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Abstract

Introduction Hypothermic brain protection has been

linked to how rapidly cooling is initiated and how quickly

and uniformly the therapeutic hypothermic zone (THZ) is

reached. The nasopharyngeal (NP) approach is uniquely

suited for preferential brain cooling due to anatomic

proximity to the cerebral circulation, cavernous sinus, and

carotid arteries. This study explores a novel NP cooling

approach employing evaporative characteristics of aero-

solized perfluorochemical (PFC).

Methods Anesthetized, normotensive sheep (n = 30)

were instrumented with temperature probes and vascular

catheters, then randomized to NP approach (NP-PFC: PFC

spray device; n = 24) or whole body surface (WBS: n = 6)

cooling. Regional temperatures, vital signs, and blood

chemistries were assessed serially. Two animals were

exposed to double PFC flow rates and PFC was measured in

blood during NP-PFC cooling to assess PFC uptake and

elimination. Cooling rates were evaluated (ANOVA) as a

function of method (NP-PFC versus WBS) and time to

reach the brain THZ (i.e., B-3.5�C below baseline).

Results Independent of region, brain cooling was faster

during NP-PFC versus WBS (P < 0.001). During NP-PFC,

brain > vascular > rectal cooling rates (P < 0.001), brain to

systemic temperature gradients were maintained, the brain

THZ was reached within 15 min, and the NP epithelial sur-

face appeared histologically intact. During WBS, brain

versus systemic cooling rates were not significantly different

and the brain THZ could not be reached within 2 h.

Conclusions The NP-PFC procedure more rapidly

induced preferential brain cooling as compared to WBC

without adverse effects.
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Introduction

The outcome of patients with neurological emergencies is

largely determined by the extent of traumatic or hypoxic–

ischemic cerebral injury. The duration and severity of

global cerebral ischemia and secondary mechanisms of

ischemia related to reperfusion contribute to the permanent

extent of cerebral injury [1]. Recently, two independent

randomized clinical trials have shown that lowering core

temperature to 33�C for 12 or 24 h results in improved

neurological outcome of comatose survivors of out-of-

hospital cardiac arrest [2, 3]. Other reports on therapeutic

cooling in traumatic brain injury, stroke and intracranial

hemorrhage are encouraging but are less compelling pos-

sibly related to logistics of implementation, delays in

initiation of cooling, adverse effects of therapeutic cooling,

as well as differences in the pathophysiology of the pri-

mary insult [4].
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The neuroprotective effect of cooling has been linked to

how rapidly cooling is initiated, how quickly the brain is

cooled, the etiology of injury, and the extent of tissue that

reaches the therapeutic hypothermic zone (THZ) [5–10].

Whole body surface (WBS) devices, head caps, and

intravascular methods for brain cooling are encumbered by

equipment, slow response, systemic hypothermia, and

concomitant systemic adverse effects [11, 12]. Preferential

head cooling by helmet devices show promise in neonates;

however, this approach in adults has been less encouraging

[8, 13–15]. Cooling blood with intravenous catheters has

gained interest because of its potential for long-term use

[16, 17]. Extracorporeal cooling strategies have been

devised as simple veno-venous cooling or coolant infusion

systems, or as sophisticated as carotid heat exchangers for

independent control of brain and core temperatures [4, 6,

18, 19]. While these approaches may be used in specialized

hospitals for elective medical procedures, they have limited

applicability for aiding in the recovery of neurological

emergencies in the field.

Due to proximity to the cerebral circulation, the naso-

pharynx is uniquely suited for preferential and homogenous

brain cooling; however, nasopharyngeal (NP) cooling with

oxygen or liquid is limited by low heat capacity and/or

respiratory compromise. As an alternative, the favorable

distribution and rapid evaporative properties of NP aero-

solized perfluorochemical (PFC) increases the heat

capacity of respired gas; this in theory, should facilitate

rapid induction and maintenance of global brain cooling

without substantial reduction in systemic temperature. In

the present study, we test the hypothesis that NP cooling

method utilizing PFC liquid will more rapidly cool the

brain as compared to WBS cooling. In addition, we sought

to demonstrate that the brain will be preferentially cooled

by the NP-PFC cooling approach and that intracerebral

temperature gradients will be less for NP-PFC versus WBS

cooling. Finally, we present histopathological sections of

NP tissue, as well as, PFC uptake and elimination data as

evidence of safety during NP-PFC cooling.

