change in CYP2C9 activity seems unlikely. Fur-
thermore, these studies provide evidence for neonates with
HIE only, and whether these results extrapolate to older
populations in children and adults is still unknown.

Propofol. Propofol is a sedative and analgesic agent com-
monly used in neurocritical care in the adult ICU. Propofol is
predominately metabolized by CYP2B6 with a small amount
undergoing glucuronidation by UDP-glucuronosyltransferase
1A9. Two clinical studies have investigated hypothermia on
propofol PK since the time of our previous review.

In the same study that investigated midazolam PK by
Bjelland et al. (2013), the authors also investigated propofol
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PK in 14 hypothermic patients suffering from CA. Hy-
pothermic patients had a 23.2% lower clearance of propofol
than normothermic patients [median (semi-interquartile
range): 2046 (305) vs. 2665 (223) mL/min; p=0.035]. In a
subsequent study, Bjelland er al. (2014) investigated the
concentrations of propofol during rewarming in 14 CA pa-
tients. The concentration of propofol decreased 3.1% per
degree Celsius increase in body temperature (~ 12.4% total
change in concentration from 33°C to 37°C) during re-
warming. However, no PK parameters were reported in this
study. Propofol, like fentanyl, is considered a high-clearance
drug and since hepatic blood flow was not measured in either
of these two clinical studies, it is difficult to identify the
mechanism underlying the reductions in Cl. Collectively,
these two studies in adults indicate that hypothermia may
decrease propofol clearance due to a combined effect of he-
patic blood flow and/or CYP2B6 activity leading to an in-
crease in concentrations.

Dexmedetomidine. Dexmedetomidine is a sedative agent,
which has also been shown to exhibit antishivering proper-
ties. Dexmedetomidine undergoes extensive hepatic metab-
olism primarily through CYP2A6 isoform and direct
glucuronidation.

To date, one preclinical study in piglets has investigated
the effect of TTM on the PK of dexmedetomidine (Ezzati
et al., 2014). Nine piglets underwent cerebral hypoxia—is-
chemia followed by whole-body hypothermia to 33.5°C for
72 hours. Population PK analysis revealed a 32.7% decrease
in dexmedetomidine clearance in hypothermic piglets fol-
lowing hypoxia—ischemia. A limitation of this study is that it
included only injured piglets undergoing TTM and, therefore,
they could not separate out the effects of injury versus tem-
perature on the PK changes of dexmedetomidine. Overall, the
decrease in clearance reported in this preclinical study was
attributed to combined effects of injury and cooling. Future
clinical studies with larger sample size will be needed to
determine the contribution of injury and temperature on the
PK of dexmedetomidine, particularly given the recent con-
sideration and evaluation of dexmedetomidine as an anti-
shivering agent (Doufas et al., 2003; Callaway et al., 2015b).

Morphine. Morphine is an analgesic that is commonly ad-
ministered in the ICU. In contrast to many of the drugs discussed
so far which undergo Phase I CYP450 metabolism, morphine
undergoes Phase II glucuronidation. Since our previous review,
two clinical studies have demonstrated an effect of hypothermia
on morphine concentrations and PK (Roka et al., 2008; Bjelland
et al., 2013). Roka et al. (2008) found significantly higher
morphine concentrations in hypothermic neonates with HIE as
compared with normothermic neonates with HIE. In this ob-
servational study, 10 neonates with HIE underwent hypothermic
treatment to 33—34°C and 6 neonates with HIE were maintained
normothermia. Mean morphine concentrations after 72 hours of
cooling were 40.5% higher in the hypothermic group than in the
normothermic group (373 125 ng/mL vs. 222 +73 ng/mL).
Furthermore, the hypothermic group showed a trend in higher
morphine area under the curve than in the normothermic group,
despite no difference in the morphine infusion rates between
groups [18,608 £8384 ng/(h-mL) vs. 12,135 +3481 ng/(h-mL);
p=0.051]. The median morphine clearance was estimated from
a subset of patients with samples available at each time point
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[0.69 mL/(min-kg) vs. 0.89 mL/(min-kg)]; however, the hypo-
thermic group never reached steady state preventing the cal-
culation of a steady-state morphine Cl in this group.

