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ABSTRACT

Although body temperature is tightly regulated in humans, elevated
temperatures are frequently encountered during febrile illnesses and ex-
ertional and environmental hyperthermia. Such temperature increases
exert profound effects on cell signaling and gene expression patterns,
which have important consequences for innate immune function and cell
injury, apoptosis, and recovery. The lung offers a framework for under-
standing how these effects can either benefit or harm the host. We present
data demonstrating that exposure to febrile-range hyperthermia (~39.5°C)
exerts multiple biologic effects that converge on enhanced neutrophil
recruitment to the lung, and describe the consequences of these effects for
pathogen clearance and collateral tissue injury. We also discuss the influ-
ence of temperature on apoptosis in lung epithelium. Collectively, the data
presented identify body temperature as a modifiable factor that exerts
profound influence on the outcome of infection and injury.

Fever is a complex physiologic and behavioral response to infection
or injury, the key feature of which is a temporary resetting of the
body’s thermostatic setpoint that causes an increase in core temper-
ature. Although fever is recognized as a component of the acute-
phase response to infection, the risk:benefit relationship of fever in
the infected host has been an ongoing source of controversy. In this
paper we review the limited information available from retrospective
clinical studies and data from animal models that describe the
effects of direct manipulation of core body temperature on outcome
in infection and injury, and the possible mechanisms and conse-
quences of fever. We propose a conceptual model to explain how fever
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and febrile-range hyperthermia (FRH) may confer either benefit or
harm, depending on the underlying pathologic process, and provide
data from animal models of lung infection and injury to support this
concept.

AN EVOLUTIONARY PERSPECTIVE OF FEVER

Although fever is generally perceived to be a response limited to
mammals and birds, many ectothermic animals, including lower ver-
tebrates, arthropods, and annelids, also increase their core tempera-
ture in response to infection or injury (1). The prevalence of fever in
such diverse modern animals suggests that it first appeared over 600
million years ago. The evolutionary persistence of fever is even more
remarkable when one considers its substantial metabolic cost. In hu-
mans, generating fever through thermogenic shivering requires an
approximately 6-fold increase in metabolic rate (2), and maintaining a
physiologic core temperature at febrile levels requires an approxi-
mately 12% increase in basal metabolic rate per 1°C increase in core
temperature (3, 4). In ectothermic animals with infections, moving to
warmer environs not only obligates increased energy expenditure, but
may also expose vulnerable individuals to attack by predators. There-
fore, fever must confer benefit that more often than not outweighs
these costs in the infected or injured host. Furthermore, given the
phylogenetic age of fever, the immunologic processes that are active
during febrile illnesses have had ample opportunity to evolve for opti-
mal function at febrile temperatures. We therefore reasoned that
changes in core temperature within the febrile range act as a biologic
response modifier and, like most biologic response modifiers, may be
harmful or beneficial depending on the clinical context, in which they
occur.

THE EFFECT OF FEVER ON OUTCOME IN INFECTIONS

Observational Studies in Humans

Clinical studies suggest that the effects of fever depend in part on the
severity of the underlying illness (5). Studies in non-life-threatening
illnesses have shown evidence of both beneficial effects of fever and
harmful effects of antipyretic therapy on the outcome of non-life-threat-
ening infections. In children with chickenpox, those treated with acet-
aminophen experience a longer period before total crusting than do those
given placebo (6). Graham et al. (7) reported a trend toward a longer
duration of rhinovirus shedding in association with antipyretic therapy,
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and showed that the use of aspirin or acetaminophen is associated with
suppression of the serologic neutralizing-antibody response and with
increased nasal symptoms and signs. Stanley et al. (8) reported that
adults infected with rhinovirus have more nasal viral shedding when
they receive aspirin than when given placebo. In an analysis of experi-
mental human shigellosis, Mackowiak and colleagues reported that an
elevated oral temperature during clinical illness was associated with
more severe symptoms but a shorter disease duration (9).

