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Abstract

Purpose—This study had two objectives: (1) to quantify the metabolic response to physical
cooling in febrile patients with Systemic Inflammatory Response Syndrome (SIRS); and (2) to
provide proof for the hypothesis that the efficiency of external cooling and the subsequent
shivering response are influenced by site and temperature of surface cooling pads.

Methods—To quantify shivering thermogenesis during surface cooling for fever, we monitored
oxygen consumption (VO,) in six febrile patients with SIRS during conventional cooling with
cooling blankets and ice packs. To begin to determine how location and temperature of surface
cooling influences shivering, we compared 5 cooling protocols for inducing mild hypothermia in
six healthy volunteers.

Results—In the SIRS patients, core temperature decreased 0.67°C per hour, all patients shivered,
VO, increased 57.6% and blood pressure increased 15% during cooling. In healthy subjects,
cooling with the 10°C vest was most comfortable and removed heat most efficiently without
shivering or VO, increase. Cooling with combined vest and thigh pads stimulated the most
shivering and highest VO,, and increased core temperature. Reducing vest temperature from 10°C
to 5°C failed to increase heat removal secondary to cutaneous vasoconstriction. Capsaicin, an
agonist for TRPV1 warm-sensing channels, partially reversed this effect in 5 subjects.

Conclusions—Our results identify the hazards of surface cooling in febrile critically ill patients
and support the concept that optimization of cooling pad temperature and position may improve
cooling efficiency and reduce shivering.
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Introduction

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 set point causing an
increase in core temperaturel. Clinical studies suggest that the effects of fever in sick
humans depend, in part, on the severity of the underlying illness 2. These studies
demonstrate that fever shortens and antipyretic drugs prolong non-life-threatening illnesses,
including chicken pox3, rhinovirus* ®, and Shigellosis®.

The influence of fever in severe sepsis is less clear. Up to 90% of patients with sepsis are
febrile 7-9. Retrospective studies of patients with invasive bacterial infections generally
show fever to be associated with improved survival, but less consistently so than in patients
with lower acuity infections®-14, For example, Bryant and colleagues'? reported their
analysis of 218 patients with Gram-negative bacteremia demonstrating 2.4-fold higher
survival (71% vs. 29%) in patients who were febrile on the day of bacteremia (maximum
daily temperature greater than 38.3°C) compared with those who remained a febrile. In a
reanalysis of published retrospective studies that we ranked based on acuity of illness, we
found that fever-associated improvement in survival was lost in higher acuity disease 2.
These studies 11 15 also showed that survival decreased when fever exceeded 39.4°C,
suggesting there is an upper limit to the optimal febrile range. Fever in critically ill patients
persisting for =5 days is associated with longer mechanical ventilation and ICU stay and
higher mortality 16. Mortality was higher and neurologic outcome worse in patients with
brain injury and fever than those who remain a febrilel?- 18,

Collectively, these studies suggest that suppressing fever in critically ill patients will have
profound but difficult to predict consequences that depend on the clinical context and argues
for rigorous prospective studies of fever suppression in well-defined illnesses. However,
standard methods for fever reduction and suppression are either ineffective or unsafe in the
critically ill patient population. Acetaminophen is poorly effective in critically ill

patients 19 20, Nonsteroidal anti-inflammatory agents such as ibuprofen are more effective
in reducing fever 8, but the associated toxicity profile (e.g. renal toxicity and platelet
dysfunction) raise concerns about its use in many critically ill patients. Physical cooling
methods can reduce core temperature with variable efficiency but all methods cause
shivering 21-23  increase metabolic rate 24-26, and cause cutaneous vasoconstriction 27,
which interferes with surface cooling methods. Pharmacologic methods are available to
reduce the shivering response; however, these drugs have side effects that may limit their
usefulness in critically ill patients’9: 20. 26, 28-36

This study had two objectives focused on the problem of fever management in critically ill
patients. We first quantified the increase in VO, associated with shivering during
conventional surface cooling in patients with the Systemic Inflammatory Response
Syndrome (SIRS) in whom fever persisted despite acetaminophen treatment. We then tested
the hypothesis that the efficiency of external cooling and the subsequent shivering response
are influenced by site and temperature of surface cooling using a precision surface cooling
system to induce mild hypothermia in healthy subjects.