Methods

Animal Preparation

All animals were studied according to NIH Regulations

and the approval of the Institutional Animal Care Com-

mittee. Male sheep (20–25 kg; n = 30) were shorn closely

to minimize potential artifact of sheep wool insulation on

heat transfer. The animals were preanesthetized with a

mixture of intramuscular ketamine (10 mg/kg) and butor-

phanol tartrate (B25 mg) followed by anesthesia induced

by intravenous (percutaneous access to external jugular

vein) administration of sodium pentobarbital (B12.5 mg/

kg). Once anesthetized, the sheep were instrumented with

ECG leads, pulse oximetry, and an orogastic tube. Fol-

lowing local anesthesia (B4 mg/kg of 0.5% lidocaine HCl,

subcutaneous) the following cannulation procedures were

performed. Peripheral vascular access was obtained

through a leg vein to administer maintenance fluids (5%

dextrose in 0.45% saline; 7.5 ml/kg/h) and supplemental

anesthesia (B10% loading dose/h in response to >20%

increase in arterial pressure to noxious stimuli from nor-

motensive values). Both external jugular veins (right:

7.5 Fr balloon tip thermodilution catheter; left: 7.5 Fr

Cordis for thermocouple placement), and a carotid artery (8

Fr catheter) were cannulated through a ventral cervical

approach. The thermodilution catheter was advanced into

the proximal pulmonary artery under transduced, pressure

guidance. The trachea was cannulated with an endotracheal

tube (ETT) (7 mm ID HiLo Jet tube Mallinckrodt, St.

Louis, MO). Following paralysis (pancuronium bromide:

0.1 mg/kg bolus followed by 0.1 mg/kg/h infusion), vol-

ume-controlled ventilation was performed with tidal

volume of 8 ml/kg and positive end expiratory pressure of

10–12 cm H2O (to compensate for the role of the vocal

chords to maintain functional residual capacity in the in-

tubated animal), while maintaining PaCO2 between the

clinically acceptable range of 35–60 mm Hg. Inspiratory

oxygen was maintained at 100%, heated (35�C), and

humidified throughout the entire study. Animals were

given crystalloid volume (B20 ml/kg) to support pulmon-

ary artery wedge pressure of 12–15 cm H2O prior to

initiating cooling.

Temperature Monitoring

Temperature probes (Type-T; Physitemp Instruments,

Clifton, NY) were positioned at consistent anatomical sites

across treatment groups. Following retraction of the scalp,

needle microprobe thermocouples (29 ga) were placed

through bone wax-sealed burr holes into three sites in the

brain: (1) inferior frontal lobe, 4.5 cm deep; burr hole:

1 cm lateral to skull midline at intersection of line between

supraorbital processes; (2) third ventricle, 5 cm deep; burr

hole: 1 cm lateral to skull midline at intersection line

between base of auricle; (3) superficial parietal, 2.5 cm

deep; burr hole: 2 cm posterior from inferior frontal lobe

burr hole. Flexible thermocouples were inserted through

vascular catheters to two sties: (1) superior vena cava,

25 cm deep via left external jugular vein at mid-cervical

neck; (2) peripheral vascular via femoral vein at femoral

triangle, 45 cm deep; and rectum, 8 cm deep. Placement of

brain probes was confirmed by fluoroscopy and Evans blue

staining. Prior to studies, all temperature probes were
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standardized in ice and warm water (50�C) to establish a

two-point calibration in the range of expected temperatures

and standard starting point. Each probe was accurate to

0.1�C and at any given calibration temperature, readings

from any two thermocouples were within 0.04�C.

Test Paradigm

Following instrumentation, animals were randomized to

receive either NP-PFC cooling with a custom-designed

device (see below) or WBS cooling conducted by circu-

lating cold water (4�C; 2 l/min) through a commercially

available and clinically used thermal blanket (Maxi-Therm,

2400 9 6000; Cincinnati Sub-Zero, Cincinnati, Ohio). Ani-

mals (n = 24) were studied with NP-PFC cooling as

follows: (a) NP-PFC cooling induction (n = 22) was per-

formed using continuous PFC (1 ml/min/kg)/gas (1 l/min/

kg) spray for up to 1 h to target a 3.5�C decrease in tem-

perature measured from at least one brain site; (b) in a

subgroup of these animals (n = 8), once the target tem-

perature was reached (i.e., induction) using the continuous

PFC/gas spray, a maintenance strategy of PFC/gas spray

was used by intermittently and manually turning the system

‘‘off’’ at the target temperature and ‘‘on’’ at 0.5�C above

the target temperature for up to a total of 3 h; (c) to gain

insight regarding PFC uptake and elimination with the NP-

PFC cooling approach, two additional animals were studied

with NP-PFC cooling for 60 min using twice PFC/gas flow

delivery rate used to induce the target temperature. In these

animals, blood samples were taken at 0, 5 15, 30, 45, and

60 min into delivery and 15, 30 45, and 60 min after dis-

continuation of NP-PFC cooling. WBS cooling (n = 6)