The influence of fever in severe sepsis is less clear. Approximately
90% of patients with sepsis are febrile (10-12), while many of the
remainder are hypothermic. Studies of patients with invasive bacterial
infections generally show fever to be associated with improved sur-
vival, but less consistently so than in patients with milder infections.
In a retrospective analysis of 218 patients with Gram-negative bacte-
remia, Bryant and colleagues (13) reported that survival was 2.4-fold
greater (71% vs. 29%) in patients who were febrile on the day of
bacteremia (maximum daily temperature > 38.3°C) than in those who
remained afebrile. A similar relationship was observed in an analysis
of 184 cases of polymicrobial sepsis (14), and Weinstein et al. identified
an association between a core temperature > 38°C and increased
survival in their series of patients with spontaneous bacterial perito-
nitis (15). In a similar retrospective analysis of patients with sponta-
neous bacterial peritonitis, Hoefs and colleagues showed that the mean
core temperature was greater in survivors than in nonsurvivors
(100.9°C vs. 99.7°C, respectively) (16). In contrast, Dupont et al. failed
to detect a difference in survival in febrile and afebrile patients in a
series of 655 adults with bacteremia (17). In a re-analysis of these data
in which we ranked the studies on the basis of acuity of illness as
reflected by the incidence of sepsis and overall shock, we showed that
the fever-associated improvement in survival was lost in more severe
disease (5). Additional studies (14, 18) show that survival decreases
when core temperature exceeds 39.4°C, suggesting there is an upper
limit to the optimal febrile range.

Animal and Cell Culture Models of FRH

Animal models have provided more definitive information about the
mechanisms and consequences of FRH during infections and injuries.
We developed a mouse model of FRH in which mice exposed to an
ambient temperature of 35°C to 37°C change their core temperature by
~2°C but maintain normal circadian patterns and appear otherwise
healthy and active (19). Using this model, we showed that FRH in-
creased survival in experimental Klebsiella pneumoniae peritonitis
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from 0% to 50% and reduced the intraperitoneal bacterial load by
100,000-fold compared with K. pneumoniae-infected mice that re-
mained normothermic (20) (Fig. 1A, C). K. pneumoniae had compa-
rable in vitro proliferation rates at 37° and 39.5°C (20), suggesting
that the reduced pathogen burden was achieved through effects on
host bacterial clearance mechanisms. In a second study, we used the
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F1c. 1. Comparison of FRH effects on experimental Klebsiella pneumoniae peritonitis
and pneumonia. Bacterial load experiments: Mice were inoculated with 100 CFU of K.
pneumoniae via intraperitoneal injection in 1 mL PBS (Panel A) or 250 CFU K. pneu-
moniae via intratracheal instillation in 50 wL. PBS (Panel B), and then housed at 25°C
(normothermia) or 35-37°C to maintain a core temperature of ~39.5°C (FRH). Groups of
6 normothermic and FRH-exposed mice were sequentially euthanized and the bacterial
load in the animals’ peritoneal fluid (Panel A) and in homogenized lung tissue (Panel B)
was quantified by culturing and counting colonies. Values are given as mean = SE;* P <
0.05 versus normothermic mice. Survival experiments: Groups of 8 to 10 mice were
inoculated with K. pneumoniae via intraperitoneal injection (Panel C) or via intratra-
cheal instillation (Panel D) and were, then housed under conditions of normothermia or
FRH and their survival monitored. Duplicate experiments were performed. Febrile
ranger hyperthermia improved survival in the peritonitis model (Panel C) but not the
pneumonia model (Panel D) by a log rank test.
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same model to analyze the consequences of FRH in pneumonia using
the same K. pneumoniae pathogen (21). As occurred in the peritonitis
model, co-exposure to FRH greatly reduced pathogen burden over the
first three days of infection, but unlike the peritonitis model, FRH
conferred no survival advantage (Fig. 1B, D). We reasoned that the
difference in survival in the two models reflected differences in the
balance between accelerated pathogen clearance and enhanced collat-
eral tissue injury stimulated by FRH. Simply put, the lung is more
susceptible to immune-mediated injury than the peritoneal cavity and
the consequences for survival are greater in diffuse lung inflammation
than peritoneal inflammation.