Bjelland et al. (2013) reported that the median half-life
of morphine was 36.8% higher in ICU patients undergoing
hypothermia versus the normothermia group [median
(semi-interquartile range): 266 (43) min vs. 168 (11) min].
Furthermore, the median total CL decreased by 28.8% in
the hypothermic versus the normothermic group [median
(semi-interquartile range): 1201 (283) mL/min vs. 1687
(200) mL/min]. No significant difference in apparent Vp
was seen between groups [median (semi-interquartile
range): 413 (89) L vs. 435 (28) L]. Collectively, these two
clinical studies in adults and neonates indicate that hypo-
thermia decreases morphine Cl, which is likely due to a
decrease in the Phase II metabolic glucuronidation path-
way. However, as was seen in many of the previous studies,
the change in drug PK is most likely a combined effect of
injury and temperature. The degree to which each of these
factors contributes to changes in drug PK most likely varies
across drugs.

Anticonvulsants

Phenytoin. Phenytoin is a commonly administered anti-
convulsant, which primarily undergoes hepatic metabolism
through CYP2C9 and CYP2C19. The unique PK of phenyt-
oin includes a relatively long half-life and saturable metab-
olism within the typical therapeutic range. We conducted a
clinical study investigating the effects of hypothermia on
phenytoin PK in children (ages 2.1-16.2 years) following
TBI (Empey et al., 2013). Nineteen children with TBI in a
prospective RCT were randomized to receive hypothermia
or normothermia treatment. Using a population PK ap-
proach, hypothermia was shown to reduce phenytoin elimi-
nation. Specifically, hypothermia led to an overall decrease
of ~50% in the V,,x of phenytoin. Importantly, these su-
pratherapeutic phenytoin concentrations remained elevated
days after the end of cooling and rewarming and into the
posttreatment period. This was a similar finding to Bjelland
et al. (2014) who reported that temperature effects on fen-
tanyl PK long after the hypothermia phase. Collectively,
these results are an important finding with regard to phar-
macotherapy and TTM, namely, that drugs with long half-
lives, such as phenytoin and fentanyl, when administered to
patients undergoing TTM, should continue to be monitored
even into the posttreatment period and subsequent dose ad-
justments should be made accordingly. This is particularly
true given that rewarming has been identified as a period of
potential heightened hemodynamic and brain instability in
brain-injured patients (Hutchison et al., 2008; Abend et al.,
2009).

Lidocaine. Lidocaine is an antiarrhythmic agent and is
also used as a second or third-line treatment for neonatal
seizures. Lidocaine undergoes hepatic metabolism through
CYP1A2, and is classified as a high-clearance drug, there-
fore, its hepatic CI is predominately impacted by changes in
hepatic blood flow. Van den Broek et al. (2013) investigated
the effects of TTM on the PK and efficacy of lidocaine in
neonates with encephalopathy. A total of 22 asphyxiated
neonates underwent hypothermia to 33.5°C for 72 hours.
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Population PK analysis revealed a 24% decrease in lidocaine
CI in the hypothermic versus normothermic neonates. The
reduction in CI was attributed to a decrease in hepatic blood
flow, which is a known physiologic effect of hypothermia. In
conclusion, the authors recommend using the same dose of
lidocaine in children with a slight decrease in the loading
infusion duration by 30 minutes.

Antimicrobials

Gentamicin. Gentamicin is an antimicrobial agent that is
administered to treat infections in critically ill patients.
Gentamicin is primarily renally eliminated in an unchanged
form through glomerular filtration. Since gentamicin is
known to be nephrotoxic, blood concentrations are routinely
measured in the ICU.