was performed for 2 h.

Nasopharyngeal Perfluorochemical Cooling: Theory of

Operation

Preferential brain cooling was performed by directing a

mixture of PFC liquid and gas into the NP cavity via a

specially designed nasal catheter system. Because of its

chemical makeup, PFC liquid has a surface tension that is

one-sixth that of water. This characteristic enables it to

spread uniformly and quickly throughout the nasopharynx.

Although the specific heat and heat of vaporization of PFC

is less than saline or water, the vapor pressure of certain

PFC liquids and density is as much as 1.79 saline or water.

In addition, there is no PFC in the atmosphere. Taken

together, these PFC liquids will evaporate more quickly

and serve as a more effective coolant than saline or water.

With these unique characteristics, aerosolized PFC signif-

icantly increases the heat carrying capacity of air passing

through the nasopharynx. As such, NP-PFC approach uti-

lizes latent heat of vaporization, hematogenous, and

conductive mechanisms to induce and maintain brain

cooling.

On the basis of theoretical calculations, bench top and

preliminary animal studies, a NP catheter was designed

(Fig. 1). The nasal catheters consist of two 4 mm tri-lumen

tubes 10 cm in length that have 12 liquid/gas outlets placed

along their length. These are oriented to match the features

of the inside of the nasal cavity. The proprietary design of

the catheter allows the optimum liquid/gas mixture to be

sprayed out of each outlet. This design took into consid-

eration selected PFC liquid properties, PFC flow, gas flow,

catheter configuration, and control of local tissue temper-

atures (3–7�C). Briefly, the coolant was a PFC liquid

(perfluorohexane, PFH; F2 Chemicals, Preston, UK) at

room temperature. It has a boiling point of 57�C, vapor

pressure of 363 mm Hg at 37�C, a density of 1.68 gm/ml

and heat of vaporization of 21 cal/gm. PFH is currently

used in an FDA approved pharmaceutical product

where it is injected into the bloodstream for ultrasound

contrast enhancement (Imagent, American Amersham).

Theoretically, in the current design and as predicted from

heat of vaporization and density, for every ml of PFC

liquid coolant that evaporates, 35 calories of heat are

absorbed from the nasopharynx. We have experimentally

confirmed this value using a bench-top configuration con-

sisting of a heated aluminum chamber and electronic

temperature controller, and measuring the power required

to maintain the chamber at 37�C while operating the NP-

PFC catheter design.

For NP cooling, PFC was delivered into the nasal can-

nula from a pressurized reservoir-container through a mass-

flow meter; gas was delivered from a universal tank

through a mass-flow meter. The coolant was sprayed (1 ml/

min/kg) into the nasal cavity where it evaporates and

Fig. 1 Photograph of nasopharyngeal catheter design
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absorbs heat from the adjacent tissues and vasculature. The

gas, in this case 100% oxygen, was supplied (1 l/min/kg)

via the catheter at the tissue surface to enhance PFC liquid

evaporation. The coolant vapor along with the oxygen exits

the nasal cavity mainly via the nasopharynx to the mouth.

WBS cooling was conducted by sandwiching the sheep

between two circulating cold water clinical thermal blan-

kets, each at 4�C and 2 l/min (Maxi-Therm, 2400 9 6000;
Cincinnati Sub-Zero, Cincinnati, Ohio). Every effort was

made to completely surround the ventral and dorsal sur-

faces of the animals’ thoracic, abdominal, pelvic and

cervical compartments. The choice of thermal blanket was

based on practical application for use in the sheep and

extensive clinical use.