Materials and Methods

Clinical Protocols
All protocols were approved by the University of Maryland Institutional Review Board.
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Standard surface cooling in critically ill patients with fever

We analyzed the core temperature, oxygen consumption (VO5), and hemodynamic
parameters in six patients with SIRS37 during external cooling for a fever (core temperature
>38.3°C). All patients were endotracheally intubated and mechanically ventilated with FiO2
< 60%. Following a decision by the treating intensivist to initiate surface cooling for fever,
consent was obtained and baseline measurements of hemodynamic factors and VO, were
measured over 15 min. Two Cincinnati Sub-zero Blanketrol 11 cooling blankets set to 4°C
were placed, one above and one below the patient, and axillary and inguinal icepacks were
applied. VO, was measured using a ViasysVmax 229 metabolic cart connected to the
exhalation port of the Siemens Maquet Servo-i ventilator. Baseline hemodynamic and VO,
values were established over the 15 min period prior to initiation of cooling, and were
measured every 15 min during 90 min cooling period. The change in VO, was analyzed by
calculating the maximal VO, increase during cooling compared with baseline levels and
also by calculating the area under the VO, vs. time curve using the trapezoidal rule38. Core
temperature was measured from either a urinary bladder catheter or central venous catheter
probe that was already present at the time of the study. Blood pressure was measured
noninvasively every 15 min. Heart and respiratory rates were determined from the cardiac
monitor and ventilator, respectively.

Optimization of cooling during induction of mild hypothermia in normal subjects

Statistics

Following informed consent, six healthy male volunteers were subjected to the same five
cooling protocols using the Arctic Sun 5000 cooling system (Medivance; Denver, CO) and
large-size standard cooling pad sets. The cooling pads sets consisted of a 2-piece vest that
covered the back and lower abdomen and two thigh pads. All subjects underwent the
following five 30 min cooling protocols in the order listed: (1) vest at 10°C, (2) vest at 5°C,
(3) vest and thigh pads at 10°C, (4) thigh pads at 5°C, and (5) vest at 5°C with capsaicin
0.15% liquid (Capzaicin™) applied to the skin beneath the vest pad 15 min prior to cooling.
Subjects were allowed to recover between cooling periods for at least 30 min and until the
core temperature returned to within 0.5°C of the start of the previous cooling period. VOo,
shivering, core temperature and cardiovascular response were recorded every 5 min. Core
temperature was continuously monitored from an esophageal probe connected to the Arctic
Sun controller. Heart rate was continuously monitored from standard cardiac electrodes and
recorded every 5 min. Blood pressure was measured noninvasively using an automatic
device (Dinamap™). Respiratory rate and shivering were assessed by visual inspection. A
shivering score was determined every 5 min using the 4-point Bedside Shivering
Assessment Scale described by Badjatia et a/21. VO, was measured using a Viasys Elite
metabolic cart, mouthpiece and nose clips. Six consecutive 20 sec VO, measurements were
recorded every 5 min. Heat removed during each cooling protocol was calculated from the
flow rate and the temperature of the water exiting and entering the Arctic Sun controller
from the cooling pads automatically, which was recorded by the Arctic Sun controller every
min and downloaded at the completion of the cooling study. The total heat removed during
each 30 min cooling period was calculated using equation:

30
heat removed=Z(°C water;, —° C water ;) x flow rate(ml/min)
1

Data are presented as mean + SE. Differences among groups were analyzed by applying a
Tukey Honestly Significant Difference Test applied to a one-way ANOVA. Effects of
cooling on physiologic parameters were analyzed by repeated measures one-way ANOVA.
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Results

Consequences of standard surface cooling in critically ill patients with fever

To quantify the metabolic and cardiopulmonary stress during external cooling in critically
ill, febrile patients, we measured VO, respiratory rate, hemodynamic parameters, and core
temperature during a 15 min pre-cooling period and every 15 min during a 90 min cooling
period with two cooling blankets and inguinal and axillary ice packs. The patients, 4 men
and 2 women, were 49.7+9.8 (SE) years old, met criteria for SIRS 37, and were
mechanically ventilated through an endotracheal tube or tracheostomy tube with FiO, 0.4 to
0.6 using pressure-regulated volume control ventilation in four patients, pressure control
ventilation in one, and pressure support in one,. All patients had received acetaminophen
without significant reduction in core temperature. One patient was receiving midazolam and
another fentanyl and these were continued without change during the cooling period. The
other four patients were not receiving sedation at the time of the study.