Several clinical studies have investigated the effect of TTM
on gentamicin PK in neonates (Liu et al., 2009; Frymoyer et al.,
2013; Mark et al., 2013; Ting et al., 2014). Liu et al. (2009) was
the first to report no significant effect of TTM on the serum
gentamicin concentration in neonates with HIE. Trough serum
gentamicin concentrations were not different between the hy-
pothermic and normothermic groups (2.19+ 1.7 mg/L hypo-
thermic vs. 2.30 2.0 mg/L normothermic). However, neonates
in both groups had elevated serum concentrations, which can
also be explained by the strong correlation between acute
kidney dysfunction and elevated gentamicin concentrations.
Similar to previous studies, this suggests a potential effect of
disease over temperature on the PK of gentamicin. However,
no PK parameters were reported in this study.

Mark et al. (2013) also investigated the effects of hypo-
thermia on gentamicin PK in neonates with HIE. In this ret-
rospective case—control study, 16 neonates with HIE, who
underwent hypothermia (33.5°C for 72 hours) and received at
least two doses of gentamicin, were included. Neonates with
HIE (n="7), who did not undergo hypothermia treatment, but
received at least two doses of gentamicin, were included in the
control group. The hypothermic neonates had a 40% increase in
half-life (9.16£2.08 hours vs. 6.56+1.81 hours; p<0.01), a
25.5% decrease in Cl [0.04£0.01 L/(kg-h) vs. 0.05+0.01 L/
(kg-h); p<0.01], and a 28% decrease in the elimination rate
constant k. (0.08£0.02/h vs. 0.11+0.03/h; p<0.01). The hy-
pothermic neonates also had an average trough gentamicin
concentration 2.2 times higher than the normothermic neonates
(1.68 £0.69 mcg/mL vs. 0.77£0.53 mcg/mL; p<0.01). These
findings are consistent with those reported in our previous re-
view by Koren et al. (1985), in which the t/2 of gentamicin was
increased by 39% in hypothermic pigs and the k,; and Cl were
decreased by 27% and 51%, respectively (Koren et al., 1985).
Both the hypothermic study in pigs by Koren et al. (1985) and
the clinical study by Mark et al. (2013) demonstrate a com-
bined effect of injury and temperature on the PKs of genta-
micin.

Frymoyer et al. (2013) further investigated the effect of
hypothermia on gentamicin PK in neonates with HIE. A
retrospective chart review identified 29 neonates with HIE
(47 gentamicin concentrations) who underwent hypothermia
and received an intravenous gentamicin dose of 5 mg/kg Q
24 hours. A population PK analysis was performed to de-
termine the Cl and Vp, of gentamicin in this patient population
and subsequent simulations were done to determine a dosing
regimen that would achieve therapeutic concentrations.
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Clearance in this patient population was 0.118 L/h, which
was 25-50% lower than reported literature values in nor-
mothermic neonates with HIE. In contrast, the Vp in the
hypothermic neonates was similar to reported values in
normothermic neonates. Simulations based on these PK pa-
rameters predict a dosing regimen of gentamicin every
36 hours, instead of the typical 24 hours, to achieve con-
centrations below the recommended 2 mg/L.

Finally, Ting et al. (2014) also investigated the effect of
TTM on gentamicin PK in neonates with moderate to severe
HIE. They identified 15 neonates with HIE who underwent
hypothermia and 19 neonates with HIE maintained normo-
thermia. The hypothermic group had a 26.8% longer half-life
than the normothermic group (9.57 hours vs. 7.01 hours;
p=0.007) and a high number of neonates in the hypothermic
group had elevated gentamicin concentrations compared with
those in the normothermic group.

The majority of these studies indicate that gentamicin CI is
decreased in neonates with HIE who are treated with hypo-
thermia. The results suggest that a decrease in the dose of
gentamicin or an increase in the dosing interval may be
beneficial when gentamicin is being administered during
hypothermia. However, all of these studies have significant
limitations: they are retrospective analyses with a relatively
small sample size and are mostly in neonates and have a
limited number of plasma samples based on what was pre-
viously recorded. Furthermore, these studies cannot separate
the combined effect of injury and hypothermia on the PK of
gentamicin.