Measurements

Arterial blood samples were drawn before, during and after

induction, and during maintenance to assess hematocrit

(Clay-Adams autocrit centrifuge), arterial blood gas ten-

sions, acid-base status (Nova BioMedical Stat Profile 6l;

temperature corrected), and hemoglobin (Radiometer OSM

3). Systemic and pulmonary arterial blood pressure, and

heart rate were continuously monitored (Athena 9040

S&W Medico Teknik, Albertslund, Denmark). Pulmonary

wedge pressure with cardiac output were measured by the

thermodilution technique (American Edwards Laboratory;

9520 Cardiac Output Monitor) before, during and after

induction, and during maintenance. Temperatures were

recorded digitally on a 12 channel thermocouple scanner at

sampling rate of 0.33/channel (Digisense�, Barnant Co.;

Barrington, IL) integrated into a laptop computer and dis-

played as a function of time with each site recorded at no

longer than 4 s intervals. Individual cooling curves for each

measurement site were plotted over the entire duration of

the respective protocols. Cooling rates were calculated

from digitized temperature and time data.

At the conclusion of the protocol, NP tissue samples

were obtained from consistent anatomical sites in repre-

sentative animals in the NP-PFC cooling group. The

samples were submersed in 10% buffered formalin,

washed, then placed in ethanol. Routine techniques were

used to prepare the tissues for paraffin embedding. Thin

sections (<6 lm) were stained with hematoxylin and eosin.

Blood samples for PFC uptake and elimination analyses

were transferred under leak-tight conditions directly into

specially designed sealed vacuum headspace vials. PFH in

blood samples was analyzed by a headspace-gas chroma-

tography-flame ionization detection method with peak

confirmation performed on a subset of samples by head

-space-gas chromatography–mass spectrometry. Perfluoro-

cyclohexane (PFCH) was used as internal standard for the

assay. The methodology for this assay had been previously

developed for determination of PFH in rat and human blood

samples [20].

Statistical Analysis

Values are expressed as mean ± SD. Comparisons of vital

signs and arterial blood chemistry were analyzed by anal-

ysis of variance (ANOVA) followed by Bonferroni post

hoc testing to determine statistical differences as a function

of time (repeated measures) and treatment group. A similar

approach was used to evaluate cooling rates as a function

of treatment group and region. A level of P < 0.05 was

considered to be significant.

Results

Vital signs, hemodynamic and arterial blood chemistry

parameters (Table 1) at baseline were comparable between

groups. For both cooling techniques, animals tolerated the

procedures, remaining physiologically stable over time.

Cardiac output in the NP-PFC cooling group was lower

(P < 0.05) than with WBS cooling; no significant differ-

ences between groups was noted for all other parameters

shown.

As shown by the change from baseline of the mean

value of all three brain temperature measurements in

Fig. 2, there was a more rapid induction of brain cooling in

the NP-PFC group versus the WBS group. The THZ was

reached within approximately 15 min for NP-PFC but was

not reached by 2 h in the WBS group. Figure 3 shows the

maximum absolute cooling rates achieved during WBS and

NP-PFC cooling as monitored in the brain (mean values of

all three brain sites), vascular (mean values of both vas-

cular sties), and core rectal compartments. Mean brain and

vascular cooling rates and brain to systemic temperature

gradients were significantly greater (P < 0.001) in the NP-

PFC group as compared to the WBS cooling group. During

NP-PFC cooling, brain > vascular > rectal cooling rates

(P < 0.001); vascular and rectal cooling rates were

approximately one-half and one-third of brain cooling rate,

respectively. Compartmental cooling rates were not dif-

ferent during WBS cooling. No statistically significant

relationships between brain cooling rates and arterial CO2

were found for either cooling technique.

Throughout NP-PFC cooling, brain to systemic tem-

perature gradients demonstrated preferential brain cooling

relative to vascular and rectal temperature profiles. This

can be seen in Fig. 4a, where the brain to systemic tem-

perature gradients increased during the NP-PFC cooling

protocol, diminished with termination, and were no longer
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observed following 30 min of active cooling. Additionally,

as shown by the representative tracing in Fig. 4b, during

NP-PFC cooling there were no differences in temperatures

between distinctive brain regions, inferior deep frontal,

third ventricle, and superficial parietal lobe. In addition to

rapid hypothermic induction, Fig. 4b shows that it was

possible to maintain brain temperature in the target zone

for several hours by selectively turning the NP-PFC spray

‘‘on’’ and ‘‘off’’.

The impact of NP cooling on tissue structures and the

PFC uptake and elimination profile is shown in Fig. 5.