To analyze the contribution of collateral lung injury vs. bacterial
infection to excess mortality in the FRH-exposed mouse pneumonia
model, we treated mice with ceftriaxone 2 days after intratracheal
inoculation with K. pneumoniae, which eliminated viable pathogen
and imporved survival to 100% in the normothermic mice. However,
mortality in the FRH-exposed mice with ceftriaxone-treated pneumo-
nia was 50% despite complete pathogen clearance (21). Similarly, in a
model of lung inflammation and injury induced by intratracheal instil-
lation of bacterial endotoxin, FRH exposure reduced survival from
100% to 50% (21) and enhanced lung injury as can be seen by the gross
appearance of the inflation-fixed lungs (Fig. 2A, B) and reflected in
increased protein leak into lung lavage (21). Collectively, these studies
suggest that excess lung injury in FRH-exposed mice with pneumonia
was caused by an immune response rather than by proliferating patho-
gens. In another model of non-infectious lung injury, consisting of
pulmonary oxygen toxicity, lethal lung injury caused by exposure to
>95% oxygen was greatly accelerated in mice exposed to FRH. Thus,
the occurrence of fever during lung injury or infection appears to
worsen lung injury and survival.

We found that FRH exposure was associated with greatly in-
creased neutrophil infiltration in models of both lipopolysaccharide
(Figure 2C,D) and hyperoxia-induced acute lung injury (21, 22).
Interestingly, Bernheim et al. (23) showed in the ectothermic desert
lizard, Diposaurus dorsalis, that increasing core temperature from
38°C to 40°C after intradermal inoculation with the Gram-negative
pathogen Aeromonas hydrophila increased survival, reduced bacte-
rial burden, and increased the accumulation of granulocytic leuko-
cytes at the inoculation site. This last-named study suggests that the
mechanisms of FRH-augmented neutrophil recruitment, pathogen
clearance, and injury observed in mammals are phylogenetically
ancient and well conserved.
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Fic. 2. Effect of exposure to FRH on LPS-induced acute lung injury. Mice received
instillations of 50 ug LPS in 50 uL. PBS and were then housed at 25°C (Panels A and C)
or at 35-37°C to maintain a core temperature of ~39.5°C (Panels B and D). Mice were
euthanized after 24 hours and their lungs fixed in Prefer™ fixative at 20 ecm H,O
pressure. Representative pictures of the inflated lungs (Panels A and B) and micro-
graphs of lung tissue stained for neutrophils with anti-GR-1 antibody (Panels C and D)

are shown. Neutrophils appear as brown-staining cells.

We have shown that exposure to FRH augments multiple steps
required for neutrophil delivery to sites of infection and injury,
including expanded neutrophil production, increased generation of
endogenous chemotaxins, and modifications in endothelial and neu-
trophil function that facilitate transendothelial neutrophil migra-
tion. We found that exposure to FRH activates G-CSF expression
and expands the circulating pool of polymorphonuclear neutrophils
(PMN) (24), enhances the expression of GM-CSF (21), and augments
the expression of CXC chemokines (21, 22, 25), thereby increasing
both the pool of recruitable PMNs and the gradient for cellular
chemotaxis. We showed that the increased expression of chemokines
is mediated through a newly appreciated function for the heat/
stress-activated transcription factor heat shock factor-1 (HSF-1)
(25). We had previously shown that exposing human pulmonary
artery endothelial cells to a temperature of 39.5°C in vitro increases
their capacity for allowing neutrophil transmigration (26). More
recently, we utilized a mouse assay of in vivo transalveolar neutro-
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phil migration to analyze the effects of FRH on the capacity for
chemokine-directed neutrophil migration (27). In this model, a fixed
chemokine gradient is established in the lung by the intratracheal in-
stillation of recombinant human IL.-8, and the neutrophil content in lung
tissue and lung lavage subsequently determined. We found that pre-
exposure to FRH markedly increased the IL-8-directed transalveolar
migration of neutrophils (27). Adoptive neutrophil transfer between nor-
mothermic and FRH-exposed neutrophil donors and recipients demon-
strated that enhanced neutrophil migration capacity required the FRH
exposure of both the donors and recipients (27), suggesting that FRH
exerts interdependent effects on neutrophils and endothelium. Addi-
tional in vivo, studies in mice, and in vitro studies of human lung
endothelial cells showed that FRH may exert its effects on neutrophil
migration by activating extracellular signal-related kinases (ERK) and
p38 mitogen-activated protein (MAP) kinases (27). Additional ongoing
studies in our laboratory also demonstrate that mice exposed to FRH
shift [32-integrin expression on circulating neutrophils from Mac-1 to
LFA-1; however the consequences of this effect are not yet known.