Effect of TTM on drug transport

In addition to drug metabolism, drug transporters also play a
key role in determining a drug’s PK parameters. P-
glycoprotein (P-gp) is expressed in tissues such as the liver,
kidneys, intestines, and at the blood—brain barrier and is known
to transport a number of clinically important drugs. Although
less is known about the effect of hypothermia on the transport
of drugs, it is reasonable to postulate that active drug transport
would be decreased similarly to active drug metabolism, since
transporter proteins are temperature sensitive and would un-
dergo a similar inactive response to cooling.

Jin et al. (2006) investigated the effect of TTM on the P-gp
drug transporter at 37°C, 32°C, 30°C, 25°C, and 4°C in an
in vitro cell culture study. Radiolabeled probe drugs were
used to quantify the overall flux (transport) across the cell
monolayers of P-gp-overexpressing cells. The active trans-
port of [*H]digoxin was decreased by ~50% from 37°C to
32°C, whereas no change in the transport of the paracellular
marker, ['*Clinulin, was seen indicating a decrease in the
active drug transport of P-gp. These findings are consistent
with a previous preclinical study, which suggest that hypo-
thermia decreases the active processes of renal tubular se-
cretion, but has no effect on the passive process of renal
filtration (Nishida ef al., 2007). Future studies are still war-
ranted that quantify the absolute change in drug transporter
activity and delineate how these changes may contribute to
the overall drug PK.

Effect of TTM on pharmacodynamics

In addition to an effect on drug’s PK, cooling can also alter
a drug’s pharmacodynamic properties. More recently, the
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effects of hypothermia on the PDs of antiplatelet agents has
been investigated.

Antiplatelets. Clopidogrel is a prodrug that is used to
prevent platelet aggregation. Unlike the majority of drugs
administered in the ICU, clopidogrel is administered orally
and depends on metabolic activation by CYP2C19 as well as
other CYP450 enzymes. Bjelland et al. (2010) investigated
the effect of hypothermia on the clopidogrel’s efficacy to
inhibit platelets. In this prospective study, 25 CA patients
received hypothermia (33-34°C) for 24 hours. Patients re-
ceived a loading dose of clopidogrel of 300 mg orally fol-
lowed by maintenance doses of 75 mg. Whole blood samples
were collected on day 1 (n=25) during the cooling phase and
on day 3 (n=16). During hypothermia, the number of blood
samples that had a satisfactory effect of clopidogrel was 0/25.
One possible explanation may be a decreased metabolic
conversion of clopidogrel to its active form during cooling,
however, lack of a PK analysis in this study does not rule out
this possibility from other potential pharmacodynamic ef-
fects such as genetic variants or function of the gastrointes-
tinal tract.

An in vitro study by Ferreiro et al. (2014) investigated the
effect of hypothermia on the pharmacodynamics of clopi-
dogrel and aspirin. In this study, blood samples were obtained
from 20 patients who underwent percutaneous coronary in-
tervention and received loading doses of aspirin and clopi-
dogrel. Mild hypothermia to 33°C led to a decrease in
clopidogrel-mediated platelet inhibition, while having no
effect on the pharmacodynamic response of aspirin.

More recently, Ibrahim ez al. (2014) investigated the effect
of hypothermia on the PDs of three antiplatelet agents, clo-
pidogrel, prasugrel, and ticagrelor, in patients with acute
coronary syndrome. In this study, they demonstrated that the
platelet-inhibiting effect of all three drugs was significantly
decreased under hypothermic conditions. Clopidogrel
showed the largest reduction in platelet inhibition in hypo-
thermic versus normothermic groups (hypo vs. normo:
66.39%%19.1% vs. 33.36% +22.1%; p<0.001). This study
concluded that CA patients who are undergoing hypothermia
versus normothermia have increased rates of nonresponders
to P2Y12 receptor inhibitors, such as clopidogrel, prasugrel,
and ticagrelor.