Figure 5a shows histomicrographs of NP pathway samples

obtained from the region of the coldest, local temperature

following 2 h of NP-PFC cooling. There was no evidence

of tissue disruption or epithelial denudation at this region,

or along the active range of the catheter. Furthermore as

shown in Fig. 5b, PFC uptake was minimal and elimination

was rapid following exposure to twice PFC flow rate. PFC

uptake in blood reached a maximum of 23.5 ng/ml and an

elimination half-life of less than 15 min was demonstrated.

Discussion

The principle findings of this study are that the THZ tar-

geted for global brain neuroprotection can be rapidly

reached and maintained by PFC nasopharyngeal cooling.

PFC nasopharyngeal cooling maintained brain to systemic

temperature gradients with selective, preferential brain

Table 1 Vital signs and arterial

blood chemistry

NP-PFC, nasopharyngeal

perfluorochemical cooling

group; n = 22 up to 1 h; n = 8

up to 2 h; WBS, whole body

surface cooling group, n = 6;

MAP, mean arterial pressure;

MPAP, mean pulmonary arterial

pressure; HR, heart rate; CO,

cardiac output; HgB,

hemoglobin. Data are presented

as mean (SD); *P < 0.05 vs.

WBS cooling. Note: Rectal

temperatures were not different

between groups and mean

vascular temperatures between

groups were within 0.25�C

difference at timepoints where

significant group differences in

cardiac output were reached.

Baseline 15 min 30 min 1 h 2 h

MAP (mm Hg) NP-PFC 116 (5.9) 119 (6.4) 114 (4.6) 106 (6.3) 118 (5.9)

WBS 125 (4.7) 129 (3.2) 123 (4.2) 124 (3.4) 114 (1.8)

MPAP (cm H2O) NP-PFC 25.5 (2.1) 29.5 (2) 27.1 (1.9) 29.8 (2.2) 31.4 (2.2)

WBS 30.5 (2.7) 26.7 (3.2) 28.8 (2.7) 32.5 (4.2) 29.5 (1.9)

HR (beats/min) NP-PFC 128 (10) 152 (8) 159 (6) 154 (7) 160 (9)

WBS 152 (11) 160 (7) 152 (17) 155 (6) 145 (6)

CO (ml/min/kg) NP-PFC 184 (20) 169 (20) 166 (10) 186 (30) 172 (20)

WBS 197 (26) 233 (30)* 211 (51)* 222 (37) 240 (32)*

HgB (gm/dl) NP-PFC 10.3 (0.3) 10.4 (0.6) 11.2 (0.3) 11.6 (0.4) 11.9 (0.4)

WBS 9.9 (0.6) 10.1 (0.7) 10.6 (0.6) 11.2 (0.5) 10.9 (0.6)

pH NP-PFC 7.42 (0.02) 7.40 (0.02) 7.40 (0.01) 7.37 (0.02) 7.43 (0.02)

WBS 7.44 (0.03) 7.43 (0.05) 7.46 (0.05) 7.44 (0.04) 7.47 (0.02)

PaCO2 (mm Hg) NP-PFC 43.4 (1.3) 42.3 (1.9) 41.8 (1.3) 44.2 (1.5) 46.7 (4)

WBS 39.9 (4.2) 45.5 (7.8) 42.4 (5.9) 40 (4.2) 43.2 (1.4)

PaO2 (mm Hg) NP-PFC 371 (16) 379 (28) 378 (23) 363 (24) 380 (22)

WBS 399 (13) 396 (25) 378 (31) 413 (13) 451 (14)
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cooling relative to vascular or rectal temperatures with

relatively little instrumentation (nasal cannula, small sup-

ply of oxygen and 400 ml of PFC liquid) over a 2-h period.

Additionally, relatively global and homogenous preferen-

tial brain cooling was achieved without cardiopulmonary

or hematologic compromise. During NP-PFC cooling,

cardiac output was lower than during WBS cooling without

significant differences in systemic blood pressure, meta-

bolic status, or importantly, vascular temperatures

suggesting that cardioprotection was not exclusively due to

myocardial cooling. This observation may be supportive

functional evidence of the impact of rapid and deep brain

cooling on central cardiovascular centers induced by the

NP-PFC approach. Additionally, we speculate that associ-

ated reduction in myocardial work and oxygen

consumption would favor cardioprotection as an adjunct to

cardiac resuscitation. With respect to safety, PFC uptake is

minimal and elimination is rapid. On-going studies are

focused at increasing the brain to systemic temperature

gradient by modulating the PFC/gas flow ratio and incor-

porating external warming blankets commensurate with the

PFC nasopharyngeal cooling. Pre-clinical and clinical

studies are ongoing to compare cooling efficacy in the

sheep model with humans and to evaluate the neuropro-

tective effect of this approach in models of cerebral and

cardiac compromise.