In the models of both intratracheal LPS-induced lung injury (21) and
pulmonary oxygen toxicity (22), co-exposure to FRH greatly increased
the extravasation of serum protein into the bronchoalveolar compart-
ment, indicating a loss of both endothelial and epithelial barrier function.
Exposing human lung endothelial cells to a temperature of 39.5°C aug-
ments tumor necrosis factor (TNF)-« induced opening of the paracellular
pathway to macromolecules without causing cell injury (26, 28). By
contrast, FRH exposure caused marked airway epithelial injury in intra-
tracheal LPS-challenged mice (22, 29). Lipke et al. (29) recently showed
that exposing the mouse lung epithelial-cell line MLE15 and primary
cultured mouse lung epithelial cells to FRH enhanced TNFa-induced
apoptosis.

Taken together, these animal and cell-culture studies demonstrate
that exposure to FRH in the setting of acute lung injury or infection
augments development of the central pathophysologic features of
human adult respiratory distress syndrome (ARDS), including neu-
trophil accumulation, loss of endothelial and epithelial barrier func-
tion, and epithelial injury (30). Adult respiratory distress syndrome
occurs in one-fourth of humans with heat stroke (31), demonstrating
that exposure to hyperthermia is sufficient to activate some of the
pathways leading to neutrophil accumulation and lung injury. Such
effects of FRH may also contribute to pathogenesis of the acute lung
injury that complicates influenza and other respiratory viral infec-
tions.
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CHALLENGES TO FEVER MANAGEMENT IN CRITICALLY
ILL PATIENTS

Although the retrospective clinical studies and animal and cell-
culture studies discussed above clearly establish the importance of
prospective studies of fever management in critically ill patients, there
is a surprising lack of effective therapies for fever management in this
patient population. Acetaminophen is largely ineffective in critically ill
patients (32, 33). Nonsteroidal anti-inflammatory agents such as ibu-
profen are more effective in reducing fever (11), but the associated
toxicity profile (e.g., renal toxicity and platelet dysfunction) raises
concerns about their use in many critically ill patients. Physical cooling
methods can reduce core temperature with variable efficiency, but all
methods for accomplishing this cause shivering (34—36) and increase
the metabolic rate (37-39).

To quantify the metabolic and cardiopulmonary stress produced by
external cooling in critically ill patients, we analyzed the cooling rate,
rate of oxygen consumption (VO,), heart and respiratory rate, and
blood pressure in 6 patients with systemic inflammatory response
syndrome during external cooling for fever that persisted despite acet-
aminophen treatment. Two Cincinnati Sub-Zero Blanketrol II cooling
blankets (Cincinnati: Sub-Zero Products, Inc., Cincinnati, OH) set to
4°C were placed above and below the patient, respectively, and axillary
and inguinal icepacks were applied. Vo, was measured with a Viasys
Vmax 229 metabolic cart (CareFusion, Inc., San Diego, CA). Baseline
values were established over a 15-minute period and Vo, was mea-
sured every 15 minutes during the 90 min cooling period (Figure 3).
The change in Vo, was analyzed by calculating the maximal increase
in Vo, during cooling as compared with its baseline value, as well as by
calculating the area under the curve of Vo, versus time, using the
trapezoidal rule. The core temperature before cooling (mean = SD) was
38.3 = 0.25°C, and decreased by 0.67°C per hour during cooling.
During cooling, Vo, reached maximal levels (mean = SEM) of 57.6 =
10.5% above basal levels. Analysis of the area under the curve revealed
a 34.8 = 7.5% increase in oxygen consumption for the 90-minute,
cooling period as compared with its pre-cooling level. Mean arterial
pressure increased by 15.1 *= 4.6%. These data reveal the limited
effectiveness and metabolic and cardiovascular consequences of phys-
ical cooling that limit its success in febrile, critically ill patients, and
demonstrate the feasibility of analyzing new cooling protocols in the
ICU. The dangers of such an approach in critically ill patients are
demonstrated by the results of a study of fever management in pa-
tients with non-neurologic trauma (40). The authors reported a 7-fold
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Fic. 3. Metabolic consequences of external cooling in febrile, critically ill patients. Six
patients with SIRS and persistent fever >38.3°C despite receiving acetaminophen were
subjected to physical cooling with two Cincinnati Sub-zero Blanketrol II cooling blankets
set to 4°C, with one blanket above and one below the patient, and with axillary and
inguinal icepacks. Vo, was measured with a Viasys Vmax 229 metabolic cart for 15
minutes before cooling, and the measurement was repeated every 15 minutes during a
90-minute cooling period. Values are given as mean * SE.