Current evidence indicates that mild hypothermia to 33°C
leads to a pharmacodynamic change in drug-mediated platelet
response. Specifically, the platelet-inhibitory effect of the
P2Y12 receptor inhibitors, clopidogrel, prasugrel, and tica-
grelor, is decreased, with clopidogrel showing the most marked
change in pharmacodynamics response. However, since clo-
pidogrel requires conversion into its active metabolite by
CYP3A and CYP2C9, the increase in clopidogrel nonresponse
may be due to a combination of a decrease in metabolic con-
version to active drug (PK change) as well as a pharmacody-
namic effect. More studies are needed to understand how the
effect of hypothermia on platelet activation versus drug me-
tabolism is dictating this change in response.

Interplay of TH and CA

Changes in drug PK during TH may involve the combi-
nation of CA and hypothermia-mediated effects, and ad-
justments for drugs whose Cl is dependent on CYP450
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elimination pathways should take both into consideration.
Previously our laboratory investigated the interplay of TH
and CA on CYP450 pathways in a preclinical study in rats
(Zhou et al., 2011). In addition to its sedative use in the ICU,
midazolam is also an established cytochrome-P450 3A
(CYP3A) probe (Yuan et al., 2002; Eap et al., 2004). Mid-
azolam was administered with diclofenac, chlorzoxazone,
and dextromethorphan to probe CYP3A, CYP2C, CYP, and
CYP2D activity, respectively. Midazolam CI decreased in the
CA hypothermia rats versus the normothermic shams [681.6+
190.0mL/(kg-h) vs. 1268.8+348.9 mL/(kg-h)], which indi-
cates a combined effect of injury and hypothermia. Similarly,
CZN clearance decreased in a hypothermic rat model of CA
as compared with sham normothermic rats [229.6+75.6 mL/
(kg-h) vs. 561.89+215.9 mL/(kg-h); p <0.05]. In contrast to
chlorzoxazone and midazolam, the Cl of diclofenac or dex-
tromethorphan was not significantly different between any of
the groups. Two important findings from this study are that
(1) the CA and hypothermia-mediated changes are specific to
CYP450 isoform and (2) ischemic injury is a significant
contributor to reduced metabolism in this injury model pro-
ducing decreased Cl of chlorzoxazone and midazolam. Fu-
ture studies should investigate the extent to which injury
versus cooling effect drug PK in clinical studies as well as the
interplay of these effects on drug PDs.

Discussion

We conducted a thorough PubMed search to identify
studies published in July 2006 to October 2015, which in-
vestigated the effects of hypothermia on drug disposition and
identified 23 studies (6 preclinical and 17 clinical) that in-
vestigated the impact of TTM on drug PK and/or PD. With
our previous review of 21 studies (8 preclinical and 12
clinical), from 1965 to June 2006, this provides a compre-
hensive review of the update of TTM on drug PK/PD (Tor-
torici et al., 2007).

There are several key differences in the cohort of studies
published in our previous review as compared with those
discussed in this article. Most likely these differences are due
to new recommendations for the application of TTM, which
have continued to evolve as we learn more about the benefits
and risks of cooling patients and the expanding sophistication
of PK evaluations in critical care. In our previous review, the
depth of cooling varied considerably across preclinical and
clinical studies (28-34°C). Nine of the 21 studies cooled to
temperatures well below the current optimal target clinical
range, to concentrations more likely to be associated with
adverse events. In addition, the majority of the patient pop-
ulation included in our previous review was brain-injured
patients or healthy volunteers. In this current review the
majority of studies consist of CA patients or neonates with
HIE, consistent with the two patient populations in which
TTM is recommended. Furthermore, over the past 10 years,
the need for more robust population PK analysis approaches
(pharmacometrics) has been recognized and applied (Poloyac
and Empey, 2013). Our previous review reported mostly
surveys of drug concentrations rather than true PK evalua-
tions. Recent investigations employed more robust phar-
macometric approaches to appropriately investigate the
effect of temperature versus other covariates on PK
parameters.
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Recent studies suggest that the magnitude of change dur-
ing hypothermia is impacted by the fact that ischemic insults,
or changes in physiology such as blood flow, also reduce drug
metabolism. As outlined in Table 2, TTM to hypothermic
levels decreases Phase I drug metabolism of the CYP450
enzymatic pathways leading to an increase in the blood
concentrations of many of these drugs. Recently, it has be-
come clearer that changes in drug PK may be attributed to
the interplay of injury and hypothermia. Previously, our lab-
oratory demonstrated that chlorzoxazone and midazolam Cl
decreased in a hypothermic rat model of CA as compared
with sham normothermic rats (Zhou et al., 2011). Population
PK modeling demonstrated that an interaction between hy-
pothermia and CA led to an even greater effect on metabo-
lism than in the presence of either covariate alone. Many
clinical studies, such as Filippi et al. (2011), speculated that
asphyxia was contributing to PK changes in addition to hy-
pothermia. Some studies, such as van den Broek et al. (2012),
found no effect of temperature on drug PK, but did find
changes in Cl parameters in asphyxia neonates when com-
pared with nonasphyxia neonates.