The brain is highly sensitive to increases in temperature;

heat stress induces irreversible damage in the brain before

any other organ is endangered. It has also long been known

that fever makes brain injury worse and conversely, cool-

ing ameliorates brain injury [21–23]. Adaptive brain

cooling systems have evolved which in part contribute to
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heat transfer as well as water loss [24, 25]. One of the most

primitive cooling systems involves airflow through the

nasal cavities and nasopharynx, cooling blood flowing

toward the brain. Nasal venous blood is therefore some

degrees colder than core temperature and eventually this

gradient reduces brain temperature via infraorbital veins

and heat exchange with the embedded carotid artery within

the cavernous sinus or rete mirabilis, respectively. In this

regard, we believe that the sheep is a worse case scenario,

since the sheep has a more redundant collateral circulation

than the human, thus favoring less preferential brain

cooling by the NP-PFC method. The anatomic differences

specific to man, smaller nasopharynx and cavernous sinus,

combined with a much larger brain, has evoked some

controversy about the presence of a brain cooling mecha-

nism in humans [26]. If brain cooling via the NP passages

exists in man, brain temperature should be greater than

normal when NP airflow is bypassed, such as with tra-

cheostomy. This was experimentally demonstrated by

Mariak et al. [27] by comparing temperatures measured in

the subdural space and between the frontal lobe and crib-

iform plate, to esophageal temperature in conscious

patients who had suffered aneurysmal subarachnoidal

hemorrhages during and after removal of the endotracheal

tube. Reinstitution of airflow in the upper respiratory tract

coincided with a rapid drop in brain temperature (0.4–

0.8�C) below core temperature, supporting the existence of

this mechanism of brain cooling in man.

A focused review of systemic and regional cooling

techniques is provided to evaluate the new contribution and

potential assets of NP-PFC cooling over existing cooling

technologies. Systemic cooling techniques can be catego-

rized into external versus internal with or without

extracorporeal methodologies. Regional cooling techniques

are categorized into pulmonary and preferential head

cooling approaches.

External cooling by WBS cooling has been the tradi-

tional method for therapeutic hypothermia. Although this

method is effective, it is encumbered by equipment issues

and slow response (core cooling rate: 0.5–1.0�C/h)

[28, 29]. Other practical disadvantages include overshoot-

ing target body temperatures and discomfort. Technical

progress in surface cooling has been made [30]; however,

the approach still remains relatively resource intensive and

time consuming requiring as long as 8 h to reach target

temperature thus remaining the limiting factor [2]. Patients

must be maintained adequately sedated and medicated to

suppress shivering which obscures neurological assess-

ments. Systemic cooling may cause hemodynamic effects

that limit its use to the intensive care setting. Patients

undergoing systemic cooling require large volumes of fluid

and electrolytes immediately before and during cooling.

Complications of systemic cooling, mainly arrhythmias

and episodes of hypotension are largely avoidable by

careful fluid balance, electrolyte substitution and attention

to cardiac arrhythmias; however, junctional bradycardia,

atrial fibrillation, and slow ventricular response causing

hemodynamic compromise, are encountered when tem-

perature drops close to 30�C.

Recent advances in extracorporeal and intravascular

cooling have demonstrated improved cooling rates

(4–8�C/h) over surface cooling [31]. Extracorporal heat

exchange techniques are effective but given their vas-

cular instrumentation, are limited to the operating room

or similar controlled clinical environments. Intravascular

cooling [32], while less invasive than extracorporeal

systems, is less effective in reducing core temperatures

(1–3�C/h) and is associated with significant shivering

[16, 32]. Shivering has been the major barrier to its use

in non-ICU settings. Although methods to overcome

shivering have been devised, a recent study revealed

significant morbidity with this approach in stroke

patients [17]. Acute aortic flush of cold saline (i.e.,

100 ml/kg at 4�C and 35 ml/min/kg) required pharma-

cologic additives to induce deep cerebral hypothermia in

pigs [33]. More prolonged aortic infusion resulted in

mild cerebral hypothermia [6]. Prolonged maintenance

(36 h) of mild hypothermia (34�C) by cardiopulmonary

bypass following profound brain hypothermia (10–15�C)

induced by aortic saline flush (i.e., 2�C; 20 l) supported

intact neurological outcome in a dog model of cardiac

arrest following prolonged hemorrhage [34]. In a recent

advancement, Vanden Hoek et al. demonstrated more

rapid brain cooling using a two-phase, liquid plus ice,

saline slurry than with an equal volume of cold saline

[19]. Yet, all of these techniques necessarily invoke

substantial systemic cooling along with brain cooling.