Pre-cooling core temperature was 38.8+0.25°C and decreased by 0.67°C per h during
cooling (Fig. 1 A). VO, was 273+54 ml/min in the febrile patients prior to cooling and
increased to maximal levels 57.6+10.5% (mean + SE) above pre-cooling baseline levels
during cooling (Fig. 1B). An AUC analysis showed VO, increased 34.8+7.5% over the 90-
min cooling period compared with pre-cooling baseline VO,. All patients were noted to
shiver during cooling. Mean arterial pressure increased 15.1+4.6% but there were no
changes in heart rate or minute ventilation (Table 1).

Optimization of cooling during induction of mild hypothermia in normal subjects

To test the concept that the efficiency of surface cooling can be improved and the metabolic
stress reduced by optimizing the location and temperature of surface cooling, we utilized a
cooling system that allows precise placement and temperature regulation of cooling pads
and quantification of heat removal. We studied six healthy men between 34 and 57 years old
with BMI 24.4-35.9. We used the standard Arctic Sun™ cooling pad set, which includes a
2-piece vest with total surface area of 0.41 sgq. m that covers most of the back and abdomen
and a pair of circumferential thigh pads with combined surface area of 0.314 sq. m. We
operated the device in the manual cooling mode with cooling pad temperature set to either
5°C or 10°C. Each cooling period lasted 30 min and was to have been terminated earlier if
requested by the subject or if core temperature dropped by >1°C, neither of which occurred.

Reducing the temperature of the vest pads from 10°C to 5°C did not increase heat removal
(Fig. 2A). Cooling with 10°C thigh pads and 10°C vest pads removed 26% more heat than
10°C vest pads alone, but represented 77% greater cooling pad surface area than vest pads
alone. Cooling with the 5°C thigh pads alone removed 15% less heat than the 5°C vest,
which was expected based on the 23% less surface area of the thigh pads vs. the vest.

All six subjects tolerated cooling with the 10°C vest pads without objective or subjective
shivering (Fig. 2B) or change in VO, (Fig. 2C), while cooling with the 10°C vest and thigh
pad combination induced the highest shivering scores and increase in VO,. Shivering
occurred almost immediately upon cooling in all six subjects during cooling with 10°C vest
and thigh pads. Shivering occurred in three of six subjects during cooling with the 5°C vest
pads, in four of six subjects when capsaicin was applied beneath the 5°C vest pads, and in
five of six subjects during cooing with 5°C thigh pads. However, the mean shivering score
in each cooling regimen except the combined vest and thigh pads was not significantly
increased from baseline. The ratio of heat removed to VO, during each cooling period was
greatest for the 10°C vest and lowest for 5°C thighs (Fig. 2D).
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Each of the subjects were exposed to the five cooling protocols in the same order and were
allowed to recover between cooling periods until core temperature was within 0.5°C of the
previous starting period. There were no significant differences in mean core temperature
among the five 30 min cooling periods (Fig. 3A). The starting temperature with the 5°C
thigh pads and combination of 10°C vest and 10°C thigh pads was 0.7 and 0.9°C lower than
with the 10°C vest but the starting core temperature among the 5°C vest, 10°C vest/thigh
combination, 5°C thigh pad, and 5°C vest pads with capsaicin cooling periods were similar
(Fig. 3B).Importantly, while core temperature decreased during cooling with the 10°C vest,
5°C vest, and combination of capsaicin and 5°C vest protocols, core temperature increased
during cooling with the 5°C thigh pads and the combination of 10°C vest and 10°C thigh
pads (Fig. 3C).

All six subjects reported cooling with the 10°C vest to be most comfortable and the
combination of 10°C vest and thigh pads to be least comfortable.