Based on recent evidence evaluating drug concentrations
during rewarming and posttreatment phases, the theoretical
time course of hypothermia-mediated effects on drug dispo-
sition, which was proposed in our previous review, should be
revised. We previously described a decrease in CYP450 ac-
tivity during cooling followed by a return to basal activity
following the rewarming phase. However, newer data clearly
demonstrate that consequences of metabolic effects may per-
sist even after the rewarming phase and into the posttreatment
period, especially for drugs with long half-lives. This was seen
in the study by Empey et al. (2013) demonstrating prolonged
effects of reduced phenytoin elimination well into the post-
treatment period. Additionally, Bjelland et al. (2014) saw no
change in fentanyl concentration during the rewarming phase
and attributed it to a possible delay in metabolic changes due to
its long half-life. Shellhaas er al. (2013) also speculated that
PB’s long half-life may attribute to changes even after re-
warming. Heightened awareness and increased monitoring of
hypothermia effects should thus be taken into consideration
both when cooling initiated when medication taken at home
before CA may persist in the system and after cooling is
stopped and during the rewarming and posttreatment phases,
particularly for drugs with long half-lives.

In the largest RCT of TTM to date, Nielson et al. (2013)
reported that cooling to 36°C versus 33°C does not have a
significant difference on the outcome of out-of-hospital CA
patients. These results suggest that the degree to which adult
CA patients are cooled may lessen, which could potentially
diminish the effects of cooling on drug disposition. However,
as seen in the findings and interpretation of the recent pediatric
out-of-hospital CA study, currently, many centers continue to
cool adult and pediatric CA patients to 33-34°C and TH re-
mains the standard of care in term neonatal HIE patients.

In conclusion, recent data confirm that hypothermia, such as
that employed during TTM, alters PK, and elevates drug con-
centrations for several medications commonly used in the in-
tensive care unit. Following a CA, patients are at high risk for
hypothermia/injury-mediated effects on PK from the large
number of medications administered (Table 1). The current
data demonstrate a combined effect of hypothermia and CA on
drug PK and response. In contrast to earlier studies, recent
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clinical investigations have (1) incorporated robust PK methods
such as pharmacometrics, (2) conducted experiments using
recommended clinical protocols (degree of cooling and dura-
tion of cooling/rewarming), and (3) incorporated appropriate
comparator/control groups.

Clinical studies are ongoing to evaluate specific dosing
regimens in critically ill patients undergoing TTM across
various levels of hypothermia (clinicaltrials.gov; NCT
01560338, NCT02546947, NCT02529202, NCT02621944,
NCT02252848). Future studies should include drugs com-
monly used in patients following CA (Table 1), such as,
meperidine, or that may be chronic medications in this pop-
ulation (taken at home before hospitalization), which have
not been investigated during TH. The effect of hypothermia
and injury on drug disposition continues to be an important
consideration when dosing and monitoring patients under-
going targeted TTM. Finally, additional well-designed
studies evaluating the impact of hypothermia on drug trans-
port and pharmacodynamics are needed.
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