higher mortality in patients who received aggressive fever manage-
ment (acetaminophen for a core temperature >38.5°C and a cooling
blanket for a temperature > 39.5°C) than in those receiving permissive
treatment (acetaminophen and a cooling blanket for a core tempera-
ture >40°C). Given the poor antipyretic activity of acetaminophen in
this population, the metabolic and cardiovascular stress during exter-
nal cooling may have contributed to the excess mortality in the pa-
tients who had aggressive fever management. Furthermore, 4 of the 7
deaths in the group having aggressive fever management occurred in
patient >73 years old, identifying the elderly as possibly more vulner-
able to the adverse consequences of external cooling. Several pharma-
cologic agents have been reported to reduce the shivering component of
the compensatory thermogenic response to cooling; however, most of
the studies in which this was found were done in the setting of forced
hypothermia or post-anesthesia shivering. Paralytic agents have been
most effective for reducing shivering (41), but have a high complication
rate in ICU patients (42). Other agents, including meperidine, dexme-
detomidine, buspirone, and clonidine, are of limited use because of
sedation and hypotension (39, 43, 44).
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SUMMARY

We have provided information suggesting that the increase in core
temperature that occurs during fever or other hyperthermic states is a
potent biologic response modifier with consequences that are profound
but difficult to predict, especially in the critically ill. Optimal fever
management will require better understanding of the underlying
mechanisms through which FRH exerts its effects, and empiric studies
of fever management in well-characterized disease states. However,
such clinical studies require the development of safer and more effec-
tive tools for fever management.
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DISCUSSION

Sacher, Cincinnati: This brings to mind malarial therapy for certain diseases.
Certainly syphilis was one of the infections treated in this way, but also apparently in
China they are using malarial therapy for the treatment of AIDS. Do you have any
comment on that?

Hasday, Baltimore: First, using malarial therapy is not quite the same as applying
febrile-range hyperthermia through increased ambient temperature. With malarial
therapy the increased temperature is induced and accompanied by the generation of
high levels of pyretic and pro-inflammatory cytokines. I heard the results of a study of
extreme hyperthermia in patients with AIDS presented at a hyperthermia meeting. The
study was performed in Siberia, and hyperthermia was achieved by hot water immersion
of patients who had to be sedated and mechanically ventilated to withstand the proce-
dure. The data that were presented showed that this therapy resulted in long-lasting
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remission with an undetectable viral load. However, I have not yet seen the data
published.

Henrich, San Antonio: Thank you, Jeff, for that very nice presentation. So, on the
one hand, hyperthermia stimulates the migration of white cells to kill the bacteria that
might be present in infection, but on the other hand it seems that those cells promote the
leakage that would produce the untoward effects of adult respiratory distress syndrome
and the downward spiral that occurs in patients in ICUs. So it would seem like the
logical next step would be combination therapy, whereby you might use hyperthermia,
but then if you had something that could retard The leakage, you could use that in
combination with it, and you might get the benefit of both arms of a therapeutic strategy.
Is that along the right track?