Discussion

The cutaneous vasoconstriction, shivering, and metabolic responses to physical cooling not
only oppose core temperature reduction, but also increase metabolic stress, VO, and
cardiovascular demand 21 39. 40 while the metabolic response to surface cooling has been
quantified in normal subjects during cold exposure??, the metabolic and cardiopulmonary
stress imposed by surface cooling in febrile, critically ill patients had not been previously
quantified. In the present study, we measured the VO, and cardiopulmonary response to
conventional external cooling with cooling blankets and ice packs applied to the entire body
surface in febrile patients with SIRS. All six febrile patients shivered during cooling and
increased VO, by as much as 57% despite having received acetaminophen, which is
consistent with the previously described poor antipyretic activity of acetaminophen in this
patient population 19 20. 41 While the increase in metabolic rate is a substantial stress for
critically ill patients, it is less than the 3-fold increase in VO, reported by Horvath et a/*? to
accompany shivering during external cooling in a febrile volunteers. The smaller fold-
increase in VO5 during cooling in our SIRS patients compared with Horvath’s subjects may
reflect the higher pre-cooling baseline VO, that accompanied fever in our patients or the
effect of the underlying critical illness. For example, all 6 patients had hypoxic respiratory
failure and hypoxia impairs the shivering response to cooling in animal models*2.

Since pharmacologic therapies to reduce the shivering and metabolic responses during
physical cooling are limited by poor efficacy and potential toxicity2829, 19, 20,26, 30-36 \ye
tested the hypothesis that the shivering response during external cooling might be mitigated
by changing the temperature and/or site of cooling. The hypothesis is based on animal data
demonstrating heterogeneous distribution and nonlinear, dynamic responsiveness of
cutaneous cool sensing neurons 4345, The Arctic Sun™ (Medivance) cooling system used
in this study has high cooling efficiency 23 49, allows accurate and precise cooling pad
location and temperature, and provided readouts of heat removal and core temperature
trends. We estimated the heat removed from each subject as the temperature difference
between refrigerant returning to the Arctic Sun controller from the cooling pads and the
refrigerant exiting the device. This estimate ignores environmental heat transferred to the
refrigerant through the outside surface of the cooling pads and the conducting tubing, both
of which were well-insulated. In using this assumption, we have overestimated the heat
removed during each cooling period; however, the error should be small and similar among
the five cooling protocols in each subject.

According to Fourier’s law of conductive heat transfer, the rate of conductive heat transfer is
the product of thermal conductivity, interface surface area, and temperature gradient.
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Assuming that skin temperature of the subjects was ~33°C 0, the reduction in vest pad
temperature from 10°C to 5°C would increase the driving force for heat transfer by ~22%
yet heat removed at the two thermal pad temperatures was nearly identical (Fig. 2A).
Similarly adding 10°C thigh pads to 10°C vest pads increased surface area for heat exchange
by 77% but only increased heat removal by 26%. These results demonstrate that both the
cooling pad temperature and position modify thermal conductance, most likely secondary to
alterations in cutaneous blood flow.

We used two measures of shivering thermogenesis, a validated bedside shivering assessment
scale based on direct observation of motor activity?! and direct measurement of VO,. We
found good agreement between changes in shivering score and VO, across the five
treatment groups (compare figures 2B and C). The combination of 10°C vest and thigh pads
stimulated the most shivering and the highest VO,. Even though this cooling protocol
achieved the highest heat removal of the five protocols tested, core temperature increased by
0.52°C during the cooling period, demonstrating the capacity of shivering thermogenesis to
oppose cooling. We used a ratio of heat removed-to-VO, as a single measure of cooling
efficiency and thermogenic response (Fig. 2D). As expected this ratio was highest for the
three cooling protocols that reduced core temperature and lowest for the two protocols that
raised core temperature. Cooling with the 10°C vest achieved the highest heat removed-to-
VO, ratio and was reported to be the most comfortable cooling protocol by all six subjects.

We also tested whether applying topical capsaicin to the skin beneath the 5°C vest pads
reduced the vasoconstrictor and shivering responses to cooling. Capsaicin is a chemical
agonist for the TRPV1 warm-sensing channels and causes a sensation of warmth and
cutaneous vasodilatation 31 52, We found that treating the skin underlying the 5°C cooling
pad with capsaicin increased heat removal compared with 5°C vest cooling alone in 5 of 6
subjects, but the difference did not reach statistical significance and there was no detectable
blunting of the shivering score. Nonetheless, we believe these limited data support the
continued investigation of topical capsaicin and other agonists of cutaneous thermal sensing
neurons to improve the efficiency, comfort, and safety of external cooling.