Thus, techniques targeted toward preferential brain

cooling are still needed.

The most studied regional cooling techniques include

use of the lung and head. Because the entire cardiac output

passes through the pulmonary circulation, the lung can

serve as a core heat exchanger. Pulmonary cooling was first

attempted in dogs by delivering 0�C air and achieved 2.7�C

of cooling in 30 min [35]. However, insufflation of cold

gas was limited by cold-gas-induced bronchoconstriction.

Additional cooling studies with heliox (oxygen and

helium), hyperbaric heliox, SF6/O2 and unhumidified air

with 20 ppm nitric oxide highlight that while each suc-

cessive step constitutes an improvement in systemic

cooling in animals and humans, no gas combination alone

is sufficient to achieve the amount of cooling quickly

enough to confer effective neuroprotection [36–41].

As an alternative medium, PFC liquid has been shown to

be a feasible pulmonary medium for induction of hypo-

thermia. PFC liquids have high respiratory gas solubility,
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spreading coefficients, and thermal conductivities (e.g.,

0.1 kcal/h�m��C at 25�C with PFC RIMAR 101), which

makes them excellent refrigerants for the lungs [42].

Shaffer et al. [43] and Forman et al. [44] used liquid

ventilation (LV) to circulate cooled PFC (10–30�C) to

induce hypothermia in small animals. Core cooling rates as

fast as 9�C/h were inversely correlated with the liquid

temperature and physiological gas exchange was main-

tained. Harris et al. used a liquid PFC (FC75; boiling point

100�C), delivered into the lungs at 4�C in dogs, as inter-

mittent LV and demonstrated rapid core and brain cooling

(>20�C/h) [45]. Using perfluorodecalin at 0�C (boiling

point 142�C), administered as repeated lung lavages in

rabbits during partial liquid ventilation (PLV), Hong et al.

cooled at approximately 6�C/h [46]. They also showed that

pulmonary cooling was comparable to systemic cooling

while maintaining a narrower interorgan temperature dif-

ference. Following a similar protocol, Yang et al. used

another PFC, PP2 at 4�C (boiling point 76�C), cooled at

approximately 4�C/h, and show improved lung structural

integrity as compared to the cooling blanket technique

[47]. However, as reported in previous studies of PLV in

the normal lung [48], gas exchange was impaired using

PLV for pulmonary cooling as compared to systemic

cooling methods. Although appropriate for neuroprotec-

tion, none of these methods allow for pulmonary cooling of

a non-intubated, awake, unsedated patient in an ambulance

or even emergency department setting.

The stress of systemic hypothermia and uncontrolled

shivering has been shown to complicate the neuroprotec-

tive effects of hypothermia [49]. To minimize system

effects, several different approaches have been used to

lower head temperature to induce preferential brain cooling

with less systemic hypothermia. One approach involves a

cap or helmet that incorporates a coolant such as frozen

liquid, solid ice, or circulating water [14, 50–54]. While

successful in neonatal piglets and shown to improve sur-

vival after neonatal encephalopathy without serious

adverse effects [53, 55], it has had limited success in adults

[14]. This approach yields brain-cooling rates within 1–

2�C/h, non-uniform intracerebral temperature gradients,

and requires additional equipment and skin protection to

prevent thermal insult. The NP approach using various gas

combinations alone has not proved successful to induce

preferential brain hypothermia in man [40, 41, 50]. Using

NP delivery of cold saline in rats, Hagioka et al. demon-

strated very rapid cooling rates, approximately 5 times

faster than with whole body techniques [56]. This approach

utilized high flow rates (100 ml/min/kg) of prechilled sal-

ine that translates to very large flows in humans and

requires additional equipment for set-up and disposal. As

an alternative, the NP-PFC cooling approach utilizes a

clinically friendly nasal catheter design, requires much

lower flows than saline, and because the PFC evaporates,

no additional requirements for disposal.