Hasday, Baltimore: That’s correct. Obviously the idea is to apply the beneficial
actions of febrile-range hyperthermia and avoid the harmful effects by either blocking
the harmful effects during fever or by pharmacologically reproducing the beneficial
effects. We are currently trying to develop agents that selectively block phosphorylation
of certain p38 MAP kinase substrates that are phosphorylated in response to febrile-
range hyperthermia and which may exert harmful effects. Combining hyperthermia (or
fever) with agents such as these might preserve some of the benefit of hyperthermia or
fever while limiting the harmful effects.

Suthanthiran, New York: I really enjoyed your presentation. Regarding the switch
in adhesion molecule expression from Mac-1 to LFA-1, and its contribution to neutrophil
migration, is it possible to think about using an anti-LFA-1 antibody to block this
interaction so as to preserve the beneficial effects of neutrophil trafficking at sites other
than the lung. An approach like this may preserve the benefit of fever without paying the
price.

Hasday, Baltimore: I agree. This is similar to the concept suggested by Dr. Henrich.
The important first step is to recognize that temperature matters during inflammation,
infection, and injury. I consider myself an apostle for getting out the message that
temperature does exert profound biologic effects. Until we understand all of its effects
and consequences, it is going to be very difficult to develop therapeutic management
strategies that can maximize the beneficial effects and minimize the harmful effects of
fever and hyperthermia.

Southwick, Gainsville: I want to tie your experiments to the talk by Jerry Mandell
on bioterrorism. That lethal factor released by anthrax actually blocks, through an MAP
kinase kinase, the p38 pathway, and it turns out that when you block that p38 pathway,
you block the phosphorylation of a heat-shock protein called HSP27. As its cycles, HSP27
probably releases actin monomers, allows them to polymerize, and thus allows neutro-
phils to move. Therefore, I think that may be part of the mechanism you are seeing.

Hasday, Baltimore: I agree completely. Although there was not adequate time to
address it in my presentation, one of the actions of p38 that may have consequences for
leukocyte migration and endothelial barrier function is phosphorylation of HSP27. It has
been shown that p38, via the HSP27 pathway, contributes to leakage of lung fluid, and
just recently Paul Hassoun’s group at Johns Hopkins published a study showing in a
mouse model of ventilator-induced lung injury that blocking the phosphorylation of
HSP27 mitigated lung injury.

Kenney, Madison: Hyperthermia has also been shown to induce massive changes in
a post-translational modification called sumoylation. Have you looked at that?

Hasday, Baltimore: You make an excellent point. Hyperthermia has been shown to
cause several types of post-translational protein modifications, including sumoylation of
heat shock factor-1, which is the central regulatory molecule controlling the heat-shock
response, as well as influencing several genes involved in the inflammatory response.
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The total level of sumoylated proteins increases in cells exposed to febrile-range hyper-
thermia, including some of the molecules we believe are related to lung injury, but we
have not yet surveyed all the molecules that are modified.

Stevenson, Palo Alto: I'm a neonatologist and the question I have relates to the
newborn. Are you or anybody else in your field looking at the newborn as a model,
because newborns really don’t regulate their temperature well for a variety of reasons,
and they are also more vulnerable to infections. The question is whether there is a
relationship there that we should be looking at?

Hasday, Baltimore: The situation with temperature regulation in neonates is very
different than in adults, as neonates do not usually develop fever in the neonatal ICU,
but more often are hypothermic. Temperature regulation in human newborns resembles
temperature regulation in our model, in which the mouse hypothalamus attempts to
increase core temperature in the face of infection, but fails because of insufficient effector
mechanisms. In the case of the mouse, the failure is caused by the animal’s large
surface-to-mass ratio. In this regard, neonates physiologically resemble mice, but are
less furry and more expensive to maintain. However, when neonates are sick, they cry,
which activates a response in the parents to pick them up and cuddle them. This may
help the neonate increase its core temperature, much as increasing ambient tempera-
ture in our mouse model allowed an increase in core temperature. This parent-neonate
interaction is less likely to occur in the neonatal ICU, and to my knowledge a study to
measure the effects of this parental behavior on core temperature in a sick neonate has
not yet been done.