Thermal comfort and shivering thermogenesis are determined by input from both central and
peripheral thermal sensors 3. The influence of peripheral thermal sensing on the shivering
response was demonstrated by the classic study of Horvath et a/4% who showed that
shivering in normal volunteers during cold exposure began prior to decrease in rectal
temperature. The differences we found in heat removal efficiency and shivering response
among the five cooling protocols support the importance of peripheral thermal sensing and
suggest that cooling pad temperature and location may exert substantial influence on the
vasoconstrictor and shivering thermogenesis responses. However, since the protocol only
required subjects to return to within 0.5°C of the previous cooling period, the starting
temperatures for the later cooling periods were lower than during the initial cooling period
with the 10°C vest. The potential contribution of lower core temperature to initiation of the
shivering response during cooling with 10°C vest and thigh pads cannot be excluded.
However, we note that there were no differences in starting core temperature among the
10°C vest/thigh pad combination, 5°C thigh pads, 5°C vest and vest/capsaicin combination
even though there were substantial differences in shivering between the 10°C vest/thigh
combination and all other cooling regimens.

In summary, we have presented data that support the concept that the efficiency, comfort,
and metabolic cost can be optimized by modifying the location and temperature of cooling
pads and perhaps by applying chemical agonists for TRPV1 warm-sensing channels. These
data support the need for additional studies to further optimize cooling parameters to
develop effective, safe, and comfortable methods of cooling. Because of safety and
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feasibility concerns of subjecting febrile patients to multiple cooling protocols, we

pe

rformed the initial proof of concept study in healthy volunteers subjected to mild

hypothermia. Whether these results can be translated to febrile, critically ill patients awaits
empiric testing.
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Figure 1. Effect of external cooling on coretemperatureand VO» in febrile patientswith SIRS
Six patients with SIRS and core temperature >38.8°C despite receiving acetaminophen were
subjected to cooling using cooling blankets and ice packs for 90 min and core temperature
(A) and VO, (B) were measured every 15 min. Mean + SE. Differences were tested by
repeated measures ANOVA and p-values are indicated.
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Figure 2. Effect of different cooling protocols on heat removal, shivering, and oxygen
consumption in normal subjects

Six normal volunteers were subjected to 30 min cooling with the indicated pad positioning
and temperature without or with 0.15% capsaicin applied beneath the pad. The same symbol
represents each subject in all panels in figures 2 and 3. A. Total heat removed (calories) was
estimated from the temperature of the circulating refrigerant entering and leaving the
cooling device and the flow rate recorded every min during each 30 min cooling period is
shown (see Methods). B. Shivering was measured objectively every 5 min during cooling
using a 4-point bedside shivering assessment scale 21. The sum the shivering scores is
shown. C. VO, was measured every 5 min during cooling and AUC for the 30 min cooling
period calculated using the trapezoidal rule 3. D. The ratio of heat removed to VO, AUC
for each 30 min cooling period was calculated. Individual subject data and mean + SE are
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shown. *, 1, §, and { denote p < 0.05 vs. 10°C vest, 5°C vest, 5°C thigh pads, and 5°C vest
with capsaicin, respectively.
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Figure 3. Effect of different cooling protocols on coretemperaturein normal subjects

Six normal volunteers were subjected to 30 min cooling with the indicated pad positioning
and temperature without or with 0.15% capsaicin applied beneath the pad. Core temperature
was recorded from esophageal probes just before and every 5 min during each 30 min
cooling period. A. The mean temperature for 30 min cooling period was calculated from the
six individual measurements. B. The starting temperature for each cooling period is shown
C. The change in core temperature during cooling was calculated as the difference between
the core temperatures at the end and beginning of each 30 min cooling period. Individual
subject data and mean = SE are shown. *, T, and { denote p < 0.05 vs. 10°C vest, 5°C vest,

and 5°C vest with capsaicin, respectively.
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