PFC liquids are synthetic materials that are not naturally

found in the body, are not metabolized, and are predomi-

nantly eliminated by the lung through volatilization into the

expiratory gas with a small amount of PFC transpired

through the skin [57–59]. Numerous safety studies have

been performed regarding uptake, elimination and biodis-

tribution following PFC exposure [60–66]. Results

demonstrate that only small quantities of PFC diffuse

across the tissue membranes and dissolve into blood (0.25–

10 lg PFC/ml blood) [67, 68]. Follow-up of primates have

shown small amounts of PFC 3 years following liquid PFC

ventilation, without deleterious effects [64]. Blood levels

following intratracheal PFC administration are orders of

magnitude lower than those following intravascular

administration (40–80 mg PFC/ml of blood) of PFC

emulsion clinically approved for angioplasty in humans

and under investigation as an oxygen carrier or temporary

‘‘blood substitute’’ [67, 69].

In the present NP-PFC cooling study, the uptake profile

for PFH was unremarkable and elimination occurred rap-

idly (Fig. 5b). These values are in contrast to the mg/ml

levels associated with PFC blood substitutes and lg/ml

levels associated with PFC liquid ventilation. The maxi-

mum recorded PFH concentration in the blood (24.5 ng/

ml) was reached within 15 min of terminating the PFC

spray. To the degree that PFC uptake is an integrative

process (balance between circulating PFC in blood, PFC

reservoir in NP pathway and PFC volatization by gas flow)

it was expected that there would be some uptake even after

the direct PFC spray was terminated. This concentration

dropped quickly to nearly non-detectable levels. Rapid

elimination follows an exponential washout curve associ-

ated with high gas flow, diminishing PFC reservoirs and

concentration gradients.

PFH is the active ingredient in the clinically approved

ultrasound-imaging agent Imagent (Imavist) (NDA21–191)

in which microbubbles of PFH gas are injected directly into

the blood stream. Report Number IMUS-012-USA, from

the same NDA, entitled An open-label, single-dose study to

assess the pharmacokinetic parameters and rate of elimi-

nation of perfluorohexane after a 4 mg/kg bolus

intravenous injection of AFO150 in healthy adult volun-

teers showed an average maximum blood concentration of

PFH of 28.0 ng/ml without serious adverse events and that

75% of PFH was eliminated through expired air within 3 h.

In the present study, with NP-PFC cooling at 10 [7] times

PFH exposure as compared to intravenous Imagent

(200 gm/kg versus 20 lg/kg), comparable peak blood

levels were found and 75% elimination occurred more

quickly, by 28 min as compared to 3 h with the imaging

agent. Moreover, PFH blood values were orders of
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magnitude lower than reported with direct intravascular

exposure of other PFC liquids used in blood substitutes

(mg/ml) or intrapulmonary exposure during PFC liquid

ventilation (lg/ml) [67, 69]. Summarily, comparison of

these data suggest that the safety profile of NP PFC with

PFH would be at least comparable to that of Imagent.

Clinical Considerations

This investigation demonstrates feasibility of a novel

cooling technique that may finally allow implementation of

therapeutic brain cooling in neurological emergencies in

the field as well as an adjunct to more invasive procedures.

Aggressive evaporative heat loss in the nasopharynx along

with conductive cooling of adjacent cervicocranial vascu-

lature is shown to cause the relevant rapid drop of 3–4� in

brain temperature. This temperature reduction has been

shown beneficial in various animal models of intra and

early post-ischemic brain injury and several models of

traumatic impact, particularly if initiated immediately after

the onset of injury [5–7]. The downside of any cooling

technology used to date in humans has been the late onset

and very prolonged use to achieve brain hypothermia. The

present technology addresses this issue in that it is rela-

tively non-invasive, simple and quick to implement in the

field, highly preferential, and rapidly targets brain cooling.

On the basis of anatomical relationships, differential brain

scans in patients with traumatic brain injury, skull and/or

facial fractures may be warranted. While these tests may

potentially delay implementation in this patient population,

based on the relatively more rapid cooling rates with NP-

PFC cooling technology, we suggest that it is still likely to

afford greater potential for neuroprotection than existing

technologies. With these limitations in mind and based on

these positive preclinical findings, clinical trials are cur-

rently ongoing.
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